
Published online 6 October 2022 Nucleic Acids Research, 2022, Vol. 50, No. 18 10733–10755
https://doi.org/10.1093/nar/gkac854

Long noncoding RNA lncMREF promotes myogenic
differentiation and muscle regeneration by interacting
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ABSTRACT

Long noncoding RNAs (lncRNAs) play important
roles in the spatial and temporal regulation of muscle
development and regeneration. Nevertheless, the de-
termination of their biological functions and mecha-
nisms underlying muscle regeneration remains chal-
lenging. Here, we identified a lncRNA named lncM-
REF (lncRNA muscle regeneration enhancement fac-
tor) as a conserved positive regulator of muscle re-
generation among mice, pigs and humans. Func-
tional studies demonstrated that lncMREF, which is
mainly expressed in differentiated muscle satellite
cells, promotes myogenic differentiation and mus-
cle regeneration. Mechanistically, lncMREF interacts
with Smarca5 to promote chromatin accessibility
when muscle satellite cells are activated and start
to differentiate, thereby facilitating genomic binding
of p300/CBP/H3K27ac to upregulate the expression
of myogenic regulators, such as MyoD and cell dif-
ferentiation. Our results unravel a novel temporal-
specific epigenetic regulation during muscle regen-
eration and reveal that lncMREF/Smarca5-mediated
epigenetic programming is responsible for muscle
cell differentiation, which provides new insights into
the regulatory mechanism of muscle regeneration.

GRAPHICAL ABSTRACT

INTRODUCTION

Skeletal muscle has a significant ability to regenerate in the
event of injury or other external stimuli. Muscle repair is a
highly coordinated process involving muscle injury, regener-
ation, and muscle fiber remodeling (1–3). Muscle regenera-
tion starts with the activation and expansion of muscle stem
cells (satellite cells), which reside in the basal layer of muscle
fibers, differentiate and finally fuse into multinucleated my-
otubes (4,5). At the final stage of muscle repair, myotubes
undergo hypertrophy and remodeling to generate mature
muscle fibers and restore their contractility (6). The process
of muscle regeneration is regulated not only by a family of
muscle-restricted basic helix–loop–helix transcription fac-
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tors, such as Myf5, MyoD and myogenin (MyoG), but also
by various epigenetic regulations. Epigenetic regulations
mainly include (i) chromatin remodeling, (ii) posttransla-
tional reversible modifications of histones, such as methyla-
tion, acetylation, phosphorylation and ubiquitination, (iii)
DNA methylation and demethylation and (iv) noncoding
RNA regulation (7). Dissecting the regulatory network of
muscle regeneration is of great importance for the treatment
of human muscle diseases and improvement of animal meat
production.

Eukaryotic chromatin is the material basis of all genetic
processes, and dynamic changes in chromatin configura-
tion are key factors in the regulation of gene expression.
Chromatin remodeling complexes are divided into four ma-
jor categories: SWI/SNF, CHD, ISWI and INO80 (8–11).
The SWI/SNF complex is the most studied chromatin re-
modeling complex in mammals and has been found to be
involved in various life activities (12). This complex has
∼15 subunits, each of which is transcribed and translated
from a separate gene (13). Smarca5 (also known as Snf2 h),
which belongs to the SWI/SNF family, is an important en-
zyme with remodeling activity (14,15). Smarca5 functions
as a molecular motor for nuclear complexes and is indis-
pensable for hematopoiesis in the developing embryos and
later in the fetuses (16,17). Chromatin remodeling is of-
ten accompanied by histone modifications, such as acetyla-
tion and methylation. Acetylation of lysine residues of his-
tones H3 and H4 (H3K27ac, H4K16ac, H3K9ac, H4K4ac)
and trimethylation of lysine 4 of histones H3 and H4
(H3K4me3, H4K4me3) are associated with open chromatin
state and transcriptional activation, whereas trimethylation
of lysine 27 of histone H3 (H3K27me3), the 2/3 methyla-
tion of lysine 9 of histone H3 (H3K9me2/3) and 2/3 methy-
lation of lysine 20 of histone H4 (H4K20me2/3) are as-
sociated with transcriptional repression (18). Many studies
have shown that chromatin remodeling and histone modifi-
cation play important roles in epigenetic regulation of mus-
cle development and regeneration. For example, E1A bind-
ing protein p300 (p300), which is a key histone acetyltrans-
ferase in the nucleus, promotes myogenic differentiation by
increasing H3K27ac levels (19–22).

Long noncoding RNAs (lncRNAs) are a class of RNAs
>200 nucleotides in length and do not encode functional
proteins (23). Compared with protein-coding genes, the ex-
pression and regulatory networks of lncRNAs are more
spatially and temporally specific. To date, thousands of
lncRNAs have been identified in skeletal muscles by high-
throughput sequencing, but only a few of them have been
verified to function in muscle development and regeneration
(24); these lncRNAs mainly include H19 (25), SYISL (26),
Linc-RAM (27), linc-MD1 (28), lnc-mg (29), m1/2sbsRNAs
(30), Dum (31), lncMyoD (32), MAR1 (33), lncIRS1 (34),
lncMGPF (35) and so on. These lncRNAs play roles in myo-
genesis through multiple regulatory mechanisms, such as
chromatin modification (36), transcription activation (37),
microRNA sponging (28), and mRNA splicing and trans-
lation (38). Here, we identified a novel lncRNA named
lncRNA muscle regeneration enhancement factor (lncM-
REF) as a positive regulator of muscle regeneration. lncM-
REF is mainly expressed in differentiated skeletal muscle

satellite cells, and lncMREF overexpression promotes myo-
genic differentiation. lncMREF knockout in mice does not
affect normal muscle growth but leads to a significant de-
crease in muscle regeneration. Mechanistic analyses showed
that lncMREF recruits Smarca5 and p300/CBP to upregu-
late chromatin accessibility and myogenic gene expression,
and thereby promotes the differentiation of muscle satellite
cells and muscle regeneration.

MATERIALS AND METHODS

Animals

All procedures involving animals were performed in accor-
dance with good laboratory practice guidelines, and ani-
mals were provided with nutritious food and adequate wa-
ter. Animal feeding and testing were based on National
Research Council Guide for the Care and Use of Labo-
ratory Animals and approved by the Institutional Animal
Care and Use Committee at Huazhong Agricultural Uni-
versity. Piglets were slaughtered according to standard pro-
cedures in accordance with the guidelines in the Regulations
of the Standing Committee of the Hubei Provincial Peo-
ple’s Congress (Hubei Province, China, HZAUSW-2017-
008). All mice were obtained from the Experimental Animal
Center of Huazhong Agricultural University. All pigs were
obtained from the Experimental Pig Farm of Huazhong
Agricultural University.

