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Abstract

Exercise training improves skeletal muscle function, notably through tissue regeneration by muscle stem cells. Here, we hypothesized
that exercise training reprograms the epigenome of muscle cell, which could account for better muscle function. Genome-wide DNA
methylation of myotube cultures established from middle-aged obese men before and after endurance exercise training identified a
differentially methylated region (DMR) located downstream of Gremlin 1 (GREMI), which was associated with increased GREM 1
expression. GREM1 expression was lower in muscle satellite cells from obese, compared to lean mice, and exercise training restored
GREMI1 levels to those of control animals. We show that GREM1 regulates muscle differentiation through the negative control of
satellite cell self-renewal, and that GREM1 controls muscle lineage commitment and lipid oxidation through the AMPK pathway. Our
study identifies novel functions of GREM1 and reveals an epigenetic mechanism by which exercise training reprograms muscle stem
cells to improve skeletal muscle function.
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Introduction

Skeletal muscle is a large organ that, in addition to locomotion, accounts
for a variety of other physiological roles such as endocrine and metabolic
functions 2. Muscle stem cells, ie. satellite cells, continuously
regenerate skeletal muscle and participate in muscle tissue adaptation 34,
notably in response to physical exercise, where the adaptive response to
endurance and resistance exercise is associated with recruitment and
differentiation of satellite cells into newly formed myofibers 7.

Several studies showed that satellite cells isolated from a skeletal muscle
biopsy and differentiated in culture retain metabolic characteristics of the
donor. For instance, cultures derived from satellite cells obtained from
type 2 diabetes (T2D) subjects show defects in insulin signaling and
glucose %12 and lipid metabolism '>!4, Similarly, eight weeks of
endurance exercise training lead to metabolic adaptations in vivo that are
partly recapitulated in myotube cultures generated from skeletal muscle
biopsies 1°. In particular, biopsy-derived myotube cultures collected post-
training showed improved glucose oxidation, glycogen synthesis and
glucose-induced inhibition of palmitate oxidation '°. This indicates that
muscle satellite cells are metabolically reprogrammed by endurance
exercise training. While genetic factors can cause different phenotypes in
satellite cells collected from T2D donors '®!7, phenotypic changes
observed in cells from the same donor after a lifestyle intervention
strongly support that epigenetic factors establish a “metabolic memory”
after exercise training.

Development of the skeletal muscle cell is under the control of epigenetic
factors like DNA methylation '%!°, Methylation of DNA regulates gene
expression by modulating access of the transcription machinery to
promoters or by enabling the recruitment of methyl-binding proteins that
control chromatin compaction °. DNA methylation is a dynamic process
that can be influenced by lifestyle factors such as physical activity and
nutrition 21?2, Exercise training can stably modify DNA methylation
landscapes and thereby influence gene expression 2224 notably by
remodeling methyl groups at genes involved in the insulin signaling
pathway, muscle energy metabolism and involved in T2D . An
intervention as short as three months of knee-extension is associated with
DNA methylation changes at genes related to myogenesis, remodeling of
muscle architecture and bioenergetics 26,

In the present study, we aimed to determine if endurance exercise training
reprograms the epigenome of muscle stem cells, which could account for
altered muscle progenitor function. We profiled whole-genome DNA
methylation of myotube cultures established from obese donors before
and after endurance exercise training ' and identified differential
methylation of a cis-regulatory region controlling the expression of
Gremlin 1 (GREM1I). We show endurance exercise training reprograms
GREM1 expression. We provide evidence that GREM1 controls lineage
commitment and energy metabolism through the AMP-activated protein
kinase (AMPK) pathway.

Results

Endurance exercise training remodels methylation at a genomic region
regulating GREM1

To determine if exercise training reprograms the epigenome of muscle
satellite cells, we performed methylated DNA capture sequencing in
biopsy-derived myotubes described in a previous study '>. For each
subject, satellite cells were collected in a paired fashion: before (pre-
training) and after (post-training) an 8-wk endurance exercise-training
program. Genome-wide DNA methylation results were plotted on a
multidimensional scaling plot with the paired DNA methylation profiles
obtained for each subject before and after training. Principal component
analysis of DNA methylation levels in both groups shows two well-
defined clusters depending on the pre- or post-training condition and

highlights a homogeneous response to endurance exercise training in all
subjects (Fig. la). Analysis of differential methylation returned 116
differentially methylated regions (DMRs) where 102 DMRs were
hypomethylated whereas only 14 DMRs were hypermethylated (Fig. 1b).
Most DMRs were distant from transcription start sites (at least 50 kb for
60% of the DMRs; Supplementary Fig. 1a), and mainly located in distal
intergenic regions and introns (66 and 44 DMRs, respectively;
Supplementary Fig. 1.
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Fig. 1 /Exercise training stably remodels DNA methylation in muscle
progenitor cells from obese individuals.

Muscle cell precursors were isolated from Vastus Lateralis muscle
biopsies from five obese individuals before and after exercise training.
After differentiation in myotubes, cells were harvested for genomic DNA
purification. DNA was then sonicated, and methylated fragments were
isolated using methyl-CpG binding domain (MBD)-coupled beads.
Captured DNA was used as starting material for preparation of libraries
for whole-genome sequencing. n = 5. a, Multidimensional scaling plot of
methyl-capture  sequencing data. b, Distribution of identified
differentially methylated regions (DMRs) between hypomethylated and
hypermethylated. ¢, Methylation levels at the GREM1-DMR. Color codes
for participants correspond to those of a. d, Localization in chromosome
15q13.3 of GREMI-associated DMR (in red) and of three regulatory
regions of Greml expression in FMNI1 gene (identified in mouse 3 and
converted to corresponding human coordinates, in blue). Each vertical
black bar represents an exon. As indicated by the arrows, GREM1 and
FMNI genes are transcribed in opposite orientation. e, RT-qPCR
analysis of GREMI1 and FMNI mRNA expression in differentiated
myotubes from human donors, as means of 24 values expressed
relatively to the mean of pre-training 2 values obtained for the five
subjects, which was set at 1. Vertical axis scale is logarithmic base 2.
Circle = Pre-training; triangle = Post-training. Color codes for
participants correspond to those of a and c. f, Occupancy of SIXI at the
upstream regions of Greml and HoxDI10 (control) genes in C2CI12
myoblasts. The input represents the relative enrichment of PAX7-Flag
proteins compared to the IgG control. Scale bars, 20um. Error bars
indicate SD. *p<0.05; ***p< 0.001; n.s.: not statistically significant.

To investigate possible enrichment for gene ontology terms, we attributed
each DMR to the nearest gene based on the shortest distance to the
transcription start site. We did not find any enrichment using online Gene
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Ontology enRIchment anaLysis and visuaLizAtion tool (GOrilla) 27 or
Genomic Regions Enrichment of Annotations Tool (GREAT) 28, We thus
opted for a candidate gene approach and selected GREMI based on
highest fold change in methylation (3.1-fold less methylated post-
training, Fig. 1c). The DMR near GREM is located within the Formin I
(FMNT) gene (Fig. 1d). Transcriptional analysis showed that GREM],
but not FMNI mRNA was differentially expressed in myotube cultures
established from the post-training biopsies (2.8-fold up-regulated,
p<0.05) (Fig. le). While GREM1 DMR does not overlap with a mapped
gene-regulatory region in the human genome, in the mouse genome, a
region 9-kb distant to the Grem 1 gene and located within the Fmn! locus
was identified as a cis-regulatory region for Greml >3, Although the
GREM1 DMR was not found at the exact same distance to the
transcription start site in the human genome as compared to the mouse
genome, the inverse association between methylation of the GREM]I
DMR and GREM1 expression strongly supports that GREMI DMR is
located within a cis-regulatory region for GREM].

In myoblasts from adult mice, Grem! regulatory regions were described
to contain binding sites for the SIX homeobox 1 (Six1) 3!, a transcription
factor which controls satellite cell self-renewal and regeneration of
skeletal muscle 2. Using chromatin immunoprecipitation (ChIP), we
confirmed that SIX1 targets the Grem! locus in muscle cells. We found
SIX1 co-precipitates with the Greml locus, supporting a physical
interaction between Greml regulatory regions and SIX1 (Fig. 1f). Our
results suggest that reprogramming of GREM1 expression after exercise
training may potentiate satellite cell self-renewal and regeneration, an
important function after exercise.
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Fig. 2 /Greml is expressed during skeletal muscle regeneration.

Gene expression profiling by RT-qPCR during Tibialis Anterior (TA)
muscle regeneration for a, Greml, b, Myh3, and ¢, Bmp4. d, GREM1
(green) immunolocalization on uninjured and regenerating TA muscle
cryosections from wild-type and conditional satellite cell-specific SixI
knock-out mice (Six1-cKO). Embryonic MyHC (eMyHC) were stained in
red. e, RT-qPCR analysis of Greml1 expression in TA muscle of control
or Six1-cKO animals. Nuclei were stained with Hoechst or DAPI (blue).
Scale bars: 20um. n = 3 per each experimental time point. Error bars
indicate +SD. ***p<(.001; n.s.: not statistically significant.
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Greml expression is upregulated upon muscle regeneration and
myogenesis

The importance of satellite cells in skeletal muscle regeneration post
exercise prompted to investigate the expression pattern of Greml in
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regenerating adult muscle tissues. We observed a marked induction of
Greml expression in Tibialis Anterior (TA) from wild-type mice during
the acute phase of muscle tissue repair induced by cardiotoxin (CTX)
injection (Fig. 2a). The surge in GremlI expression was similar to the
profile of myosin heavy chain 3 (Myh3), a gene coding for the embryonic
forms of myosin heavy chains (Fig. 2b).

