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Abstract

The Wnt/3-Catenin pathway plays a key role in cell fate determination during development and in adult tissue regeneration by stem cells. These
processes involve profound gene expression and epigenome remodeling and linking \Wnt/3-Catenin signaling to chromatin modifications has
been a challenge over the past decades. Functional studies of the lysine demethylase LSD1/KDM1A converge to indicate that this epigenetic
regulator is a key regulator of cell fate, although the extracellular cues controlling LSD1 action remain largely unknown. Here we show that
3-Catenin is a substrate of LSD1. Demethylation by LSD1 prevents (3-Catenin degradation thereby maintaining its nuclear levels. Consistently,
in absence of LSD1, 3-Catenin transcriptional activity is reduced in both MuSCs and ESCs. Moreover, inactivation of LSD1 in mouse muscle
stem cells and embryonic stem cells shows that LSD1 promotes mitotic spindle orientation via 3-Catenin protein stabilization. Altogether, by
inscribing LSD1 and B-Catenin in the same molecular cascade linking extracellular factors to gene expression, our results provide a mechanistic

explanation to the similarity of action of canonical Wnt/3-Catenin signaling and LSD1 on stem cell fate.
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Introduction

Resident quiescent muscle stem cells (MuSCs) confer skele-
tal muscle unique regenerative capacities and play a central
role in skeletal muscle plasticity. While quiescent under resting
conditions, upon muscle injury MuSCs activate a specific cas-
cade of transcription factors, leave the quiescent state, expand
and further differentiate into myocytes, before maturing into
myofibers. Notably, a subset of activated MuSCs resists the
differentiation process and returns in quiescence to replenish
the pool of MuSCs (1-4). The control of the balance between
MuSCs commitment and self-renewal is crucial for acute re-
sponse to muscle injury and to maintain muscle homeostasis
overtime.

@ WNT3Abeads

O Stem cell
O Committed cell

In order to maintain muscle homeostasis MuSCs, like the
majority of stem cells, undergo different modes of cell divi-
sion: proliferating/self-renewing symmetric division (PSCD),
which is the most frequent and gives rise to two stem cells,
differentiation symmetric division (DSCD) that gives rise to
two committed cells or alternatively an asymmetric division
(ACD) that gives rise to a stem cell and a committed cell (5).
The choice of ACD over PSCD or DSCD can be controlled by
both intrinsic and extrinsic factors. Intrinsic factors generally
involve a polarized distribution of cell-fate determinants, such
as Par complex, which induce the activation of commitment
signals in only one daughter cell (6-8). Consistent with that,
perturbation of Par complex in MuSCs results in loss of ACD
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and reduced regenerative capacity (6,9). Although these cell-
intrinsic mechanisms might be sufficient to achieve asymmet-
ric division, the overall cell polarity is also influenced by ex-
ternal cues, which are generally provided by the environment.
Among the extrinsic signals, the secreted Wnt proteins are es-
sential regulator of stem cell division choice. Depending on
the Wnt-protein ligand bound to its specific frizzled receptor,
three different Wnt signaling pathways have been character-
ized: the Wnt/B-catenin-, the Wnt/PCP- and the Wnt/Ca?*-
signaling pathways. However, while the Wnt/Ca?*-signaling
pathway has never been implicated in the orientation of cell
division, the contribution of Wnt/B-catenin- and Wnt/PCP-
signaling pathways in favoring ACD has been largely docu-
mented in different organisms (8,10-14). In particular, it has
been demonstrated that in mouse embryonic stem cells (ESCs)
Wnt3A acts as a positional cue to orient asymmetric cell di-
vision (ACD) at single cell level. Such Wnt3A ability rely on
the presence of both the Wnt receptors and B-catenin (15).
Indeed knocking them out impairs mitotic spindle orientation
resulting in equal distribution of cell fate determinants in the
daughter cells (14,15).

The function of the canonical Wnt/f-catenin signaling in
regulating stem cells homeostasis has been extensively stud-
ied over the past decades. In the absence of Wnt ligands, B-
catenin is phosphorylated in the cytosol by the destruction
complex (mainly composed by Axin, Adenomatous Polypo-
sis Coli and the Glycogen Synthase Kinase 3 (), which trig-
gers its ubiquitination and rapid degradation by the protea-
some. Upon binding of Wnt ligands, such as Wnt3A, to their
receptor, the destruction complex is inhibited and B-catenin
shuttles into the nucleus and regulates the expression of its-
responsive genes. B-catenin protein itself is regulated by mul-
tiple post-translational modifications (PTMs), such as phos-
phorylation, ubiquitinilation or acetylation. Some PTMs en-
hance and others inhibit B-catenin functions, depending on
the nature and the localization of the PTMs (16). In the last
decade, 3-catenin protein methylation has emerged to be cru-
cial for its transcriptional activity and protein stability both
in physiological and pathological conditions (17-21). To date,
two methyltransferases have been described to directly mod-
ify B-catenin: EZH2 and SET7/9. In particular, while EZH2-
mediated tri-methylation of lysine (Lys) 49 represses 3-catenin
transcriptional activity (18,19), the SET7/9-mediated mono-
methylation of Lys 180 enhances its degradation (20).

Although B-catenin loss or gain of function studies have de-
scribed severe muscle developmental and regenerative defects,
which is its mechanism of action in muscle remains uncharac-
terized (17,22).

Lysine specific demethylase 1 (LSD1/KDM1A) is a
monoamine oxidase that can de-methylate mono- and di-
methylated lysine 4 and 9 residues of the N-terminal of his-
tone H3 (H3K4Me1, H3K4Me2 and H3K9Mel, H3K9Me2)
(23,24). LSD1 can also demethylate non-histone proteins in-
fluencing their transcriptional activity (P53) (25) or protein
stability (HIF-1ax and DNMT1) (26,27). Altogether, these
studies indicate that LSD1 can regulate gene transcription by
acting both on histones, on transcription factors and DNA
methylation. We have previously shown that LSD1 enzymatic
activity is crucial for the timely expression of MyoD during
the commitment of muscle progenitors, via the transcriptional
activation of the Core Enhancer Region (CER) of the MyoD
gene (28). Consistently, LSD1 ablation delays MyoD expres-
sion during embryonic myogenesis.
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LSD1 and Wnt/B-catenin are both key players in the regu-
lation of progenitor cell stemness and engagement of progeni-
tor cells into differentiation (29,30). However, functional and
molecular link between them were not identified yet.

Here we demonstrate that B-catenin is a non-histone tar-
get of LSD1, by showing that once in the nucleus -catenin
needs to be demethylated by LSD1 to prevent its degradation
and activate the transcription of its target genes. Moreover,
we demonstrate that LSD1 and -catenin work together to
regulate the mitotic spindle orientation, both in MuSCs and
ESCs.