Isolation and culture of skeletal muscle satellite cells

Mouse skeletal muscle satellite cells were isolated from 5-
week-old C57BL mice; pig skeletal muscle satellite cells were
isolated from 1-day-old Large White male piglets. Skele-
tal muscle satellite cells were isolated and cultured as pre-
viously described (39,40). Briefly, muscle was minced and
treated with 2 mg/ml type I collagenase (C0130; Sigma
Aldrich, St. Louis, MO, USA). Digestion was stopped by
RPMI 1640 medium containing 20% fetal bovine serum
(FBS). Cells were cultured at 37◦C and 5% CO2 in growth
medium (RPMI 1640 supplemented with 20% FBS, 4 ng/ml
basic fibroblast growth factor, 1% chicken embryo extract,
and 1% penicillin-streptomycin) on collagen-coated cell cul-
ture plates. Freshly isolated satellite cells (FISCs) were cul-
tured in growth medium for 24 h (Activated satellite cells,
ASCs) or 72 h (Differentiated satellite cells, DSCs) (41).
C2C12 myogenic cells, porcine kidney cells, 293T cells and
HeLa cells were obtained from Chinese Academy of Sci-
ences cell bank and grown in an incubator at 37◦C and
5% CO2, and proliferating cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS (Gibco, Grand Island, NY, USA). Human
skeletal muscle myogenic cells (Cat#3501) were obtained
from ScienCell Research Laboratories and cultured at 37◦C
and 5% CO2 and proliferating cells were cultured in DMEM
supplemented with 5% FBS (Gibco, Grand Island, NY,
USA). For myogenic differentiation, cells were cultured in
DMEM containing 2% horse serum (Gibco). Pig fibroblasts
were isolated from 25-day-old Large White pig fetuses and
cultured in DMEM supplemented with 15% of FBS (Gibco,
Grand Island, NY, USA).
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Total RNA extraction and quantitative real-time PCR

Total RNA was isolated using TRIzol reagent (Invitro-
gen, USA) according to the manufacturer’s instructions.
Total RNA was reverse-transcribed using RevertAid Re-
verse Transcriptase (Thermo Scientific, USA). Quantitative
real-time PCR (qRT-PCR) analyses were performed using
the Applied Biosystems StepOnePlus real-time PCR sys-
tem. Relative RNA expression was calculated using the Ct
(2–��Ct) method (42). All primers used in qRT-PCR are pre-
sented in Supplementary Materials, Table S1.

Rapid amplification of complementary DNA ends (RACE)

We performed 5′ and 3′ RACE using the Takara SMARTer
RACE complementary DNA amplification Kit (Clontech,
USA) according to the manufacturer’s instructions. The
sequences of gene-specific primers used for lncMREF of
mouse, pig and human RACE are presented in Supplemen-
tary Materials, Table S2.

RNA fluorescence in situ hybridization (FISH)

FISH was performed using the lncRNA FISH Kit
(Guangzhou RiboBio, China) according to the manu-
facturer’s instructions. Briefly, cells were fixed with 4%
formaldehyde for 10 min at room temperature. After wash-
ing, cells were permeabilized with 0.5% Triton X-100 for 30
min at 37◦C. Next, cells were incubated with RNA probes
in hybridization buffer overnight at 37◦C. The RNA probes
were directly conjugated with a fluorophore. Then, the cells
were washed three times with saline sodium citrate buffer,
stained with 4′,6-diamidino-2-phenylindole.

Nuclear and cytoplasmic RNA fractionation

Nuclear and cytoplasmic RNA fractionation was per-
formed according to a previously published method (27),
and distribution quantification was analyzed via qRT-PCR.
The nuclear and cytoplasmic distribution was determined
by qRT-PCR according to the published literature (43,44).
All primers used in qRT-PCR are presented in Supplemen-
tary Materials, Table S1.

Small interfering RNA synthesis and cell transfection

Small interfering RNAs (siRNAs) targeting lncMREF,
Smarca5 and p300 were synthesized by Genepharma
(Genepharma, China); all siRNA sequences are presented
in Supporting Information, Table S2. For cell transfection,
we transfected C2C12 myoblasts, human skeletal muscle
myoblasts, and mouse and pig myogenic progenitor cells
with ∼160 �M siRNA oligonucleotides using 9 �l Lipo-
fectamine 2000 (Invitrogen, USA) in each well of a six-well
plate.

Lentivirus packaging and infection

To construct lentivirus-mediated overexpression vectors for
lncMREF, plncMREF and hlncMREF, sequences of lncM-
REF, plncMREF and hlncMREF were separately subcloned
into the lentivirus vector PCDH-CMV-copGFP (Addgene,

USA). We packaged the lentivirus in 293T cells using three
vectors: 10.7 �g pLKO.1-TRC or PCDH-CMV-copGFP,
8.0 �g psPAX2 (Addgene, USA), and 5.3 �g PDM2.G
(Addgene, USA). For lentivirus infection of cells, 10 �l
virus and 1 �g polybrene were added to each milliliter of
medium and then was replaced with fresh medium after 24
h. For mouse muscle infection, we injected 50 �l lncMREF,
plncMREF or hlncMREF overexpression lentivirus vector
and empty lentivirus vector into the Gas muscles of the left
and right legs, respectively, of five 1-month-old wild-type
(WT) mice or Mdx mice every 7 days. The lentivirus con-
centration used in all the assays was above 1 × 108 trans-
ducing units per milliliter. The multiplicity of infection was
10, 15 and 25 plaque forming unit per cell for the infections
of C2C12 myoblasts, pig myogenic progenitor cells, and
human skeletal muscle myoblasts, respectively. All primers
used for plasmid construction and lentivirus production are
presented in Supplementary Materials Table S3.

Plasmid construction and transfection

To construct the lncMREF, p300 and Smarca5 overexpres-
sion plasmids, the full-length or coding sequences of lncM-
REF, p300 and Smarca5 were cloned into the pcDNA3.1
plasmid (Addgene, USA). For in vitro transcription as-
says, full-length and truncated fragments of lncMREF were
cloned into the pGEM-3Z vector (Promega, USA). Full-
length sequences of lncMREF, p300 and Smarca5 were am-
plified using specific F/R primers (Supplementary Materi-
als, Table S3). For cell transfection, we transfected C2C12
myoblasts, human skeletal muscle myoblasts, and mouse
myogenic progenitor cells with approximately 4 �g plasmid
using 9 �l Lipofectamine 2000 (Invitrogen, USA) in each
well of a 6-well plate.

