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Retinoic acid maintains human skeletal muscle progenitor cells

in an immature state

Marina El Haddad' - Cécile Notarnicola' - Brendan Evano” - Nour El Khatib' -
Marine Blaquiére' - Anne Bonnieu® - Shahragim Tajbakhsh? - Gérald Hugon' -

Barbara Vernus® - Jacques Mercier™™* - Gilles Carnac’

Abstract Muscle satellite cells are resistant to cytotoxic
agents, and they express several genes that confer resis-
tance to stress, thus allowing efficient dystrophic muscle
regeneration after transplantation. However, once they are
activated, this capacity to resist to aggressive agents is
diminished resulting in massive death of transplanted cells.
Although cell immaturity represents a survival advantage,
the signalling pathways involved in the control of the
immature state remain to be explored. Here, we show that
incubation of human myoblasts with retinoic acid impairs
skeletal muscle differentiation through activation of the
retinoic-acid receptor family of nuclear receptor. Con-
versely, pharmacologic or genetic inactivation of
endogenous retinoic-acid receptors improved myoblast
differentiation. Retinoic acid inhibits the expression of
early and late muscle differentiation markers and enhances
the expression of myogenic specification genes, such as
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PAX7 and PAX3. These results suggest that the retinoic-
acid-signalling pathway might maintain myoblasts in an
undifferentiated/immature stage. To determine the rele-
vance of these observations, we characterised the retinoic-
acid-signalling pathways in freshly isolated satellite cells in
mice and in siMYOD immature human myoblasts. Our
analysis reveals that the immature state of muscle pro-
genitors is correlated with high expression of several genes
of the retinoic-acid-signalling pathway both in mice and in
human. Taken together, our data provide evidences for an
important role of the retinoic-acid-signalling pathway in
the regulation of the immature state of muscle progenitors.

Keywords Satellite cells - MyoD - RAR - Myoblasts -
Differentiation

Introduction

Skeletal muscle has a remarkable ability to regenerate after
repeated bouts of injury through the action of muscle stem
(satellite) cells. In adult muscle, satellite cells are quiescent
and represent about 2-7% of the nuclei associated with a
muscle fibre. They are characterized by expression of the
transcription factors PAX7 and MYF5 [1]. It has recently
been demonstrated that only satellite cells are responsible
for muscle regeneration: genetic ablation of satellite cells
totally impairs skeletal muscle tissue repair [2, 3]. After a
trauma, satellite cells are activated, and they enter the cell
cycle and begin to express the myogenic regulatory factor
MYOD, in addition to PAX7 and MYF5. Satellite cell
division can be symmetric, thus generating two equivalent
daughter cells, or asymmetric, thus generating one self-
renewing daughter cell and one daughter cell committed to
differentiation [4, 5]. To ensure satellite cell self-renewal, a



subpopulation of myogenic cells downregulates MYOD
expression and enters the quiescent state [6]. The remain-
ing myogenic cells exit the cell cycle, differentiate, and
fuse to form myotubes that express MYOGENIN, MRF4,
and myosin heavy chain (MHC) [7].

Transplanted myoblasts can fuse with endogenous
muscle fibres to form hybrid myotubes [8], and this rep-
resents a viable approach for the treatment of inherited
myopathies and diseases characterized by fibre necrosis
and muscle weakness [9]. Myoblast transfer limitations,
such as immune rejection or limited migration in the host
tissue, are important, and in initial clinical trials, they were
partially attributed to the poor survival rates of transplanted
myoblasts [9—12]. Purified satellite cells implanted directly
are more effective than satellite cells expanded in culture
[13, 14]. Therefore, it would be interesting to effectively
control the transition from cell quiescence to cell activation
ex vivo to optimize the production of cells suitable for
transplantation. Recent reports have highlighted the unex-
pected role of NOTCH signalling in satellite cell
quiescence [15, 16]; however, the signalling pathways
involved in the control of the quiescent state remain to be
fully elucidated.

Among the different signalling pathways that regulate
skeletal muscle development and growth, we focused on
the retinoic-acid receptors’ signalling pathway. Two clas-
ses of retinoic-acid receptors have been described: retinoic-
acid receptors (RARs) and retinoid X receptor (RXRs),
each of which has three isoforms o, B, and y, encoded by
separate genes. RARs mediate the effects of all-trans reti-
noic acid (RA), the active metabolite of vitamin A, and
regulate many biological functions, such as proliferation
and differentiation. An isomerization product of RA, 9-cis
RA, also binds RARs, whereas RXRs only binds to 9-cis
RA in vitro. Whether this compound is a natural bioactive
retinoid remains controversial. RAR forms a heterodimer
with RXR, binds to an RA response element (RARE)
present in the promoter region of target genes, and upon
ligand binding activates gene transcription [17]. In the
absence of a ligand, the RAR-RXR heterodimer binds
RARE associated with co-repressors and exerts a repressor
activity on target gene expression [18, 19]. Retinoids (vi-
tamin A and RA) have been shown to control skeletal
muscle differentiation and the metabolism of mouse, zeb-
rafish, and chicken skeletal muscle cells [20-24]. Recently,
our group [25] and others [26, 27] have isolated human
muscle progenitor cells characterized by high aldehyde
dehydrogenase (ALDH; an enzyme involved in RA syn-
thesis) activity and increased stress resistance and
regenerative capacity. We also showed that RA, the final