GREMI is an antagonist of the bone morphogenetic protein (BMP)
signaling pathway through competitive binding to BMPs 3333, as well as
inhibition of Bmp4 transcription %37, Consistent with the literature, Bmp4
transcripts followed an opposite pattern compared to Grem1 expression;
Bmp4 expression was low following injury and only returned to basal
level once muscle tissue was regenerated, 14 days after injury (Fig. 2¢).
Immunolocalization of GREM1 protein on muscle tissue cryosections
further showed a marked increase in GREM1 expression in newly formed
myofibers (Fig. 2d). Interestingly, in mice with targeted Six/ deletion in
muscle satellite cells 2, Six1 deletion was associated with a low GREM1
expression at both protein and transcript levels after injury (Fig. 2d and
e). Thus, our results show that GREM1 expression is induced by muscle
regeneration and that such induction is under the control of SIX1.
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Fig. 3 /GREMI antagonizes BMP4 signaling in primary myoblasts.

a, Immunolocalization of GREM1 (green) in DESMIN-positive primary
myoblasts or in differentiated myotubes expressing MYHC (red). Gene
expression profiling by RT-gPCR during in vitro primary myoblast
differentiation for b, Greml or ¢, Bmp4. n = 3. d, MYHC
immunolocalization (green) of primary myotubes differentiated in
presence of GREM1 or BMP4 recombinant proteins. Nuclei were stained
with Hoechst (blue). e, Quantification of the differentiation index
(percentage of nuclei expressing MYHC). f, Quantification of the fusion
index (percentage of nuclei within myotubes). n = 4. g, Western-blot
analysis of phosphorylated-SMADI proteins in primary myocytes
stimulated with recombinant GREM1 or BMP4 or both. GAPDH is a
loading control. h, Quantification of phosphorylated SMAD1 over total
SMADI. Scale bars, 20 um (4), 100 um (D). n = 3. Error bars indicate
+SD. *p<0.05; **p<0.01; ***p< 0.001; n.s.: not statistically significant.
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GREMI1 potentiates myogenesis and antagonizes BMP signaling in
primary muscle cells

Along muscle cell differentiation, GREM1 expression at the protein and
gene level was markedly increased (Fig. 3a and b) while Bmp4 expression
was gradually decreased (Fig. 3c), which supports our hypothesis that
GREMI plays a role in the differentiation of skeletal muscle cells. To
evaluate the effect of Greml on myogenesis, we set primary myoblasts
to differentiate in low serum conditions supplemented with either
GREMI1 or BMP4 and investigated morphological features in the early
phases of muscle differentiation. While BMP4 treatment inhibited
muscle cell differentiation as previously shown 3%%° (Fig. 3d-f), GREM1
incubation resulted in the formation of larger myotubes, containing
higher number of nuclei (Fig. 3d-f). To investigate the effect of GREM1
on BMP signaling, we measured the activation of BMP signaling by
BMP4 following co-incubation by GREMI1. We detected that the
concomitant addition of GREM1 and BMP4 blocked the effect of BMP4
alone on SMAD phosphorylation (Fig. 3g and h). Moreover, GREM1
blunted the increase in mRNA expression of the BMP target gene Id] 4
(Supplementary Fig. 2). These results demonstrate that GREMI1
potentiates myogenesis by antagonizing BMP signaling.

GREMI1 controls myogenesis through the negative regulation of
satellite cell self-renewal
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Fig. 4 /Greml limits satellite cell self-renewal in vivo.

a, Schematic of experimental setup. TA muscles of adult mice were
injured by cardiotoxin (CTX) injection, and recombinant GREM1 protein
or anti-GREM1 blocking antibodies (GREM1Ab) were administrated 3
days post injury. b, Quantification of the number of PAX7+ cells on
cryosections generated 7 days after injury in regenerating TA muscles. c,
Immunolocalization of dystrophin (green) and TCF4 (red) proteins on
regenerated TA muscles (14 days post injury).

d, Immunolocalization of PAX7 (green) and laminin (red) proteins on 14
days post injury in regenerated TA muscles. e, Quantification of
regenerated myofiber cross-sectional area. f, Quantification of area
covered by Collagen. g, Quantification of muscle satellite cell (MuSCs)
self-renewal. Nuclei are stained with Hoechst (blue). Scale bars, 100um
(C), 50um (D). n = 3 or more for each experimental point. Error bars
indicate £SD. *p<0.05; **p< 0.01; ***p< 0.001. n.s.: not statistically
significant.

To assess the function of GREM1 on skeletal muscle regeneration in vivo,
we injured 74 muscles of adult mice and injected either GREM1 or anti-
GREMI1 blocking antibodies 3 days after injury (Fig. 4a). Quantification
of satellite cell pool by enumeration of the number of sub-laminar Pax7+
cells at day 7 revealed that GREMI1 blockade increases satellite cell
number under regenerative response (Fig. 4b). While injection of
GREM1 did not result in significant changes in myofiber morphology at
day 14 (Fig. 4c-d), GREMI1 blockade was associated with the formation
of smaller myofibers (Fig. 4¢) and increased collagen deposition (Fig.
41), indicating that GREMI is required for proper muscle tissue
regeneration. Quantification of the number of sub-laminar Pax7+ cells at
day 14 showed that GREM1 blockade increases the numbers of satellite
cells that returned to the niche, while around 50% fewer satellite cells
were observed after GREM1 treatment (Fig. 4g). Thus, these data further
support that GREM1 controls myogenesis and indicate that GREM1
controls myogenesis through the negative regulation of satellite cell self-
renewal.

To investigate if GREMI1 impacts self-renewal in a cell-autonomous
fashion, we isolated satellite cells by FACS, cultured them for two
divisions in the presence of GREMI1 or BMP4 proteins (40 hrs,
Supplementary Fig. 3a), and quantified the proportion of self-renewing
cells (PAX7/MYODI1"). While BMP4 addition resulted in a higher
proportion of self-renewing cells, GREM1 reduced this population and
promoted MYOD1 expression by satellite daughter cells (Fig. 5a). Using
BrdU assay, we ruled out that the effect of BMP4 or GREM1 is mediated
by modulation of cell cycle dynamics (Supplementary Fig. 3b).

Satellite cells consist of a heterogeneous population composed of Myf5-
lineage marked satellite committed cells and Myf5-lineage negative
satellite stem cells #!. Since most of the self-renewal capacity of the
satellite cell population is attributable to satellite stem cells “>*, we
analyzed the impact of BMP4 and GREMI protein stimulation on
satellite stem cell divisions in their niche at the surface of single
myofibers prepared from Myf5-Cre*ROSA-YFP mice (Supplementary
Fig. 3c). We found that GREM1 stimulates asymmetric commitment of
satellite stem cells (Fig. 5b) at the expense of symmetric expansion (Fig.
5¢). In this experimental setup, BMP4 stimulation did not alter the
outcome of satellite stem cell divisions, possibly due to the already high
levels of BMP4 expression in these cells 4. Yet, to validate the effect of
BMP4 on promoting satellite cell expansion, we used our reserve cell
system %. We measured the number of satellite cells remaining
undifferentiated in differentiation medium and which generates
PAX7*/MYODI17/KI67 cells at the periphery of differentiated myotubes
(Fig. 5d). In this setup, BMP4 stimulation resulted in a striking increase
in the reserve cells population. This effect was blunted by the addition of
GREMI1 (Fig. 5e). Altogether, our results indicate that GREMI is a
negative regulator of satellite cell self-renewal by promoting satellite
stem cell asymmetric division.
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Fig. 5 /Greml promotes satellite cell asymmetric commitment.

a, Percentage of muscle satellite cells (MuSC) expressing PAX7 and/or
MYODI. n = 4. b, Quantification of satellite stem cells asymmetric
divisions in immunofluorescence images. c, Quantification of satellite
stem cells symmetric divisions in immunofluorescence images. n = 7. d,
Schematic  of  experimental setup (top) and representative
immunofluorescence image (bottom). Satellite cells were amplified in
vitro and induced to differentiate in low mitogen medium containing
recombinant GRAM1 and/or BMP4 proteins. Cells were fixed after 72
hrs and stained for PAX7 (green) and MYODI1/MYHC (red) proteins.
Nuclei are stained with Hoechst (blue). Scale bar 200 um. e,
Quantification of reserve cells. n = 3. f, Representative images of control
or GREMI1 over-expressing cells under adipogenic differentiation
medium. At day 3 of differentiation, representative photomicrographs
were taken and then cells were fixed and stained with Oil Red O for
intracellular lipid detection. g, Cell-retained Oil Red O was eluted and
optical density of the eluates was measured at 540 nm in order to quantify
intracellular lipids. n=4. h, Cells were harvested at day 3 of
differentiation for total RNA purification and analysis of Greml, Bmp4,
Myog, Des, C/ebpa and Fabp4 mRNA expression by RT-gPCR. n = 4.
Error bars indicate SD. *p<0.05; **p<0.01; n.s.: not statistically
significant.