Materials and methods

Animals

All procedure on animals were performed in accordance with
European regulations on animal experimentation and were
approved by the local animal ethics committee (CECCAPP,
University of Lyon) under the reference Apafis#16930. Mice
were bred and housed in AniRA-PBES animal facility. They
were maintained in a temperature- and humidity-controlled
facility with a 12 h light/dark cycle, free access to water and
standard rodent show.

Nine-week-old C57BL/6] mice were purchased from
Charles River laboratories and intraperitoneal injected with
0OG-L002 20 mg/kg or NaCl 0,9% for 7 days.

The Lsd1t™15¢hile (31) and Pax7-CreERT2 (32) were previ-
ously described. Mice were genotyped with conventional PCR
using standard conditions (Supplementary Table S1).

Allelic recombination under the Pax7-CreERT2 allele was
induced by intraperitoneal injections of 2mg of Tamoxifen
(TAM) for § days.

Skeletal muscle injury was induced by an injection of 50 ul
of cardiotoxin (10 uM) into hindlimb TA muscle using 30G
syringes under anesthesia induced by intraperitoneal injection
with ketamine (100 mg/kg) and xylazine (10 mg/kg) in sterile
saline solution. EdU solution (200 pg) was injected intraperi-
toneally 12 h before euthanasia.

Cell cultures

C2C12 mouse myoblasts were maintained as myoblasts in
growth medium (GM): Dulbecco’s modified Eagle’s medium
supplemented with 15% fetal calf serum and antibiotics.
Adult primary MuSCs were maintained on Matrigel-coated
dishes in GM: Dulbecco’s modified Eagle’s medium F12 sup-
plemented with 20% horse serum, 5 ng/ml fibroblast growth
factor (FGF), and antibiotics. C2C12 cells and adult primary
MuSCs were differentiated into myotubes by replacing GM
with a myogenic differentiation medium containing 2% horse
serum with antibiotics (MDM). HEK 293T cells were cultured
using standard methods (ATCC).

Mouse embryonic stem cells (ESCs)

To generate LSD1 knock-out (KO) ESCs (referred to LSD1
KO), the Gene Knockout Kit v2 (Synthego Corp), which
comprises three strategically designed modified sgRNAs
inducing fragment deletion (sgRNAs LSD1 sequences: UC-
CAUGGGCGUCGCGGAGCC, CCGAGCCGCCGGGGU-
CUGCU and CGAGCGCACUCCCCGAAAGA) has been
used. The ribonucleoprotein (RNP) assembly was conducted
immediately before electroporation of ESC. In brief, 102
pmol of Streptococcus Pyogenes protein (Alt-R® S.p. Cas9


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 7

Nuclease V3, cat. num. 1081058, IDT) was mixed with
133 pmol of synthetic sgRNAs (Gene Knockout Kit v2,
Synthego Corp) and incubated at room temperature for 20
min. 1 x 10° ESCs were suspended in 100 ul of OptiMEM
buffer and added to the RNP solution, along with a final
concentration of 1.8 pM of Electroporation Enhancer (IDT).
The mixture was gently combined, and electroporation was
conducted using a NEPA21 electroporator (Nepa Gene Co.,
Ltd) with 2mm gap cuvettes in the 100 ul format. NEPA21
generates a poring pulse (Pp) and a transfer pulse (Tp). The
electroporation parameters were set as follows: 2 Pp (125
V, 5 ms pulse duration, 50 ms pulse interval, 10% decay (+
pulse orientation)) and 5 Tp (20 V, 50 ms pulse duration, 50
ms pulse interval, 40% decay (+ pulse orientation)). After
electroporation, cells were seeded into 100 mm dishes. Mon-
oclonal cell lines were produced through limiting dilution
cloning into two gelatin-coated p96 plates. LSD1 KO clones
were screened using Western blot analysis with antibody
against LSD1.

Wild-type mouse ESCs (with a 129 background), het-
erozygous B-catenin deficient (B-cat fl/-) and LSD1 KO
ESCs were cultured on 0.2% gelatin-coated plates at
37°C in 5% CO; in 2i/LIF medium composed of: Ad-
vanced DMEM/F12/Glutamax, 10% ESC-qualified FBS, 1%
penicillin—streptomycin, 50 uM B-mercaptoethanol and 1000
U/ml recombinant Leukaemia Inhibitory Factor. This medium
was supplemented with 2i: 1 uM MEK inhibitor PD0325901
and 3 uM GSK3 inhibitor CHIR99021. Cell confluency was
maintained <80% and regularly tested for the absence of my-
coplasma.

To induce B-catenin knockout in Bfl/- cells, 0.1 mg/ml (or
258 nM) 4-hydroxy-tamoxifen (4-OHT) was added to the me-
dia every 24 h for 72 h. Cells treated with 4-OHT for 3 days
were used in the experiments (referred to as 3-Cat KO), while
cells treated with DMSO served as controls.

MuSC isolation

Adult primary MuSCs were isolated from skeletal muscle tis-
sue as previously described (33). Digested tissue was stained
using antibodies: 0.2 pg PE-conjugated rat anti-mouse CD31,
0.2 pg PE-conjugated rat anti-mouse CD45, 0.2 ug PE-
conjugated rat anti-mouse Sca-1, 5 ug 647-conjugated rat
anti-mouse integrin alpha7 and 2.5 pg rat anti-mouse CD34
(Supplementary Table S1). Cells were incubated with primary
antibodies for 40 minutes on ice. Adult primary MuSCs were
FACS isolated into MuSC medium based on cell surface anti-
gen markers: CD31-/CD45-/Scal-/integrin-o«7+/CD34 + us-
ing a FACsAria III.

Myofiber culture

We performed myofiber culture as described earlier (34).
Briefly, we carefully dissected Extensor Digitorum Longus
(EDL) muscles and incubated them in DMEM (Gibco) con-
taining 600 U/ml of collagenase B for 75 min. The myofibers
were dissociated by gentle trituration with a glass pipette. My-
ofibers were cultured for 42 h in DMEM containing 20% FBS
and 5 ng/ml bFGFE.

Cell treatments

Inhibition of the proteasome was carried out by treating HEK
293T cells with MG132 at the indicated concentration and in-
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cubated for 6 h at 37°C before the collection of cells. In protein
degradation assays, protein synthesis was inhibited by the ad-
dition of cycloheximide (CHX) to C2C12 stable clones after
72 h in MDM at a final concentration of 50 mg/ml in a time
course before harvest, as indicated in the text. Canonical Wnt
pathway activation was achieved by treating C2C12 stable
clones and primary adult MuSCs with Wnt3A at 50 ng/ml
or LiCl at 25 mM for 6 h before the luciferase assay, prox-
imity ligation assay, or RNA extraction. Inhibition of LSD1
enzymatic activity was carried out by treating primary adult
MuSCs with Pargyline at 1 mM and OG-L002 at 10 uM for
72 h in MDM. For proliferation assay EdU solution (20 mM)
has added to adult primary MuSCs for 2 h before the collec-
tion of cells. Cells were analyzed using flow cytometry (FACS
Cantoll).