metabolite of ALDH, enhanced human myoblast viability
by increasing the expression of the antioxidant enzyme
glutathione peroxidase 3 (GPX3) [28]. Here, we investi-
gated the role of RA in muscle progenitor cells. Using
primary human myogenic cell cultures, we show that
activation of the RA-signalling pathway prevents myoblast
differentiation and transdifferentiation and up-regulated the
expression of genes characteristics of more immature cells.
We then characterised the RA-signalling pathways in
freshly isolated satellite cells in mice and in siMYOD
immature human myoblasts. Immature muscle cells over-
express several genes of the RA-signalling pathway both in
mice and in human. Our findings indicate that RA sig-
nalling is more active in immature muscle cells and
maintains skeletal muscle cells in an immature stage.

Methods
Material

All-frans RA was purchased from Sigma-Aldrich (St
Quentin Fallavier, France). TTNPB (RAR agonist), LG
100268 (RXR agonist), and BMS493 (a RAR reverse
agonist that blocks RAR activity) were purchased from
Sigma-Aldrich (St Quentin Fallavier, France). RA and its
agonists/antagonist were diluted in DMSO.

Primary culture of human myoblasts

Quadriceps muscle biopsies from healthy male adults
(mean age 32.2 + 6.30 years; n = 3) were done at the
Centre Hospitalier Universitaire Lapeyronie (Montpellier,
France). All volunteers signed an informed written consent
after description of the protocol. Myoblasts were purified
from muscle biopsies as previously described [25] and
were grown on collagen-coated dishes as previously
described [28] in DMEM/F12 with 10% foetal bovine
serum (FBS), 0.1% Ultroser G, and 1 ng/ml of human
basic FGF (growth medium). For cell differentiation,
myoblasts were plated at 1.5 x 10’ cells per 35 mm dishes
in proliferating medium. Three days later, confluent myo-
blasts were cultured in DMEM with 2% FBS for 3-5 days
(differentiation medium).

Mouse muscle satellite cell purification and culture
Satellite cells were isolated by FACS from three 6-week-

old Tg:Pax7-nGFP male mice [29]. Muscles (hindlimbs
and forelimbs) were removed from bones, finely diced with



small scissors, and put in 10 ml of dissociation solution
[DMEM (Life Technologies, France) supplemented with
0.08% collagenase D (Lifesciences, France), 0.1% trypsin
(Life Technologies, France), and 10 pg/ml DNAse (Life-
sciences, France)] at 37 °C with gentle agitation for
30 min. Supernatants were collected in 4 ml foetal calf
serum on ice. Then, 10 ml dissociation solution was added
and the digestion was repeated for five rounds. Dissociated
muscles were sequentially filtered through 100, 70, and
40 pm filters, centrifuged (500g, 4 °C, 15 min) and washed
once with cold DMEM supplemented with 2% FBS, cen-
trifuged, and resuspended in DMEM with 2% FBS prior to
cytometry. Satellite cells were isolated by FACS using a
MoFlo Legacy apparatus (Beckman) and the Summit v4.3
software from DakoCytomation. Cells were displayed
using the PE (Phycoerythrin, Red) and FITC channels on
the FACS profile. Sorted, GFP-positive cells were collected
in cold DMEM/2% FBS supplemented with retinoic acid
(0, 0.1, or 1 pM), centrifuged, and resuspended in satellite
cell growth medium [40% DMEM, 40% F12 (Thermo
Fisher Scientific, France), 20% FBS, 2% Ultroser G (Pall-
Biosepra, France), 1% penicillin/streptomycin], plated on
Matrigel-coated dishes (Thermo Fisher scientific, France)
at 5000 cells/cm2, and grown at 37 °C, 5% CO,, and 3%
0,. Medium was changed every day with 1077, 107° M
RA. Control cells received vehicle alone (0.1% DMSO,
ctlr). EAU was used at 0.1 uM for the first 24 h and then
pulse for 2 h at 1 pM before 48 and 72 h timepoints. EAU
staining was chemically revealed with the Click-iT kit
(Thermo Fisher Scientific).

Differentiation assay

Myoblasts were induced to differentiate in differentia-
tion medium for 4 days in the presence of RA, TTNPB,
LG, and BMS493 compounds for the first 2 days (re-
freshed after 24 h) at the indicated concentrations.
Control cells received vehicle alone (0.1% DMSO, ctlr).
Cells were fixed 2 days later (after 4 days of differen-
tiation) for immunofluorescence or western blot
analysis. Because differentiation is already optimal in
our culture conditions, we changed the culture parame-
ters to be able to measure the BMS493 effect on the size
of myotubes by plating myoblasts at lower density
(8 x 10* cells per 35 mm dishes in proliferating med-
ium) to reduce the average myotube area. To test the
reversibility of RA effect, when cell fusion was clearly
identified in the control (day 2 of differentiation),

differentiated cells treated with 1077 M RA were
washed with differentiation medium and then cultured in
differentiation medium without RA (RA washed). Cells
were fixed after 4 days of differentiation for
immunofluorescence or western blot analysis.