Greml activates muscle cell differentiation under adipogenic
conditions

Since our observation of reprogrammed Grem! expression was made in
obese individuals, and given the well-described function of GREM1 in
the inhibition of the BMP pathway during adipogenesis “ we tested the
hypothesis Greml plays a prominent role in myogenesis under an
adipogenic milieu. To perform these experiments, we first generated a
model of stable over-expression of endogenous Greml in mouse
myogenic C2C12 cell line using the CRISPR/Cas9 Synergistic
Activation Mediator-based technique 47, and confirmed that Grem1 over-
expression was not associated with up-regulation of the predicted off-
target promoters of the sgRNA used (Supplementary Fig. 4a). We also
checked that Greml over-expression did not affect cell viability
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(Supplementary Fig. 4b), and that GremI expression was stable across
cell division (Fig. 4c). Consistent with the described paracrine function
of GREM1 ¥, we detected higher extracellular levels of GREMI in
sgRNA-transfected cells (Supplementary Fig. 4d). Overexpression of
endogenous GREM1 in adipogenic conditions resulted in higher myotube
formation in the late stage of differentiation (Fig. 5f). In addition, we
detected fewer cells containing lipid-droplets as showed by Oil-Red O
staining and quantification (Fig. 5f and g). Levels of myogenic markers
Des and Myog were higher (P=0.016 and P=0.021, respectively), while
the adipogenic markers CCAAT/enhancer binding protein alpha
(C/ebpa) and peroxisome proliferator-activated receptor (PPAR) gamma
2 (Pparg?2) were reduced under adipogenic milieu (p=0.035 and p=0.002,
respectively; Figure SH). Collectively, these results show that Grem1 is
improving commitment to myogenesis under adipogenic condition,
which may be relevant in the context of obesity in vivo.

a b

FRE S I L
g1 I k2 : o
z = = .
4 5 o
€. . | ew
P — ° # o w
o p @
N ; it
=] I:I II I‘

. wT %

08 W
Genotype

Hkk e [J GREM1 mRNA expression
[ Methylation of GREM1 DMR

Fold over control

Grem1 mRNA levels (24Ct)
»
°
o
Grem1 mRNA (fold of basal)

000

Control EPS

Basal lonomycin

Time after EPS

Fig. 6 /Exercise induces Greml expression in vivo and after EPS
contraction in myotubes.

a, Example of immunofluorescence staining images in muscle from mice
subjected to 4 wks of exercise training. PAX7 (green), GREMI (red),
DAPI (blue) and colocalization (light blue). Scale bar 20 um. b,
Quantification of GREM]I-expressing satellite cells in EDL, Extensor
Digitorum Longus (EDL), Plantaris, Soleus and Tibialis Anterior (TA).
SE = sedentary (red) EXS = exercise-trained (blue). n = 3 animals per
group. The number of PAX7+ cells counted under each condition is
represented by dot size. 35 means p<0.05 for effect of exercise training
in wild-type animals; # means p<0.05 for effect of genotype in sedentary;
§ means p<0.05 for effect of exercise training in ob/ob mice. ¢, Electrical
pulse stimulation (EPS) induces GREMI expression. GREM1 mRNA
levels were measured by RT-qPCR in human primary myotubes in the
rested state (control) or after 24 hrs of EPS. ***p<0.001. Vertical axis
scale is logarithmic base 2. d, Acute ionomycin exposure induces Greml
expression. At day 3 of differentiation, myotubes were treated with 1 uM
ionomycin for 3 hrs after which they were harvested for total RNA
purification and analysis of Grem1 mRNA expression by RT-gPCR. Each
individual dot in the graphs represents the mean of 24 duplicate (non-
treated cells) or triplicate (treated cells) values from an independent
experiment. Vertical axis scale is logarithmic base 10. e, Greml mRNA
expression (blue) and methylation levels of GremI-DMR (red) at 5 and 6
hrs after EPS stimulation. Differentiated C2C12 cells were subjected
twice to EPS at 30 V, 2 ms, 1 Hz for 30 min. Greml mRNA expression
was detected by RT-gPCR and GREM1 DMR methylation levels were
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assayed by DNA methylation capture-PCR. Error bars indicate +SEM in
(B) and (E), and £SD in (C) and (D); *p<0.05; ***p<0.001.

Endurance exercise training normalizes GREMI1 expression in
muscle satellite cells from obese mice

Since our primary observation of increased GREMI1 expression was
made in satellite cells derived from obese individuals after training, we
sought to measure GREM1 in vivo expression levels in satellite cells of
skeletal muscle from lean and obese mice, before and after training. We
found higher GREMI1 levels in soleus from mice after training, and a
trend in the Plantaris (p=0.06), while GREM1 levels were lower in
Extensor Digitorum Longus (EDL) (Fig. 6a and b). At the untrained state,
we found GREM1 levels in plantaris and TA were lower in obese ob/ob
mice compared to lean, wild-type animals (Fig. 6b). Interestingly,
GREMI levels in ob/ob mice were normalized by exercise training to
lean control levels in TA, Soleus, EDL, and with a trend for plantaris
(p=0.11; Fig. 6b). Thus, these results support that GREMI1 is down-
regulated in obesity and that endurance exercise training increases
expression of GREM1 in satellite cells in vivo.

Muscle cell contraction acutely induces Grem1 hypomethylation and
concomitant mRNA expression

Gene expression response to exercise in skeletal muscle is mediated
through several factors including muscle contraction and hormonal input,
which drive intracellular cascades leading to gene activation or
repression of exercise-responsive genes “8. To investigate if muscle
contraction is sufficient to induce Grem! expression, we used electrical
pulse stimulation (EPS) to stimulate myotubes in culture and analyzed
Greml expression by RT-qPCR following 24hrs of EPS-mediated
contraction. We observed a 1.7 to 3.6-fold increase of GREMI mRNA
level in stimulated human myotubes (p<0.001; Fig. 6c). Increased
intracellular calcium levels may represent an intracellular mediator of
Greml increased expression after contraction. We next tested the effect
of the calcium releasing compound ionomycin 4-3! on Grem1 expression
in myotubes. Greml mRNA expression was markedly increased by
ionomycin (p<0.001; Fig. 6d). To determine if EPS-induced Greml
expression is associated with DNA methylation remodeling at the cis-
regulatory region downstream of GremlI, we performed RT-qPCR and
DNA methylation capture followed by targeted qPCR in a time-course
fashion. We found that Greml regulatory region is markedly
hypomethylated 5 hrs after EPS and that DNA methylation remodeling
is associated with increased mRNA expression (Fig. 6e). Thus,
contraction is sufficient to induce GremlI expression and support that
exercise-induced DNA methylation change of Grem! regulatory region
controls Grem1 expression.

Greml potentiates lipid metabolism in muscle cells

To gain more insight into the physiological role of GREM1, we analyzed
GREM]1 expression in muscle cells derived from obese subjects and
various clinical parameters of the donor. Interestingly, GREMI
expression was positively associated with circulating adiponectin levels
(»=0.010), and was negatively associated with the Insulin Sensitivity
Index (ISI) of the liver (p=0.013) and blood insulin during the oral
glucose tolerance test (p=0.023) (Supplementary Fig. 5). These
correlations prompted us to hypothesize that Grem! participates in the
enhancement in energy metabolism as we previously reported in cultures
established from these donors '°2. Using our CRISPR/Cas9 Synergistic
Activation Mediator-based overexpression of endogenous GREM1, we
found that while basal glucose uptake, glucose oxidation, glycogen
synthesis (Fig. 7a) and insulin-stimulated AKT phosphorylation
(Supplementary Figure 5b) were not affected, palmitate oxidation was
increased in Greml over-expressing myotubes for both palmitate

concentrations tested, regardless of the presence of glucose in the
medium (Fig. 7c). These results show that GREM1 improves lipid
utilization.
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Fig. 7 | Greml increases muscle cell lineage commitment and fatty acid
oxidation in myotubes through the AMPK pathway.

Before reaching confluence, C2C12 MS2-CAS cells were transfected
with Grem1 sgRNA or empty vector for 24 hrs and switched to myogenic
differentiation medium. a, After 2-hrs serum and glucose starvation,
myotubes were incubated for 10 min with cold and radiolabeled
deoxyglucose at 100 uM for glucose uptake assay or for 3 hrs with cold
and radiolabeled glucose at 5 mM for glucose oxidation and glycogen
synthesis assays. n = 4. b, After 2 hrs serum starvation, myotubes were
incubated for 3 hrs with cold and radiolabeled palmitate at 100 uM or
200 uM in presence or not of 5 mM glucose for assessment of palmitate
oxidation. The graph represents mean DPM values normalized with cell
protein content. n = 4. ¢, Phosphorylation of the alpha subunit of AMPK
was assessed (Thrl72) in wild-type and Ampkal-null primary myoblasts
incubated with recombinant GREM1 (500 ng/mL) or AICAR (0.5 mM)
Jfor 24 hrs. Western-blot images and the phospho-AMPK o to total AMPK
ratio was quantified and plotted. n = 3. d, RT-qPCR analysis of
myogenin expression in wild-type and Ampkal-null primary myoblasts
(Ampkal”) stimulated with recombinant GREMI. n = 3. e,
Quantification of the relative amount of sub-laminar PAX7-expressing
satellite cells (MuSCs) on muscle cryosections at 14 dpi. in conditional
satellite cell-specific Ampkal knock-out mice (Ampkal-KO). n = 3. f,
Palmitate oxidation in fully differentiated myotubes from wild-type or
Ampkal”-specific cells treated with recombinant GREM1 or AICAR for
3 hrs. n = 3. Error bars indicate =SD. *p<0.05; ***p<0.001; n.s.: not
statistically significant.

AMPK signaling mediates Grem1 action on satellite cell self-renewal
and energy metabolism

To identify the intracellular pathway mediating GREM1 action, we
performed proteomic and transcriptomic analyses of serum-starved
myoblasts, stimulated with GREM1 or BMP4. We observed that a
substantial proportion of modulated transcripts were common between
the two conditions (Supplementary Fig. 6a). As expected, GREM1
increased the expression of genes related to muscle cell differentiation,
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while BMP4 stimulated the expression of genes involved in proliferation
(Supplementary Fig. 6b). Gene ontology analysis of GREMI-
upregulated genes confirmed the high prevalence of annotations
associated with muscle tissue development and function (Supplementary
Fig. 6¢). Interestingly, Ingenuity Pathway Analysis revealed that GREM1
regulates the protein kinase A (PKA) signaling pathway (Supplementary
Fig. 6d), among which many genes related to 5’ AMP-activated protein
kinase (AMPK), a master regulator of energy metabolism which was
recently implicated in satellite cell self-renewal 3. Using RT-qPCR, we
validated that protein kinase AMP-activated catalytic subunits alpha-1,
alpha-2 and gamma-3 (Prkaal, Prkaa2 and Prkag3) are modulated by
GREMI1 stimulation (Supplementary Figure 6e). Proteomic analysis of
myotubes overexpressing endogenous Grem 1 showed that the o1 subunit
of the AMPK complex is altered by GREM1 overexpression. Altogether,
these results confirmed the importance of GREMI in skeletal muscle
development and prompted us to further investigate the contribution of
AMPKal on Greml effects. Using primary myoblasts from wildtype and
muscle specific Ampkal-null mice >3, we found that recombinant
GREM1 stimulation for 24 hrs trended to increase AMPKa
phosphorylation (p=0.051; Fig. 7c), and was abolished in Ampkal
deficient mice (Fig. 7c). We also found that GREMI1 failed to induce
myogenin expression in absence of Ampkal (Fig. 7d). In vivo, the effect
of GREMI1 injection on muscle satellite cell self-renewal in 74 muscle
after injury was blunted in Ampkal-KO where the knock-out in satellite
cells was induced by tamoxifen, compared to mock- injected controls still
expressing Ampkal (Fig. 7¢). Most interestingly, incubation of primary
myoblasts from the Ampkal-null mice with GREM1 failed to increase
palmitate oxidation, as compared with cells from wild-type animals
(Figure 7F). Thus, our data show that GREM1 controls satellite cell self-
renewal and lipid oxidation through AMPK signaling.