Wnt3A-dependent cell division assay

Recombinant Wnt3a proteins were purchased (cat. no. 1324-
WN, R&D systems) and immobilized to carboxylic acid-
coated Dynabeads (cat. no. 14305D, ThermoFisher), as pre-
viously described (35).

2500 cells (ESCs or freshly isolated MuSCs) were mixed
with 0.3 mg of Wnt3a-beads and seeded in black-walled 96-
well plate. After 30 min at 37°C, the plate was placed in a
Zeiss Axio Observer Z1 connected to a Coolsnap HQ2 cam-
era. Cells and beads were captured by 10x/0.25 objective, by
brightfield imaging at 1 min interval for 12 h (ESCs) or 24 h
(MuSCs). The resulting videos were analyzed in Fiji by using
‘Angle’ tool, as previously described (15).

Cell transfection

Different plasmids were transfected into C2C12 stable clones,
MuSCs or HEK 293T with lipofectamine or JetPRIME
following provider’s instruction for luciferase assays, im-
munoblotting, Co-IP, Demethylase assay or assessment of
Wnt3A-cell division. To perform luciferase assays, C2C12 sta-
ble clones and primary adult MuSCs were grown in 6-well
plates and cells in each well were co-transfected with 100
ng of TopFlash or FopFlash reporter plasmid and 1 ng of
pRL-TK Renilla luciferase reporter. For immunoblotting anal-
ysis that was used for detecting the proteasome dependent
degradation of B-Catenin protein and its mutant, 2 pg of
pCMYV B-Catenin WT or its mutant pCMV -Catenin K180R
were transfected into HEK 293T cells, which were cultured
at about 70-80% confluency in 3.5 cm dishes. For Co-IP ex-
periments, pCMV-LSD1 flag or pPCMV B-Catenin or pCMV
GFP were transfected into 70-80% confluent HEK 293T cells
that were cultured in 15-cm culture dishes. For demethy-
lase assay, 15 cm plates containing 70-80% confluent HEK
293T cells were transfected with pCMV-LSD1 flag or pCM V-
LSD1 K661A flag or pCMV-LSD1 K661A W754A Y761A
flag or pPCMV-GFP (CTRL) after 24 h incubation, protein ex-
traction has been performed (Supplementary Table S1). For
Wnt3A-dependent cell division assay, freshly isolated CTRL
SC were transfected with a shRNA Scrambled (shSCRA) or
an shRNA against B-catenin (shCTNNB1) and LSD1 SCiKO
MuSCs were transfected with a wild-type-B-catenin fused
with mCherry or an empty vector. After 24 h, cells were ex-
posed to Wnt3A-coupled to beads and analyzed as described
above (Supplementary Table S1).
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Luciferase assay

C2C12 stable clones and primary adult MuSCs were trans-
fected as previously described. After 24h, Wnt3A was added
and incubated for another 6 h at 37°C and luciferase ac-
tivity was measured using the Dual-Luciferase Assay System
(Promega). Each measurement was repeated with at least three
independent transfections.

Immunoprecipitation

Protein complexes were precipitated from nuclear fraction.
Cell fractionation was performed as described (36). 500 pg
of nuclear extracts from C2C12 stable clones, pPCMV-LSD1
flag or pPCMV-GFP transfected cells were incubated with spe-
cific antibodies coupled with beads or Flag beads in IP buffer
(20 mM HEPES pH 7.5, 5 mM K acetate, 0.5 mM MgCl,,
0.5 mM DTT, 150 mM NaCl, 0.5% NP40 and Complete pro-
tease inhibitor) overnight at 4°C on a wheel. Beads were then
washed 3 times in the IP buffer and resuspended in 1X load-
ing sample buffer (IP buffer + 50 mM Tris—HCI pH 6.8, 10%
glycerol, 100 mM DT, 2% SDS and bromophenol blue). Pro-
teins were then loaded on a 4-15% SDS-PAGE transferred on
a nitrocellulose membrane and blotted against the indicated
antibodies (Supplementary Table S1).

Immunoblotting

Cell fractionation was performed as described (36) and quan-
tified using the DC protein assay (Bio-Rad). Nuclear extracts
were separated by electrophoresis on 10% SDS-PAGE and
transferred onto polyvinylidene fluoride (PVDF) Immobilon-
P membranes. Immunoblots were revealed with enhanced
chemiluminescence (ECL) PLUS reagent (Cytiva) according to
the manufacturer’s instructions.

Immunofluorescence

For plated MuSCs, 4-well Permanox chamber slides
(Nunc Lab-Tek) were used and cells fixed with 4% (v/v)
paraformaldehyde (PFA) for 10 minutes. Following fixation,
material was permeabilized with 0.5% (v/v) Triton X-100
solution for 5 min and then blocked with 1% BSA, 0.2%
Triton X-100 and 5% (v/v) serum for 60 min to reduce
nonspecific antibody binding. Cells were then incubated
with the following antibodies overnight at 4°C, 1:50 mouse
anti-PAX7 (DSHB, clone PAX7), 1:50 mouse anti- Myo-
genin (DSHB, clone FDS5), 1:50 mouse anti-MyHC (DSHB,
clone A4.1025) (Supplementary Table S1). Species-specific
fluorochrome-conjugated secondary antibodies were then
applied for 1 h at room temperature, before being mounted
with 100 ng/ml of DAPI.

Chromatin immunoprecipitation (ChlP)

ChIP experiments were carried out essentially as previously
described (28). Two sites: Core enhancer and Negative regions
(CER and NEG respectively) were tested for RT-qPCR ampli-
fication (Supplementary Table S1). RT-qPCR data analysis for
Active B-Catenin IP has been performed calculating the per-
centage of input for each genomic region and then data are
shown as the relative enrichment to the control genomic re-
gion (NEG region) that does not interact with the protein of
interest.
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In vitro demethylation assay

HEK 293T cells were transfected with pCMV-LSD1 flag or
pCMV-LSD1 K661A flag or pCMV-LSD1 K661A W754A
Y761A flag or pCMV-GFP (CTRL) (Supplementary Table S1).
After 24 h incubation, 4 mg of nuclear extracts were mixed
with 40 ul of Flag beads in IP buffer (20 mM Tris-HCI pH 8,
300 mM NaCl, 0.5% NP40, 5% glycerol and Complete pro-
tease inhibitor during 3 h at 4°C on a wheel. Beads were then
washed 3 times in the IP buffer and eluted 2 times 90 min at
4°C on a wheel with 40 pl of elution buffer (IP buffer + 150ug
flag peptide). 15 pl of each purification was used for the
demethylase assay using 50 uM (final concentration) of p-
CAT WT peptide or B-CAT K180me peptide in 1x demethy-
lase buffer (50 mM Tris-HCI pHS8, 50 nM FAD, 50 mM NaCl,
5% glycerol, 20 pug/ml BSA). 0.8 pg of recombinant LSD1
(Sigma-Aldrich SRP0122) was used as positive control. After
1 h at 37°C, the reaction was stopped by adding sample load-
ing buffer (final concentration 50 mM Tris—=HCI pH 6.8, 10%
glycerol, 100 mM DTT, 2% SDS and bromophenol blue) and
half of the reaction was loaded on a 4-20% precast gel. After
transfer on a 0.2 wm PVDF membrane proteins are detected
with the indicated antibodies and with streptavidin coupled
with HRP for the biotinylated peptides as loading control.