Western blotting

Proteins were extracted from muscle tissues and cells us-
ing radioimmunoprecipitation assay buffer with 1% (v/v)
phenylmethylsulfonyl fluoride (Beyotime Biotechnology,
China). Western blotting was performed according to a pre-
viously reported method (45). The antibody specific infor-
mation is in the supplemental materials. All protein levels
were normalized to the housekeeping protein �-actin, and
densitometric quantification of the Western blotting bands
was performed using ImageJ software. Antibody details are
presented in Supplementary Materials, Table S4.

Cell immunofluorescence staining

Cell immunofluorescence staining was performed accord-
ing to a previously published method (25). Immunofluores-
cence staining antibodies included Pax7, MyoD, Smarca5,
p300, MyHC, MyoG, EGFP, eMyHC and Dystrophin. An-
tibody details are presented in Supporting Information, Ta-
ble S4. DAPI was used to visualize cell nuclei with a fluo-
rescence microscope (DP80; Olympus, Japan).

Generation of lncMREF knockout mice and measurement of
phenotypes

We generated lncMREF knockout (KO) mice us-
ing the CRISPR genome-editing system with the
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C57BL/6 background according to a previous report
(46). Two single-guide RNAs (sgRNAs) (sgRNA1: 5′-
CCAAGTACCGCAATCCCAGACCA-3′; sgRNA2:
5′-AAACCAACATCTCAGGCGATTGG-3′) were
designed using an online CRISPR design tool
(http://tools.geneome-engineering.org) to delete the
819 bp genomic region containing the complete lncMREF
transcript, and these sgRNAs were inserted into the px459
vector (Addgene, USA). The purified sgRNA-Cas9-px459
vector was injected into fertilized eggs, and successful KO
was validated through PCR amplification with the specific
primers (F: 5′-GGCTGTGATGGGTTTATTGATGGG-
3′; R: 5′-TAGGTAGTTTACAAGGCTGGACGTTACC-
3′) and sequencing. Wild type (WT) mice had an amplicon
size of 1074 bp, whereas KO mice possessed an amplicon
of only 264 bp. The founder mice were randomly mated to
produce offspring for further experiments. Male and female
KO and WT offspring mice were randomly selected and
their body weights were measured weekly. The whole legs,
Gas, transverse abdominal (TA), and Qu muscles of KO
and WT mice were collected and weighed at 2 months of
age. Three qRT-PCR primers targeting exon 1, exon 2 and
exons 1–2, respectively, were used to detect both alleles in
muscle tissue of WT, heterozygous and KO mice. The three
primers are presented in Supplementary Materials, Table
S1.

Histology staining

Hematoxylin and eosin (HE) staining of muscle sections
was performed according to a previously reported method
(29) and visualized using an optical microscope (BX53;
Olympus, Japan). The cross-sectional areas of individual
myofibres were quantified using ImageJ software. Immuno-
histochemical staining was performed as described previ-
ously (47) and visualized using a confocal laser scanning mi-
croscope (LSM800; Zeiss, Germany). For immunofluores-
cence staining, samples were repaired in 0.01 M sodium cit-
rate solution (pH 6.0) for 30 min at 70◦C, and incubated in
blocking buffer (5% goat serum, 2% bovine serum albumin,
0.1% Triton X-100 and 0.1% sodium azide in phosphate-
buffered saline) for 2 h. Samples were then incubated with
primary antibodies diluted in blocking buffer overnight
at 4◦C. After washing with phosphate-buffered saline, the
samples were incubated with secondary antibodies for 1 h
at 37◦C. At last, the samples were incubated with DAPI
for 10 min at room temperature. The antibodies used in-
cluded Dystrophin, embryonic MyHC (eMyHC), MyoG,
and a secondary antibody. Antibody details are presented
in Supplementary Materials, Table S4.

Single myofiber isolation and culture

Individual muscle fibers were isolated from extensor digi-
torum longus (16) muscle of mice as described previously
(48). Briefly, EDL muscles were isolated and digested with
2 mg/ml collagenase I (C0130) in DMEM for 1 h at 37◦C.
Digestion was stopped by carefully transferring the EDL
muscles. Add 6 ml of DMEM containing 10% horse serum
into a preheated petri dish (10 cm); at that point, the muscles
start to contract. Then, gently rinse muscles with a P200 mi-
cropipette to release individual muscle fibers. The released

individual muscle fibers were transferred and cultured in
DMEM in a matrix gel-coated Petri dish (10 cm) supple-
mented with 20% FBS, 4 ng/ml basic fibroblast growth fac-
tor and 1% penicillin–streptomycin at 37◦C and 5% CO2.

Muscle injury and regeneration

Muscle injury was performed as reported previously (49).
Briefly, we injected 50 �l phosphate-buffered saline contain-
ing 10 mM cardiotoxin (CTX) (Sigma, USA) into the TA
muscles of 8-week-old male mice and injected 100 �g EdU
(Thermo Fisher Scientific, USA) intraperitoneally 4 h be-
fore harvesting muscles.

RNA immunoprecipitation (RIP) assay

RNA immunoprecipitation was performed using the
Magna RIP RNA-Binding Protein Immunoprecipitation
Kit (Millipore, USA) according to the manufacturer’s in-
structions. The p300, Smarca5 and H3K27ac antibodies
were used for RIP. Co-precipitated RNA was detected us-
ing reverse transcription PCR (RT-PCR) or qRT-PCR. The
qRT-PCR data was presented as a percentage of the input,
as described previously (50).

Biotin-labelled RNA pulldown and mass spectrometry

Biotin-labelled RNA pulldown was performed according to
a previously published method (26). The proteins pulled
down by lncMREF were used for Western blotting. For
mass spectrometry, the proteins pulled down by lncMREF
were separated using a 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gel and then
subjected to the silver staining. The differentially expressed
bands were cut out and used for mass spectrometry (Novo-
gene, China). The proteins whose sense strand binding
abundance is 5 times or more than that of antisense strand
and q-value <0.01 were considered to be lncMREF binding
proteins.

RNA-seq and data analyses

For library construction, we used a protocol as described
before (43). The purified library products were evaluated
using a Bioanalyzer (Agilent) and SYBR qPCR and se-
quenced on an Illumina Hi-seq2000 sequencer (pair-end
with 50 bp). Raw reads were filtered by Trim Galore (v
0.6.6) to remove low quality reads and adaptor sequences.
Paired-end reads were aligned to mm10 genome with Hisat2
(v2.2.1). FeatureCounts (v 2.0.1) was used to quantify the
differences in gene expression to obtain the raw counts data.
Then, DEseq2 (v 1.28.1) was used to standardize the raw
counts and analyze the differences. Genes with |fold change|
> 1.5 and Padj < 0.05 were considered as significantly dif-
ferentially expressed genes. All primers used in qRT-PCR
are presented in Supplementary Materials, Table S1.