Discussion

Here, we characterized the DNA methylation signature of cell cultures
derived from skeletal muscle biopsies collected before and after
endurance training. We identified that exercise training epigenetically
reprograms GREM expression in these cells. Incubation of muscle cells
with recombinant GREMI1 or over-expression of the endogenous gene
highlighted the role of GREMI1 in controlling satellite cell self-renewal,
muscle cell differentiation and energy metabolism. We identified both
GREMI1 action on satellite cell homeostasis and GREM1-activated lipid
metabolism in muscle cells are controlled by the AMPK pathway. Our
results identify a novel function of GREMI in skeletal muscle biology
and support that epigenetic remodeling of GREM] participates in an
altered muscle stem cell function after endurance training.

Several research groups have investigated genome-wide DNA
methylation in human skeletal muscle after exercise training %
Differential methylation after exercise was reported after 7-week
resistance training 3, after 6-month endurance training 2, after 3-month
one-legged endurance training 2%, or 3 months of endurance, resistance or
combined training 3. Consistent with our results in muscle cells derived
from endurance trained individuals, some studies reported more regions
hypomethylated than hypermethylated after training 2>%. Since these
studies were conducted using either resistance 23 or endurance exercise
%, the nature of exercise does not to be at play in the overall
hypomethylation pattern. We previously reported that acute exercise was
associated with hypomethylation at promoter of genes related to energy
metabolism and mitochondrial function in skeletal muscle 2!.  Since
hypomethylation is classically described to be associated with increased
transcription, these data suggested that DNA methylation after exercise
allows for increased mRNA expression. Overall hypomethylation as a
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way to enable gene expression is consistent with the global increase in
gene expression reported in human skeletal muscle after exercise %%,
Our methylated DNA sequencing analysis identified a DMR localized in
the intron of FMNI gene but closer to the transcription start site of the
GREM1 gene. This suggested that the DMR is located in a regulatory
region of GREM1. Several instances exist of intronic regions acting as
cis-regulatory elements for nearby genes, notably Fat mass and obesity-
associated (FTO) gene where an intronic element regulates expression of
the nearby gene Iroquois homeobox 3 (/RX3) by establishing long-range
interactions 8. The existence of cis-regulatory elements regulating
Greml expression but located within the Fmnl gene was previously
suggested in mouse, based on the phenotypic observation that the
abnormal skeletal pattern in both Grem! mutants and mutants of the
nearest gene Fmnl are similar 3°. Following to these observations, a
transcriptional enhancer for Grem1 located within the 3' end of the Fmnl
locus was further identified 3° and functionally validated in a
spontaneously arising deletion of the Fmnl coding region 2. Although
the DMR that we identified in the human genome is located at distance
of the aforementioned regulatory region identified in the mouse genome,
the common regulatory function of these regions on GREM1 expression
suggests that the human region is syntenic to the mouse region.

GREMI1 is a secreted protein that binds to the BMPs and prevents
interaction between BMPs and their receptors 3333, A role of the
balance between GREMI1 and BMPs on cell proliferation and
differentiation was shown in adipose tissue from obese individuals,
where GREM]1 and another endogenous BMP inhibitor, Chordin-like 1
(CHRDL1I), were increased in concert, thereby inducing resistance to the
pro-adipogenic effect of BMP4 46, In myogenesis too, a role of the ratio
between BMP4 and GREM1 was suggested 6. However, in our study,
the increase of GREM1 expression in biopsy-derived myotubes obtained
post-training is unlikely to account for a compensatory mechanism
targeting the action of BMPs, since neither BMP4 nor BMP2 transcript
levels were changed in myotubes isolated from post-training biopsies
compared to those isolated pre-training (data not shown). A balance
between GREM1 and BMPs may not be relevant in isolated muscle cells
since in skeletal muscle, GREM1 and BMP4 are expressed by different
cell types; while GREM1 is mainly expressed by mature myofibers,
BMP4 is exclusively secreted by interstitial cells 3°. Thus, if regulatory
mechanisms between GREM1 and BMP4 exist in skeletal muscle, they
are more likely to be exerted at the paracrine rather than at the autocrine
level.

GREM1 has been studied in numerous cell types where a role on lineage
commitment has been reported. In colonocytes, GREM1 participates in
acquisition of stem cell properties ¢!, while it is involved in kidney
formation 2. Recently, a short-term effect of GREM1 on insulin-
signaling in mature human primary myotubes has been identified %3. Two
to four hours incubation of human primary muscle cells with recombinant
GREM 1 impaired insulin-mediated serine phosphorylation of AKT . In
our hands however, overexpression of endogenous GREM1 did not to
affect insulin signaling, although we did not test acute effects of GREM1
on insulin signaling. Thus, these differences may be due to the timing in
GREMI1 stimulation.

Our results demonstrate that GREM1 signals from the regenerating
myofibers and inhibit satellite cell self-renewal and promotes
commitment. The main role of satellite cells during tissue regeneration is
to generate differentiated progeny that can fuse and give rise to new
myofibers %%, Stem cell self-renewal is crucial for the maintenance of
the niche and tissue homeostasis. Dysfunction on this system leading to
decrease self-renewal would lead to depletion of the stem cell population
and inability of the tissue to repair following injury, while increased self-
renewal may result in overproduction of stem cells and potentially
tumorigenesis . Skeletal muscle satellite cells are endowed with a
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remarkable capacity for self-renewal, and serial rounds of injury yield
efficient muscle regeneration for each regeneration cycle 6768, Our in vivo
gain- and loss-of-function experiments demonstrate that GREMI is
important for muscle regeneration following cardiotoxin treatment,
through the negative control of satellite cell self-renewal. Further
experiments investigating the capacity of muscle to regenerate under
normal physiological conditions will provide more definitive insight into
the role of GREM1 on muscle homeostasis.

In the light of the effect of GREMI1 in the regulation of myogenesis, it is
legitimate to question if the metabolic improvement that we observed in
Greml over-expressing myotubes is simply the result of an increased
number of fully differentiated muscle cells. Yet, our observations do not
favor this scenario, as incubation of fully differentiated myotubes with
recombinant GREM1 for only 3 hrs (a time that would not allow further
differentiation of resident myoblasts) was enough to induce palmitate
oxidation to levels similar to cells overexpressing endogenous GREM1,
thereby supporting that GREM1-mediated increase in energy metabolism
is not caused by differences in muscle differentiation.

In addition to the effect of recombinant GREMI1 on terminal
differentiation under normal cell culture conditions, we observed that the
myogenic potential of myoblasts under an adipogenic milieu was more
elevated in Grem 1 overexpressing cells. In cells exposed to an adipogenic
medium, Greml overexpressing cells was associated with lower
accumulation of lipids and higher capacity to differentiate into myotubes.
Since adipogenic conditions activate the BMP pathway “, our observed
myogenic differentiation supports a mechanism by which GREMI may
play a particular role in muscle differentiation under conditions where the
BMP pathway is activated. Thus, training-induced reprogramming of
GREM1 expression in cells from obese subjects may lead to a better
“resistance” to the adipogenic environment of obesity and allow better
long-term myogenesis.

In recent years, there has been a growing appreciation that changes in
energy balance and metabolic status are critical for stem cell function.
We found that expression levels of the cellular energy sensor AMPK
were modulated by GREM1. We observed that the effect of GREM1 on
satellite cell self-renewal and lipid oxidation are mediated by AMPK.
These results are in line with previous studies demonstrating that AMPK
controls satellite cell self-renewal *3, This raises the interesting possibility
that during satellite stem cell asymmetric division, metabolic regulators
could ensure the faithful segregation of cell fate determinants to the
appropriate daughter cells.

Here, we postulated that reprogramming of GREMI expression after
exercise training participates in the metabolic improvement that we had
previously reported in the same cells '°. However, unlike in the human
primary cultures established after training, glucose suppressibility was
not increased in Greml overexpressing myotubes. In addition,
differentiation at day 4 was not changed in satellite cell cultures derived
from our participants 3. In another study however, primary muscle cells
cultures established before and after endurance training showed increased
lipid accumulation and oxidation at the post-training stage ®. We can
only speculate that, compared to our experimental systems, the different
timing, duration and magnitude of GREM1 expression in primary cells
from our participants are playing a role in the discrepancy of phenotypes.
In addition, other genes near the other 115 DMRs that we identified may
participate in modulating the metabolic and lineage commitment
phenotype of primary cells from our donors. Identifying the critical genes
reprogrammed after exercise and which modify the phenotype of the
differentiated skeletal muscle cell warrants further investigation.

In conclusion, the identification of epigenetic remodeling in skeletal
muscle cells after endurance training advances our understanding of the
cell memory of exercise training. Given the power of exercise training to

prevent or treat chronic diseases, a better understanding of the
mechanisms by which lifestyle factors improve skeletal muscle function
will provide an important opportunity to develop strategies to mimic
some of the beneficial effects of exercise training on human health.