Real-time qPCR

Total RNA was isolated from cultured cells at 72 h in MDM
grown in 100-mm dishes using Tri Reagent (Sigma). RNA was
analyzed by real-time PCR using the QuantiFast SYBR Green
PCR Kit. Relative gene expression was determined using the
DCt method (Supplementary Table S1).

Proximity ligation assay (PLA)

Duolink® in situ PLA reagents were used to detect the inter-
action between -catenin and BCL9 and the manufacturer’s
protocol was followed. Briefly, MuSCs, cultured on cham-
ber slides to 40-50% confluence, were treated with Wnt3a
(50 ng/ml for 6 h). Cells were treated with cytoskeleton buffer
(PIPES 10 mM, NaCl 100 mM, Sucrose 300 mM, MgCl,
3 mM, EGTA 1 mM and Triton X-100 0.5%), washed with
PBS and then treated with cyto-stripping buffer (Tris—HCI
10 mM, NaCl 10 mM, MgCl, 3 mM, Tween 40 1% and
sodium deoxycholate 0.5%) to remove the cytoplasm. Cells
were then fixed, permeabilized and incubated overnight with
mouse anti-B-catenin and rabbit anti-BCL9. The following
day, cells were incubated with secondary antibodies conju-
gated to oligonucleotides (PLA probe PLUS and PLA probe
MINUS) for 1 h at 37°C. Afterward, ligation solution contain-
ing two oligonucleotides (that hybridize to the PLA probes)
and Ligase was added for 30 min at 37°C. A closed circle
is only formed if the two PLA probes are in close proxim-
ity. Finally, the closed circle was amplified using rolling-circle
amplification reaction and the product was hybridized to
fluorescently-labeled oligonucleotides. The fluorescent spots
generated from positive interactions were quantified using a
confocal microscope (Leica TCS SPS5).

Muscle histology and immunohistochemistry

Mice were euthanized and TA muscles were dissected and at-
tached in Tragacanth gum, frozen in a cold 2-methylbutane
bath and cryo-sectioned onto glass slides.
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Tissue sections were freshly fixed with PFA 4% for 10 min,
washed three washes in PBS, permeabilized in methanol for 6
minutes at —20°C and then washed three times in PBS. After
10 min incubation in a hot antigen retrieval buffer, sections
were washed three times in PBS, 0.1% triton X-100 (PBS-T)
and then were saturated 2 h at room temperature with M.O.M
Mouse IgG Blocking reagent. The antigen retrieval buffer con-
tained 10 mM sodium citrate acid and 0.05% Tween-20 and
was adjusted at pH 6.0. Tissue sections were washed once in
PBS-T, incubated for 5 min in MOM diluent prepared accord-
ing to the manufacturer and stained at 4°C overnight with
primary antibodies diluted in M.O.M diluent (1/200 for anti-
Ki67, 1/800 for anti-LSD1, 1/200 for anti-laminin, 1/50 for
anti-Myogenin, 1/50 for anti-Pax7. Pax7 antibody has been
obtained by concentrated 33 times the supernatant of the hy-
bridoma’s culture). After three 10 min washes in PBS-T, sec-
tions were incubated for 1 hour at room temperature with
secondary antibody and DAPI diluted in MOM diluent. Af-
ter three washes, sections were mounted with Fluoromount-G.
Fluorescent images were acquired on a Zeiss Z1 Axioscan.

Hematoxylin and Eosin (H&E) and Oil Red O (ORO)
staining were performed following standard methods.

Results

LSD1 inactivation increases MuSCs pool upon
muscle injury.

To investigate the role of LSD1 in adult MuSCs, LSD1
was specifically inactivated in MuSCs using LSD1 condi-
tional Knock-Out mice expressing a tamoxifen-inducible
CRE-recombinase under the control of the Pax7 promoter
(hereafter named LSD1 SCiKO mice). Ten weeks old mice
were treated with tamoxifen (TAM), and MuSCs were FACS-
isolated 1 week later. MuSCs isolated from Pax7-CreERT2
mice treated with TAM (hereafter named CTRL SC) were
used as a control (Supplementary Figure S1A). A high de-
gree of recombination was evident in FACS-purified MuSCs
from LSD1 SCiKO mice based on the amount of LSD1 pro-
tein level (Supplementary Figure S1B). As previously reported
(28), the ablation of LSD1 did not impact the percentage of
MuSCs in S-phase in vitro (Supplementary Figure S1C). Af-
ter 2 days in myogenic differentiation medium (MDM) LSD1
SCiKO MuSCs displayed impaired myogenesis as evidenced
by a strong reduction in the proportion of Myogenin posi-
tive (+) cells compared to CTRL SC MuSCs (Supplementary
Figure S1D). Conversely, the proportion of PAX7 + cells was
significantly increased in LSD1 SCiKO MuSCs compared to
CTRL SC MuSCs (Figure 1A). This increase was caused by
the loss of LSD1 enzymatic activity since the LSD1 pharmaco-
logical inhibitors Pargyline and OG-L002 produced the same
effect on control MuSCs (Figure 1B). Altogether, these results
suggested that the loss of LSD1 delayed MuSCs commitment
as we previously showed for myogenic progenitors during de-
velopment (28). Reduced myogenesis could not be attributed
to activation of the adipogenic program, since LSD1 SCiKO
MuSCs did not produce lipid-containing mononucleated cells
in MDM (Figure 1C).

