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ABSTRACT

Skeletal muscle is a dynamic tissue the size of which
can be remodeled through the concerted actions
of various cues. Here, we investigated the skeletal
muscle transcriptional program and identified key
tissue-specific regulatory genetic elements. Our re-
sults show that Myod1 is bound to numerous skeletal
muscle enhancers in collaboration with the gluco-
corticoid receptor (GR) to control gene expression.
Remarkably, transcriptional activation controlled by
these factors occurs through direct contacts with the
promoter region of target genes, via the CpG-bound
transcription factor Nrf1, and the formation of Ctcf-
anchored chromatin loops, in a myofiber-specific
manner. Moreover, we demonstrate that GR nega-
tively controls muscle mass and strength in mice by
down-regulating anabolic pathways. Taken together,
our data establish Myod1, GR and Nrf1 as key play-
ers of muscle-specific enhancer-promoter communi-
cation that orchestrate myofiber size regulation.

INTRODUCTION

Multicellular organisms owe their complexity to the capac-
ity to generate and maintain various cell types sharing the
same genetic blueprint. The establishment of cell identity is
maintained through the spatio-temporal regulation of gene
expression offered by a dynamic three-dimensional (3D)
genome architecture (1). By coming in physical proximity
to the promoter of their cognate target genes via the forma-
tion of chromatin loops (1-4), enhancers have emerged as

key cis-regulatory elements that affect gene transcription re-
gardless their orientation or distance from the transcription
start site (TSS) of their nearest gene, thereby contributing
to highly cell-specific transcriptomes. Chromosome confor-
mation capture studies revealed that the genome is parti-
tioned into topologically associating domains (TADs) (1),
constrained at chromatin boundaries by focal interactions
of cohesin-protein complexes and CCCTC-DNA-binding
factor (Ctcf), one of the major architectural proteins shap-
ing the 3D genome (5).

Ligand-activated transcription factors, such as nuclear
receptors, are recruited to both enhancer and promoter re-
gions in association with a large panel of coregulatory pro-
teins that contribute to cell identity and specific responses to
diverse signaling inputs. Despite the large number of com-
prehensive analyses of higher-order spatial genome fold-
ing, the identity of the molecular players that contribute to
structural interactions to bridge temporally controlled and
cell-type specific interactions remains to be fully character-
ized.

Skeletal muscle is a dynamic tissue that accounts for
about one third of the body mass, and is essential for pos-
ture, locomotion and energy balance in mammals (6). In
response to a variety of external stimuli, including me-
chanical load, nutritional status, inflammatory cytokines
and hormones, the size of this tissue remodels through
a dynamic balance between anabolic and catabolic pro-
cesses to maintain muscle performance (7,8). The regu-
latory networks of myogenic commitment and differenti-
ation programs involve a handful of distant located cis-
regulatory modules in a highly-orchestrated chromosome
rearrangement. However, gene regulation in skeletal mus-
cle has only been partially uncovered at the genome-wide
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level (9-12), and the underlying mechanisms remain poorly
understood.

Using high-throughput sequencing-based analyses of hi-
stone modifications combined with assays for transposase-
accessible chromatin with high throughput sequencing
(ATAC-seq), we identified ~ 27 000 active skeletal muscle-
specific enhancers. We show that Myodl, a basic Helix-
Loop-Helix (3HLH) transcription factor (13,14) that pro-
motes a feed forward mechanism of gene transcription by
binding to E-box sequences (5-CANNTG-3') (15), is one
of the most prominent transcription factors bound at these
enhancers. Remarkably, we uncovered that the glucocorti-
coid receptor [GR, NR3Cl1 (16)], a ligand-dependent tran-
scription factor belonging to the nuclear receptor super-
family, is associated with skeletal muscle enhancers in col-
laboration with Myod1. Using chromosome conformation
capture on chip (4C) technology, we further show interac-
tions between GR- and Myod1-bound myofiber-specific en-
hancers and the transcriptionally active promoter regions
of glucocorticoid-responsive genes. These interactions take
place in GC-rich regions to which the transcription factor
Nrfl is recruited. Our genome-wide analyses also revealed
that GR in myofibers coordinates the expression of a large
number of genes to downregulate anabolic pathways with-
out affecting catabolic pathways at endogenous glucocor-
ticoid levels. Taken together, our results provide in-depth
insights into sophisticated epigenetic plasticity of gene reg-
ulation in skeletal muscles.

MATERIALS AND METHODS
Cell culture and transfection assays

C2C12 myoblasts, obtained from ATCC (CRL-1772), were
grown in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 1 g/I glucose and 20% fetal calf serum.
To induce myogenesis, cells were grown in DMEM,
supplemented with 1 g/l glucose and 2% horse serum
for 4 days. Two days before differentiation, C2C12 cells
were transfected with 30 pmol siRNA against GR (5'-
GCUUUGCUCCUGAUCUGAUUAUUAA-3"), Myodl
(5-UVAUCAGGUGCUUUGAGAGAUCGAC-3),
Nrfl (5-CCACACACAGUAUAGCUCAUCUCGU-
3, or a scrambled control (5-
AGGUUCCGUGUACGUAAGACAAACU-3) (In-
vitrogen) using Lipofectamine RNAimax (Invitrogen)
according to the manufacturer’s instructions. Cells were
transfected again one day after myogenic induction.

Mice

Mice were maintained in a temperature- and humidity-
controlled animal facility, with a 12-h light/dark cycle.
Standard rodent chow (2800 kcal/kg, Usine d’Alimentation
Rationelle, Villemoisson-sur-Orge, France) and water were
provided ad libitum. Breeding and maintenance of mice
were performed according to institutional guidelines. All
experiments were done in an accredited animal house, in
compliance with French and EU regulations on the use of
laboratory animals for research. Intended manipulations
were submitted to the Ethical committee (Com’Eth, Stras-
bourg, France) for approval and to the French Research
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Ministry (MESR) for ethical evaluation and authorization
according to the 2010/63/EU directive. Animals were killed
by cervical dislocation, and tissues were immediately col-
lected, weighed, and frozen in liquid nitrogen or processed
for biochemical and histological analysis.

Generation of GRVSkm—/— mjce

To selectively ablate GR in skeletal muscle myofibers,
GRM™/2 mice, in which exon 3 (encoding part of the
DNA binding domain) was flanked with two LoxP sites
(17), were intercrossed with HSA-CreER™? mice that ex-
press the CreERT? recombinase selectively in skeletal mus-
cle myofibers (18). All mice were on a C57/Bl6J back-
ground. Seven-week-old GR 12 control male mice and
HSA-CreER™/GRM/2 sex-matched somatic pre-mutant
littermates were intraperitoneally injected with Tamoxifen
(1 mg/mouse/day) for 5 days (18) to generate control (Ctrl)
and GRWkm=/= mutant mice, respectively. Primers used for
genotyping are listed in Supplementary Table S1.

Body lean and fat content

Body lean and fat content were recorded in anaesthetized
mice by gNMR (PIXIMUS, GE Medical Systems) accord-
ing to the manufacturer’s instructions (19).

Muscle strength

A Grip Strength Meter (Bioseb) was used to measure fore-
limb and hindlimb grip strength (19). The test was repeated
three consecutive times within the same session, and the
mean value was recorded as the maximal grip strength for
each mouse.

In situ isometric tibialis anterior muscle contraction in
response to nerve stimulation was performed as described
(20). In brief, tibialis distal tendons were attached to an iso-
metric transducer (Harvard Bioscience). Sciatic nerves were
proximally crushed and distally stimulated by a bipolar sil-
ver electrode using supramaximal square wave pulses of 0.1
ms. Data were analyzed on a microcomputer using a Pow-
erLab system (4SP, AD Instruments).

Histological analysis

Immunofluorescence and Periodic acid-Schiff staining
(PAS). Tissues were fixed in 10% buffered formalin and
embedded in paraffin. Five pwm paraffin sections were
deparaffinized and rehydrated. For Periodic acid—Schiff
staining, rehydrated tissue sections were treated with 0.5%
periodic acid solution (Sigma-Aldrich, 3951), stained with
Schiff’s reagent (Sigma-Aldrich, 3952016), dehydrated and
mounted. Immunofluorescence analysis was performed
as described (19,21) with anti-GR (C-terminal, IGBMC,
#3249) and anti-Pax7 (DSHB, AB_528428) antibodies.
Mouse or rabbit IgGs were used as controls.

NADH staining. Cryosections (10 wm) were incubated
with staining solution [0.2 M Tris pH 7.4, 1.5 mM NADH
(Roche, 10128015001) and 1.5 mM nitroblue tetrazolium
(Sigma-Aldrich, N-6876)], dehydrated in an ascending
ethanol gradient, incubated twice with xylene and mounted
as described (19).
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Fiber cross-sectional area measurements

Muscle cross-sections were stained with dystrophin
(ab15277, Abcam) to mark the sarcolemma surrounding
each fiber, and cross-sectional area of gastrocnemius,
soleus, quadriceps and tibialis muscles were quantified
using the FIJI image-processing software as described
(21). In brief, individual fibers were identified based on
the intensity and continuity of the dystrophin-stained sar-
colemma surrounding each fiber by segmentation. The area
was measured after background subtraction, automated
thresholding and analyzed with particles function of FIJI.

Blood glucose measurements and glucose tolerance test

Basal glucose levels were determined on 6 h-starved mice by
blood collection from the tail vein.

Intraperitoneal glucose tolerance test (IPGTT) was per-
formed after 6 h fasting. Following measurement of the
basal glucose level (time 0), mice were intraperitoneally
injected with 20% glucose in sterile saline solution (0.9%
NaCl) at a dose of 2 g per kg body weight. Blood was col-
lected from the tail vein after 15, 30, 45, 60, 90 and 120 min
for glucose determination.