Methods

Exercise intervention and isolation of primary muscle cells

Subjects’ characteristics and the protocol of the training program were
previously described '°. Briefly, five healthy (34.8 + 1.5 years old) obese
men (body mass index of 32.8 + 1.1) with low level of physical activity
and no family history of diabetes were subjected to a 8-wk exercise
training protocol consisting in five sessions per week of aerobic exercise
performed at a target heart rate corresponding to 35-85% of their VO,
max. Paired biopsies of Vastus Lateralis skeletal muscle were collected
at rest before and after training, using the Bergstrom needle technique .
Biopsy-derived primary cell cultures were obtained as previously
described '°. The research was conducted according to the Declaration of
Helsinki, and the protocol was approved by the Ethics Committee of
Toulouse University Hospitals (no. NCT01083329 and EudraCT-2009-
012124-85). Written informed consent was obtained from all
participants.

Nucleic acid purification

Genomic DNA and total RNA were purified from differentiated
myotubes with the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen).
The quality of recovered DNA and RNA was assessed by the 260/280
ratio, determined by spectrophotometry with a NanoDrop 2000 (Thermo
Fisher Scientific), as well as using the Agilent RNA 6000 Nano Kit
(Agilent Technologies) for RNA. DNA and RNA concentrations were
determined with the Qubit dsDNA HS Assay Kit (Life Technologies) and
by spectrophotometry with a NanoDrop, respectively. After purification,
DNA and RNA samples were stored at -80°C until further analysis.

Cell differentiation

Myogenic differentiation medium was high-glucose DMEM/Pen Strep
1% supplemented with horse serum 2% (V/V). For adipogenic
differentiation, cells were transfected as described above when 50%
confluent and the transfection medium was replaced by growth medium
supplemented with human insulin 10 pg/ml, 3-isobutyl-1-
methylxanthine 0.5 mM, dexamethasone 1 uM and rosiglitazone 1 pM.
All reagents for cell differentiation were purchased from Sigma-Aldrich.
Fresh differentiation medium was added to cultured cells daily.

Electrical pulse stimulation (EPS) of primary human cells

Satellite cells from Rectus Abdominis of healthy male subjects were
isolated and grown in low-glucose supplemented with FBS 10% and
various factors (human epidermal growth factor, BSA, dexamethasone,
gentamycin, fungizone, fetuin) as previously described ”'. Cells from four
independent donors were grown at 37°C in a humidified atmosphere of
5% CO,. Differentiation of myoblasts (i.e. activated satellite cells) into
myotubes was initiated at ~80-90% confluence, by switching to a-
Minimum Essential Medium with Pen Strep 2%, and supplemented with
FBS 2%, and fetuin (0.5 mg/ml). The medium was changed every other
day and cells were grown up to 5 days. Myotubes were submitted to EPS
[2 ms pulses, 10 V, 0.1 Hz frequency] for 24 hrs to recapitulate chronic
adaptations of exercise training.

Immunochemistry

After transfection with Greml sgRNA or empty vector, C2C12 MS2-
CAS were grown and stained directly in plates, following the protocol
provided by Cell Signaling Technology for immunostaining of cultured
cells. Cells were fixed with 4% formaldehyde (Sigma-Aldrich) for 15
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min at room temperature and then incubated in PBS (Gibco)/FBS
5%/Triton X-100 (Sigma-Aldrich) 0.3% for 1 hr. Staining was done by
incubating cells with Desmin rabbit monoclonal antibody (Cell Signaling
Technology) and then with Texas Red-conjugated goat anti-rabbit IgG
antibody (Invitrogen), diluted at 1:100 and 1:500 respectively in
PBS/BSA (Sigma-Aldrich) 1%/Triton X-100 0.3%, for 1 hr at room
temperature. A coverslip was mounted on cells using Mowiol (Sigma-
Aldrich) as a mounting medium, supplemented with DAPI (Cell
Signaling Technology) at 1:2000. Stained cells were visualized using a
Zeiss Widefield microscope equipped with an Axiocam 506 mono —
6Mpx detector and analyzed with the Zeiss Zen Blue 2012 software. For
pictures, the area was chosen based on nuclei staining.

Reverse transcription and quantitative PCR (RT-qPCR)

Total RNA was purified with TRIzol (Invitrogen) and used as a template
for cDNA synthesis using the iScript cDNA Synthesis Kit (Bio-Rad).
mRNA expression was then quantified from generated cDNA by qPCR,
using Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent
Technologies) on a CFX96 Real-Time System Thermal Cycler (Bio-
Rad). Human and mouse primers were designed using Geneious 7.1.7
computer software. qPCR data were analyzed according to the
comparative cycle threshold method and were normalized using the
GAPDH gene.

Protein extraction

Three days after induction of differentiation, transfected C2C12 MS2-
CAS myotubes were lysed in ice-cold lysis buffer (HEPES 50 mM [pH
7.4], glycerol 10%, IGEPAL 1%, NaCl 150 mM, NaF 10 mM, EDTA 1
mM, EGTA 1 mM, sodium pyrophosphate 20 mM, sodium
orthovanadate 2 mM, sodium-pyrophosphate 1 mM and Sigma FAS
Protease Inhibitor Cocktail) and cell media were collected for protein
precipitation. One ml of cell medium was incubated with 1 ml
trichloroacetic acid 20% on ice for 30 min. Samples were centrifuged 5
min at 10000 x g and the pellet was washed twice with 500 pl acetone.
The pellets were then air-dried and resuspended in ice-cold lysis buffer.
All the chemicals were from Sigma-Aldrich.

Methylated DNA capture sequencing

Genomic DNA samples were sheared with a Bioruptor Plus sonication
device (Diagenode) and cytosine-methylated DNA was isolated using the
MethylMiner Methylated DNA Enrichment Kit (Invitrogen). Captured
methylated DNA fractions were then ethanol-precipitated and used for
library preparation as previously described 72. Sequencing was done on a
HiSeq 2500, single-read 100-bp read length per lane.

Bioinformatic analysis of methylated DNA capture sequencing
Reads were aligned to hg19 using the Subread aligner 73, using standard
settings except for a consensus threshold of 2 for reporting a hit.
Duplicate reads were found and removed using the MarkDuplicates tool
of the Picard tools package (http://broadinstitute.github.io/picard).
Consensus peaks were found using the Irreproducible Discovery Rate
(IDR) framework 7* with an IDR threshold of 0.005. Reads were counted
using the featureCounts tool 7. Differential peaks were found with edgeR
76 using settings and methodology described in 77, analyzing the entire
peak. Each peak was then annotated with the nearest gene using
ChIPseeker 78.

Mice

Mice were handled according to the European Community guidelines.
Experimental animal protocols were performed in accordance with the
guidelines of the French Veterinary Department and approved by the
Sorbonne Université Ethical Committee for Animal Experimentation.
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Animals were exposed to a standard 12:12 light/dark cycles with normal
activity and chow. In this study, 8 to 12-week-old wild-type (WT) mice
C57/BL6 mice were used. Pax7CeERT2:Six[lovlox (Six1-cKO) and
Pax7CERE: Ampk "> (Ampkol-KO) mice were crossed and
maintained in an C57/BL6J background and genotyped by PCR.

Exercise training experiment in mice and immunofluorescence
Animal use - Genetically obese (ob/ob) and lean control littermates
(C57/BL6) male mice at 9 weeks old were obtained from Charles River
(Italy). Animals were housed in the Department of Experimental
Medicine, University of Copenhagen. Animals were maintained at 12:12
h normal-phase dark/light cycle with ad libitum access to water and diet
throughout the experiment. Mice were divided into sedentary where they
maintain their normal activity or subjected to 4 weeks of exercise
training. All experiments were performed in accordance with the
European Directive 2010/63/EU of the European Parliament and of the
Council for the protection of animals used for scientific purposes. Ethical
approval was given by the Danish Animal Experiments Inspectorate
(#2015-15-0201-00792).

Exercise training protocol - Mice were familiarized with treadmill
exercise at a speed of 7-10 m/min, 10-15 min/day for 4 days. Then, mice
were trained at 7.5% inclination, 30 min/day, 5 days/wk for 1 wk at a
speed of 6 and 10 m/min for obese and control mice, respectively. For
the other three weeks, mice were run for 60 min/day. The speed was
increased to 9 and 13 m/min for the obese and control mice, respectively.
Mice were stimulated by a mild electric shock at the back of the treadmill
if they refused to run.

Sample collection - Sample collection was performed 24 hrs after the last
bout of exercise training. Left hindlimb muscles (74, EDL, Soleus and
Plantaris) were dissected and immediately frozen at their physiological
length in Tissue-Tek OCT compound (Cell Path) by isopentane cooled in
liquid nitrogen. Then, samples were kept in -80 °C for further analysis.
Immunofluorescence detection - Cross-sectional sections were cut at 10
um thickness by cryostat under -20 °C. Sections were fixed in 4%
paraformaldehyde for 10 min, washed in PBS, then blocked in 3%BSA
and 10% AffinipPure Fab Fragment goat anti-mouse IgG(H+L) in PBST
for 60 min. Sections were incubated in human anti-mouse gremlin 1
conjugated to Alexa Fluor 594 and Avain anti-mouse Pax7 conjugated to
Alexa Fluor 488 overnight at 4°C. Then, sections were washed in PBS,
counterstained with DAPI, and mounted with fluoromount.
Immunofluorescences were imaged on Axio Scan.Zl with 10x
magnification.