We next examined the effect of LSD1 inactivation on
MuSCs in vivo. Lsdl gene inactivation did not affect the
number of quiescent MuSC in healthy muscles, as shown by
PAX7 immunofluorescence on Tibialis Anterior (TA) muscle
cryosections (Supplementary Figure S2A, B). Of note, 7 and
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56 days after the last TAM injection, the number of fibers
per mm? and the muscle histological features (Supplementary
Figure S2C, D) were also similar in LSD1 SCiKO and CTRL
SC uninjured TA muscles. To investigate LSD1 role during
muscle regeneration, TA muscles of LSD1 SCiKO and CTRL
SC were injured by single cardiotoxin (CTX) injection. Seven
days after CTX injection (Supplementary Figure S2E), LSD1
SCiKO TA muscles displayed more smaller regenerating fibers
than CTRL SC TA muscles (Supplementary Figure S2F, G).
Surprisingly, 28 days post injury (dpi), when muscles were
completely regenerated (Figure 1D), LSD1 SCiKO TA muscles
showed similar fibers size and density (number of fibers per
mm?) than CTRL SC TA muscles (Figure 1E, F). Consistently
with the iz vitro results, we did not observe an increase in
adipocyte-like cells (Supplementary Figure S2H). These results
suggest that in absence of LSD1, while muscle regeneration is
initially impaired, it ultimately occurs. Consistently, we quan-
tified the number of MYOG + cells at 7dpi and we observed a
significant increase of MYOG + myocytes in LSD1 SCiKO TA
muscles compared to CTRL SC;, indicating that MuSCs differ-
entiation was delayed (Supplementary Figure S2I). Remark-
ably, at 28 dpi, when MuSCs had returned into quiescence, the
number of PAX7+ cells per mm? was significantly increased
by 50% in LSD1 SCiKO muscles compared to CTRL SC (Fig-
ure 1G). Staining for PAX7 and the proliferation marker Ki67
showed that in both conditions >95% of the PAX7 + cells
were negative for Ki67, indicating that they were not prolif-
erating (Supplementary Figure S2J). Altogether, these results
indicate that in absence of LSD1 the total number of MuSCs
increases during the regeneration process.

To investigate whether pharmacological inhibition of LSD1
produced similar effects, wild-type (WT) mice were treated
with the pharmacological inhibitor of LSD1 (OG-L002 (37))
and TA muscles were injured by single CTX injection (Figure
1H). Twenty-one dpi, the number of quiescent MuSCs (PAX7
+/Ki67 —) in TA muscles was significantly higher in mice
treated with OG-L002, compared to vehicle (Figure 11). The
histological analysis and the number of fibers per mm? showed
no significant differences between treated and untreated mice
(Figure 1], K). These results support the conclusion that the
effect of LSD1 inactivation on MuSCs function is due to the
loss of LSD1 enzymatic activity.

MuSCs lacking LSD1 maintain their regenerative
and self-renewal potential after repeated injury

Since LSD1 ablation or enzymatic inhibition increased the
pool of MuSCs, we hypothesized that it could either be ben-
eficial or detrimental for further regeneration events. Three
consecutive muscle regenerations were therefore performed by
three successive CTX injections 28 days apart from each other
in LSD1 SCiKO and CTRL SC TA muscles. Injured muscles
were analyzed 7 and 28 days after the third CTX injection
(dpilll, Figure 2A). Surprisingly, fiber number per mm? were
not reduced anymore at 7 dpilll in LSD1 SCiKO conversely
to what was observed after a single round of regeneration
(Figure 2B and Supplementary Figure S2F). In addition, re-
generation efficiency at 28 dpilll was similar to what was ob-
served after a single CTX injection in CTRL SC: the distribu-
tion of regenerated fibers CSA, the number of fibers for mm?
as well as the histological analysis was comparable between
CTRL SC and LSD1 SCiKO mice (Figure 2B-D) but a 40%
increase in the number of self-renewed MuSCs (PAX7 +/Ki67
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Figure 1. LSD1 regulates MuSCs self-renewal potential. (A) PAX7 and MyHC staining and percentage of PAX7+ cells after 48 h under myogenic
differentiation conditions of CTRL SC and LSD1 SCiKO MuSCs. (B) PAX7 and MyHC staining and percentage of PAX7+ cells after 48 h under myogenic
differentiation conditions of MuSCs treated with LSD1 inhibitors (OG-L002 and Pargyline). (C) Bodipy, PAX7. desmin and Oil Red O staining of cells after
48 h under myogenic differentiation conditions of CTRL SC and LSD1 SCiKO MuSCs. (D) CTX experimental setup. (E) Anti-Laminin staining on
cryosections of regenerated TA muscles in CTRL SC and LSD1 SCiKO mice at 28 dpi. Quantification of the number of myofibers per mm2. (F) CSA
distribution of muscle fibers in CTRL SC and LSD1 SCiKO mice TA cryosections at 28 dpi. (G) Anti-PAX7 and anti-Laminin staining on cryosections of
regenerated TA muscles in CTRL SC and LSD1 SCiKO mice at 28 dpi. Quantification of the number of sublaminar PAX7+/Ki67- cells per mm2. (H) CTX
experimental setup. (I) Anti-PAX7 and anti-Laminin staining on cryosections of regenerated TA muscles in Vehicle and OG-L002 treated mice at 21 dpi.
Quantification of the number of sublaminar PAX7+/Ki67— cells per mm?. (J) H&E and Qil Red O staining on cryosections of regenerated TA muscles in
Vehicle and OG-L002 treated mice at 21 dpi. (K) Anti-Laminin staining on cryosections of regenerated TA muscles in Vehicle and OG-L002 treated mice
at 21 dpi. Quantification of the number of myofibers per mm?. Scale bars, 50 um. n = 3 mice/genotype. n = 3 primary MuSC cultures/genotype. n = 3
primary MuSC cultures/treatments. Values are mean or percentage mean &+ SEM. **P < 0.01 (Mann-Whitney—Wilcoxon test) ***P < 0.001 (Bonferroni
test after one way-ANOVA).
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Figure 2. LSD1 SCiKO MuSCs maintain their regenerative potential after repeated injuries. (A) Repeated CTX experimental setup. (B) Laminin staining
on cryosections of regenerated TA muscles in CTRL SC and LSD1 SCiKO mice at 7 and 28 dpilll. Quantification of the number of myofibers per mm?. (C)
CSA distribution of muscle fibers in CTRL SC and LSD1 SCiKO mice TA cryosections at 28 dpilll. (D) H&E and Oil Red O staining on cryosections of
regenerated TA muscles in CTRL SC and LSD1 SCiKO mice at 28 dpilll. (E) Anti-PAX7 and anti-Laminin staining on cryosections of regenerated TA
muscles in CTRL SC and LSD1 SCiKO mice at 28 dpilll. Quantification of the number of sublaminar PAX7 +/Ki67 — cells per mm?. Scale bars, 50 pum.

n =5 mice/genotype. Values are mean + SEM. *P < 0.05 (Mann-Whitney-Wilcoxon test).

-)/mm? in LSD1 SCiKO mice compared to CTRL SC was still
present (Figure 2E). These results indicated that the loss of
LSD1 in MuSCs increased the pool of PAX7 + while preserv-
ing the regenerative potential of muscles even after repeated
injuries.

LSD1 is critical for asymmetric cell division.

To better understand the mechanism underlying this pheno-
type, we investigated at which specific stage LSD1 inactiva-
tion affected MuSCs amplification iz vivo. After muscle injury,
MuSCs undergo a first round of division between 28 and 40
h (38,39). A pulse of the deoxynucleotide analog EdU labeling
was performed 28 h post injury (hpi). MuSCs were isolated

12 h later (40 hpi) and EdU incorporation was analyzed by
cytometry (Figure 3A). MuSCs were activated similarly in
LSD1 SCiKO and CTRL SC muscles (Figure 3B).