Chromatin immunoprecipitation (ChIP)-Seq and ChIP-
qPCR

The ChIP experiments were performed as described pre-
viously (51). Briefly, lysates were generated from 4 × 106

http://tools.geneome-engineering.org
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cells. Each lysate was immunoprecipitated with 5 �g of anti-
p300 (ab8580 from Abcam), 5 �g of anti-histone H3 ly-
sine 27 acetylated (H3K27ac, ab4729 from Abcam) and the
corresponding control IgG, respectively. Antibodies were
pre-conjugated to 25 �l of A/G protein-coupled param-
agnetic beads (ThermoFisher) in 0.5% PBS/BSA at 4◦C.
Beads were then added to the lysate and allowed to un-
dergo overnight incubation. Beads were washed six times
with modified RIPA buffer (50 mM HEPES [pH 7.6], 500
mM LiCl, 1 mM EDTA, 1% NP-40 and 0.7% sodium de-
oxycholate) and once with TE containing 50 mM NaCl.
DNA was eluted in solution TE containing 2% SDS and
cross-linking was incubated at 65◦C for 2 h in reverse.
DNA was then purified by Qiaquick columns (Qiagen). The
DNA was used for library construction or qPCR analy-
sis by using specific primers (Supplementary Table S1). Li-
braries were constructed using the ChIP Elution Kit and
the DNA Smart ChIP Seq Kit from a low input DNA tem-
plate (Illumina) sequencing library preparation with 75nt
paired ends. Raw reads were pocessed by Trimomatic (v
0.39) to remove low quality reads and adaptor sequences.
The resulting trimmed reads were aligned to mm10 by
Bowtie2-align-s (v 2.4.4). Duplicate reads were marked and
removed by Picard MarkDuplicates (http://broadinstitute.
github.io/picard/). The reads whose mapping quality >30
were used for further analysis. The Bam files were con-
verted to BigWig profiles by using Deeptools (v 3.5.1) for
visualization in the Integrative Genomics Viewer (v 2.9.2).
Detected by Macs2 (v 2.2.7.1) with the cutoff P-value 5-
e2, the peaks were analyzed for differences by R pack-
age Diffbind (v 2.16.2). Peaks with the P-value < 0.05
and |fold change| > 2 were considered as significantly
differential peaks. Bioconductor package ChIPseeker (v
1.24.0) and TxDb.Mmusculus.UCSC.mm10.knownGene
(v 3.10.0) were used to annotate the differential peaks. All
primers used in qRT-PCR are presented in Supplementary
Materials, Table S1.

RNA electrophoretic mobility shift assay (EMSA)

RNA EMSA was performed according to a previously pub-
lished method (52). Biotin-labeled RNA probes were gen-
erated by in vitro transcription using cDNA containing T7
promoter and the lncMREF fragment RNA were purchased
from Genephamra (Shanghai, China). For the RNA EMSA
assay, recombinant Flag-Smarca5 or p300, 100 ng/ml
tRNA, and 1 �g of biotin-labeled RNA probe were mixed in
binding buffer (10 mM Tris–Cl, pH 7.5, 25 mM KCl, 10 mM
MgCl2, 1 mM DTT) for 30 min at 25◦C and then separated
in 6% native poly acrylamide gel. RNA–protein complexes
were blotted with HRP-conjugated streptavidin and the re-
sults were visualized by autoradiography.

Single-cell RNA sequencing data analyses

The single-cell sequencing data of basal condition and 3-
day post CTX injury was from GEO database (GSE129057)
(53) and raw counts were downloaded for further analy-
sis. Bioinformatics analyses were performed in R (v. 4.0.2)
and quality control was performed using the package Seu-
rat (v. 4.0.2). The variance stabilizing transformation (VST)

method and canonical correlation analysis (CCA) method
were used to identify top 2000 variable genes and integrate
data in Seurat, respectively. The Uniform manifold approxi-
mation and progression (UMAP) plot was used to visualize
clustering data. Genes used to define different cell identities
in the single-cell RNA sequencing were determined accord-
ing to the published literature (53).

Generation of Smarca5 knockout C2C12 cells using
CRISPR/Cas9

Smarca5 knockout C2C12 cells were generated by
CRISPR/Cas9 using the pSpCas9(BB)-2A-GFP
(PX458) plasmid. The single guide RNAs (sgR-
NAs) (5′-GCGCGCCTTCCAAGCCCTCGG-3′)
were designed using an online CRISPR design tool
(http://tools.geneome-engineering.org) to cause frame
shift mutation in the protein-coding regions. The primers
(F: 5′-CACCGCGCGCCTTCCAAGCCCTCGG-3′;
R: 5′-AAACCCGAGGGCTTGGAAGGCGCGC-3′)
were designed with an added BbsI (ThermoScientific,
FD1014) restriction site and an extra G/C for increased
hU6 promoter efficiency, annealed and ligated to BbsI-
linearized pSpCas9(BB)-2A-GFP (PX458) plasmid using
the T4-ligase (ThermoScientific, EL0011). A total of
1.5 × 105 C2C12 cells were transfected with 7 �g of
plasmid with Lipofectamine 2000 reagent and then the
cells were FACS-isolated. Successful knockout C2C12
cells were validated through PCR amplification with the
specific primers (F: 5′-AGGTCTCACTCCTCCGGC-
3′; R: 5′-AAATACTTCCTCCATCTCGGTG-3′) and
sequencing.