Quantification of Greml and Pax7 - To quantify numbers of Greml in
satellite cells, all Pax7+ nuclei and Greml1+/Pax7+ nuclei from entire
sections were counted by hand. Then, the ratio of Grem1-expressing cells
and the total number of Pax7+ cells were calculated. Within each field,
all Grem1+ nuclei were counted, subtracted by Greml+/Pax7+ nuclei
and then divided by the number of muscle fibers. Hierarchical
generalized linear model was used to analyze differences in Grem1 nuclei
between each group. The ratios of Grem1+ to Pax7+ cells were analyzed
using a Generalized Linear Mixed Model (GLMM), with a Binomial
error distribution and a log-odds link function. The log-odds ratio model
was fitted with training status, genotype and tissue as fixed effects and
intercept within animal as a random effect. The model was fitted in R
using the glmer function of the Ime4 package . Confidence intervals and
p-values were calculated using the emmeans package ', Figures were
generated using ggplot2 32,

Induction of Cre activity and cardiotoxin injury

Intraperitoneal injections of tamoxifen from MP Biomedicals at 5 pul per
gram body weight of 20 mg/ml diluted in corn oil were administrated to
8 to 12-week-old mice daily for 4 days prior to injury. Mice were
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anaesthetized by intraperitoneal injection of ketamin at 0.1mg per gram
body weight and Xylazin at 0.0lmg per gram body weight diluted in
saline solution. After having cleaned the mouse hind legs with alcohol,
tibialis anterior muscles were injected with 50ul of cardiotoxin solution
(Latoxan, 12 uM in saline) using an insulin needle.

FACS-mediated satellite cell isolation

Satellite cells were obtained from adult hindlimb muscles after enzymatic
digestion followed by FACS purification. Briefly, after dissection cells
were digested for 1.5 hr in Digestion Solution (2mg/ml Collagenase A;
2.4U/ml Dispase II; 10pg/ml DNAse I; in HBSS. All from Roche). After
digestion cells were washed with Wash Buffer (0.2% BSA in HBSS) and
filtered twice; once with a 100-um strainer and once with a 45-um
strainer (Corning Life Science). Cells were then stained with the
following antibodies: rat CD31, rat CD45, rat Ly6A (SCAL1), rat CD106
(eBioscience) and rat a7 integrin (Ablab) and sorted using a FACS Aria
II (BD). Satellite cells were isolated as CD31™¢ CD45"¢, Sca "¢, o7
integrinf®s, CD106P°.

Single myofiber isolation

Single myofibers were isolated from the EDL muscle by Collagenase
type I digestion and gentle triturating, as previously described #*. Isolated
myofibers were cultured in suspension for up to 2 days in 6-well plates
coated with horse serum to prevent fiber attachment. Fibers were
incubated in plating medium consisting of 15% Fetal Bovine Serum
(Hyclone) and 2 ng/ml bFGF (R&D Systems) in DMEM.

Satellite cell magnetic isolation and primary myoblasts culture
Skeletal muscles of mice were dissected (quadriceps, 74, EDL,
Gastrocnemius, Soleus, Gluteus) and transferred to a sterile Petri dish on
ice. Muscles were incubated in 1,5U/ml of Collagenase B — 2.4 U/ml of
Dispasell — 2M of CaCl, solution for 45min at 37°C with periodic
mechanical digestion. Fetal Bovine Serum was added to stop the
digestion. After centrifugation, the pellet was resuspended in growth
medium consisting of Ham’s F10 (Life Technologies) with 20% FBS
(Eurobio), 1% Pen/Strep (Life Technologies), 2.5 ng/ul basic FGF (R&D
Systems). Satellite cells were then purified using MACS cell separation
system, according to the manufacturer’s protocol. Satellite cells are then
let to proliferate and give rise to primary myoblasts after two passages. If
needed, primary myoblasts were differentiated using a differentiation
medium composed of DMEM (Gibco) with 2% Horse Serum (Gibco),
1% Pen/Strep (Gibco). Cells were treated with recombinant GREM1
and/or BMP4 proteins (R&D Systems) for a minimum of 24 hrs.

Muscle histology and immunohistochemistry

Muscles were cut at a thickness of 10 pm with a Leica cryostat. Frozen
muscles were stored at -80°C. Sections were fixed with 4% PFA in PBS
for 20 min and permeabilized with cooled-methanol. Antigen retrieval
was performed with the Antigen Unmasking Solution (Vector) at 95°C
for 10 min. Sections were then blocked with 4% BSA, 5% Goat serum in
PBS during 3 hrs and incubated with primary antibody overnight at 4°C.
Alexa Fluor secondary antibody was incubated on sections 1 hr at room
temperature and nuclei were stained with Hoechst. Slides were mounted
in fluorescent mounting medium from Dako. Primary antibodies used
were against Dystrophin (Leica), embryonic MyHC (Santa Cruz), Grem1
(R&D Systems), Laminin (Santa Cruz), Pax7 (Santa Cruz), Tcf4 (Cell
Signaling Tech.).

Chromatin immunoprecipitation

Examination of anti-Six1 ChIP-seq data obtained in mouse primary
myoblasts (to be published elsewhere) revealed the existence of several
Six1 binding peaks, notably near the transcription start site of Fmnl
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isoform NM_001285459, and at the 3' UTR of all isoforms. Peaks were
visible in both proliferating myoblasts and differentiated myotubes.
MEF3 sequences (Six1 binding) *', mapped using Cisgenome %, were
found near the center of most peaks.

Chromatin immunoprecipitation assays (ChIP) were performed to
validate binding of Six1 at some of these loci, using the method described
in 8. Twenty-five micrograms of chromatin from C2C12 in proliferation
and two micrograms of anti-Six1 (Sigma-Aldrich) or normal rabbit IgG
(Jackson ImmunoResearch) were used per assay. Real-time PCR was
performed using the following primer sequences:

Fmnl_prom Fwd:CAGGGCAGAGCTACAGCAG;

Fmnl prom ReviGGCAGGTTTCATCTGGAATG;
Greml_SUTR_Fwd:TGATCCAACTGCTTCTGTGG;
Greml_SUTR_Rev:TCCTTGGGATGTTCACTTCTG;
Hoxd10_Fwd:GAGAAATCGGACTCACCTTCC;

Hoxd10_Rev: CACATACCCAGGCAGAACG.

Real-time PCR data were obtained with the SYBR Green method and
quantitated using method described in %. A one-tailed paired t-test,
comparing enrichment at Fmnl and at Hoxdl0, was performed to
determine the significance of the ChIP enrichment.

Immunocytochemistry

Muscle cells or fibers were fixed for 8 min with 4% PFA in PBS then
incubated with 5% Goat Serum and 0.2% Triton in PBS for 20 min at
room temperature. Cells were incubated with primary antibodies during
1 hr at room temperature, followed by several PBS washes and a 1-hr-
incubation with the secondary antibodies. Nuclei were stained with
Hoechst. Primary antibodies used were against Desmin (Sigma), pan-
Myosin Heavy Chains (DSHB), Pax7 (Santa Cruz), GFP (Thermo Fisher)
and MKI67 (Santa Cruz).

For proliferation assay, cells were incubated with BrdU for 40 min before
fixing them with 4% PFA for 5 min at room temperature. After a brief
wash in PBS, cells were denatured with 2M HCI for 30 minutes at 37°C.
To neutralize the acid, 5 min of 6 consecutive washes in PBS were
performed. Cells were blocked with 2% Goat Serum, 0.2% Tween 20
PBS for 30 min at 37°C before antibody staining.

Quantitative real-time PCR (qPCR)

RNA was isolated either by RNeasy Mini Plus Kit (Qiagen) or by TRIzol
Reagent followed by a DNAse treatment (Life Technologies). The
reverse transcription was performed with 100ng of RNA using the High-
Capacity ¢cDNA Reverse Transcription kit (Applied Biosystems).
Transcript levels were determined by LightCycler 480 Real-Time PCR
System from Roche, using SYBR green I Master from the same
company. The melting curves were checked for each experiment and the
primers efficiency was calculated by serial sample dilution. Targeted
gene expressions were normalized by Cyclophilin reference gene.
Cyclophilin-Fwd: AAGAAGATCACCATTTCCGACT,
Cyclophilin-Rev: TTA CAG GAC ATT GCG AGC,

MyH3-Fwd: AGAGGAGAAGGCCAAAAGG,

MyH3-Rev CCTTCCAGCTCAAACTCCAG,
Myogenin-Fwd:GAAAGTGAATGAGGCCTTCG,

Myogenin-Rev: ACGATGGACGTAAGGGAGTG,

Pax7-Fwd: CTGGATGAGGGCTCAGATGT,

Pax7-Rev: GGTTAGCTCCTGCCTGCTTA,

Grem!-Fwd: AAGCGAGATTGGTGCAAAACT,

Greml1-Rev : GAAGCGGTTGATGATAGTGCG,
Prkaa2-Fwd:CAGGCCATAAAGTGGCAGTTA
Prkaa2-Rev:AAAAGTCTGTCGGAGTGCTGA,

Prkag3-Fwd: ATCTCTCCCAATGACAGCCTG,

Prkag3-Rev: TAGCCGCTTGTGTGTGAGTAT,

Prkaal-Fwd TACTCAACCGGCAGAAGATTCG,
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Prkaal-Rev AGACGGCGGCTTTCCTTTT;
Bmp4-Fwd: TAGCAAGAGCGCCGTCATTC,
Bmp4-Rev: CTGGTCCCTGGGATGTTCTC,
Id1-Fwd: TCCTGCAGCATGTAATCGAC,
Id1-Rev: GATCGTCGGCTGGAACAC,
Tbp-Fwd: CCCCACAACTCTTCCATTCT,
Tbp-Rev: GCAGGAGTGATAGGGGTCAT.

Transcriptomic analysis

Total RNA from primary myoblasts were isolated using TRIzol Reagent
from Life Technologies according to the manufacturer’s protocol. The
purity and the quality of the RNA were performed by Bioanalyzer 2100,
using Agilent RNA6000 nano chip kit (Agilent Technologies) at the
Cochin Institute Genom’IC facility. Total RNA was reverse transcribed
using the Ovation PicoSL WTA System (Nugen). The products cDNA
products then hybridized to GeneChip Mouse Gene 2.1 ST (Affymetrix).
The Affymetrix data were normalized using R software 7 and gene
expression levels were compared using one-way ANOVA. Differentially
expressed genes were selected with p<0.05 significance. Functional
analysis of the gene expression levels was interrogated with Ingenuity
Pathway (Ingenuity Systems, http://www.ingenuity.com).