Immunofluorescence

Human myoblasts were fixed in 2% paraformaldehyde
(Electron Microscopy Sciences, Ayguesvives, France) in
PBS and permeabilized with PBS/0.25% Triton X-100.
Cells were then incubated with mouse monoclonal anti-
Troponin T (1/200; Sigma-Aldrich) or rabbit polyclonal
anti-myogenin (1/400; Santa Cruz Biotechology, Inc.)
antibodies. Secondary antibodies were: Alexa 555-conju-
gated anti-mouse antibody (1/100; Thermo Fisher
Scientific) and Alexa 488-conjugated anti-rabbit antibody
(1/100; Thermo Fisher Scientific). Nuclei were revealed
by DAPI staining. Mouse muscle cells were fixed in PFA
4% 5 min at room temperature, permeabilized (Triton
X-100 0,5%, 5 min), blocked (Goat serum 10%, 30 min),
and stained with mouse monoclonal anti-MyoD (1/200,
dako) and Rabbit polyclonal anti-MyoG (1/200, Santa
Cruz) antibodies overnight at 4 °C and goat anti-mouse
Alexa 555 (Invitrogen) and goat anti-rabbit Alexa 633
(Thermo Fisher Scientific) secondary antibodies. EQU was
detected with the Click-iT Plus EdU Alexa Fluor 488
Imaging Kit (Thermo Fisher Scientific). Images were
taken with a Zeiss epifluorescence microscope and anal-
ysed with the Image J software.

RT-qPCR

Total RNA was isolated from cultured human muscle
cells using the NucleoSpin RNA II Kit (Macherey—Nagel,
Hoerdt, France). Satellite cells were resuspended in
350 pl RLT Plus buffer (Qiagen, France) supplemented
with 10% B-mercaptoethanol, and RNA was extracted
using the RNeasy Micro Kit (Qiagen, France) following
the manufacturer’s instructions. The RNA concentration
of each sample was measured with an Eppendorf
BioPhotometer. cDNA was prepared using the Verso
cDNA Synthesis Kit (Thermo Scientific, Ilkirch, France).
The expression of various genes was then analysed by
quantitative polymerase chain reaction (qPCR) with a
LightCycler apparatus (Roche Diagnostics, Meylan,
France), as previously described [28], using the following
primer sets:



Gene Forward primer Reverse primer

Human PAX3 GCCGCATCCTGAGAAGTAA TGCCCTCCAAGTCACCC
PAX7 CTGTGCCCTCAGGTTTAGT TTCCCTTTGTCGCCCAG
RPLPO TCATCCAGCAGGTGTTCG AGCAAGTGGGAAGGTGTAA
MYOD ACAACGGACGACTTCTATGAC TGCTCTTCGGGTTTCAGGA
MYF5 CATGCCCGAATGTAACAGTC CCCAGGTTGCTCTGAGG
MYOGENIN ACCCCGCTTCTATGATGG ACACCGACTTCCTCTTACACA
ACTAI GACTTCTCAGGACGACGAATC CATTTTCTTCCACAGGGCTT
Cyclin A GCACTCTACACAGTCACGG GTCTCTGGTGGGTTGAGGA
Ki67 CAAATCTCCGCAATCAGACC CTGCTGCTTTAGGCGTG
RARP GATGTAAGGGCTTTTTCCGC TCATTCCTGACAGATTCTTTGGAC
GPX3 CGGGGACAAGAGAAGTCG CCCAGAATGACCAGACCG
RBP4 AGGAAATGATGACCACTGGAT TGCCGCTGCCTTACAAT
STRAG6 TCCTGCCTACCATCCTCCT AGACAGACCTCCACCCAAC
RDHI0 GTCTACCTGACGGCTGAAAG TAGTGGTCCAGAAGTGTGC
ADHI ACTGATGGAGGTGTGGAT TAGCAGCATAGGGTTTATTGAGAG
ALDHlal ATGGATGCTTCCGAGAGG GCCACATACACCAATAGGTTC
ALPL AAGCACTCCCACTTCATCTG CACCACCACCATCTCGG
OSTERIX GACTCAACAACTCTGGGCAA GGGAAAAGGGAGGGTAATCA
AP2 ATCATCAGTGTGAATGGGGA TCTCGTTTTCTCTTTATGGTGGTTG
CEBPa GGCCAAGAAGTCGGTGGA AGGCGGTCATTGTCACTG

Mouse Pax3 AGTCAGATGAAGGCTCCG CTCCTCCCTGGTGTAAATGTC
Pax7 GCTCAGAATCAAGTTCGGG CCCTCATCCAGACGGTT
Myod GGCTCTCTCTGCTCCTTTGA AGTAGGGAAGTGTGCGT
Myf5 TCAGGAATGCCATCCGC TGCTGTTCTTTCGGGACC
Cyclin A CTTAGAAGACAAGCCAGTGAAC AGCCAGTCCACAAGGAT
Rplpo GGGCATCACCACGAAAATC GCCGTTGTCAAACACCTG
Gpx3 CCATTTGGCTTGGTCATTCTG CTTTCTCCCCGTTCACATC
Raro AAAGAAGAAAGAGGCACCCAA GTCCAGGGAGACTCGTT
Rarf GGCTTTTTCCGCAGAAGTAT TCATTCCTAACAGACTCTTTGGAC
Rary CAAGATTGTGGAGTTTGCGAA CCCATCCGAGAATGTCATAGT
Rxro ATGAGAACGAGGTGGAGT TGCTGCTTGACAGATGTTGGTAA
Rxrp GAAGAGTGACCAAGGCG GTAGGGAGGAGAAGTGCG
Rxry ATCTACACCTGTCGGGATAAC TGGCTACTACTGGCACATTC
Rbp4 TGTGGACGAGAAGGGTCA TCGCTGGAGAAAGGAGGCTA
Strab CAATCTTCAAGCACTACACCGA ATGCAGTAAAGGCACAAACAC
Rdh10 CTGGGACTGTTCAGCACT TGCCCGTGTCTACAAGGTAAG
Adhl GCATTGTTGAGAGCGTTGG GTCCCCCGAGGCATTAG
Aldhlal GTGAAAAGGAGTGTTGAGCGA TTTGTTCCCCCAGCGTC