Protein purification and glutathione-S-transferase (GST)
pulldown

The pET-GST-Smarca5, pET-GST-Smarca5-Mut, pET-
GST-p300, pET-GST-p300-Mut, or empty pET-GST were
transformed into Escherichia coli (Thermo, San Jose, CA,
USA), separately. Bacteria were grown to an OD600 of 0.8–
1.0 and then induced with 0.5 mM IPTG (Sigma) for 2
h at 37◦C in a shaking incubator. Smarca5-GST protein
and p300-GST protein were purified using the GST spin
purification kit (Beyotime Biotechnology, P2262) accord-
ing to the manufacturer’s instruction. Briefly, the bacterial
solution was collected and washed three times with PBS.
Lysozyme was added to a final concentration of 1 mg/ml,
and placed on ice for 30 min, then centrifuged at 4◦C
for 10 min. The supernatant was purified using the Beyo-
Gold™ GST-tag Purification Resin. Finally, the protein was
eluted from the column. The purified protein was stained
with Coomassie brilliant blue, and the staining method
was in accordance with the instructions of the kit (Bey-
otime Biotechnology, P0017). Smarca5-GST protein and
p300-GST protein were incubated with total proteins ex-
tracted from C2C12 cells and rotated overnight at 4◦C in
reaction buffer (50 mM Tris (pH 7.5), 0.1 mM Ethylene-
diaminetetraacetic acid, 1% Triton X-100, 10% glycerol, 1
mM phenylmethylsulfonyl fluoride, and 1 mM DTT). Then,
Glutathione agarose beads (Thermo) were added and al-
lowed to incubate for 2 h at 4◦C and then washed with

http://broadinstitute.github.io/picard/
http://tools.geneome-engineering.org
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the washing buffer. Samples were eluted by incubation with
Laemmli sample buffer (Bio-rad, CA, USA) and denatured
at 98◦C for 10 min. Samples were tested by Western blot-
ting and the immunoblotting was performed against FLAG
(1:1000, Sigma) to detect FLAG-tagged protein and against
GST to detect GST protein as a loading control.

Assay for transposase accessible chromatin with high-
throughput sequencing (ATAC-seq) and bioinformatics anal-
yses

ATAC-seq was performed using the TruePrep DNA Li-
brary Prep Kit V2 for Illumina (Nanjing Vazyme, China)
according to the manufacturer’s instructions. Briefly, cell
pellets were resuspended in lysis buffer, pelleted and tag-
mented by using the enzyme and buffer provided in the
TruePrep DNA Library Prep Kit V2 for Illumina. Tri-
momatic (v. 0.39) was used for raw reads to remove
low quality reads and adaptor sequences. The resulting
trimmed reads were aligned to mm10 by Bwa-mem (v.
0.7.17). Duplicate reads were marked and removed by Pi-
card MarkDuplicates (v. 2.25.6). The reads whose map-
ping quality >20 were used for further analysis. The reads
that were aligned to mitochondria were removed by Sam-
tools (v. 1.7) and then converted to BigWig profiles by
Deeptools (v. 3.5.1) for visualization in the Integrative Ge-
nomics Viewer (v. 2.9.2). Peaks were identified by using the
Macs2 (v. 2.2.7.1) with cutoff P-value 5-e2 and nomodel
option. R package Diffbind (v. 2.16.2) was used to de-
tect significantly differential peaks (P-value < 0.05 and
|fold change| > 1.5). Bioconductor package ChIPseeker (v.
1.24.0) and TxDb.Mmusculus.UCSC.mm10.knownGene
(v. 3.10.0) were used to annotate the differential peaks.

HOMER analyses

HOMER analyses were conducted by using the soft-
ware homer (v. 4.11) findmotifsgenome.pl, and the
code is: ‘findMotifsGenome.pl atac homer.bed mm10
atac homer motifDir -len 8,10,12’, and the remain-
ing parameters including the setting of foreground
and background sequence, are all default parame-
ters. TF Motif library comes from Homer’s database
(‘data/knownTFs/known.motifs’).

Chromatin isolation by RNA purification (ChIRP)-qRT-
PCR

ChIRP was conducted as previously described (54). Briefly,
C2C12 cells were harvested and cross-linked with 1% glu-
taraldehyde. Cells were sonicated at 4◦C for 3 h to shear the
DNAs to 100–500 bp. Pooled odd and even probes were hy-
bridized with sonicated chromatins and then pulled down
using C-1 streptavidin beads (65001; Invitrogen). The pulled
down RNAs and DNAs were isolated. The isolated RNAs
were used to perform qPCR to check the pulldown effi-
ciency. The DNAs were used for qPCR analysis using spe-
cific primers. All primers used in qPCR are presented in
Supplementary Materials, Table S1.

Statistical analyses

All differences among groups were analyzed using unpaired
or paired Student’s t-test. P < 0.05 was considered to be
statistically significant; significance is denoted as *P < 0.05
and **P < 0.01. All data are presented as mean ± standard
deviation.

RESULTS

lncMREF is mainly expressed in differentiated skeletal mus-
cle satellite cells and promotes myogenic differentiation

Our previous microarray results showed that lncRNA
AK017263 was upregulated by MyoD; qRT-PCR re-
sults also confirmed that overexpression of MyoD sig-
nificantly increased the expression level of AK017263,
while knockdown of MyoD significantly decreased its ex-
pression (55). We named AK017263 as lncRNA muscle
regeneration enhancement factor (lncMREF) according
to its function in promoting muscle regeneration via
subsequent analysis. lncMREF was mapped in the in-
tergenic region of Eif4g2 (eukaryotic translation initia-
tion Factor 4 gamma 2) and Galnt18 (polypeptide N-
acetylgalactosaminyltransferase 18) on mouse chromosome
7. We used RACE to identify lncMREF as a lncRNA with
the full length of 1144 bp (Supplementary Figure S1A),
which was submitted to GenBank (MW39524). In vitro
translation experiments indicated that lncMREF is a non-
coding RNA (Figure 1A). The qRT–PCR results showed
that lncMREF was mainly expressed in muscle tissues, such
as in the longissimus dorsi muscle, leg muscle, tongue and
heart (Figure 1B). In addition, the expression of lncMREF
increased and then decreased during embryonic and post-
natal muscle development, which was consistent with the
expression pattern during C2C12 cell differentiation (Sup-
plementary Figure S1B-E). Cell fractionation experiments
demonstrated that lncMREF was mainly distributed in the
nuclei of differentiated myoblasts (Figure 1C). Bioinformat-
ics analysis of published ChIP-seq data (GSE56131) showed
that significant binding peaks of MyoD were detected in the
promoter region of lncMREF (Figure 1D). The motifs of
MyoD from the JASPAR database (http://jaspar.genereg.
net/) were also detected in the binding region (Supplemen-
tary Figure S1F). Mouse skeletal muscle satellite cells were
isolated to detect the expression of lncMREF in proliferat-
ing and activated satellite cells. Pax7 (skeletal muscle satel-
lite cell marker) immunofluorescence staining in the isolated
and cultured cells showed that Pax7 positive (Pax7+) cells
accounted for 99.32% of total cells, indicating that the iso-
lated cells were satellite cells (Supplementary Figure S1G).
Then, immunofluorescence staining for Pax7, MyoD and
FISH for lncMREF in mouse skeletal muscle satellite cells
showed that the percentage of MyoD+/Pax7+/lncMREF+