After completing the first round of division MuSCs rapidly
proliferate to expand their number to allow muscle repair. To
measure the rate of MuSC expansion, muscles were analyzed
by PAX7,Ki67 immunostaining and EdU incorporation at 96
h post injury (Figure 3A, C). No difference was observed be-
tween the proliferation rate of CTRL SC and LSD1 SCiKO
MuSCs (Figure 3C). However, the absolute number of PAX7
+ cells was already significantly increased in absence of LSD1
(Figure 3D and Supplementary Figure S2K). Altogether, our
data suggested that LSD1 might be involved in the regulation
of the balance between proliferation/self-renewing symmet-
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Figure 3. Lack of LSD1 increases MuSC pool upon injury. (A) EdU pulse labelling set up. (B) Cytometry-acquired quantification of EdU + MuSCs
(ITGA7+) isolated from muscle 40 h post injury (hpi). (C) Percentage of PAX7 +/Ki67 + (violet), PAX7 +/Ki67 +/EdU + (red) and PAX7 +/Ki67 -/EdU —
(green) MuSCs at 96 hpi was quantified per mm?2. Representative images of PAX7, Ki67 and EdU staining on cryosections of regenerated TA muscles.
(D) Quantification of the total number of PAX7 + cells at 96 hpi per mm?. Scale bars, 50 um and 10 um. n = 3 mice/genotype. Values are mean or

percentage mean + SEM. *P < 0.05 (Mann-Whitney-Wilcoxon test).

ric (PSCDs) and asymmetric divisions (ACDs). To further in-
vestigate this hypothesis, myofibers were isolated from LSD1
SCiKO and CTRL SC EDL muscles and placed in culture for
42 h before immunolabelling stem cells with an anti PAX7
antibody and committing cells with an anti MYFS5 antibody,
as previously described (40). In the absence of LSD1, ACDs
were drastically reduced as evidenced by the percentage of cell
doublets with an asymmetric expression of the commitment
marker MYFS that dropped to 2% compared to the 15%
observed in CTRL SC (Figure 4A). Conversely, the frequency
of PSDC was significantly increased to 98% in LSD1 SCiKO
MuSCs (Figure 4A). These data indicated that LSD1 favors
asymmetric divisions during the first division of MuSCs.

To confirm this phenotype, we exposed freshly isolated
MuSCs to Wnt3A molecules covalently attached to car-
boxylic acid-coated beads, and we measured the orienta-
tion of the mitotic spindle in relation to the position of the
beads, as previously described in ESCs (15,41) (Figure 4B).
CTRL SC MuSCs mitotic spindle was mainly oriented toward
the Wnt3A-coupled beads with an angle of 85-90° (Figure
4C). Conversely, LSD1 SCiKO MuSCs displayed an impair-
ment in Wnt3A-dependent mitotic spindle orientation (Fig-
ure 4D). The majority of LSD1 SCiKO MuSCs divided with
angles lower than 50° compared to CTRL SC MuSCs (Fig-
ure 4E). Our results suggest that LSD1 is involved in Wnt3A-
dependent mitotic spindle orientation.

LSD1 is required for transcriptional activation by
3-catenin.

To determine whether LSD1 function could be linked to
Wnt/B-catenin signaling, shLSD1 and control shSCRA my-
oblasts (28) as well as CTRL SC and LSD1 SCiKO primary
MuSCs were transfected with a 3-catenin reporter luciferase
construct and differentiated in MDM for 72h or treated with
Wnt3A or LiCl (42) to activate Wnt/[-catenin signaling. In
absence of LSD1, myoblasts displayed very low luciferase ex-
pression compared to control cells (Supplementary Figure

S3A). Next, we evaluated the effect of LiCl on the acti-
vation of B-catenin target genes and as expected, LiCl in-
creased the expression of Fst, Porcn and Axin2 in shSCRA
cells whereas their expression was hardly increased in shLSD1
cells (Supplementary Figure S3B).

To promote myogenic cells differentiation, the Wnt/f-
catenin signaling requires the formation of a complex be-
tween (-catenin and BCL9 (17,43). Proximity ligation as-
say (PLA) was used to evaluate the interaction between (-
catenin and BCL9 in CTRL SC and LSD1 SCiKO MuSC
treated with Wnt3A. The results indicated that significantly
less B-catenin/BCL9 complexes were formed in LSD1 SCiKO
than in CTRL SC MuSCs (Figure 5A). Altogether, these re-
sults showed that LSD1 is required for the activation of
gene expression by f-catenin in myogenic cells. Importantly,
LiCl treated shLSD1 myoblasts expressed a lower amount
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of MyoD1 mRNA level compared to treated shSCRA my-
oblasts (Supplementary Figure S3B). Since [-catenin was
shown to induce MyoD1 expression by binding the CER
(44), chromatin immunoprecipitation (ChIP) was performed
to evaluate the potential role of LSD1 in P-catenin re-
cruitment on the MyoD CER during myoblast commitment.
As expected, in shSCRA myoblast -catenin was strongly
enriched on the CER after 72 h in MDM. Conversely
shLSD1 myoblasts failed to recruit -catenin on the CER

(Figure 5B). Our data support the hypothesis that LSD1
is required for the recruitment of B-catenin on the MyoD
CER.

Demethylation by LSD1 is required for (3-catenin
stabilization in the nucleus

We next investigated the mechanism through which LSD1
promoted B-catenin activity. Whereas the levels of B-catenin
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Figure 5. LSD1 demethylates [3-catenin protein. (A) BCL-9 and [3-catenin protein-protein interactions evaluated using in situ proximity ligation assay
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of endogenous [-catenin in shSCRA and shLSD1 cells after 72 h in MDM, in a time-course CHX treatment. (D) Loss of LSD1 function caused an
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transcript were similar in both cell lines (Supplementary
Figure S3C), analysis of whole protein extracts by western
blot showed that B-catenin levels were lower in shLSD1 than
in shSCRA, (Supplementary Figure S3D). Of note, such reduc-
tion was due to the reduction of the levels of nuclear 3-catenin,
since cytosolic and membranous B-catenin levels were simi-
lar in the two conditions (Supplementary Figure S3E, F). A
time-course experiment with cycloheximide (CHX) to evalu-
ate the stability of nuclear B-catenin protein showed that (3-
catenin half-life was strongly reduced in shLSD1 cells com-
pared to shSCRA cells (Figure 5C). Mono-methylation of {3-
catenin lysine 180 by SET7/9 destabilizes the protein (20).
Consistently, upon treatment with the proteasome inhibitor
MG132, non-methylable SET7/9 B-catenin mutant (3-CAT
K180R) is more stable and thus benefits less from the sta-
bilizing effect of proteasomal inhibition than WT B-catenin
(Supplementary Figure S3G).