RNA extraction and analysis

Muscles and C2C12 cells were homogenized in TRIzol
reagent (Life Technologies, Darmstadt, Germany). RNA
was isolated using a standard phenol/chloroform extrac-
tion protocol, and quantified by spectrophotometry (Nan-
odrop, Thermo Fisher). cDNA was prepared by reverse
transcription of 2 pg of total RNA using SuperScript IV
(Life Technologies) and oligo(dT) primers according to the
supplier’s protocol. cDNA was diluted hundred times and
quantitative PCR was performed with a Lightcycler 480
IT (Roche) using the SYBR® Green PCR kit (Roche) ac-
cording to the supplier’s protocol (2 il cDNA, 4.8 ul H,O,
5 pl Syber Green 2x mix and 0.2 pl of 100 wM primer
mix). Primers are described in Supplementary Table S2.
188, 36b4 and Gapdh were used as internal controls. Data
were analyzed using the standard curve (22) and AACt
methods (23). Primer efficiency was calculated as Eff =
100 x 10(=1/theslopevalue) = 1) © Ag similar data were obtained
with the various analyses, only results obtained with 18S
housekeeping gene and the standard curve method are pre-
sented.

For RNA-seq, RNA integrity was confirmed by Bio-
analyzer, cDNA library prepared, and sequenced by the
standard Illumina protocol (HiSeq 4000, single-end, 50
bp) following the manufacturer’s instructions. Image anal-
ysis and base calling were performed using RTA 2.7.7
and bcl2fastq 2.17.1.14. Adapter dimer reads were re-
moved using DimerRemover. FastQC 0.11.2 (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) was used
to evaluate the quality of the sequencing. Reads were
mapped to the mouse mml0 genome (NCBI Build
38) using Tophat 2.1.1 (http://ccb.jhu.edu/software/tophat/
index.shtml) (24) and Bowtie2 2.3.4.3 (http://bowtie-bio.
sourceforge.net/bowtie2/index.shtml/) (25). Only uniquely
aligned reads were retained for further analyses. Quantifica-
tion of gene expression was performed using HTSeq 0.11.0

(26). For comparison among datasets, the transcripts with
more than 50 raw reads were considered. Differentially ex-
pressed genes (DEGs) were identified using the Bioconduc-
tor libraries EdgeR and DESeq (27,28). A P-value <107
and a fold change excluding values between 0.77 and 1.3
were used as a threshold for DEGs.

For microarray analysis, gene expression profiling was
performed on total RNA isolated from gastrocnemius and
soleus muscles of 9-week-old control and GRWm~/~ mice,
Biotinylated single strand cDNA targets were prepared
with the Ambion WT Expression Kit and the Affymetrix
GeneChip® WT Terminal Labeling Kit according to
Affymetrix recommendations. Following fragmentation
and end-labeling, cDNA was hybridized with GeneChip®
Mouse Gene 430 2.0 arrays (Affymetrix). Chips were
washed, stained and scanned with the GeneChip® Scan-
ner 3000 7G (Affymetrix). Raw data CEL files were pro-
cessed with Affymetrix Expression Console to calculate
probe set signal intensities and the Robust Multi-array
Average (RMA) algorithm with default settings was used
for normalization. Differentially regulated genes were de-
fined with fcros (29,30) (>50 signal units, f~value <0.025
or >0.975 for gastrocnemius; and >50 signal units, f~value
<0.05 or >0.95 for soleus muscles) and further submitted
for pathway analysis in WebGestalt (31) using the over-
representation analysis (ORA) method and a significant
level of FDR <0.05. Gene Ontology Enrichment analysis
was also performed with WebGestalt. Heatmaps were gen-
erated by centering and normalizing expression values with
Cluster 3.0 (32) and importing them to MultiExperiment
Viewer (MeV, http://mev.tm4.org/#/welcome) (33). Genes
were clustered according to the hierarchical method (HCL
clustering) using gene tree, the Pearson correlation and av-
erage linkage.

Nuclei isolation

Nuclei were isolated from mouse skeletal muscle as de-
scribed (34). In brief, muscles were homogenized in hypo-
tonic lysis buffer [10 mM HEPES-KOH pH 7.3, 10 mM
KCI, 5 mM MgCl,, 0.1% NP-40, 0.1 M PMSF, protease
inhibitor cocktail (45 wg/ml; Roche)]. For ChIP and 4C-
seq experiments, lysates were fixed with 1% paraformalde-
hyde (PFA) for 10 min, and incubated for additional 10
min with 125 mM glycine. Sample was further homogenized
with a loose dounce, and centrifuged at 1000 g for 5 min
at 4°C. Pellets were resuspended in 5 ml ice-cold hypotonic
buffer, filtered through 70 pm and 40 pm cell strainers, and
centrifuged at 1000 g for 5 min at 4°C to obtain nuclei.
For ATAC-seq and co-immunoprecipitation experiments, a
similar procedure was applied without PFA fixation.

To isolate nuclei from differentiated C2C12 cells, my-
otubes were fixed with 1% PFA for 10 min. PFA reaction
was quenched with 125 mM glycine for 5 min. Cells were
harvested and washed twice with ice-cold PBS. Cell pellets
were incubated with cytosolic buffer [10 mM HEPES, 60
mM KCI, 1 mM EDTA, 0.075% (v/v) NP40, 1 mM DTT
and 1 mM PMSF (pH 7.6) containing protease inhibitors
(Roche)], and incubated on ice for 8 min. After centrifu-
gation at 400 g for 5 min, nuclei were washed in PBS and
incubated on ice with 1% SDS-sonication buffer (50 mM
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Tris, pH 8.1, 10 mM EDTA, 1% SDS containing protease
inhibitors).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) followed by gPCR
analysis (ChIP-qPCR) was assessed on skeletal muscle or
C2C12 myotube nuclear extracts as described (34), using
anti-GR (C-terminal, IGBMC, #3249), anti-Nrfl (Abcam,
ab55744), anti-Myod1 (Cell signaling, 13812), or anti-Myog
(Santa Cruz, SC576) antibodies, or a mouse or a rabbit [gG
negative control on protein G-Sepharose 4B (GE Health-
care) (35). Primers used for ChIP-qPCR are described in
Supplementary Table S3.

For ChIP-seq analysis, libraries were prepared from AR-
(C-terminal, IGBMC, #3299), GR- (C-terminal, IGBMC,
#3249), H3K27ac- (Active Motif, 39133), H3K27me3-
(Active motif, 39155), H3K4me3- (Abcam, 1012-100),
H3K4mel- (Active Motif, 39297), Polr2- (Santa Cruz H-
224, SC9001) and Ctcf- (Sigma-Aldrich, 07-729) immuno-
precipitated DNA from skeletal muscle nuclear extracts as
described (34). ChIP-seq libraries were sequenced with an
Illumina Hiseq 4000 as paired-end 100 bp reads for Ctcf
and H3K4me3 or single-end 50 bp reads for the other
sequencing datasets, and mapped to the mm10 reference
genome using Bowtie 2 (25). Uniquely mapped reads were
retained for further analysis. MACS2 algorithm (https://
github.com/taoliut/MACS/) (36) was used for the peak call-
ing with non-immunoprecipitated chromatin as control.
All peaks with a FDR >0.01 were excluded from fur-
ther analysis. The genome-wide intensity profiles were vi-
sualized using the IGV genome browser (http://software.
broadinstitute.org/software/igv/) (37). HOMER was used
to annotate peaks and for motif searches (38). Genomic
features (promoter/TSS, 5 UTR, exon, intron, 3 UTR,
TTS and intergenic regions) were defined and calculated
using Refseq and HOMER according to the distance to
the nearest TSS. Clustering analyses were done with the se-
gMINER software (39), and clustering normalization was
done with the K-Means linear option. Venn diagrams were
generated with Venny (40) or InteractiVenn (41). Additional
binding site analyses were performed using the MEME
Suite (42). De novo identified motifs were referred to as
follow: R = purine (G or A); Y = pyrimidine (T or C).
Further bioinformatics analyses were performed with bed-
tools (https://bedtools.readthedocs.io/en/latest/index.html)
(43): fasta sequences were obtained from bed files with
GetFastaBed, location intersections were performed with
Intersect interval and Multiple intersect, and gene cen-
tric analyses of peak distribution were performed with
WindowBed.

ATAC-seq

ATAC-seq libraries were generated as described (44) with
some modifications. For Transposition Reaction, 50 000 nu-
clei from murine skeletal muscles were incubated with 25 pl
of TD reaction buffer and 2.5 wl of Tn5 Transposase re-
action mix (Nextera index kit FC-121-1030, Illumina, San
Diego, CA, USA) for 30 min at 37°C. To generate multi-
plexed libraries, the transposed DNA was initially amplified
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for 10 PCR cycles using 2.5 wl each of 25 wM PCR Primer 1
and 2.5 pl of 25 mM Barcoded PCR Primer 2 from the Nex-
tera index kit, 25 pl of NEBNext High-Fidelity 2x PCR
Master Mix (New England Biolabs, Boston, MA, USA) in
a total volume of 50 wl. After the reaction, transposed DNA
was purified using a Qiagen MinElute PCR Purification Kit
(Qiagen) and used for subsequent PCR amplification. Five
microliters of the amplified DNA was used to determine the
appropriate number of additional PCR cycles using qPCR.
The additional number of cycles was calculated through the
plotting of the linear Rn versus cycle, and corresponds to
one-quarter of the maximum fluorescent intensity. Ampli-
fication was performed on the remaining 45 p.l of the PCR
reaction using the 18 additional cycles. The amplified frag-
ments were further purified two times with AMPure XP
beads. The size distribution of the libraries was assessed
on Bioanalyzer with a DNA High Sensitivity kit (Agilent
Technologies, Santa Clara, CA, USA), and the concentra-
tion was measured with Qubit DNA High Sensitivity kit
in Qubit 2.0 Flurometer (Life Technologies, Carlsbad, CA,
USA).

Libraries were multiplexed and sequenced as 50 bp
paired-end reads on an Illumina Hiseq 4000 instrument.
Image analysis and base calling were performed using RTA
2.7.3 and bcl2fastq 2.17.1.14. Adapter dimer reads were
removed using DimerRemover. Raw fastq reads were first
evaluated using FastQC (www.bioinformatics.babraham.
ac.uk/projects/fastqc) before continuing. For each library,
raw .fastq reads were aligned using Bowtie2 version 2.3.4.3
to the mm10 reference genome. Chromatin accessibility
peaks were called using MACS2 using custom parame-
ters (-nomodel —broad —shift -100 —extsize 200 —keep-dup
all —qvalue 0.05) (36). Downstream processing of sequenc-
ing data was performed using Samtools (http://samtools.
sourceforge.net/) (45).