and MyoD−/Pax7+/lncMREF+ satellite cells was 84.38%
and 15.62%, respectively, suggesting lncMREF was mainly
expressed in the activated muscle satellite cells (Figure 1E).
In addition, we compared the expression levels of lncM-
REF in FISCs, ASCs and DSCs by analyzing the pub-
lished RNA-seq data of different stages of satellite cells
(GSE133955) (41) and qRT-PCR verification. The results
showed that the expression level of lncMREF was upregu-

http://jaspar.genereg.net/
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Figure 1. lncMREF is mainly expressed in differentiated skeletal muscle satellite cells and promotes myogenic differentiation. (A) An in vitro translation
experiment was performed to determine that lncMREF is a noncoding RNA in C2C12 cells. ORF1 and ORF2 represent the two open reading frames
in the lncMREF sequence, respectively. HuR served as the coding mRNA control. (B) qRT-PCR results showed that lncMREF was mainly expressed in
muscle tissues including longissimus dorsi, leg muscle, heart and tongue when β-actin was used as the reference gene. (C) The distribution of lncMREF
in the cytoplasm and nuclei of proliferating C2C12 cells (D0) and C2C12 cells differentiated for 3 days (D3) was determined by qRT-PCR. NEAT1 is
a known nuclear lncRNA, and Linc-MD1 is a cytoplasmic lncRNA. (D) Bioinformatic analysis of published ChIP-seq data (GSE56131) showed that
the binding peaks of MyoD were detected in the promoter region of lncMREF. (E) Representative photographs of immunofluorescence staining for
Pax7, MyoD and FISH for lncMREF in mouse skeletal muscle satellite cells. Quantification of three independent experiments showed that percentage of
MyoD+/Pax7+/lncMREF+ and MyoD−/Pax7+/lncMREF+ satellite cells was 84.38% and 15.62%, respectively. 200 cells were analyzed in an independent
experiment. (F) qRT-PCR results of lncMREF in freshly isolated satellite cells (FISCs), activated satellite cells (ASCs), and differentiated satellite cells
(DSCs) showed lncMREF expression was significantly unregulated upon satellite cell differentiation. Pax7 is a specific marker of muscle satellite cells,
while MyoD is a marker of activation and differentiation of muscle satellite cells. Pax7 and MyoD were used as positive control. The relative RNA levels
were normalized to β-actin. Data standardization for each gene was based on the lowest level of gene expression in different cell population. (G, H)
Western blotting results showed that lncMREF knockdown significantly decreased the mRNA and protein expression levels of MyoD, MyoG and MyHC
genes (G), while lncMREF overexpression significantly increased the mRNA and protein expression levels of MyoD, MyoG and MyHC genes (H). (I–L)
Representative images of immunofluorescence staining for MyoG (I, K) and MyHC (J, L) in differentiated C2C12 myoblasts and quantification showed
that lncMREF knockdown inhibited myoblast differentiation, while lncMREF overexpression promoted myoblast differentiation. Scale bars, 50 �m. (M)
The diagram of positive feedback loop between lncMREF and MyoD: lncMREF expression is directly upregulated by MyoD; the upregulation of lncMREF
further promotes the expression of MyoD through unknown mechanisms. A scrambled siRNA was used as a negative control (NC) in gene knockdown
experiments, and the empty pcDNA3.1 vector was used as a negative control (Control) in gene overexpression experiments. The relative RNA and protein
levels are normalized to those of the control �-actin. The data represent the means ± SD of three independent experiments; *P < 0.05, **P < 0.01.
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lated upon satellite cell activation and differentiation (Fig-
ure 1F and Supplementary Figure S1H and I), indicating
that lncMREF may play an important role in the differ-
entiation of skeletal muscle satellite cells. To explore the
roles of lncMREF in myogenesis, we used loss- or gain-of-
function experiments to investigate the effects of lncMREF
on myoblast differentiation in C2C12 myoblasts. In order
to detect the proportion of cells overexpressing lncRNA
in the population, pcDNA3.1-MCS-EGFP was transfected
into C2C12 cells. EGFP immunofluorescence staining and
quantification showed the average transfection efficiency
was 75.46% (Supplementary Figure S1J). The qRT-PCR,
Western blotting and immunofluorescence staining results
of differentiated C2C12 myoblasts showed that overexpres-
sion of lncMREF significantly increased myoblast differen-
tiation, as well as the mRNA and protein expression levels
of MyoD, MyoG and MyHC, while knockdown of lncM-
REF significantly suppressed their expression (Figure 1G–
L and Supplementary Figure S1K and L). To further de-
termine whether lncMREF can transdifferentiate fibrob-
lasts into muscle cells, we conducted the ectopic expres-
sion of lncMREF in porcine fibroblasts and induced cell
differentiation for 4 days. The results showed that lncM-
REF did not induce the expression of myogenic genes such
as MyoD, MyoG and MyHC (Supplementary Figure S1M
and N). Taken together, there is a positive feedback reg-
ulation between lncMREF and MyoD: lncMREF expres-
sion is directly upregulated by MyoD; the upregulation of
lncMREF further promotes the expression of MyoD and
myogenic differentiation through unknown mechanisms
(Figure 1M).

lncMREF enhances satellite cell differentiation and facili-
tates muscle regeneration

To detect the effects of lncMREF on muscle growth and de-
velopment in vivo, we generated lncMREF knockout (KO)
mice using CRISPR/Cas9-mediated genome editing. An
811-bp genomic region containing most of the lncMREF
transcript was deleted, and different genotypes were identi-
fied by PCR and sequencing (Supplementary Figure S2A).
To determine whether partial deletion of lncMREF se-
quence gives rise to a shorter but still stable RNA, three
pairs of qRT-PCR primers targeting exon 1, exon 2 and ex-
ons 1–2, respectively, were used to detect both alleles in mus-
cle tissue of wild-type (WT), heterozygous and KO mice.
qRT-PCR results showed that although the first exon of
lncMREF could be detected in KO muscles, the expression
level of the first exon in KO muscle was less than 10% of
that in WT muscles, suggesting that deletion of exon 2 may
decrease the stability of the RNA transcribed from exon 1.
Moreover, the expression of lncMREF decreased by 50%
in the heterozygous mice, compared with WT mice (Sup-
plementary Figure S2B). In order to determine whether
there are potential enhancers in the deleted DNA region,
we analyzed the histone data labeled with enhancers, and
found that there was no potential enhancer in the deleted re-
gion (Supplementary Figure S2C). lncMREF KO mice were
healthy and manifested no significant difference in weight
or growth rate compared with WT mice (Figure 2A and