Western-blot analysis

Cells were lysed with RIPA buffer (Sigma-Aldrich) supplemented with
Protease and Phosphatase Inhibitor (Thermo Fisher). Protein amounts
were quantified by BCA Protein Assay Kit (Pearce). In each condition,
30ug of proteins was prepared with home-made Laemmli. Samples were
ran on NuPAGE 4-12% BIS-TRIS gels (Life Technologies) and
transferred on nitrocellulose membranes. After blocking in 5% milk and
0.1% Tween-20 in TBS, membranes were incubated with primary
antibodies overnight at 4°C. Secondary antibodies were then incubated
on the membrane for 1 hr at room temperature. The following antibodies
were used: Gremlin C-terminal (Abcam), phospho-Ampkal/2 (Thrl172,
#2535), Ampkal/2 (#2532), phospho-Akt (Serd73, #4060), Akt (#4691)
or B-Actin (D6AS8, #8457) (all fivefrom Cell Signaling Technology)
antibodies. Signals were detected using SuperSignalWest Pico
Chemiluminescent Substrate (Thermo Scientific) with ImageQuant TL
LAS 4000 from (GE Healthcare) or Bio-Rad ChemiDoc with
densitometry analysis performed using Imagelab software version 3.0
(Bio-Rad). The primary antibodies used were as follows: SMAD1 (Cell
Signaling), phosphorylated SMAD1 (Cell Signaling) and GAPDH
(Sigma).

Image acquisition and quantitative analysis

Immunofluorescent staining was analyzed with an Olympus BX63F
microscope, AZ100 Nikon Macroscope and EVOS FL Cell Imaging
System. Fluorochromes used were Alexa Fluor 488 and Alexa Fluor 546
from Life Technologies. NIS-Element (Nikon), Metamorph (Molecular
Devices), and Photoshop software (Adobe) were used for image
acquisition. Quantifications were performed with ImageJ software.

Electrical Pulse Stimulation (EPS)

Differentiated C2C12 muscle cells were subjected to EPS at 30v, 2 ms, 1
Hz for 30 min twice with overnight resting between first and second
stimulation. Cells were harvested immediately, 1, 3, 4, 5 and 6 hrs after
last stimulation. Control and non-stimulated cells were exposed to
electrodes without electrical stimulation. RNA and DNA were harvested
by AllPrep DNA/RNA/miRNA universal kit. cDNA was synthesized
from RNA using iScript cDNA synthesis kit. Then, mRNA expression
was quantified by qPCR and normalized by cDNA concentration.

To capture methylated DNA, genomic DNA was sheared with Bioruptor
Plus sonication and then methylated DNA was captured using
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MethylCollector ultra kit (Active Motif). Captured and non-captured
DNA were purified by MinElute PCR purification kit. Methylation levels
of the Greml-DMR were then quantified by qPCR using primers
spanning DMR region. Data were normalized by non-methylated DNA
level.

GremI-DMR fwd primer: GCCTCATGAGCTTTAAGTAGGGA;
GremI-DMR rev primer: CTGCAACAAAGTGAAAAGACAATCT.

Generation of the C2C12 MS2-CAS cell line

Lentiviruses containing MS2-P65-HSF1 Hygro or dCAS-VP64 Blast
shRNA were produced in HEK293 by also transfecting cells with
pMD2.G (viral envelope) and psPAX2 (packaging) at the ratio 0.5 pg
pMD2.G/1.5 pg psPAX2/2 pg shRNA. All plasmids were purchased
from Addgene. Transfection was realized with Superfect (Qiagen).
Lentivirus-containing medium was collected 48 hrs after transfection and
stored at -80°C. C2C12 MS2-CAS cell line was generated by sequential
transduction of the mouse myogenic C2C12 cells with both of the
lentiviruses and selection using hygromycin 0.2 mg/ml and blasticidin 4
pg/ml (Sigma-Aldrich) in growth medium. Integration of plasmids in the
genome of newly generated C2C12 MS2-CAS cells was controlled using
the following primers:

MS2-p65-HSF1 Fwd 5'-GGGCTCCTCAAAGACGGTAA-3",
MS2-p65-HSF1 Rev 5'-ATACCTGAGTTAGCGGCGAT-3";
dCas9-VP64 Fwd 5'-ACGCTAATCTGGACAAAGTGC-3";
dCas9-VP64 Rev 5'-CCTGCTCTCTGATGGGCTTAT-3';.

Viability of transfected cells was assessed using a NucleoCounter NC-
200.

Over-expression of GremlI using C2C12 MS2-CAS cells
CRISPR/Cas9 Synergistic Activation Mediator (SAM) is an engineered
protein complex for the transcriptional activation of endogenous genes
47, Mouse Greml sgRNA sequence was obtained using the Cas9 SAM
sgRNA  design tool available online (http:/sam.genome-
engineering.org/database/). Potential off-targets were identified by a
CRISPR analysis tool (http:/crispr.mit.edu/) and three of them were
considered as presenting a high risk to interfere with Greml over-
expression because located in a gene promoter. Greml sgRNA was
incorporated into the sgRNA(MS2) cloning backbone (Addgene #61424)
following the protocol available online via the Zhang lab website
(http://sam.genome-engineering.org/protocols/). Correct insertion of the
sgRNA sequence in the cloning backbone was checked by Sanger DNA
sequencing (GENEWIZ). C2C12 MS2-CAS cells were grown in medium
composed by high-glucose DMEM (Invitrogen) supplemented with FBS
(Sigma-Aldrich) 10% (V/V) and Pen Strep 1% (Invitrogen), and
maintained in 5% CO, at 37°C. When 80% confluent, cells were
transfected using GremlI sgRNA-containing plasmid or the cloning
backbone (empty vector) using the TransIT-X2 Dynamic Delivery
System (Mirus). After 24 hrs, the transfection medium was removed and
replaced by differentiation medium. Viability of transfected cells was
assessed in proliferative myoblasts using a NucleoCounter NC-200.

Proteomics analysis

Cells were quickly washed twice with cold 1x PBS. Lysis buffer (6 M
guanidium hydrochloride and 25 mM Tris (pH 8) containing 5 mM tris
(2-carboxyethyl) phosphine (TCEP) and 5.5 mM chloroacetamide
(CAA)) was added to culture plates. Cells were scraped and samples were
boiled at 99 °C for 10 min followed by sonication using a tip. Proteins
were enzymatically digested using Lys-C (Wako Chemicals, Richmond,
VA, USA) at a 1:100 (w/w) ratio for 3 h at 37 °C. Samples were further
diluted with 50 mM ammonium bicarbonate to 2M guanidinium
concentration, and trypsin was added at 1:100 (w/w) to generate tryptic
peptides overnight at 37 °C. After digestion, samples were acidified with
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trifluoroacetic acid (TFA, 1% final) and centrifuged to remove debris.
Peptides were desalted on a C18 StageTips *. Peptides were measured
using LC-MS instrumentation consisting of an Easy nanoflow HPLC
system (Thermo Fisher Scientific, Bremen, Germany) coupled via a
nanoelectrospray ion source (Thermo Fischer Scientific, Bremen,
Germany) to a Q Exactive HF mass spectrometer 7. Purified peptides
were separated on 50 cm C10 column (inner diameter 75 pm, 1.8 pm
beads, Dr. Maisch GmbH, Germany). Peptides were loaded onto the
column with buffer A (0.5% formic acid) and eluted with a 120 min linear
gradient from 5-40% buffer B (80% acetonitrile, 0.5% formic acid). After
the gradient, the column was washed with 80% buffer B and
reequilibrated with buffer A. Mass spectra were acquired in a data-
dependent manner with automatic switching between MS and MS/MS
using a top 12 method. MS spectra were acquired in the Orbitrap analyzer
with a mass range of 300-1750 m/z and 60,000 resolutions at m/z 200.
HCD peptide fragment acquired at 28 normalized collision energy were
analyzed at high resolution in the Orbitrap analyzer.

Raw MS files were analyzed using MaxQuant version 1.5.0.38 88
(http://www.maxquant.org). MS/MS spectra were searched by the
Andromeda search engine (integrated into MaxQuant) against the decoy
UniProt-human database with forward and reverse sequences. In the main
Andromeda search precursor, mass and fragment mass were matched
with an initial mass tolerance of 6 ppm and 20 ppm, respectively. The
search included variable modifications of methionine oxidation and N-
terminal acetylation and fixed modification of carbamidomethyl cysteine.
Minimal peptide length was set to 7 amino acids, and a maximum of two
miscleavages was allowed. The FDR was 0.01 for peptide and protein
identifications. When all identified peptides were shared between two
proteins, results were combined and reported as one protein group.
Matches to the reverse database were excluded. Protein quantification
was based on the MaxLFQ algorithm integrated into the MaxQuant
software .

Palmitate oxidation assays

Fully differentiated C2C12 MS2-CAS myotubes were starved in serum-
free DMEM for 2 hrs before a 3-hr incubation in glucose-free or low-
glucose DMEM/fatty acid-free BSA  (Sigma-Aldrich) 0.2%
supplemented with a mixture of cold and radiolabeled palmitate (Palmitic
Acid, [9,10-3H(N)]; 0.5 pCi/ml; PerkinElmer) at final concentration of
100 or 200 uM 15, Incubation media were collected and 200 pl were
mixed with 800 pl Tris-HCI [pH 7.5] 0.02M/activated charcoal slurry
(Sigma-Aldrich) 10% for 1 hr on a rotational shaker *°. After a 15-min
centrifugation at full speed at room temperature, 300 pl of each
supernatant were mixed with 4 ml of Ultima Gold liquid scintillation
cocktail (PerkinElmer) and run on a Hidex SL300 counter, with 600 sec
counting. Myotubes were harvested in lysis buffer for protein purification
and DPM values were normalized by total protein content.