4C-seq experiments

Thymus from 4-week-old mice was dissected, minced in
PBS and mechanically dissociated in a 10 ml syringe. Thy-
mus homogenate was washed and filtered in PBS, and Dou-
ble positive (DP) thymocytes were sorted by FACS with
anti-CD4-PE (eBioScience, 12-0043-82) and anti-CD8a-
FITC antibodies (eBioScience, 11-0086-42). Five millions
of permeabilized DP thymocyte or skeletal muscle nuclei
were incubated overnight with the Dpnll restriction en-
zyme, and DNA segments were ligated with T4 DNA ligase
as described (46). Reverse cross-linked and purified DNA
was digested with Csp6I and circularized by T4 DNA lig-
ase. Fifty ng of purified DNA were used as a template for
PCR with bait-specific primers (Supplementary Table S4)
containing Illumina adapter termini. PCR reactions were
pooled and, after primer removal with 1.8x AMPure XP
beads, DNA was sequenced with a HiSeq 4000 (Illumina)
as single-end 50 bp reads. Sequences were trimmed to re-
move primer and bait fragment sequence with the sabre tool
(https://github.com/najoshi/sabre), mapped to the genome
with Bowtie and converted to restriction fragment space as
described (47). Interactions were called on single 4C exper-
iments with peakC (48), using a sliding window of 21 frag-
ments.
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Genomic distribution of peaks

The mm10 RefSeq Genes annotation available from the
UCSC table browser was used to define all genomic features
except enhancers. Multiple TSSs of genes were included in
the analysis. Enhancers were defined by mapping H3K27ac,
H3K4mel and H3K4me3 bam files on H3K27ac peaks.

Bioinformatics parameters

Parameters were set as default, with the exception of the
following:

RNA-seq:
DimerRemover parameters: -a AGATCGGAAGAGCA-
CACGTCTGAACTCCAGTCAC

Bowtie2 parameters: —very-fast-local

Tophat2 parameters: -read-realign-edit-dist 1000 -
read-edit-dist 2 -library-type FR First Strand -read-
mismatches 2

HTSeq parameters: —mode intersection-nonempty —
stranded reverse —minaqual 10 —type exon —idattr gene_id

Deseq2 R script: commands as they appear in the vignette
of Deseq2

edgeR R script: commands as they appear in the vignette of
edgeR

ChIP-seq:

Bowtie parameters: —very-fast-local

MACS2 parameters: callpeak — gsize 1.87¢9 —format
BAMPE - bw 300 — qvalue 0.01 —nolambda — mfold [5;
50] —slocal 1000 —-llocal 10000 —broad (only for broad peak
calling)

MEME-ChIP website parameters: —motif discovery and en-
richment mode classic mode —sequence alphabet DNA,
RNA or Protein — input the motifs Jaspar Core,
Vertabrates, UniPROBE Mouse — MEME options count
of motifs 5 width of motif 6-15

Homer parameters: -len 15

seqMINER: run java -Xmx8000m -jar seqMINER jar
when using Atac-seq bam files.

Protein analysis

Western blot analyses. Muscles were homogenized in
RIPA buffer [S0 mM Tris pH 7.5, 1% Nonident P40,
0.5% Sodium Deoxycholate, 0.1% SDS, 150 mM NacCl,
5 mM EDTA, 1 mM PMSF and protease inhibitor
cocktail (45 pg/ml; Roche)]. Homogenates were sepa-
rated in polyacrylamide gels and blotted to Hybond ni-
trocellulose membranes (Amersham Biosciences). Mem-
branes were decorated using the following antibodies: anti-
AR (C-terminal, IGBMC, #3299), anti-GR (C-terminal,
IGBMC, #3249, 1/500), anti-Pi3 kinase p85 (ab71925, Ab-
cam, 1/500), anti-Ddit4 (10638-1-AP, Proteintech, 1/500),
Akt3 (14982, Cell Signaling, 1/200), anti-phospho-mTOR
(Ser2448, 5536, Cell Signaling, 1/1000), anti-mTOR (2983,
Cell Signaling, 1/500), anti-phospho-4E-BP1 (Thr37/46,
2855, Cell Signaling, 1/1500), anti-4E-BP1 (9644, Cell
Signaling, 1/1500), anti-4E-BP2 (2845, Cell Signaling,
1/200), anti-phospho-FOXOT1 (Ser256, 9461, Cell Signal-
ing, 1/1000), anti-FOXO1 (2880, Cell Signaling, 1/1000),
anti-phospho-FOXO3a (Ser318/321, 9465, Cell Signaling,

1/1000), anti-FOXO3a (2497, Cell Signaling, 1/1000), total
OXPHOS rodent WB antibody cocktail (ab110413, Abcam,
1/1000), anti-beta-Tubulin (IGBMC, 1Tub2A2, 1/5000),
anti-Nrfl (ab55744, Abcam, 1/500), anti-Myodl (Cell
Signaling, 13812, 1/200), anti-Vinculin (H-10, SC25336,
Santa Cruz) and anti-Gapdh (clone 6C5, MAB374, Mil-
lipore; or #2118, Cell Signaling, 1/10000). Secondary an-
tibodies conjugated to horseradish peroxidase (Jackson
ImmunoResearch, 1/10000) were detected using an en-
hanced chemiluminescence detection system (ECLplus, GE
Healthcare) and an ImageQuant LAS 4000 biomolecular
imager (GE Healthcare). Protein quantification was as-
sessed by the FIJI/Imagel distribution software (https://
imagej.net/ImagelJ) (49).

Immunoprecipitation assays. 200 pg of muscle nuclear ex-
tracts were incubated with 5 pg of anti-GR (C-terminal,
IGBMC, #3249), anti-Myod1 (13812, Cell Signaling) or
anti-Myog (SC576, Santa Cruz) antibodies, or rabbit IgG,
and processed for Western bot analyses. Membranes were
incubated with mouse anti-rabbit IgG (L27A9 Conforma-
tion Specific, Cell signaling, 1/5000) for 1 h at room temper-
ature before addition of the secondary antibodies following
manufacturer’s instructions.

Recombinant protein expression and purification

The cDNA encoding the human GR DNA binding domain
(DBD; A412-G5006), cloned in the pETite vector encoding
a N-terminal His6 coupled to a SUMO fusion protein
(Lucigen Corp.), was expressed in E. coli BL21 (DE3)
pRARE, by 0.1 mM isopropyl-B-d-thiogalactopyranoside
(IPTG) induction at 18°C overnight. Bacteria were re-
suspended in 20 mM Tris—HCI pH 8§, 400 mM NaCl, 5%
glycerol, 4 mM 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate hydrate (CHAPS), 2 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), 20 mM
imidazole, and a protease inhibitor cocktail, sonicated and
centrifuged. The supernatant was loaded on a HisTrap FF
crude column (GE Healthcare). Proteins were eluted at
250 mM imidazole, dialyzed in imidazole-free buffer in the
presence of SUMO protease (1 U/1000 wg protein), loaded
on a Heparin prepacked column (GE Healthcare), eluted
with a salt gradient (20-1000 mM) and further purified by
size exclusion chromatography on Superdex S75 (16/60 and
10/300, GE Healthcare) using 10 mM HEPES-KOH pH
7.5, 150 mM KAc, 3 mM MgAc and 1| mM TCEP buffer.
Protein samples were concentrated using Amicon-Ultra
centrifugal filter units (Millipore).

Strep-tagged human GR protein (amino-acids 1-777)
was expressed in SF9 insect cells in the presence of 10 puM
dexamethasone for 48 h. Cells were harvested and resus-
pended in 20 mM Tris—-HCI pH 8.0, 400 mM NacCl, 5%
glycerol, 4 mM CHAPS, 4 mM TCEP, 10 uM triamci-
nolone acetonide and a protease inhibitor cocktail. After
sonication, the lysate was centrifuged to collect the solu-
ble fraction, which was incubated at 4°C during 2 hours
with Streptactin beads (IBA). Proteins were eluted with the
same buffer supplemented with 5 mM desthiobiotin. After
concentration using 50 kDa cutoff Amicon-Ultra centrifu-
gal filter units (Millipore), GR was further purified by size
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exclusion chromatography on Superdex 200 10/300 (GE
Healthcare) using 20 mM HEPES-KOH pH 7.5, 400 mM
NaCl, 3 mM MgCl,, 1 mM TCEP and 10% glycerol buffer.

His-tagged mouse Myod!l protein (amino-acids 1-318)
was expressed in E. coli BL21(DE3) by IPTG induction.
Cells were resuspended in 50 mM Tris—HCI pH &, 300 mM
NacCl, 10% glycerol, | mM CHAPS, 1 mM TCEP, 20 mM
imidazole and a protease inhibitor cocktail. After sonica-
tion, the lysate was centrifuged, and the soluble fraction
was collected and loaded on a Histrap column (GE Health-
care). Proteins were eluted over an imidazole gradient. Af-
ter dialysis, Myod1 was concentrated using 30 kDa cutoff
Amicon-Ultra centrifugal filter units (Millipore), and puri-
fied on a Superdex 200 10/300 (GE Healthcare) using 20
mM HEPES-KOH pH 7.5, 400 mM NacCl, 3 mM MgCl,,
I mM TCEP and 10% glycerol buffer.

His-tagged human TIF2 polypeptide (amino-acids 623—
773) was expressed in E. coli BL21(D3) by IPTG induc-
tion. After harvesting, cells were resuspended in 20 mM
HEPES pH 8.0, 60 mM NaCl, 60 mM KCI, 5 mM MgCl,, 1
mM CHAPS, 10% glycerol, | mM TCEP and a protease in-
hibitor cocktail. After sonication, the lysate was centrifuged
and the soluble fraction was collected and loaded on a His-
trap column (GE Healthcare). The hTIF2 fragment was
eluted over an imidazole gradient, concentrated using a 3
kDa cutoff Amicon-Ultra centrifugal filter units (Millipore)
after dialysis against the imidazole-free buffer, and purified
on a Superdex 200 10/300 (GE Healthcare) using 20 mM
HEPES-KOH pH 7.5, 400 mM NacCl, 3 mM MgCl,, | mM
TCEP and 10% glycerol buffer.