Western blotting

Cells were lysed in hypotonic buffer (5% anti-protease,
50 mM Tris pH 7, 50 mM NaCl, 0.1% NP40), and
protein concentrations were determined using the
BioRad Protein Assay. 25 pg of total proteins diluted in
Laemmli buffer (50 mM Tris—HCI, pH 6.8, 20% SDS,
10% glycerol, 100 mM Dithiothreitol, and Bromophenol
Blue) were separated by SDS-PAGE gel electrophoresis

and transferred to nitrocellulose membranes, blocked at
room temperature with Odyssey blocking buffer for
45 min, and probed at 4 °C overnight with the following
primary antibodies: mouse monoclonal anti-o-tubulin
(Sigma-Aldrich) diluted 1/10,000; mouse monoclonal
anti-MHC slow (Sigma-Aldrich) diluted 1/2000; mouse
monoclonal anti-Troponin T (Sigma-Aldrich) diluted
1/5000; monoclonal anti-o-actinin  (Sigma-Aldrich)
diluted 1/5000; and rabbit polyclonal anti-MyoD diluted



Fig. 1 Retinoic acid inhibits
human myoblast differentiation.
Human myoblasts were induced
to differentiate in differentiation
medium for 4 days in the
presence of increasing
concentrations of RA or not
(ctrl) for the first 48 h (refreshed
after 24 h). a Representative
images (six fields for each
condition) showing myogenin
(red) and Troponin T (green)
expression. DNA was stained
with DAPI (blue).

b Quantification of the
percentage of myogenin-
positive nuclei relative to all
cell nuclei and ¢ quantification
of the average area of myotubes
(in umz) in the cultures, as
shown in a. p < 0.05 (*) and
p < 0.01 (**). Scale bars

10 uM

108 M RA

1/1000 (C20, SantaCruz). Membranes were washed in
PBS/0.1% Tween and incubated with horseradish per-
oxidase-conjugated anti-mouse secondary antibodies (GE
Healthcare, Velizy-Villacoublay, France). Proteins bands
were quantified with the Odyssey software and data
normalized to o-tubulin expression.

Transient siRNA transfections

MYOD (siMYOD), RARa (siRARa), RARf (siRARP),
RARy (siRARY), and negative control (siCTRL) Silencer
Select pre-designed siRNAs were purchased from Life
Technologies (France). Human myoblasts were transfected
with siMYOD and siCTRL as previously described [28]
once (time 0) and harvested 72-96 h after transfection.
siRARa, siRAR, siRARY, and siCTRL were transfected
once at proliferative stage, and a second time on the day the
cells is induced to differentiate. Cells were analysed after
3—4 days of differentiation.

Statistical analysis

Each experiment was done at least in triplicate and per-
formed in three independent human myoblast clones. Error
bars represent the standard deviation of the mean. Statis-
tical significance was determined using the Mann—Whitney
test; p < 0.05 (%), p < 0.01 (*%), and p < 0.001 (***) were
considered significant.
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Results

Retinoic acid inhibits differentiation of human
myoblasts

To determine whether RA had an impact on human myo-
blast differentiation, confluent human primary myoblasts
were switched to differentiation medium for 4 days with
different concentrations of RA (from 107'° to 107 M).
Cell differentiation was then assessed by immunofluores-
cence analysis with antibodies against two muscle
differentiation markers: Troponin T, a protein of the
cytoplasmic cytoskeleton (green), and myogenin, a nuclear
transcription factor (red) (Fig. la). Quantification of the
immunofluorescence data showed that the percentage of
myogenin-positive nuclei relative to all nuclei (Fig. 1b)
and the myotube average area (Fig. 1c) decreased pro-
gressively in differentiating myoblasts in function of the
RA concentration compared to controls. Myoblast differ-
entiation was fully inhibited by 107® M RA. To determine
whether RA-mediated inhibition of differentiation was
reversible, differentiating myoblasts treated with 1077 M
RA were either washed or maintained in the same differ-
entiation medium for 4 days (Fig. 2a). At the end of this
period, the percentage of myogenin-positive nuclei
(Fig. 2b) and the average myotube area (Fig.2c) were
significantly decreased in RA-treated cells compared to
controls. However, in cells in which RA was washed,
muscle differentiation was restored to levels (myogenin-
positive nuclei and myotube area) comparable to those of



control cultures. These immunofluorescence data were
confirmed by western blotting (Fig. 2d) using antibodies
against the differentiation markers MYHC slow and Tro-
ponin T. As expected, MYHC slow and Troponin T protein
levels were strongly reduced after RA addition, but they
were restored to control values in cells in which RA was
washed off. Taken together, these results confirm that RA
inhibits skeletal muscle differentiation in a reversible
manner.