Co-immunoprecipitation experiments indicated that both
over-expressed and endogenous B-catenin interact with LSD1
(Supplementary Figure S3H, I). We thus speculated that LSD1
could directly demethylate B-catenin to stabilize it in the nu-
cleus. p-catenin methylation was thus evaluated by western
blot with an anti-pan methyl lysine (KpanMe) antibody on
B-catenin immunoprecipitated from shSCRA or shLSD1 nu-
clear extracts. While in proliferating myoblasts nuclear (-
catenin is methylated both in shLSD1 and shSCRA conditions
(Supplementary Figure S3]), after 72h in MDM, nuclear -
catenin methylation was very low in shSCRA nuclei whereas
it remained strongly methylated in shLSD1 nuclei, suggesting
that B-catenin is demethylated by LSD1 during myoblast com-
mitment (Figure SD).

Finally, an in vitro de-methylation assay was performed
with recombinant LSD1 to assess whether LSD1 directly
demethylates B-catenin. A mono-methylated B-catenin pep-
tide encompassing lysine 180 (p-CAT K180Me) was incu-
bated with recombinant LSD1 or with cellular extracts of
HEK 293T cells overexpressing either WT LSD1 or cat-
alytically inactive LSD1 mutants (LSD1K661A and LSD1
K661A/W754A/Y761S, (45)). As shown in Figure SE, both
recombinant LSD1 and cellular extracts with WT LSD1 effi-
ciently demethylated the 3-cat K180Me peptide. Conversely,
the catalytically inactive LSD1 mutants failed to demethy-
late the B-cat K180Me peptide. These results demonstrate
that B-catenin is a non-histone substrate of LSD1 demethylase
activity.

LSD1 and B-catenin are involved in mitotic spindle
orientation

Since B-catenin protein is required for the Wnt3A-dependent
asymmetric cell division in ESCs (15), we checked whether this
mechanism also applied to MuSCs. CTRL SC MuSCs were
transiently transfected with an shRNA scrambled (shSCRA)
or an shRNA directed against B-catenin (shCTNNB1) and ex-
posed to Wnt3A-coupled beads 24 h later. CTRL shCTNNB1
MuSCs exhibited mitotic spindle misorientation, with a sig-
nificantly different angle distribution of the spindle compared
to CTRL SC shSCRA treated with Wnt3A-beads (Figure 4D
and Figure 6A-C).

To further investigate if B-catenin over expression could
compensate for the lack of LSDI1, freshly isolated LSD1
SCiKO MuSCs were transfected with an empty vector or a
plasmid encoding for a wild-type B-catenin sequence fused
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with mCherry (WT-B-cat-mCherry). Indeed, 3-catenin over-
expression rescued the orientation of the mitotic spindles ac-
cording to Wnt3A-beads in mCherry + LSD1 SCiKO (Fig-
ure 6D-F). Altogether these results suggest that LSD1 in-
volvement in mitotic spindle orientation is achieved through
B-catenin.

LSD1 controls (3-catenin levels in stem cells

To investigate if the regulation of 3-catenin stability by LSD1
also existed in non-muscle stem cells, LSD1 KO embryonic
stem cell lines was generated by CRISPR/CAS9. CTRL WT
and LSD1 KO ESCs displayed similar percentage of cells in
S-Phase of the cell cycle (Supplementary Figure S4A). Upon
Wnt3A treatment, while cytosolic B-catenin was similar be-
tween CTRL WT and LSD1 KO clones (Supplementary
Figure S4B), we observed a severe decrease of nuclear (-
catenin protein in LSD1 KO ESCs compared to CTRL WT
ESCs (Figure 7A), accompanied by an impairment of (-
catenin transcriptional activity (Figure 7B). Consistently with
our results on MuSCs, a time-course experiment with CHX
confirmed that in LSD1 KO ESCs nuclear B-catenin protein
stability is significantly reduced compared to CTRL WT ESCs
(Figure 7C). We then exposed these ESCs to Wnt3A-coupled
beads and we measured the orientation of the mitotic spindle
towards the Wnt3A-coupled beads. Consistent with previous
report (14,15), CTRL WT ESCs oriented toward the Wnt3A-
coupled beads with an angle of 85-90° (Figure 7D). Con-
versely the majority of LSD1 KO ESCs divided with an angle
lower than 30° (Figure 7E, F), phenocopying the B-catenin KO
mitotic spindle misorientation (Supplementary Figure S4C, D)
(15). Altogether, these results indicate that the regulation of B-
catenin by LSD1 is not cell type-specific.

Discussion

Although canonical Wnt/3-Catenin signaling pathway has
long been known to play a key role in MuSCs fate dur-
ing skeletal muscle regeneration, its mechanism of action is
not fully characterized. In this study, we demonstrate that
LSD1 is required to stabilize nuclear B-catenin by demethy-
lating the lysine 180. This enables B-catenin to be recruited
on the MyoD1 Core enhancer region and initiate the MuSCs
commitment to differentiation. We also provide evidence that
LSD1 favors Wnt3A-mediated mitotic spindle orientation in
MuSCs and ESCs via B-catenin. So far, LSD1 is the first
demethylase identified to directly target B-catenin protein and
influence its activity.

The first methyltransferase identified to mono-methylate 3-
catenin on K180 is SET7/9 (19). B-catenin K180me1 destabi-
lizes the protein, which is degraded faster (20). Another study
conducted on MuSCs showed that SET7/9 activity is required
for B-catenin localization in the nucleus rather than for its
stability (17). However, the authors did not demonstrate a di-
rect methyltransferase activity of SET7/9 on B-catenin pro-
tein (17). These results raised the possibility that the effect
of SET7/9 methylation on B-catenin might be cell type- and
cell compartment-specific. Our study shows that depletion of
LSD1 causes a reduction of nuclear B-catenin but has no ef-
fect on cytoplasmic or membranous f-catenin during MuSCs
commitment. Thus, the role of LSD1 is to prevent 3-catenin
degradation once it has entered in the nucleus. Our results
also show that in embryonic stem cells, LSD1 is required to


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae060#supplementary-data

3678 Nucleic Acids Research, 2024, Vol. 52, No. 7
A CTRL SC B CTRL SC C
shSCRA shCTNNB1 K-S vs
n=73 n=82 CTRL SC shSCRA
)
0 -—
aEQ =
S0 1=
CoOFE
Es EH
[ OE
w
K-S vs
LSD1 SCIKO
]
o -
X a2
- B °%
s |
count count
F
K-S vs
LSD1 SCiKO empty vector
D LSD1 SCIKO E LSD1 SCIKO C 158
empty vector WT-B-cat-mCherry esCpF
90" n=72 90° n=85 x5 5o
O o —
>0
[m)] g- [m] i
NG ﬂ 8
=
|_
£ =
g14
K-S vs
CTRLSC
: =
4 AL  SE
2 ) g 4 Oc
0 b d ‘: i ‘i o 'n_: ] Q
0246 8101214161820222426 O A S
N
count count 40
@
[_
=S