Microscale thermophoresis

Microscale thermophoresis (MST) was performed as de-
scribed (50). The apparent Kd value of the GR DBD bound
to DNA was measured using a Monolith NT 115 from Nan-
oTemper Technologies GmbH. Recombinant purified GR
DBD was labelled with the fluorescent dye NT-647 (Nan-
oTemper Technologies) using the Monolith NTTM Protein
Labelling kit (amine reactive). The labelling procedure and
the subsequent removal of free dye were performed within
1 hour. Unlabeled DNA was serially diluted from a concen-
tration of 100 wM to I nM in the presence of 1667 nM la-
belled receptor, and loaded into Premium capillaries (Nan-
oTemper Technologies reference MOK025). Measurements
were performed at 20°C in 10 mM Hepes KOH pH 7.4, 150
mM KOH, 3 mM MgAc, 1 mM TCEP, and 1% BSA, at
50% LED power and 20% IR-laser power. Data were ana-
lyzed using the MO Affinity Analysis v2.3 software (https:
/lnanotempertech.com/monolith-mo-control-software/).

In vitro pull-down assay

One nmol of recombinant human GR was incubated at
4°C with 50 pl of streptactin beads pre-equilibrated in
the size exclusion chromatography buffer. After 1 h, the
flowthrough was collected by centrifugation at 500 g, and
beads were washed with 20 mM HEPES-KOH pH 7.5, 250
mM NaCl, 3 mM MgCl,, 1 mM TCEP and 10% glycerol
buffer. 2.5 nmol of recombinant Myodl or hTIF2 frag-
ment were incubated with beads at 4°C for 1 h. Beads were
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washed, proteins were eluted with 5 mM desthiobiotine and
loaded on a 12.5% polyacrylamide SDS PAGE gel. After
electrophoresis, gel was stained with Instant Blue Protein
Stain (Expedeon Protein Solutions).

Mitochondrial activity

Mitochondrial functions were analyzed in differentiated
C2CI12 cells by a Seahorse XF96 Extracellular Flux Ana-
lyzer (Agilent Technologies, UK) following manufacturer’s
instructions. Briefly, C2C12 myotubes, seeded in XFe96
cell culture microplates (Agilent Technologies) and trans-
fected with siRNA directed against Nrfl, GR, Myodl or
a control siRNA, were incubated with Seahorse XF as-
say media [25 mM glucose, 1 mM pyruvate and 2 mM
glutamine (Agilent)] at 37°C in a CO; free incubator
for 1 h prior the experiment. The variations in Oxygen
Consumption Rate (OCR, pmol/min) were recorded af-
ter the sequential addition of oligomycin (ATP synthase
inhibitor, 1 wM; Sigma-Aldrich), carbonyl cyanide m-
chlorophenylhydrazine (FCCP; mitochondrial uncoupling,
2 wM; Sigma-Aldrich) and Rotenone (complex I inhibitor,
0.5 wM; Sigma-Aldrich) in combination with antimycin A
(complex III inhibitor, 0.5 wM; Sigma-Aldrich). OCR val-
ues were further normalized to protein content in individ-
ual wells using Bradford Reagent (ab119216, Abcam). Basal
and maximal respirations were calculated following manu-
facturer’s instructions.

Native polyacrylamide gel analysis

Oligonucleotides (Supplementary Table S5) were annealed
at 1 mM in 10 mM Tris—HCI pH 8.0, 100 mM NaCl, and
0.1 mM EDTA, and incubated with purified recombinant
GR DBD in a 1:1.2 protein dimer:DNA molar ratio as de-
scribed (51). GR DBD-DNA complexes were loaded on an
8% native poly-acrylamide gel, run in TBE buffer [89 mM
Tris base, 89 mM boric acid (pH 8.3), and 2 mM EDTA-
Na;] and stained with Instant Blue Protein Stain (Expedeon
Protein Solutions).

Quantification and statistical analysis

Data are represented as mean + SEM. Significance was
calculated with GraphPad Prism (www.graphpad.com,
GraphPad Software) using:

(1) two-tailed Student’s t test for Figures 2H, 3D-G, 1, ],
4E, SF-H, Supplementary Figures S2H, P, S3B-D, F,
I-L, S4E, G, I-K, SS5F, H-N;

(2) one-way ANOVA for Figures 51, 7E, F, Supplementary
Figures S7F, H;

(3) two-way ANOVA for Figure 3H, Supplementary Fig-
ures S3G, H, M, S4F, S7G.

RESULTS

Identification and characterization of skeletal muscle-specific
enhancer regions

To characterize the mechanisms underlying gene transcrip-
tion in skeletal muscle, we performed genome-wide stud-
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ies. Transcriptome analysis of mouse gastrocnemius mus-
cles by RNA sequencing (RNA-seq) detected almost 11 000
transcribed genes (RNA-seq read counts above 50) (Supple-
mentary Figure S1A). To identify cis-regulatory elements,
we performed a chromatin immunoprecipitation assay, fol-
lowed by massive parallel sequencing (ChIP-seq) using an
antibody directed against histone H3 acetylated at lysine
27 (H3K27ac), which is present at both active promoters
and enhancers (52). We identified 21 377 peaks distributed
at intronic and intergenic regions, as well as around the
transcription start site (TSS, —1000 bp; +100 bp, Supple-
mentary Figure S1B). Bedtools analysis using the TSS co-
ordinates revealed that 94% of skeletal muscle expressed
genes exhibit at least one H3K27ac peak within their pro-
moter region defined as +1 kb from TSS (Supplementary
Figure S1A and Supplementary Table S6), whereas only
10% of the non-expressed genes were positive for this hi-
stone mark (Supplementary Figure SIA and Supplemen-
tary Table S7). Thus, the presence of H3K27ac is a rel-
evant predictor for active transcription in skeletal mus-
cles. To identify open regulatory regions, we performed
transposase-accessible chromatin profiling (ATAC-seq) and
identified 67 218 peaks, mainly located at intergenic and in-
tronic regions (Supplementary Figure S1B), with 80% lo-
cated between 5 and 500 kb from the TSS and a median
value of about 50 kb (Supplementary Figure S1C). In ad-
dition, ATAC-seq signals strongly correlated with those of
H3K27ac (Figure 1A), and 90% of the expressed genes with
H3K27ac peaks at the promoter region also had an ATAC-
seq peak within a window of 50 kb around the TSS (Sup-
plementary Figure S1D and Supplementary Table S6).

To further characterize the chromatin landscape in skele-
tal muscles, we performed ChIP-seq analyses of addi-
tional histone marks. We identified ~75 000 peaks for H3
monomethylated at lysine 4 [H3K4mel, a chromatin hall-
mark of enhancers (53)], ~19 000 for H3 trimethylated at ly-
sine 4 [H3K4me3, a mark enriched at promoter regions (53)]
and ~13 000 for the RNA polymerase II (Polr2) (Supple-
mentary Figure S1E). We unveiled ~14 000 active promoter
regions defined by the presence of H3K27ac, H3K4me3 and
Polr2, and low H3K4mel levels, as well as ~27 000 ac-
tive enhancer regions defined by the presence of H3K27ac,
H3K4mel and Polr2, and low H3K4me3 levels (Figure 1B
and C). Note that 70% of genes, the TSS of which is as-
sociated with at least one peak of H3K27ac, H3K4me3,
H3K4mel and Polr2, are transcribed (Supplementary Fig-
ure S1F). The identified promoters and enhancers were de-
void of the H3K27me3 repressive mark (Figure 1B, C and
Supplementary Figure S1E) and were strongly associated
with the presence of ATAC-seq peaks (Supplementary Fig-
ure S1G), demonstrating that most of them are located
in open-chromatin regions, in contrast to non-transcribed
genes (Supplementary Figure S1G). To determine whether
the identified skeletal muscle enhancers are tissue-specific,
we extended our analysis to murine prostatic (54), adipose
(55) and hepatic tissues (56) (Supplementary Figure S1H),
and revealed 13 200 active enhancers in prostate, 23 500 in
adipose tissue and 19 400 in liver (Supplementary Table S8).
Remarkably, only 10% of the identified enhancer regions
were common across tissues, whereas the remaining clusters
were remarkably tissue-specific (Figure 1D and E).

Next, we questioned which transcription factors might be
recruited to the skeletal muscle genomic regions identified
in Figure 1B. Known motif search using hypergeometric
optimization of motif enrichment (HOMER, http://homer.
ucsd.edu/homer/) analysis revealed that promoter regions
were essentially characterized by repetitive DNA elements
(Figure 1F), whereas enhancer regions featured binding se-
quences for the transcription factors ZNF416 (Zfp418 in
mouse, 29%), Tfap4 (26%), Myodl (18%), and the pro-
gesterone receptor (PR; NR3C3 39%), as well as andro-
gen receptor (AR; NR3C4) half-site motifs (61%) (Figure
1G). The normalized gene expression obtained from RNA-
seq data showed that Myodl1 is the most expressed among
these factors in skeletal muscles (Figure 1H). Taking ad-
vantage of available Myod1 ChIP-seq datasets in myotubes
(57-59), we found that half of the muscle-specific enhancers
were bound by Myodl in myotubes (Figure 11 and J). In
contrast, prostate-specific enhancers were mainly associ-
ated with ERG and SIX2 motifs, whereas PPAR (NR1C)
and RXR (NR2B1) motifs were found at enhancers iden-
tified in adipose tissue, and ERRa (NR3B1) and THRb
(NR1A2) were predominant in liver (Supplementary Fig-
ure S1I). Thus, most active enhancers in skeletal mus-
cle encompass binding sites for transcription factors dis-
tinct from those identified in prostate, adipose tissue and
liver.

GR is located at active enhancers in skeletal muscles

To characterize skeletal muscle-specific enhancers in more
details, we determined AR cistrome by ChIP-seq. Only 584
peaks that were not correlated with the presence of en-
hancer or promoter marks were obtained (Supplementary
Figure S2A and S2B). Note that Western blot analyses re-
vealed that AR levels are at least 10-times lower in muscles
than in prostate, a key androgen responsive tissue (Supple-
mentary Figure S2C), indicating that only few skeletal mus-
cle enhancer-containing putative AR binding elements are
bound by AR.