Retinoic-acid inhibitory effect on myoblast
differentiation is mediated by the RAR subfamily

All-trans RA acts through binding to the RAR and RXR
receptors. To determine the role of these two receptor
classes in RA inhibitory effect on myoblast differentiation,
human myoblasts were incubated with 107°® M RA,
TTNPB (RAR agonist), or LG 100268 (RXR agonist) and
induced to differentiate as described above. Myoblast dif-
ferentiation was then monitored by immunofluorescence
analysis with antibodies against the two muscle differen-
tiation markers Troponin T (green) and myogenin (red)

Fig. 2 Retinoic acid exerts a a
reversible inhibition on human
myoblast differentiation.
Human myoblasts were treated
or not (ctrl) with 1077 M RA for
2 days. RA was then washed off
(or not), and cells were allowed
to differentiate for 4 days.

a Representative images (six
fields for each condition)
showing immunofluorescence
analysis of myogenin (red) and
Troponin T (green) expression. b 80 -
DNA was stained with DAPI *
(blue). b Quantification of the T
percentage of myogenin- 60 +
positive nuclei relative to all
cell nuclei and ¢ quantification
of the average area of myotubes
(in umz) in the cultures shown
in a. d Western blotting was
performed using antibodies

ctrl

40

% myogenin+

Fig. 3 RAR activation prevents human myoblast differentiation.p
Human myoblasts were induced to differentiate in differentiation
medium for 4 days in the presence of 107° M RA, 107® M TTNPB
(RAR agonist), 107 M LG100268 (LG; RXR agonist), 1077 M
BMS493 (RAR agonist inverse), or not (ctrl) for the first 48 h (refreshed
after 24 h). Because differentiation is already optimal in our culture
conditions, we changed the culture parameters to be able to measure the
BMS493 effect on the size of myotubes by plating myoblasts at lower
density to reduce the average myotube area. a Images (six fields for each
condition) showing immunofluorescence analysis of myogenin (red)
and Troponin T (green) expression in RA, TTNPB, and LG-treated
myoblasts. DNA was stained with DAPI (blue). b Quantification of the
percentage of myogenin-positive nuclei relative to all nuclei and
¢ quantification of the average area of myotubes (in pm?) in control
cultures and in cells treated with RA, TTNPB, or LG, as shown in
a.d Images (six fields for each condition) showing immunofluorescence
analysis of Troponin T (green) expression in ctrl and BMS 493 treated
myoblasts. DNA was stained with DAPI (blue). e, f Quantification of the
immunofluorescence data for the cultures shown in d: e myotube fusion
index (number of nuclei in myotubes relative to the total number of
nuclei) and f myotube average area (in um?), calculated using the Image
J software. g—j Myoblast were transfected with siCTRL, siRARa, f, or
v and induced to differentiate for 3—4 days. RARa, RARB, or RARY
mRNA levels (h). Troponin T immunofluorescence pictures (g;
Troponin T green, DAPI blue) were quantified to determine the fusion
index (i) and the myotube average area (j). p < 0.05 (¥); p < 0.01 (*%).
Scale bars 10 pyM
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(Fig. 3a). Data quantification showed that the percentage of
myogenin-positive nuclei relative to all nuclei (Fig. 3b)
and the myotube surface area (Fig. 3c) were significantly
and similarly reduced in cultures treated with RA or
TTNPB, compared to controls and cells incubated with
LG100268. These results indicate that RA inhibits myo-
blast differentiation through RAR activation. To better
understand the role of endogenous RAR on myoblast dif-
ferentiation, first, we treated differentiating myoblasts with
107'M BMS493, a pan-retinoic-acid receptor (pan-RAR)
inverse agonist that enhances nuclear corepressor (NCoR)
interaction with RARs and blocks their activities [30].
Quantification of the immunofluorescence data (Fig. 3d)
showed that the percentage of cell fusion (Fig. 3e) and the
average myotube area increased in BMS493 treated myo-
blasts (Fig. 3f). Interestingly, we observed that BMS493
treatment increased the number of myogenin but not
MYOD-positive cells (Fig. s1; Supplementary materials),
suggesting that enhanced repression of RAR receptor
activity by BMS493 improved myogenesis by increasing
the number of myoblasts recruited into the differentiation
process.

Then siRNA-mediated knock-down was used to study
more specifically the effect of RARa, RARP, or RARy
depletion on myoblast differentiation. RARa, RARP, or
RARY silencing was confirmed at the mRNA levels in
primary myoblasts, respectively, transfected with siRARa,
siRAR, or siRARYy compared with cells transfected with
siCTRL (negative control siRNA) (Fig. 3h). We showed
that siRARP or siRARy but not siRARa improves myo-
blast differentiation by enhancing the percentage of cell
fusion (Fig. 3g, 1) and the myotube surface area (Fig. 3g,
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j)- Altogether, these results indicate that endogenous
RARs negatively regulate human myoblast differentiation.