Supplementary Figure S2D). Likewise, there was no signif-
icant difference in the weights of the gastrocnemius (Gas),
tibialis anterior (TA), and quadriceps (Qu) muscles between
2-month-old WT and KO mice regardless of sex (Figure
2B and Supplementary Figure S2E and F). Hematoxylin
and eosin (HE) staining results showed no significant dif-
ference in muscle fiber cross-sectional areas between lncM-
REF KO mice and WT mice (Supplementary Figure S2G).
In order to investigate whether lncMREF KO mice show
myopathy like symptoms in their lifespan, we also detected
the cross-sectional areas of TA muscles of WT and KO mice
at 8, 12 and 18 months by HE staining. The results showed
that there was no significant difference in muscle growth
and atrophy between the KO and WT mice (Supplemen-
tary Figure S2H). To examine whether lncMREF affects
the number of satellite cells, we performed immunofluores-
cence on muscle tissues and isolated single muscle fibers,
separately. There was no significant difference in the to-
tal number of satellite cells between WT and KO mice,
as demonstrated by the results of Pax7 (a specific marker
of muscle satellite cells) and DAPI staining of single my-
ofibers, as well as Pax7 and dystrophin staining of muscle
tissues (Supplementary Figure S2I and J). To further inves-
tigate the effects of lncMREF on muscle growth and devel-
opment in mice, we injected the lentivirus-mediated over-
expression vector of lncMREF (LV-lncMREF) and empty
control (LV-control) vector intramuscularly into the left and
right legs of 1-month-old WT mice, respectively. The EGFP
immunofluorescence staining results showed that there was
no significant difference in infection efficiency between the
LV-control and LV-lncMREF groups (Supplementary Fig-
ure S2K). The qRT-PCR results showed that lncMREF
expression significantly increased after lentivirus infection
(Supplementary Figure S2L). Overexpression of lncMREF
did not affect the weights of the whole legs, TA, Qu, Gas
muscles and the mean cross-sectional areas of individual
myofibers (Supplementary Figure S2M-P). To verify the
roles of lncMREF in satellite cell differentiation, we iso-
lated skeletal muscle satellite cells from the leg muscles of
WT and KO mice. Consistent with the results of C2C12
cells, knockout of lncMREF in muscle satellite cells signif-
icantly decreased cell differentiation according to the qRT-
PCR, Western blotting, and immunofluorescence staining
results (Figure 2C and D and Supplementary Figure S2Q
and R). Moreover, MyoG immunofluorescence staining on
isolated single myofibers revealed that lncMREF knock-
out significantly decreased the percentage of MyoG pos-
itive (MyoG+) cells by 50% (Supplementary Figure S2S).
Together, lncMREF promotes satellite cell differentiation,
although it does not affect normal muscle growth, suggest-
ing that lncMREF may play an important role in muscle
regeneration.

To confirm the above hypothesis, we performed CTX-
induced TA muscle injury experiments on 2-month-old WT
and KO mice. In WT mice, the qRT-PCR results showed
that the expression level of lncMREF was significantly up-
regulated at the early stage of injury repair, and decreased
after 3 days of injury, which was consistent with the ex-
pression patterns of MyoD (Figure 2E and F). HE stain-
ing results showed that compared with WT mice, lncMREF
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Figure 2. lncMREF promotes satellite cell differentiation and facilitates muscle regeneration. (A) Growth curves showed that there was no significant
difference in growth rate between WT mice (n = 14) and lncMREF knockout (KO) female mice (n = 11). (B) There was no significant difference in the
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KO mice had a larger number of necrotic myofibers at day
3 (Figure 2G). Immunofluorescence results for MyoG and
eMyHC, markers of muscle regeneration, showed that WT
mice had a higher number of MyoG-positive (MyoG+) cells
and eMyHC positive areas than KO mice at day 3 after CTX
injection (Figure 2H and I). Moreover, CD68 (macrophage
marker) immunofluorescence staining on TA muscles at 14
days after CTX injection showed that lncMREF KO mice
had significantly higher percentage of CD68+ areas than
WT mice (Figure 2J), indicating lncMREF KO muscles had
a larger number of inflammatory cells at day 14. The time
course of lncMREF expression was consistent with pheno-
typic difference during early regeneration; these results in-
dicated that lncMREF KO decreased muscle regeneration
at the early stage of muscle injury repair.

To determine whether overexpression of lncMREF could
accelerate the process of muscle regeneration, we injected
the lentivirus-mediated overexpression vector of lncMREF
(LV-lncMGPF) and empty control (LV-control) vector in-
tramuscularly into the left and right legs of 2-month-old KO
mice at 12 h after CTX injury, respectively. HE staining re-
sults showed that after lentivirus-mediated overexpression
of lncMREF, the damaged muscle fibers were replaced by
regenerated muscle fibers, and repair was almost complete
at day 14, while control mice still had many necrotic muscle
fibers (Figure 2K). The results of MyoG and eMyHC im-
munofluorescence staining showed that lncMREF overex-
pression significantly promoted satellite cell differentiation
(Figure 2L and M). In addition to acute injury by CTX in-
jection, congenital genetic defects can also cause muscle re-
generation due to chronic injury. For example, in a mouse
model of Duchenne muscular dystrophy (DMD), extensive
muscle degeneration and regeneration occurred as early as
3 weeks old. Repeated degeneration/regeneration cycles re-
sult in the loss of muscle satellite cell regeneration and fatty
fibrosis in aged DBA/2J-mdx (Mdx) mice (56,57). To ex-
amine whether lncMREF can affect chronic injury-induced
regeneration, we overexpressed lncMREF in skeletal mus-
cles of Mdx mice. As expected, the results of HE and im-
munofluorescence staining for laminin and eMyHC showed
that overexpression of lncMREF significantly ameliorated
muscle damage in Mdx mice (Figure 2N and O). In con-
clusion, lncMREF enhances satellite cell differentiation and
facilitates muscle regeneration.

lncMREF regulates myogenic gene expression by recruiting
p300/CBP to their promoters