Phylogenetic studies have shown that AR, the miner-
alocorticoid receptor (MR/NR3C2), the progesterone re-
ceptor (PR), and the glucocorticoid receptor (GR) form
the oxosteroid nuclear receptor subfamily (60). These re-
ceptors are liganded by natural 3-ketosteroids and bind as
homodimers similar DNA segments composed of two 5'-
RGAACA-3' palindromic half-sites separated by 3 bps (in-
verted repeat IR3) (61). Interestingly, in skeletal muscles,
GR was almost 10-times more expressed than AR, MR and
PR (Figure 2A).

Although numerous studies have identified GR binding
profiles upon treatment with high doses of synthetic ag-
onists (e.g. dexamethasone), the GR cistrome in skeletal
muscles at endogenous glucocorticoid levels remained un-
known. Therefore, we carried out a genome-wide GR chro-
matin occupancy study in mouse limb muscles and unrav-
eled 23 196 high-confidence peaks (Supplementary Figure
S2A). Importantly, GR was bound to half of the skele-
tal muscle-specific enhancers (Figure 2B and C). Addi-
tionally, by profiling GR peaks with the other chromatin-
binding and epigenomic markers, we observed that GR is
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Figure 1. Characterization of mouse skeletal muscle enhancers. (A) Tag density map of mouse skeletal muscle ATAC, H3K27ac and H3K27me3 locations,
+5 kb from the ATAC-seq peak center. (B, C) Tag density map of mouse skeletal muscle H3K27ac, H3K4mel, H3K4me3, H3K27me3 and Polr2 associated
locations, £5 kb from the peak center of H3K27ac (B), and corresponding average tag density profiles of the two identified clusters (C). (D, E) Tag density
map of prostate, skeletal muscle, adipose tissue and liver H3K27ac binding sites, + 5 kb from the peak center of enhancers identified in these four tissues
(D), and corresponding average tag density profiles (E). (F, G) HOMER known motif analysis of active promoters (F) and active enhancers (G) in skeletal
muscle. BG refers to estimated background. (H) Normalized expression of indicated genes in mouse gastrocnemius muscles. (I, J) Tag density map of
mouse skeletal muscle H3K27ac and H3K4mel, and C2C12 myotube Myod1 binding sites, +5 kb from the peak center of skeletal muscle enhancers (I),
and corresponding average tag density profile of Myod1-bound enhancers (J).
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Figure 2. GR binding profile in mouse skeletal muscles. (A) Normalized gene expression of indicated genes in mouse gastrocnemius muscles. (B, C) Tag
density map of mouse skeletal muscle H3K27ac, H3K4mel and GR binding sites, +5 kb from the peak center of skeletal muscle-specific enhancers (B),
and corresponding average tag density profile of GR-bound enhancers (C). (D, E) Tag density map of mouse skeletal muscle GR, H3K27ac, H3K4mel,
H3K4me3 and Polr2 binding sites, +5 kb from the peak center of GR (D), and corresponding average tag density profiles of the two identified clusters (E).
(F) Localization of GR, H3K27ac, H3K4mel, H3K4me3 and Polr2 at the Eif4ebp2 locus. The two GR binding sites localized at the enhancer (GBSel and
GBSe2) and the promoter (GBSp1), and the non-specific binding region (ns) are boxed in red. (G) HOMER de novo motif analysis of GR response elements
(GREs) peaks located at enhancers and promoter regions. BG refers to estimated background. (H) Chromatin immunoprecipitation (ChIP) followed by
@PCR analysis (ChIP-qPCR) performed with anti-GR antibodies in skeletal muscle of control and GR®™~/= mice at GBSel (GRE1), GBSe2 (GRE2)
and GBSpl. The non-specific binding region (ns) depicted in (F) was used as a negative control. n = 3 mice. Mean + SEM. *P < 0.05; **P < 0.01. (I)
Microscale thermophoresis analysis and corresponding binding affinities of GR DBD to indicated DNA probes.
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present at active promoters (~9500 peaks) and at active en-
hancers (~6300 peaks) (Figure 2D). GR peaks reside within
nucleosome-free regions within the valley of H3K27ac at
both promoter and enhancer regions (Figure 2E), in agree-
ment with the previously described binding profiles of tran-
scription factors (62).

The 23 196 GR binding sites were associated with 11 302
genes, and were equally distributed between the TSS (—1000
bp; +100 bp), intronic, and intergenic locations (Supple-
mentary Figure S2A). Pathway analysis unveiled that the
genes bound by GR in skeletal muscles are related to mus-
cle atrophy, including genes of the proteasome system, au-
tophagy, mitophagy, or the Foxo signaling pathway, as well
as to metabolism (thermogenesis, thyroid hormone signal-
ing pathway, or fatty liver diseases) and to anabolism (in-
sulin and mTOR signaling pathways) (Supplementary Fig-
ure S2D). Various loci of genes involved in these pathways
(e.g. Eif4ebp2, Pik3rl, Fkbp5, Ddit4, Ppplr3c and Gadd45g)
are depicted in Figure 2F and Supplementary Figure S2E.
HOMER known motif search revealed that GR is bound
to 5-GRACAnnnTGTYC-3' GRE motifs in >22% of tar-
geted enhancer regions (Figure 2G). In contrast, such mo-
tifs were found in only 5% of the GR-bound promoter re-
gions (Figure 2G). Altogether, our data show that GR is
bound to a large number of muscle-specific enhancers via
GRE:s.

To identify myofiber-specific GR binding sites, we gener-
ated GRWm~/~ mice in which GR is selectively ablated in
myofibers at adulthood. As expected, GR L2 alleles (Sup-
plementary Figure S2F) were selectively converted into L-
alleles in various skeletal muscles of GR®*™=/= muytant
mice (Supplementary Figure S2G), and GR RNA and pro-
tein levels were strongly reduced in these muscles, but not
in other tissues (e.g. liver) (Supplementary Figure S2H and
S2I). Moreover, immunofluorescent detection of GR pro-
tein revealed that GR was efficiently ablated in skeletal mus-
cle fibers, but not in Pax7-positive satellite cells (Supplemen-
tary Figure S2J). Sequencing of chromatin isolated from
GRWkm=/= muscles and immunoprecipitated with GR an-
tibodies uncovered nearly 3 100 peaks, mainly located at in-
trons and intergenic regions (Supplementary Figure S2K),
and associated to 2 380 genes. SeqMINER analysis showed
that the location of these peaks is distinct from that in wild-
type mice (Supplementary Figure S2L), and that only 10%
of genes bound by GR in skeletal muscles of WT mice
were also bound in those of GRV**™~/~ mice (Supplemen-
tary Figure S2M). Note that GR was no longer recruited
to the enhancer region of Eif4ebp2, Pik3rl, Fkbp5, Ddit4,
Ppplr3c and Gadd45¢ in GRV¥™=/= muscles (Supplemen-
tary Figure S2N). Moreover, HOMER motif search unrav-
eled that sequences below GR binding sites in GR®skm—/~
muscles do not correspond to GREs, but mainly to bZIP
(e.g. Atf, Jun), Hiflb and Smad4 motifs (Supplementary
Figure S20), indicating that GR might tether on various
transcription factors in other cell types of the muscle tissue.
Together our data show that the recruitment of GR to the
identified binding sites in skeletal muscle is largely myofiber-
specific.

Nucleic Acids Research, 2021, Vol. 49, No. 8 4481

GR binds with high affinity to both consensus and non-
consensus GREs

To further investigate the molecular basis of GR-mediated
direct gene activation, we focused on representative en-
hancer and promoter regions of the translation repressors
Pik3rl (Supplementary Figure S2E) and Eif4ebp2 (Figure
2F), which are characterized by long (500 kb) and short (40
kb) 5'-intergenic region, respectively. ChIP-seq analysis re-
vealed two GR-binding sites located at —15.5 and —12.5
kb of the Eif4ebp2 TSS (GBSel and GBSe2, respectively)
and one at the promoter region (GBSpl) (Figure 2F). In
addition, we identified at least five GREs in the enhancer
region of Pik3rl, including a close-to-consensus motif (5'-
AGAACAtcgTGTTCC-3, GBSe3; GRE3) 50 kb upstream
of the TSS (Supplementary Figure S2E). Interestingly, the
sequence of GBSel (5-AGAACActcAGTCCT-3', GREI)
and GBSe2 (5-GGTACAcagAGTGCC-3', GRE2) differed
by several nucleotides from the consensus IR3 sequence.
ChIP followed by gPCR (ChIP-qPCR) analysis confirmed
GR binding to these elements in limb muscles of wild-type
mice, whereas almost no amplification was obtained in non-
specific regions (ns, Figure 2H and Supplementary Figure
S2P). Of note, no GRE-like sequence was identified in GR-
bound promoter regions of Eif4ebp2 (GBSpl, Figure 2F)
and of Pik3rl (GBSp2, Supplementary Figure S2E), and
almost no amplification was detected with chromatin from
limb muscles of GRW™~/~ mice (Figure 2H, Supplemen-
tary Figure S2N and P), demonstrating that GR recruit-
ment to these elements is myofiber-specific.