Figure 6. 3-Catenin is required for LSD1-mediated Wnt3A-spindle orientation. Rose plots depicting the distribution of mitotic spindle angle orientations
in CTRL SC transfected with (A) shRNA control (shSCRA) and (B) shRNA against Ctnnb1 (shCTNNB1). (C) ***P < 0.001 in boxes indicate statistical
significance calculated by multiple Kolmogorov-Smirnov tests against CTRL SC shSCRA or LSD1 SCiKO cells dividing with a Wnt3a-beads. Rose plots
depicting the distribution of mitotic spindle angle orientations in LSD1 SCiKO transfected with (D) empty vector or (E) overexpressing wild-type
-catenin fused to mCherry (WT-3-cat-mCherry). (F) ***P < 0.001 in boxes indicate statistical significance calculated by multiple Kolmogorov-Smirnov
tests against LSD1 SCiKO empty vector or CTRL SC cells dividing with a Wnt3a-beads. n = number of cells.

maintain B-catenin level and transcriptional activity, indicat-
ing that the action of LSD1 on B-catenin is not restricted to
muscle stem cells.

It has been recently demonstrated that in myoblast cultures,
LSD1 inhibition could promote the switch of myogenic cells
into brown adipocytes in pro-adipogenic conditions (46). Our
results indicate that in pro-myogenic conditions, MuSCs, lack-
ing LSD1, do not lose their myogenic identity. Similarly, we
show that LSD1 inactivation in vivo did not induced adi-
pogenesis. Both genetic inactivation and the pharmacolog-
ical inhibition of LSD1 led to a significative expansion of
PAX7+ MuSCs after muscle injury, which remained fully myo-
genic even after repeated injuries.

To maintain MuSCs homeostasis and generate appropri-
ate numbers of transient amplifying progenitors to support
the regeneration of muscle, MuSCs can undergo asymmet-
ric (ACD) or proliferating/self-renewing symmetric (PSCD)
or differentiation symmetric (DSCD) division. LSD1 inac-
tivation in MuSCs increases the probability to undergo
proliferating/self-renewing symmetric division resulting in an
expansion of progenitor cells able to repair muscle fiber and
to self-renew. MuSCs ability to switch between asymmetric
or symmetric divisions is linked to the orientation of the mi-
totic spindle and is finely controlled by extrinsic signaling
pathways that regulate intrinsic fate determinants. Taking ad-
vantage of a method published recently (41), we demonstrate
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Figure 7. LSD1 regulates 3-catenin turnover in ESCs. (A) Western blot analysis of nuclear 3-catenin protein in CTRL WT and 4 different LSD1 KO ESCs
clones. (B) The TCF transcriptional activity of CTRL WT, (3-Cat KO and LSD1 KO ESCs is shown as a ratio of TOP-FLASH to FOP-FLASH
luciferase-mediated signals, when cultured for 6 h in the presence of Wnt3A. (C) Upon Wnt3A treatment, LSD1 KO ESCs displayed an accelerated
turnover rate of nuclear 3-catenin compared to CTRL WT ESC, in a time-course CHX treatment. Values are mean of at least three experiments. & SEM.
**P < 0.01, ***P < 0.001 (Bonferroni test after one way-ANOVA). Rose plots depicting the distribution of mitotic spindle angle orientations in (D) CTRL
WT or (E) LSD1 KO ESCs. n = number of cells. (F) ***P < 0.001 in box indicates statistical significance calculated by multiple Kolmogorov-Smirnov tests

against CTRL WT ESC dividing with a Wnt3a-beads.

that Wnt/B-catenin signaling pathway and LSD1 are impli-
cated in MuSCs ACD choice over PSCD in vitro. Indeed, ei-
ther B-catenin knock down or LSD1 inactivation in MuSCs
result in the loss of mitotic spindle orientation toward the
Wnt3A-beads. Moreover, B-catenin overexpression in LSD1
KO MuSCs restores mitotic spindle orientation by Wnt3A.
These results place LSD1 as a crucial partner of 3-catenin for
Wnt3A-mediated mitotic spindle orientation in muscle stem
cells.

B-catenin loss of function studies have shown that B-
catenin is required to maintain the regenerative potential of
MuSCs (22). In our LSD1 SCiKO mouse model, despite an
early delay in MuSCs commitment, the regeneration process
finally occurs. These different phenotypes could be explained
by the complete absence of B-catenin protein (at the mem-
brane, in the cytosol and in the nucleus) in the 3-catenin KO
model (22), while in the LSD1 SCiKO model, 3-catenin lev-
els are specifically reduced only in the nucleus. This suggests
that B-catenin might be involved in non-nuclear function inde-
pendently from LSD1 during skeletal muscle regeneration. We
therefore propose a regulation of nuclear 3-catenin turnover

by LSD1 to be necessary for the transcription of the MyoD1
CER. In agreement with our model, B-catenin KO MuSCs as
well as SET7/9 KO MuSCs show a significantly lower expres-
sion of MyoD1 gene (17,22). It would be interesting to com-
pare the Wnt3A-mediated spindle orientation distribution be-
tween LSD1 SCiKO and these two others models, supported
by our evidence that B-catenin silencing in MuSCs drastically
mis-oriented the mitotic spindle distribution.

Interestingly, we demonstrate that LSD1/3-catenin axis is
not a MuSCs-specific molecular mechanism. Indeed, knock-
ing out LSD1 in ESCs causes a reduction of B-catenin nu-
clear protein level and a mitotic spindle mis-orientation upon
Wnt3A treatment, mimicking the phenotype observed in (-
catenin KO ESC (15). Upon Wnt3A treatment, 3-catenin KO
ESCs show an aberrant symmetric segregation of pluripotency
markers, leading to an impairment of ESC differentiation. Re-
markably, whole genome distribution studies have shown the
same phenotype in LSD1 KO ESCs, where absence of LSD1
activity leads to a re-expression of pluripotent genes in dif-
ferentiating ESCs (47). Collectively these findings support the
hypothesis that the regulation of enhancers by LSD1 involves
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a dual mechanism: modification of histones and stabilization
of nuclear -catenin.

In conclusion, our results identify LSD1 as a new check-
point in the canonical Wnt/B-catenin pathway, required for
transcriptional regulation by B-catenin and Wnt3A-mediated
mitotic spindle orientation. It will be interesting to investigate
the correlation between LSD1 and -catenin in diseases, such
as colorectal cancer, characterized by both LSD1 overexpres-
sion and an aberrant activation and hence accumulation of nu-
clear B-catenin. The findings might elucidate important mech-
anisms underlying the development of these diseases from a
different point of view.
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