For palmitate oxidation assays in cells from wild type or AMPKal-
muscle knockout (mKO) mice, muscle progenitor cells were isolated
from hindlimb muscles of 4-week old wild type or AMPKa1- muscle
knockout (mKO) mice as previously described °'. Mouse muscle
progenitor cells were cultured in DMEM/F12 supplemented with 1%
Penicillin and Streptomycin (P/S), 20% fetal bovine serum (FBS, Sigma
Aldrich) and 2% Ultroser G (Pall Life Sciences) at 37°C in a humified
atmosphere containing 5% CO,. Myogenic differentiation was initiated 6
hrs after seeding cells onto Matrigel (BD Life Sciences) coated cell
culture dishes (30,000 cells/cm?) and switching to myogenic
differentiation media (DMEM/F12, 1% Pen/Strep, 2% horse serum).
Three days after induction of differentiation, cells were incubated for 3
hrs in glucose-free DMEM/fatty acid-free BSA (Sigma-Aldrich) 0.2%,
supplemented with a mixture of cold and radiolabeled palmitate (Palmitic
Acid, [9,10-3H(N)]; 0.5 pCi/ml; PerkinElmer) at a final concentration of
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600 uM. Vehicle (4 mM HCl-supplemented 0.1 % bovine serum albumin
(Sigma-Aldrich)), 2 mM S-aminoimidazole-4-carboxamide
ribonucleotide (AICAR, Toronto Research Chemicals), or 500 ng/mL
mouse recombinant Gremlin 1 (R&D Biosciences) was added to the
assay media, and palmitate oxidation was measured as described above.

Glucose uptake assay

Fully differentiated C2C12 MS2-CAS myotubes were starved in serum-
and glucose-free DMEM supplemented with BSA 0.1% for 2.5 hrs before
a 10-min incubation in Krebs-Ringer Phosphate HEPES (KRPH) buffer
[pH 7.41/BSA 0.1% supplemented with a mixture of cold deoxyglucose
(2-Deoxy-D-glucose; Sigma-Aldrich) and radiolabeled deoxyglucose
(Deoxy-D-glucose, 2[1,2-*H(N)]; 0.5 uCi/ml; PerkinElmer) for a final
concentration of 100 uM. Then, myotubes were harvested in lysis buffer
for protein purification and a 150-p1 fraction of protein extract was mixed
with 4 ml of Ultima Gold liquid scintillation cocktail and run on a Hidex
SL300 counter, with 300 sec counting. DPM values were normalized by
protein content.

Glucose oxidation assay

Fully differentiated C2C12 MS2-CAS myotubes were starved in serum-
and glucose-free DMEM for 2 hrs before a 3-hr incubation in low-glucose
DMEM/fatty acid-free BSA 0.2% supplemented with radiolabeled
glucose (Glucose, D-[3-*H]; 1 uCi/ml; PerkinElmer). Then, cell media
and lysates were collected and processed as described above for palmitate
oxidation assays.

Glycogen synthesis assay

Fully differentiated C2C12 MS2-CAS myotubes were starved in serum-
and glucose-free DMEM for 2 hrs before a 3-hr incubation in low-glucose
DMEM/fatty acid-free BSA 0.2%. Then, cells were harvested in 150 pl
HCI 1M and heated at 95°C for 2 hrs. After heating, HC1 was immediately
neutralized in 75 pl NaOH 2M. Samples were centrifuged at full speed at
4°C and 20 pl of the supernatants were mixed with 250 pl of a solution
composed by Tris-HCL [pH 7.4], MgCl, 500 mM, ATP disodium salt 5
nM, NADP 3 nM (all from Sigma-Aldrich) and Hexokinase + Glucose-
6-Phosphate dehydrogenase at dilution 1:200 (Roche), for 15 min at
25°C. Absorbance was read at 340 nm and concentrations were
normalized by protein content.

Oil Red O staining

Three days after induction of adipogenic differentiation, cells were fixed
with 4% formaldehyde for 15 min at room temperature; then neutral
lipids were stained with Oil Red O (Sigma-Aldrich) 0.5% in
isopropanol/distilled water (3V/2V) for 60 min at room temperature.
Stained cells were visualized using a Primovert microscope (Carl Zeiss
Microscopy). Cells were then rinsed with water to remove unbound dye
and incubated 10 min with ethanol to elute the Oil Red O. Intracellular
lipid accumulation was quantified by spectrophotometric analysis of the
eluates at 540 nm.

Statistics

Statistical analyses were performed using GraphPad Prism software
version s6 and 7 (GraphPad Software Inc). For the experiments done on
human primary muscle cells, we conducted a Student’s t-test for paired
samples to compare pre- and post-training or control and EPS samples.
For the other in vitro experiments, we conducted a Student’s t-test for
paired samples or a non-parametric Wilcoxon signed-rank test when
normality failed (p>0.05) or a two-way repeated measures ANOVA with
Sidak's multiple comparisons test to compare the effect of two variables
(time x Greml or Greml x treatment) on Greml sgRNA- and empty
vector-transfected cells. Ordinary one-way ANOVA with Tukey’s
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multiple comparison test were used to compare multiple treatments
(Greml1, Bmp4, Grem1+Bmp4). A two-tailed non-parametric Spearman
test was conducted for correlation analyses. For in vivo experiments, we
conducted Student’s t-test for paired samples. A two-tailed non-
parametric Spearman test was conducted for correlation analyses.
Statistical analyses of differences on mRNA expression were performed
on log-transformed values. We considered that the difference between
two conditions was statistically significant when *p<0.05, **p<0.01 or
***p<0.001 and reported a tendency when 0.05<p<0.1. Data are
expressed as mean + SD or £SEM as indicated in figure legends.
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Supplementary Fig. 1 | Genome-wide DNA methylation results. a,
Distribution of identified DMRs according to their distance to nearest
transcription start site (TSS) and b, amongst different gene features.
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Supplementary Fig. 2 | GREMI prevents the increase in mRNA
expression of the BMP target genes Idl. RT-qPCR analysis of the Bmp4
target gene Id/ expression in primary myocytes stimulated with
recombinant BMP4, GREM1 or both. n = 4. Error bars indicate SD.
*p<0.05; **p<0.01; ***p< 0.001.
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Supplementary Fig. 3 | GREMI stimulates asymmetric commitment of
satellite stem cells. a, Schematic of experimental setup. Satellite cells
were sorted and plated in vitro with growth medium containing
recombinant proteins, fixed after 40 hrs and stained for Pax7 (red) and
Myod!1 (green). b, BrdU incorporation assay. n = 5. ¢, Schematic of
experimental setup. Single myofibres from Myf5-Cre¥*ROSA-YFP mice
were separated and cultured in floating conditions for 42 hrs in growth
medium containing recombinant proteins. Myofibers were fixed and
stained for Pax7 (red) and YFP (green).
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Supplementary Fig. 4 | Characterization of endogenous Gremli-
overexpressing cells. Before reaching confluence, C2C12 MS2-CAS
cells were transfected with Grem1 sgRNA or empty vector for 24 hrs and
switched to myogenic differentiation medium. a, Control for possible
gRNA  off-target effects by RT-qPCR. b, Representative
photomicrographs were taken and cell viability quantified. ¢, Cells were
harvested every day from confluence and analysis of Greml mRNA
expression was made by RT-qPCR. Each individual dot in the graph
represents the mean of 24¢ duplicate values from an independent
experiment. Vertical axis scale is logarithmic base 10. $p<0.001. d, Cell
media was collected at day 3 of differentiation for protein extraction and
analysis of GREM1 expression by western-blot. n = 3. **p<0.005.
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Supplementary Fig. 5 | Correlation analysis between GREM1 expression
and clinical parameters of obese subjects. a, Correlation analyses were
performed between ACt values, determined by RT-qPCR, and clinical
and biochemical variables collected from the obese subjects pre- and
post-training (n = 10) described in (Bourlier et al., 2013). Circle = Pre-
training; triangle = Post-training. b, Myotubes were incubated for 10 min
in presence or not of insulin 10 nM or 100 nM for the analysis of P-AKT
and AKT expression by Western-blot. Duplicate protein extracts from
each experiment were equally mixed according to their molarity before
loading the gel. n = 4. The graph represents mean values. Error bars are
SEM.

17


https://doi.org/10.1101/2020.02.20.956300

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.20.956300; this version posted February 20, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Fabre et al., 19/02/20 - preprint copy - bioRxiv

18

"
GnEm
-’ o
6
:
04
2

O ﬂgcv'*\ ﬁd\\f J"A«eﬁ (;‘\L’(,d* e

. LogPvale)

Fous Crange

Q@ = m @ a

Fokt increase in expresson
folowing GREM1 stimutation

gé
h
§

c

Gene logies (Biol

P,
P

holetal muscie tssue develpment (GO 00075 19)
caniac muscle 155U Morphogenesss (GO-0055008):
myosted assemoly (GO-0030239):
reguiaton of smat GTPase (GO-0051056)

acsn Sament crganczasion (GO-0007015)
muscie organ development (GO-0007$17):

‘ "|‘|‘|‘|‘|'|‘

.
°
g

- Zscore
. Log® vakue

Supplementary Fig. 6 | Transcriptomic analysis of muscle cells exposed
to GREM]I highlights the AMPK pathway. a, Differentially expressed
genes after overexpression of BMP4 (green) or GREM1 (purple) in
serum-starved mouse myoblasts. b, Difference in expression of ten
selected transcripts between GREMI1-stimulated cells compared with
BMP4-stimulated cells. GREMI increases the expression of genes
related to muscle cell differentiation, while BMP4 stimulates the
expression of genes involved in proliferation. ¢, Gene Ontology analysis
of biological processes over-represented in GREM1-stimulated cells
compared with mock-treated cells (top 7 terms). d, Ingenuity Pathway
Analysis of differentially expression genes in GREM1-stimulated cells
compared with mock-treated cells. e, Gene expression analysis of
AMPK-related genes following GREM1 stimulation. n = 3 or more for
any experimental point.
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