The Eif4ebp2 binding site GRE1 is composed of a con-
sensus half-site and a second half-site differing from con-
sensus by two base pairs at positions +2 and +5 (0 being
the central base pair of the spacer). Moreover, GRE2 differs
from the consensus sequence by two (at positions -5 and -
7) and three (at positions +2, +5 and +7) base pairs in the
first and in the second half site, respectively. Native poly-
acrylamide gel analysis revealed that the recombinant hu-
man GR DNA binding domain (DBD) formed a complex
with the Gilz (T5¢22d3) GRE (5'-AGAACAttgGGTTCC-
3), a GR response element structurally and functionally
characterized in a number of studies (63) (Supplementary
Figure S2Q), as well as with GRE1 and GRE2. In contrast,
no complexes were formed in the presence of an unrelated
probe located in the vicinity of GRE2, or when the base
pairs at positions —3 and +3, which were shown to be es-
sential for GR DBD recruitment to DNA (63), were mu-
tated (Supplementary Figure S2Q). To determine the bind-
ing affinity of GR DBD to the various DNA segments,
we performed microscale thermophoresis (MST) analyses.
Whereas the measured dissociation constant (Kd) between
GR DBD and either GREI, GRE2, or GREgilz were sim-
ilar (195, 204 and 154 nM, respectively; Figure 2I), that of
the non-specific probe was at least 30 times above these val-
ues. Thus, GR DBD binds with high affinity to the identi-
fied non-consensus GREs. Altogether, our data show that
myofiber GR binds to consensus and non-consensus GREs
at active enhancers, whereas its recruitment to promoters
appears to be mainly GRE-independent.
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Myofiber GR down-regulates anabolic pathways at physio-
logical glucocorticoid levels

To identify the pathways regulated by myofiber GR at phys-
iological glucocorticoid levels, we performed transcriptome
analyses in skeletal muscles, one week after GR ablation. In
gastrocnemius muscles, which are mostly composed of fast-
twitch muscle fibers (type II), 763 and 1041 genes were up-
and down-regulated in GRV™~/~ mice, respectively (Fig-
ure 3A). Among the down-regulated genes, we found FkbpS5,
Gadd45g, Ppplr3c, Ddit4 and Pik3rl (Figure 3A). Interest-
ingly, in skeletal muscles of control mice, GR was bound
to >90% of genes that were downregulated in GR®skm—/~
mice (Figure 3B). Pathway analysis revealed that direct GR
targets encode factors involved in muscle homeostasis, in-
cluding oxidative metabolism (e.g. fatty acid synthesis and
oxidation) and muscle mass regulation (e.g. insulin and
PI3K-AKT signaling, myocyte hypertrophy and amino acid
metabolism) (Figure 3C). RT-qPCR showed that the levels
of anabolic (4kt3, Rps6kbl and Pi3kca) and anti-anabolic
(Ddit4, Eif4ebpl, Eif4ebp2 and Pi3krl) transcripts were in-
creased and decreased, respectively, upon GR ablation (Fig-
ure 3D). Transcriptomic analysis performed in soleus mus-
cle, which is mostly composed of slow type I and Ila fibers,
revealed no DEGs between control and GR®™~/~ mice
with the cropping parameters used for gastrocnemius mus-
cle (f-value < 0.025). Note that only 167 genes were down-
regulated with a f-value <0.05 and a fold-change <0.8,
and 276 up-regulated with a f-value >0.95 and a fold-
change >1.25 (Supplementary Figure S3A), showing that
GR mainly contributes to the regulation of gene expression
in fast type II fibers.

Interestingly, loss of GR led to an increased mass of gas-
trocnemius, tibialis and quadriceps limb muscles (Figure
3E, Supplementary Figure S3B and C), which are all mainly
composed of fast-twitch fibers. In accordance, the analy-
sis of body mass repartition by quantitative nuclear mag-
netic resonance (QNMR) revealed a 14% increase in lean
mass, but no difference in fat content (Figure 3F). Elevated
muscle mass led to a 5—13.5% increased body weight of
GROkm=/= mice between 10 and 30 weeks of age (Supple-
mentary Figure S3D). Histological analyses revealed that
the number of muscle fibers was similar in 4-month-old
control and GR™k™=/= mijce (Supplementary Figure S3E
and F). However, whereas fiber cross sectional area (CSA)
distribution was centered around 2000 wm? in gastrocne-
mius muscle of control mice, it was shifted to 2500 wm? in
that of GRW*™=/~ mijce, resulting in an increased average
fiber CSA (Figure 3G and H). Similar shifts in CSA oc-
curred in tibialis and quadriceps muscles (Supplementary
Figure S3G—I). Interestingly, limb muscle strength assessed
by grip test was increased by 6 and 10% in 4- and 5-month-
old GRWkm=/= mice, respectively (Figure 3I). Moreover, at
4 months of age, tibialis maximal tetanic force was 24%
higher in GRV*m~/~ mice than in control mice (Figure
3J), whereas its specific force was similar in control and
GR®km=/= mice (Supplementary Figure S3J), demonstrat-
ing that increased muscle strength results from increased
muscle mass. Of note, neither muscle mass nor CSA was
affected in soleus muscle (Supplementary Figure S3K—M).

Altogether, these results show that physiological glucocorti-
coid levels negatively regulate the mass and strength of fast-
twitch limb muscles in adult mice by restricting fiber size via
myofiber GR.

To determine molecular determinants underlying in-
creased muscle mass and strength in GR®™~/= mijce, we
performed transcriptome analyses of gastrocnemius mus-
cles at 16 weeks. We found 3264 differentially expressed
genes, of which 1834 were up- and 1430 were down-
regulated. Pathway analysis revealed that part of down-
regulated genes is related to muscle metabolism, including
electron transport chain and glucose metabolism (Figure
4A and Supplementary Figure S4A). However, the levels
of proteins involved in various OXPHOS sub-complexes
and the activity of mitochondrial complex I were not af-
fected upon GR loss (Supplementary Figure S4B and C).
Moreover, the analysis of glycogen content determined by
Periodic acid—Schift (PAS) staining (Supplementary Figure
S4D), blood glucose levels and glucose uptake (Supplemen-
tary Figure S4E and F) showed that glucose metabolism is
similar in control and GRWsk™~/= mjce. In addition, choles-
terol, triglycerides, free fatty acids and glycerol levels were
not affected by loss of GR in myofibers (Supplementary
Figure S4G). Altogether, our data show that loss of GR has
no major effect on glycolytic and oxidative metabolism in
skeletal muscle.

Other genes down-regulated in the absence of GR in my-
ofibers were related to striated muscle contraction, focal
adhesion, PI3K-Akt-mTOR-signaling pathway, amino acid
metabolism and translation factors (Figure 4A), whereas
up-regulated genes were involved in MAPK signaling, in-
sulin signaling and mRNA processing (Figure 4B). The ex-
pression levels of genes involved in these pathways are de-
picted as a heatmap in Figure 4C. In accordance, protein
levels of the anabolic factor Akt3 were higher in muscles
of GROskm—/— mjce whereas those of anti-anabolic fac-
tors Pik3rl, Ddit4, Eif4ebpl and Eif4ebp2 were strongly
decreased, leading to a global activation of the mTOR
cascade (Figure 4D and E). As pharmacological levels of
glucocorticoids induce muscle catabolic pathways via GR
in collaboration with Foxol (64), we determined whether
GR loss affects this pathway. In the absence of myofiber
GR the ratio between phosphorylated and total Foxol was
decreased (Supplementary Figure S4H—1J), indicating that
the catabolic pathway might be induced. However, the lev-
els of transcripts encoding various proteins of the protea-
some [e.g. Trim63 (Atroginl) and Fbxo32 (Murfl)], in-
volved in autophagy (e.g. Atg3, Bnip3, Ctsl and Becnl)
and calpains (e.g. Capnl and Capn2) were similar in gas-
trocnemius muscle of control and GR®*™~/~ mice (Sup-
plementary Figure S4K). Note that the increased ratio
between phosphorylated and total Foxo3a (Supplemen-
tary Figure S4H-J) might counteract the decreased Foxol
ratio.

Together, our data show that myofiber GR impairs the
AKT/mTOR signaling pathway by a dual effect on this cas-
cade, since anti-anabolic factors are induced while anabolic
factors are reduced, thereby limiting muscle fiber size, with-
out affecting the catabolic cascade.
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Figure 3. Phenotypic characterization of GR®skm—/= mice. (A) Volcano plot depicting in red genes differentially expressed in gastrocnemius muscles

of GR®sm=/= mice one week after GR ablation. (B) Overlap between genes with GR peaks and those down-regulated one week upon GR loss. (C)
Pathway analysis of up- and down-regulated genes in gastrocnemius muscle of 9-week-old GROskm—/= mice (D) Relative transcript levels of representative
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GRkm—/~ mice at indicated ages. (F) qNMR analysis of total fat, lean and free body fluid (FBF) content of 16-week-old control and GR®skm—/= mijce,
(G, H) Mean cross section area (CSA) (G) and fiber CSA distribution (H) of gastrocnemius muscle from control and GROskm=/= mjce at 16 weeks. (I) Grip
strength of 8- to 20-week-old control and GR®km=/= mice. (J) In vivo absolute maximal isometric tetanic force of tibialis anterior muscle from control
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GR and Myod1 cooperate to regulate gene transcription in
myofibers

Since our data revealed that GR and Myodl are among
the major transcription factors associated with enhancers
in skeletal muscles, we questioned whether these factors are
functionally intertwined. Motif analyses of GR cistrome re-
vealed that Myod1 E-boxes (5'-CAGCTG-3’) are present in

more than 20% of GR-bound enhancers (Figure SA). More-
over, seqMINER analysis of Myodl ChIP-seq datasets in
myotubes and of GR cistrome in skeletal muscles indicated
that Myodl is bound at one-third of GR peaks (cluster 2,
Figure 5B and C). The absence of H3K4me3 associated
with the presence of H3K27ac at these shared sites sug-
gested that they are selectively located at enhancers (Fig-

1202 dunp 20 uo 1sanb Aq 61 L6129/2.¥/8/6/2101e/1eu w00 dno dlwspeoe//:sd)y wolj papeojumoq



Nucleic Acids Research, 2021, Vol. 49, No. 8 4485

A B C
‘ H3K27ac H3K4mel H3K4me3 GR Myod1
LA _ _
Myod1 motif EBCA CI %EEE 3 3 e
" =1 Cluster 2:
Location Enhancer GR and Myod1-bound regions
p-value 1e-281 g 50.0
(7]
% target 20.4% )
- 2
% BG 4.8% B
g Ke)
D g §92
Genes down-regulated o« g =
in GRYs™/- mice (1041 genes) [T} (@]
‘ g
[+
N -2.5kb +2.5 kb
H3K4me3 — GR
2 — H3K4me1 — Myod1
2 — H3K27ac
[4
(11302 genes) (7968 genes) @
5kb 1 +5kb
Center of peak
E F 0.6
o
W o oé
AP\ 2By | V" ) = 0.4
Q >
N e & 3 @ anti-Myod1
E OrigG
100 -| k—. -- ﬂ anti-GR S 0.2 A
*k
T —
- anti-Myod1
1 v o ULLEL HLHL
GRE2 ns GRE3 ns
Eif4ebp2 Pik3r1
locus locus
G anti-GR ChIP H anti-Myod1 ChiP I RT-qPCR C2C12 cells
0.6 - . - .
0.6 2157 .
>
2 *
- *k -~ .
5 0.4 - 5 0.4 %1_0. W siCtrl
2 B siCtrl g @ siCtrl 2 OsiGR
£ i = . g
o2 {fl. 5 0 siMyodi = 02 0 siGR = 051 OsiMyod1
2
=1
o
e ——— 0.0 (Hllmm HIl=e- € o
GRE2 ns GRE3 ns GRE2 ns GRE3 ns w‘o‘,‘l« ?\“3,(
Eifdebp2  Pik3r1 Eifdebp2  Pik3r1 9"‘
locus locus locus locus