Retinoic acid inhibits expression of genes involved
in myogenic differentiation but not specification

To determine the molecular basis of RA inhibition of
myoblast differentiation, we followed by RT-qPCR the
expression of several genes involved in myoblast specifi-
cation (PAX7 and PAX3; upstream genes) identity (MYOD
and MYFS5; downstream genes) and differentiation (myo-
genin and ACTA]) in primary cultures of human myoblasts
incubated with 10~" M RA (Fig. 4). Compared to controls,
PAX3 and PAX7 expression remained stable during the first
8 h and increased significantly after 24 h of RA treatment.
Conversely, MYOD and MYF5 were significantly inhibited
after 4 h of incubation with RA and this inhibition was
maintained over time. Expression of myogenin and ACTA
was significantly inhibited only after 48 h of treatment.
These observations indicate that RA inhibits the expression
of commitment and differentiation genes, whereas
upstream genes were up-regulated.

Mice satellite cells express genes involved
in retinoic-acid signalling

Our results suggest that RA maintains human myoblast in
an immature/undifferentiated state. To determine the rele-
vance of these observations, we characterised the RA-
signalling pathways in immature muscle progenitor cells
(Fig. 5). Satellite cells are the most immature cells of the

ctrl "RA4h mRA8h mRA24h mRA48h

PAX3 PAX7 MYOD
Fig. 4 Retinoic acid inhibits the expression of members of the
MYOD gene family, but preserves the expression of the determination
genes PAX7 and PAX3. RT-qPCR analysis of the expression of

myogenic determination and differentiation genes in human

MYF5 MYOGENIN ACTA1

myoblasts incubated or not (ctrl) with 100’M RA for 48 h.
p <0.05 (*), p <0.01 (**), and p < 0.001 (***). Data are shown
as mRNA levels relative to the expression in Ctrl/non-treated cells at

each timepoint, which was set at 1
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skeletal muscle lineage in adults. To investigate the
expression of genes involved in RA signalling in satellite
cells, we isolated quiescent mouse satellite cells by FACS
from Tg:Pax7-nGFP male mice (Fig. 5a). To compare
quiescent and activated satellite cells, a fraction of the
purified, quiescent GFP-positive satellite cells was cultured
in growth medium for 2 days. We analysed by RT-qPCR
analysis expression of several genes involved in myogen-
esis (Pax3, Pax7, Myod, and Myf5) and cell proliferation
(Cyclin A). We also determined the expression of RA-tar-
get genes (Gpx3 and Rarf) [28, 31], genes encoding
receptors of the RAR and RXR subfamily (Rara, Rarf,
Rary, Rxro, Rxrf, and Rxry), and some genes encoding
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proteins involved in RA biogenesis: retinol binding protein
4 (Rbp4) which transports retinol in the blood; stimulated
by retinoic acid 6 (Stra6), a membrane receptor for RBP4
that facilitates retinol uptake inside the cell; alcohol
dehydrogenase 1 (Adhl); and retinol dehydrogenase 10
(Rdh10), which convert retinol to retinaldehyde that is then
irreversibly oxidized to RA by retinaldehyde dehydroge-
nase the main isoform of which in human myoblasts is
ALDHI1al [25, 32] (Fig. 5b). As expected, Pax3 and Pax7
levels were significantly higher in quiescent compared to
activated satellite cells. Cyclin A expression was higher in
proliferating/activated satellite cells. Satellite cell activa-
tion was associated with higher Myod expression but no



significant change in Myf5 mRNA levels. Rarf} and Gpx3
were strongly increased in quiescent cells. Among the RA
receptors, only Rarfl, Rary, and Rxrf} were significantly
more expressed in quiescent than in activated satellite cells.
All genes involved in RA biosynthesis were overexpressed
in quiescent satellite cells. These findings indicate that RA
signalling is more active in quiescent than in activated
satellite cells. To determine the impact of RA on satellite

Fig. 6 MYOD silencing blocks
human myoblast differentiation
and activates the retinoic-acid-
signalling pathway.

a Representative images (six
fields from each condition)
showing immunofluorescence
analysis of the expression of
myogenin (red) and Troponin T
(green) in human myoblasts
transfected with siCTRL
(control) or siMYOD. DNA was
stained with DAPI (blue).

b Quantification of the
percentage of myogenin-
positive nuclei relative to all
nuclei (left panel) and of the
average area of myotubes in the
cultures shown in a. ¢ Western
blot analysis of the expression
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cell activation, mouse satellite cells isolated by FACS from
Tg:Pax7-nGFP male mice were incubated with 107’M RA,
107°M RA, or 0.1% DMSO (control) for 4 days, and then,
proliferation was quantified by EdU staining and the
number of MYOD and myogenin-positive cells was
assessed by immunofluorescence (Fig. 5c). The number of
cycling, MYOD, and myogenin-positive cells was not
altered by RA treatments during the first 3 days of culture
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(Fig. 5¢). In contrast, 107® M RA significantly down-reg-
ulated MYOD and myogenin-positive cells after 96 h of
RA treatment (Fig. 5c). Therefore, sustain RA treatment
during satellite cell activation has no effect on their pro-
gression into the cell cycle but delayed their entry into
differentiation.