Figure 5. Characterization of Myod1 and GR binding at the Eif4ebp2 and Pik3rl loci. (A) HOMER known motif analysis on Myod1 peaks located at GR-
bound enhancer regions. BG refers to estimated background. (B, C) Tag density map of H3K27ac, H3K4mel, H3K4me3 and GR in skeletal muscles, and
Myodl in C2C12 myotubes, & 5 kb from the GR peak center (B) and corresponding average tag density profiles of cluster 2 (C). (D) Overlap between genes
bound by GR in skeletal muscle and by Myod1 in C2C12 myotubes obtained from 3 merged datasets, and genes that are down regulated in GR®km=/~ mjce,
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1202 dunp 20 uo 1sanb Aq 61 L6129/2.¥/8/6/2101e/1eu w00 dno dlwspeoe//:sd)y wolj papeojumoq



4486 Nucleic Acids Research, 2021, Vol. 49, No. 8

ure 5B). A more detailed quantitative analysis of GR occu-
pancy at enhancers revealed three subsets (Supplementary
Figure SSA and B): one to which Myod1 binding is strongly
correlated (cluster 1, including those of Ddit4, Gadd45g,
Mef2a, Mt2, Pik3r3 and Tsc22dl), a second one with a
weaker Myod1 signal intensity (cluster 2, including those
of Camk2a, Fkbp5 and Pik3rl), and a third one in which
the binding of GR does not correlate with that of Myodl
(cluster 3). Overall, this analysis shows that 84% of GR-
bound enhancers are enriched in Myodl. In addition, the
overlap between genes bound by GR in mouse skeletal mus-
cles and those bound by Myod1 in myotubes revealed that
Myodl1 is recruited to half of the GR target genes (Fig-
ure SD). Moreover, one third of the genes down-regulated
in GRWm=/= mice were bound by GR in skeletal mus-
cles from wild-type mice and by Myodl in myotubes (Fig-
ure SD). Strikingly, co-immunoprecipitation experiments
demonstrated that GR and Myod]1 interact in skeletal mus-
cles (Figure SE). To determine whether this interaction is di-
rect, we performed pull-down assay with recombinant full-
length GR and Myod1 proteins. GR formed a complex with
a polypeptide of its coregulator TIF2, encompassing the nu-
clear receptor interaction domain (amino acids 623-773),
whereas Myod1 did not (Supplementary Figure S5C), indi-
cating that the interaction between GR and Myod]1 identi-
fied in skeletal muscle is indirect. To validate the recruit-
ment of Myodl at the enhancer region of Eif4ebp2 and
Pik3rl (Supplementary Figure S5D and E), we performed
ChIP-qPCR analysis in mouse skeletal muscle nuclear ex-
tracts. Myod1 was associated to the DNA segments encom-
passing GRE2 of Eif4ebp2 and GRE3 of Pik3rl, but not
to unrelated region (ns, Figure 5F). In C2C12 myoblasts,
Myod!l shares common bind sites with Myog, another E-
box binding factor involved in myogenesis (65). However,
Myog was expressed at much lower levels in gastrocne-
mius muscle than in myoblasts, whereas Myod1 levels were
similar (Supplementary Figure S5F). Moreover, RNA-seq
analysis revealed that Myog is 4 times less expressed than
Myodl in skeletal muscles (Supplementary Figure S5G). In
addition, ChIP-qPCR analysis on muscle nuclear extracts
showed that Myog was not recruited to the enhancer regions
of Eif4debp2 and Pik3rl (Supplementary Figure SSH).

To further characterize the interplay between GR and
Myodl on gene regulation, we performed small interfer-
ing RNA (siRNA)-mediated knock-down of these factors.
ChIP-qPCR analysis of C2C12 myotubes transfected with
scrambled siRNA showed GR binding to the DNA se-
quences located in the enhancer regions of Eif4ebp2 and
Pik3rl loci identified in skeletal muscles, whereas no DNA
was amplified upon GR silencing or from an unrelated re-
gion (ns, Supplementary Figure S5I-K). Similarly, Myod1
was recruited to the identified cognate DNA regions of the
Eif4ebp2 and the Pik3rl loci, and its binding was abolished
after siRNA-mediated knockdown (Supplementary Figure
S5L-N). Reduced expression of Myodl had no effect on
GR protein levels (Supplementary Figure S5L), but reduced
GR recruitment to its binding sites by at least 50% (Figure
5G). Importantly, GR silencing did not affect Myod1 lev-
els but strongly decreased Myod]1 recruitment at Eif4ebp2
and Pik3r1 loci (Figure SH and Supplementary Figure S51).
Moreover, silencing of GR or Myod1 decreased Eif4ebp?2

and Pik3rl transcript levels by about 50% (Figure 5I). Al-
together, our data show that GR and Myod1 cooperate at
enhancers to control gene expression in skeletal muscles.

GR and Myod]1 at enhancers interact with the promoter re-
gion of target genes via Nrfl

To determine whether GR and Myod1 located at enhancers
interact with the promoter region of their cognate target
genes, we performed circular chromosome conformation
capture-on-chip associated with high-throughput sequenc-
ing (4C-seq) (47) on muscle nuclear extracts. 4C-seq anal-
ysis of the Pik3rl locus identified >15 upstream domains
that interact with the promoter region (viewpoint), whereas
no interaction was detected downstream of the TSS (Fig-
ure 6A). Interestingly, these upstream regions were marked
by H3K4mel (Figure 6A) that was previously shown to be
present at chromatin contact regions (66), and one-third
of them was bound by GR via GREs and Myodl via E-
boxes (Figure 6A). Importantly, most of the identified in-
teractions were lost in skeletal muscles of GR W™=/~ mice
(Figure 6B) and in DP thymocytes (Figure 6C) (27% and
23% left, respectively), indicating that GR-dependent phys-
ical enhancer-promoter interactions are tissue/cell-specific.

Strikingly, the genomic DNA segment encompassing the
contact domains disclosed by our 4C-seq analysis in skeletal
muscle was delimited by two convergent CCCTC-binding
factor (Ctcf) binding sites (Figure 6A, Supplementary Fig-
ure S6A and B). At these binding sites, the presence of Ctcf
was not associated with H3K27ac, H3K4me3 or Myodl,
but with H3K4mel and GR at the gene body of Pik3rl
(cyan boxes, Figure 6A and Supplementary Figure S6A),
and only with H3K4mel in the upstream region (cyan
boxes, Figure 6A and Supplementary Figure S6B). Note
that Ctcf was bound to its binding sites in various cell
types including DP thymocytes (Supplementary Figure S6C
and D), and that these contact domains were present in
GRkm=/= mjce and DP thymocytes (Figure 6B and C,
cyan arrow heads). Thus, TAD formation/maintenance by
Ctcf is independent of the establishment of tissue-specific
contact domains.

Interestingly, Ctcf was not located at skeletal muscle-
specific enhancers per se (Figure 7A). Most of them were
within a wide window of 20 to 100 kb from the center of
these enhancer regions (Supplementary Figure S6E). In ad-
dition, >73% of the genes with a Ctcf peak at promoter re-
gions (£5 kb from TSS) had at least one additional Ctcf
peak within 100 kb from the TSS. These peaks, located at
intergenic regions or within the gene body of neighboring
genes, were localized in regions characterized by low active
histone marks (Supplementary Figure S7A and B). Note
that GR peaks were present in 78% of these 5—100 kb re-
gions, as exemplified in Supplementary Figure S7C, indicat-
ing that GR peaks are constrained by Ctcf boundaries. In
addition, GR and Myodl common locations at enhancers
did not correlate with the presence of Ctcf, and only a few
GR and Ctcf peaks were within the same genomic region
(~ 900 sites), flanked by H3K4mel (Figure 7B and C). De
novo motif analysis on these common locations revealed
GRE and Ctcf motifs, showing that both factors are bound
to their cognate response elements (Supplementary Figure
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Figure 6. Characterization of Pik3r/ enhancer-promoter communication. (A) Quantitative local 4C-seq signal for the Pik3r/ viewpoint in skeletal muscle.
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S7D). Together, our data show that Ctcfis not located at ac-
tive enhancers in skeletal muscle, but at H3K4mel-rich re-
gions localized between genes or within the gene body where
it frames GR-bound enhancers.

Since our motif analysis revealed that GR is associated
to GREs in only 5% of the promoter regions (Figure 2G),
we investigated which transcription factors might be bound
to the 95% non-GRE-containing segments. De novo mo-
tif search at GR-occupied promoter regions identified var-
ious GC-rich response elements, including the motif of the
transcription factor nuclear respiratory factor 1 (Nrfl, 5'-

GCGCatGCGC-3') (Figure 7D), that was shown to be re-
cruited to hypomethylated CpG regions (67). ChIP exper-
iments using antibodies directed against GR or Nrfl fol-
lowed by qPCR analysis revealed that both transcription
factors were recruited to the promoter regions of Eif4ebp2
(GBSpl) and of Pik3rl (GBSp2) (Figure 7E), and that
GR recruitment was decreased by 50% upon Nrfl knock-
down (Figure 7F and Supplementary Figure S7E). Of note,
GR protein levels and recruitment to the enhancer GRE
of Eif4ebp2 were not affected under these conditions (Fig-
ure 7F and Supplementary Figure S7E). Additionally, co-

1202 dunp 20 uo 1sanb Aq 61 L6129/2.¥/8/6/2101e/1eu w00 dno dlwspeoe//:sd)y wolj papeojumoq



4488 Nucleic Acids Research, 2021, Vol. 49, No. 8

A H3K27ac H3Kdmel  Ctcf B H3K27ac H3K4me1H3K4me3 Myod1  GR Ctcf C  GR-and Myod1-bound
3 [ T enhancers
A ] i ! ; 50.0
i { &
| .~ L .
LR S H — GR
It ‘ 1 ls <8 — Myod1
4 E| o : F §9 — Ctcf
E ! 4 2=
g s 157 f !
< i - = | o
& 2 ; 1
o © T : o -2.5 kb +2.5kb
E 8 3= 3 £F
3 g z = ey GR- and Ctcf-bound
3 L B o .
% g %5 g 60.0 regions
° 28 o A
. ] > I
« 3 L ‘g' 2 B
- F ¥ 2 d:) g
23 ¢ 38
H D A 3 (=]
| 28 & 8
i E § s<
Y : ¢
5 F _5kb -5 IKTTS kb -2.5 kb
(-3enter of+peak Center of peak
D E 03, .. "
* kkk
HOMER de novo motif analysis at GR-bound promoters e * .
Name Motif value % target % BG 5 021 T M anti-GR
- 2 = - 2 B anti-Nrf1
-| - 0, 0, -—
GC-box x5 L Ta.«a‘.;?.&_ 1e-1315 37.9% 8.3% o1l O migG
AT3G57600 ‘?cgtCCICCTCQ 1e-700 31.9% 10.5%

NRF1 gAQACf}_; CLC  1e-604  143%  20% 0l

GBSp1 ns GBSp2 ns

Eif4debp2 Pik3r1
locus locus
F G
0.6
M siCtrl anti-GR 0% 1P
3 04 O siNrf1 anti-GR kDa _Input _ GR rigG
[5) . .
e 0.2 O siNrf1 anti-Nrf1 B 2nti-Nrf1
° O migG 50 E - -‘|
0.0
GBSp1 GRE2 GBSp2
Eif4ebp2 Pik3r1
locus locus
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immunoprecipitation experiments revealed that Nrfl and
GR interact in muscle nuclear extracts (Figure 7G). More-
over, Nrfl, GR or Myodl silencing decreased the tran-
script levels of the GR target genes Eif4ebp2 and Pik3rl by
50% (Supplementary Figure S7F). However, none of these
knock-downs affected the expression of Cyzc and Ugcrel,
that were shown to be up-regulated upon NRF1 overex-
pression (68), or that of various other various nuclear en-
coded mitochondrial proteins (Supplementary Figure S7TE
and F). Of note, basal and maximal respirations were lower
in Nrfl-and Myod1-silenced myotubes than in control cells,
in agreement with previous reports (69) but were not sig-
nificantly altered by GR loss (Supplementary Figure S7G-
H). These data demonstrate the effective role of Nrfl and
Myodl1, but not of GR on mitochondrial activity. Alto-
gether, our data show GR and Myod]1 at skeletal muscle-
specific enhancers interact with Nrfl located at the pro-
moter region of target genes via the formation of chromatin
loops, to stimulate gene transcription.

DISCUSSION

Despite the large number of genome-wide analyses in cellu-
lar models, a comprehensive picture of the epigenetic code
and intertwined tissue specific-enhancer-bound transcrip-
tion factors, that confers multicellular organisms their com-
plexity, has remained elusive.

Using distal H3K4mel- and H3K27ac-enriched regions
for global enhancer discovery, we identified cis-regulatory
elements specific for muscle and adipose tissue, prostate
and liver. Combining integrative cistromic, epigenomic
and transcriptomic analyses, we mapped ~27 000 skele-
tal muscle-specific active enhancers, and showed that the
motifs to which well-known muscle transcriptional regu-
lators such as Mef2, Nfat or Six bind are not within the
first hundred hits at the muscle-specific enhancers, whereas
Myodl and GR are among the most frequent transcrip-
tion factors bound to enhancers. We found ~23 000 GR
binding sites equally distributed between TSS, intronic, and
intergenic locations. Taking advantage of a mouse model
in which GR is selectively ablated in myofibers at adult-
hood, we demonstrate that GR recruitment to these sites is
highly myofiber-specific, and coordinates the expression of
~2000 genes. Moreover, we uncovered additional GR bind-
ing sites to those previously identified at the enhancer of
Ddit4 (70) and Pik3rl (71). We also found GREs in var-
ious anti-anabolic factors, the expression of which is de-
creased in GR®*™~/= mijce, leading to an activation of
the anabolic Pik3/mTOR pathway. In addition, the tran-
script levels of numerous genes promoting protein synthe-
sis were increased in skeletal muscles of GR®km~/~ mijce,
Since GR was mainly recruited to the promoter region of
the latter genes via DNA sequences for which our bioin-
formatics analyses did not reveal any consensus motif, we
propose that GR might repress the transcription of these
genes by tethering to transcription factors that remain to be
identified. Moreover, our results show that the mass of fast
type-2 muscles is increased in GR ™=/~ mice. Thus, phys-
iological glucocorticoid levels exert an anti-anabolic effect
in skeletal muscles via myofiber GR.

Nucleic Acids Research, 2021, Vol. 49, No. 8 4489

Former studies have shown that treatments with synthetic
glucocorticoids like dexamethasone enhance protein degra-
dation and impair protein synthesis (72) (and references
within), leading to muscle atrophy (73,74). In contrast, we
show that the expression of genes induced by high gluco-
corticoid levels and promoting muscle catabolism (74), in-
cluding the two E3 ubiquitin ligase genes, muscle RING fin-
ger 1 (Murfl, Trim63) and muscle atrophy F-box (MAFbx,
Fbxo032) (75), was not affected by GR loss, showing that
endogenous glucocorticoids via their receptors are not in-
volved in the genomic control of muscle catabolism. As
the enhancers of these muscle wasting-related genes were
bound by GR at physiological glucocorticoid levels, GR oc-
cupancy is not sufficient to affect the transcription of nearby
genes. The recruitment of specific co-regulators or DNA-
recruited partners might be necessary to ultimately impact
the transcription program via the induction of 3D interac-
tions and chromatin looping in new transcriptional regu-
latory networks. For instance, elevated levels of Foxol, a
known GR partner, are required to synergistically activate
the skeletal muscle atrophy-associated genes upon dexam-
ethasone treatment (64).

Importantly, we unraveled a cooperation between GR
and Myodl, the latter being recruited to muscle enhancers
in a spatially constrained domain centered on GR binding
site, in a GR-dependent manner. We show that the presence
of Myodl is also required for GR binding, and that Myod1
contributes to GR-regulated anti-anabolic gene transcrip-
tion. Thus, Myodl plays a key role in the muscle fiber-
specific GR activities. As former studies identified Myod1
as a myogenic factor (76), it might exert additional func-
tions in myofibers or other cell types (e.g. muscle precursors)
by cooperating with other transcription factors.

Our results extend previous Myod1 cistrome characteri-
zation in myotubes (57-59), and unravel that the enhancer-
specific GR and Myodl complex bridges distal DNA-
regulatory sites to their cognate promoter regions, con-
ferring cis-regulatory regions their muscle-specificity and
an unequivocal role in the assembly of active gene tran-
scription. We provide evidence that Myodl and GR in-
duce gene expression mainly through their respective re-
sponse elements, namely the 5-CANNTG-3" E-box and
the 5-RGNACAnnnTGTNCY-3 glucocorticoid response
elements (GREs). Note that such GREs have been previ-
ously identified in dexamethasone-treated C2C12 cells (71).
Importantly, we show that GR binds with high affinity to
GRE:s that differ from the consensus sequence but at posi-
tions —3 and +3, involved in the interaction with the recep-
tor (63). Further analysis combining biophysics and com-
putational approaches are required to determine whether
these variations in the binding sequence might impact on
receptor activity thereof.

Importantly, our 4C-seq analyses in skeletal muscle re-
veals that GR and Myod]1 are present at contact domains
mediating enhancer to promoter connection. As these 3D
interactions are reduced in myofiber GR-deficient skeletal
muscles and not detected in other cell-types, such as DP
thymocytes, GR-regulated enhancer-promoter communica-
tions are tissue/cell-specific. In contrast to the cell-specific
enhancers, skeletal muscle promoter architecture was not
featured by specific transcription factors, but by the pres-
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ence of numerous repeated elements including GC-repeats.
Remarkably, our cistrome analyses revealed that only 5% of
the sites bound by GR at the TSS region contained GREs,
whereas a large number encompasses GC-rich sequences,
including Nrfl binding sites. We show that GR interacts
with Nrfl in the nucleus, and that the binding of the latter to
its cognate motif contributes to the transcription of GR tar-
get genes. Whereas Nrfl was identified as the key OXPHOS-
inducing factor (77), GR loss did not affect the expression
of Nrfl target genes in skeletal muscle. As recent studies
proposed that Nrfl chromatin binding is not tissue-specific,
but associated with hypomethylated promoters (67), Nrfl
might facilitate enhancer-promoter communication in col-
laboration with various enhancer-bound transcription fac-
tors.

Our analyses also demonstrate that GR-bound en-
hancers, topologically associated with Nrfl-bound promot-
ers, are delimited by nested structures of convergent Ctcf
sequences. Conversely to the GR and Myodl common lo-
cations at enhancers, Ctcf binding sites were not local-
ized at active enhancers, in contrast with previous stud-
ies (78,79), but at H3K4mel-rich regions localized between
genes. Ctcf was bound at similar locations in adipocytes,
hepatocytes and thymocytes. 4C-seq experiments at the
Pik3rl locus revealed the presence of a loop framed by con-
vergent Ctcf binding sites in skeletal muscle and in DP-
thymocytes. Moreover, additional GR-dependent contact
domains were selectively observed in myofibers. Thus, Ctcf
recruitment is independent of the activity of cell specific
transcription factors, but might be involved in the TAD
establishment/maintenance. In contrast, the transcription
factor-mediated contact domains residing within this pri-
mary loop are likely to contribute to tissue-specific tran-
scriptional activation.

In conclusion, we demonstrate that the cell-specificity
arises from dynamic interactions between small sets of tran-
scription factors at regulatory regions. In particular, our re-
sults show that collaborative interactions between Myod1,
GR and Nrfl within Ctcf framed genomic regions play a
key role in myofiber gene regulation. Moreover, these results
unveil the role of physiological glucocorticoid levels in mus-
cle homeostasis. In addition, our data indicate that inhibi-
tion of GR in skeletal muscle might provide a new therapeu-
tic option to stimulate anabolic pathways and improve mus-
cle mass and strength of patient affected by muscle wasting
even at normo-glucocorticoid levels.
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