MYOD silencing renders human myoblast more
immature and enhances RA-signalling pathway

Freshly isolated human satellite cells are very rare.
Therefore, it is difficult to obtain enough immature cells
to explore the RA-signalling pathway in human. MYOD is
an essential gene controlling the differentiation process in
muscle precursor cells. Myoblasts inactivated for MYOD
display characteristics that are more primitive than wild-
type myoblasts and may represent an intermediate stage
between satellite and myoblast cells [33]. To determine
whether MYOD inhibition is crucial for maintaining
human myoblasts at an immature stage, we knocked down
MYOD using specific siRNAs (siMYOD). Immunofluo-
rescence analysis after induction of differentiation showed
loss of myogenin (red) and Troponin T (green) expression
in silenced cells compared to controls (siCTRL) (Fig. 6a,
b). siRNA-mediated inhibition of MYOD and muscle
differentiation was confirmed by western blot analysis of
MYOD and the differentiation markers MYHC slow
(MYHCs), alpha actinin (o-actinin), and Troponin T
(Fig. 6¢c). RT-qPCR quantification of PAX7, PAX3,
MYOD, and MYF5 expression in silenced cells (Fig. 6d)
showed a very strong reduction of MYOD mRNA in
siMYOD myoblasts, whereas MYF5 was strongly
increased. This is not surprising, because MYOD and
MYF5 can cross-regulate their expressions [34]. In
siMYOD myoblasts, the determination genes PAX7 and
PAX3 were significantly up-regulated. As expected, these
results show that inactivation of MYOD renders human
myoblasts more immature. To determine the status of RA
signalling in siMYOD immature human myoblasts, we
first quantified the level of two RA-target genes, RARf
and GPX3, after incubation or not with 1077 M RA for
2 days (Fig. 6e). In the absence of RA, siMYOD myo-
blasts showed a significant increase in RARf and GPX3
expression compared with siCTRL cells. Their up-regu-
lation in siMYOD myoblasts was further promoted upon
incubation with RA (Fig. 6e). Then, we analysed
expression of genes encoding factors involved in RA
biosynthesis (RBP4, STRA6, RDHI0, ADHI, and
ALDH]Ial) by RT-qPCR analysis (Fig. 6f). RBP4, STRAG,
RDHI0, and ALDHIal, but not ADHI, were significantly
increased in siMYOD myoblasts. Taken together, these
results show that RA-signalling pathway is more active in

myoblasts in which MYOD has been silenced, thus mir-
roring cells at an earlier immature stage of myogenesis.

Discussion

We have examined the role of RA signalling in myogenic
progenitor cells. Using ex vivo cultured mouse satellite
cells and primary cultures of human myoblasts, we
demonstrate that (1) RA signalling is more active in qui-
escent than in activated satellite cells and (2) stimulation of
RA signalling impairs the differentiation process of mice
satellite cells and human myoblasts. Therefore, our data
reveal an important role of RA signalling in maintaining
myogenic cells in an upstream immature state.

The control of the transition between quiescent and
activated satellite cells is important to ensure efficient
skeletal muscle regeneration. Several studies partially
identified the molecules and/or signalling pathways
involved in triggering cell quiescence. After muscle injury,
Sproutyl (SPRY1), an inhibitor of receptor tyrosine kinase
signalling, promotes the return to quiescence of a sub-
population of satellite cells [35]. Angiopoietin and its
receptor TIE-2 decrease human and mouse myoblast pro-
liferation and differentiation and drive myoblast reversion
into satellite-like cells [36]. Recently, it has been demon-
strated the requirement of NOTCH signalling for the
maintenance of the quiescent state and for muscle stem cell
homeostasis [15, 16].

Using purified satellite cells derived from mice that
express the GFP reporter gene under the control of the
Pax7 locus and human myoblasts rendered immature by
MYOD silencing, we show the first evidences that the RA-
signalling pathway belongs to the signalling network
involved in the control of muscle progenitor immaturity.
Specifically, overexpression of genes involved in RA-sig-
nalling and RA-target genes in immature/quiescent
myogenic precursors suggests that the RA-signalling
pathway is activated in such cells. This could indicate that
satellite cells produce local endogenous retinoids.
Recently, Di Rocco et al. found an increase in retinoid
signalling few days after skeletal muscle injury in mice
[37]. In the future, it will be important to monitor in vivo
changes in retinoid signalling precisely in quiescent and
activated satellite cells.

We show that sustain activation of RA-signalling path-
way by incubation of activated mice satellite cells and
human myoblasts with RA impairs reversibly their differ-
entiation. We also reported that inactivation of RARs
enhance myoblast differentiation suggesting that unli-
ganded RARs are negative regulators of myogenesis.
Treatment with the pharmacological compound BMS93
(an inverse antagonist of RARs) enhanced myoblast fusion



and consequently myotube area. Using specific knock-
down of RARs by an siRNA approach, we demonstrated
that inactivation of RARf and RARy but not RARo
improves myoblast differentiation. It is interesting to note
that Rarf$ and Rary but not Rara are overexpressed in mice
quiescent satellite cells, consistent with the transcriptomic
data of Pallafacchina and collaborators (supplementary
Tables 2 and 3 in [38]). Altogether, these data suggest that
RARP and/or RARY have a distinct biological function
from RARa in muscle cells. In addition to its negative
effect on human myoblast differentiation, RA inhibited
myogenic differentiation of primary cultures of mice
embryonic somites, limb buds, and neonatal limbs [41].
Inhibition of myogenesis by RA was also observed in
chicken mesenchymal cells and in cell cultures prepared
from limb buds [42, 43]. Interestingly, it was recently
proposed that the timing of limb myoblast differentiation in
chicken embryos is partly controlled by an RA gradient in
which high RA levels in the proximal limb bud would
maintain muscle progenitor cell immature [24, 44]. How-
ever, findings are apparently contradictory, as the
development of the myogenic lineage can be inhibited by
the absence but also by an excess of RA
[20, 22-24, 41, 45].

RA inhibition of human muscle differentiation is prob-
ably the result of RA-mediated inhibition of the expression
of genes of the MYOD family (MYOD, MYF5 and MYO-
GENIN). Myoblasts expressed MYOD and MYFS5, but with
distinct and contrasting expression patterns during differ-
entiation: MYOD, together with myogenin, is expressed in
differentiating myofibres and MYF5 in quiescent undif-
ferentiated myoblasts [46]. It has been reported that, in
cultured mouse myoblasts, a subset of PAX7/MYOD-
positive cells down-regulate MYOD, stop differentiating
and become quiescent and immature [6, 47]. In addition,
mice and human myoblats inactivated for MYOD do not
differentiate and display some characteristics of satellite
cells ([33]; our results). Therefore, MYOD can control the
myogenic capacity of muscle cells and their degree of
immaturity. However, distinguishing the specific functions
of MYOD and MYFS5 is complicated by their abilities to
cross-regulate their expressions [34]. RA acts in a biphasic
manner on the expression of MYOD genes, with a rapid and
early inhibition of MYOD and MYF5 expression and a
much later down-regulation of MYOGENIN expression that
parallels the inhibition of genes related to myogenic dif-
ferentiation. The rapid inhibition of MYOD gene
expression by RA will certainly alter the development of
the muscle differentiation program. We tried to rescue the
negative effect of RA on muscle differentiation by
ectopically re-expressing MYOD in RA-treated cells, but
we did not succeed to over-express high levels of exoge-
neous MYOD in human myoblast (data not shown). The

negative effect of RA on Myod (and myogenin) expression
and on muscle differentiation was observed also after RA
treatment of primary cultures from neonatal mouse muscles
[41]. RA also blocks myoblast transdifferentiation into
osteoblasts and adipocytes (Fig. s2; Supplementary mate-
rials). This may be surprising, because the muscle,
adipocyte, and osteoblast differentiation programmes are
supposed to be mutually exclusive [39]. However, when
MyoD expression is silenced in mouse C2 myoblasts,
myogenic differentiation but also osteoblast transdifferen-
tiation are inhibited [40].

Taken together, these data suggest that RA, by inhibiting
myogenic cell differentiation but not determination,
maintains human muscle progenitor cells in an immature
stage.

Previous studies have reported that the change in myo-
genic immaturity state can have repercussions on the
efficacy of cell therapy approaches. Quiescent immature
satellite cells grafted in muscles of nude mdx mice con-
tribute to the repair of the fibres and the compartment of
muscle satellite cells. However, ex vivo expansion of these
cells in culture prior to transplantation reduces their
regenerative capacity [13]. There is an interesting corre-
lation between the redox status of satellite cells and
myoblasts and their effectiveness in regenerating skeletal
muscle. Satellite cells are more resistant than myoblasts to
oxidative stress induced by peroxide hydrogen treatment.
Among the factors that confer resistance to toxic mole-
cules, antioxidant and detoxifying enzymes are highly
expressed in satellite cells and at lower levels in myoblasts
[38]. Recently, we reported that RA treatment enhances
human myoblast survival ex vivo after transplantation in
scid mice and increases GPX3 expression [28]. Here, we
showed that Gpx3 is overexpressed in mice satellite cells
and in siMYOD immature human myoblasts (Figs. 5b, 6e;
see also transcriptomic data in [38] and additional table for
transcriptomic analysis in [48]). As most components of
the RA-signalling pathway are expressed at the highest
level in quiescent satellite cells, RA might be important for
regulating cell survival to oxidative stress.

The control of the ex vivo status of human myoblasts on
their in vivo regenerative capacity following transplanta-
tion is emerging as an important facet of stem cell biology.
Previous studies have reported a negative correlation
between the level of myoblast differentiation and trans-
plantation efficiency. After transplantation, most myoblasts
have already differentiated by day 5, thus limiting the
transplantation efficacy. However, when human myoblasts
are transplanted in serum-containing medium, they show
increased proliferation and dispersion while maintaining
their ability to differentiate [49]. Similarly, activation of
the NOTCH pathway, co-culture with pro-inflammatory
macrophages [50, 51] and modifications of the culture



substrate rigidity to mimic the muscle tissue elasticity [52],
prevents differentiation and enhances transplantation effi-
cacy. In addition, since apoptotic cells were detected
during terminal differentiation of myoblasts [53], slowing
down the process of terminal differentiation may protect
them from apoptosis. Interestingly, Myod null satellite cells
display a delayed differentiation and survive better as
apoptosis is suppressed [33]. Altogether, these results
suggest that changes in myoblast culture conditions by the
addition of factors that reversibly inhibit differentiation and
improve immaturity and cell viability, such as RA, might
increase the efficiency of host skeletal muscle colonization
by transplanted myoblasts.

In conclusion, we provide the first evidences that the
RA-signalling pathway could be part of a network of
molecules that restrict myoblast commitment, maintaining
myogenic cells in an upstream immature state.
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