To explore the regulatory mechanism of lncMREF in mus-
cle regeneration, we performed RNA-seq in skeletal mus-
cle satellite cells differentiated for 2 days from WT mice
and KO mice. In total, 4938 differentially expressed genes
(DEGs) (adjusted P-value < 0.05, |FC| > 1.5) were iden-
tified, of which 2569 genes, including MyoD and Mef2c,
were downregulated, and 2369 genes, including Trib3 and
Mmp11, were upregulated (Supplementary Data S1 and
Figure 3A). Gene set enrichment analysis (GSEA) showed
that lncMREF positively regulates muscle cell development
and muscle system processes but negatively regulates cy-
tokinesis and axon ensheathment (Figure 3B and Supple-
mentary Figure S3A). To validate the RNA-seq results,
we used qRT-PCR to confirm the expression changes of
some differentially expressed genes, and the results were
consistent with those of RNA-seq (Supplementary Figure
S3B). To explore the potential interacting factors of lncM-
REF in the process of muscle regeneration, Metascape soft-
ware (http://metascape.org/) was used to analyze DEGs (ad-
justed P-value < 0.05, |FC| > 2). The results showed that
the predicted transcription factors interacting with lncM-
REF mainly included MyoD and p300 (Figure 3C). Due
to the positive feedback loop between MyoD and lncM-
REF shown in the above results, we focused on p300. Pre-
vious studies have reported that p300 plays an important
role in muscle development and regeneration by acting as
a transcriptional coactivator and mediating H3K27ac (58–
62). We speculated that lncMREF may regulate target gene
expression by interacting with p300. Western blotting re-
sults showed that knockdown of lncMREF had no signif-
icant effect on p300 protein expression in mouse skeletal
muscles, but a significant decrease in the overall level of
H3K27ac was found after knockdown of lncMREF (Figure
3D and E). These results implied that lncMREF may recruit
p300 to increase H3K27ac levels of target genes. To prove
whether there is a physical interaction between lncMREF
and p300/H3K27ac, we conducted subcellular localization,
lncMREF RNA pulldown and p300 RIP assays in differ-
entiated mouse skeletal muscle satellite cells. RNA pull-
down and RIP assays showed that lncMREF can interact
with p300 (Figure 3F and G). The RNA FISH for lncM-
REF and immunofluorescence staining for p300 in skeletal

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
weights of the Gas, TA, and Qu muscles between WT mice (n = 12) and lncMREF KO female mice (n = 12). All the data are normalized to the body
weights (mg/g). (C, D) Representative images of immunofluorescence staining for MyoG (C) and MyHC (D) in differentiated muscle satellite cells and
quantification of three independent experiments showed that lncMREF knockout inhibited myogenic differentiation. Scale bars, 50 �m. (E, F) qRT-
PCR results showed that lncMREF expression increased significantly at the beginning of the injury and then decrease (E), which was consistent with the
expression pattern of MyoD (F). (G) Representative photographs of H&E staining for TA muscle at day 0, 3, 7, 14 and 21 after injury showed that WT
mice completed muscle damage repair earlier than lncMREF KO mice. Scale bars, 20 �m. (H, I) Representative images of immunofluorescence staining
for MyoG (H) and eMyHC (I) of TA muscles at day 3 after injury and quantification showed that lncMREF knockout significantly delayed muscle
regeneration. Scale bars, 50 �m. (J) Representative images and quantification of three independent experiments of CD68 immunofluorescence staining
for TA muscles at day 14 after injury showed that lncMREF KO mice had significantly higher percentage of CD68+ macrophages than WT mice. Scale
bars, 50 �m. (K) Representative photographs of H&E staining for TA muscle at day 0, 3, 7, 14 and 21 after injury showed that lncMREF overexpression
significantly promoted muscle regeneration. Scale bars, 20 �m. (L, M) Representative images of immunofluorescence staining for MyoG (L) and eMyHC
(M) of TA muscles at day 3 after injury and quantification showed that lncMREF overexpression significantly promoted muscle regeneration. Scale bars,
50 �m. (N, O) Representative images of H&E staining (N) and eMyHC/laminin staining (O) for TA muscles from 2-month-old Mdx mice injected with
lentivirus-mediated lncMREF overexpression vector (LV-lncMREF) or control vector (LV-control). The results indicated that lncMREF overexpression
significantly ameliorated muscle damage of Mdx mice. Scale bar, 50 �m (N) and 20 �m (O). The lentivirus-mediated empty vector PCDH-CMV-copGFP
was used as a negative control (LV-Control) in mouse muscle infection experiments. The relative RNA levels are normalized to those of the control �-actin.
The data represent the means ± SD of at least three independent experiments; *P < 0.05, **P < 0.01. N.S. indicates statistical non-significance.

http://metascape.org/
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Figure 3. lncMREF regulates myogenic genes expression by recruiting p300 to their promoters. (A) Volcano plot of RNA-seq data showed differentially
expressed genes (DEGs) in skeletal muscle satellite cells differentiated for 2 days from WT mice and lncMREF KO mice. The DEGs were determined by
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muscle satellite cells differentiated for 2 days showed that
the percentage of lncMREF+/p300+ and lncMREF−/p300+

cell nuclei accounted for 83.22% and 16.78% of total cell nu-
clei, respectively, suggesting most of p300 and lncMREF are
located in the same cell nuclei (Figure 3H).

To further explore how lncMREF regulates target gene
expression though the p300/H3K27ac pathway, we per-
formed p300 and H3K27ac ChIP-seq in skeletal muscle
cells differentiated for 2 days from WT and lncMREF KO
mice. p300 ChIP-seq results showed that loss of lncM-
REF significantly reduced the enrichment of p300 in 3089
peaks representing 2758 genes, including MyoD, Cdon,
Myh7 and so on, and increased the enrichment of p300
in 269 peaks representing 209 genes (Supplementary Data
S2 and Supplementary Figure S3C). qRT-PCR was used
to verify the results of p300 ChIP-seq, and the results
were consistent with the ChIP-seq results (Supplementary
Figure S3D). The distribution characteristics of differen-
tial p300 ChIP-seq peaks showed that 57.7% differential
peaks were enriched at gene promoters (Figure 3I). To iden-
tify whether p300 binds to the promoters and active en-
hancers simultaneously, we plotted a heatmap at gene pro-
moters ranging 3kb upstream and downstream of TSS at
all genes, as well as at enhancers which were identified in
mouse muscle tissue and myoblast from the EnhancerAtlas
database (http://www.enhanceratlas.org/downloadv2.php).
The results showed that the difference between the mean
p300 signals in WT and KO cells at gene promoters was
more obvious than that at enhancers (Figure 3J and K).
GO enrichment analysis showed that the pathways were
mainly associated with the regulation of transcription from
RNA polymerase II promoters and skeletal system devel-
opment, which suggests that lncMREF may regulate the
differentiation of muscle cells by activating transcription
(Supplementary Figure S3E). The H3K27ac ChIP-seq re-
sults showed that loss of lncMREF significantly reduced

the enrichment of H3K27ac in 11136 peaks representing
4099 genes, including MyoD, Mef2d and Myh8, whereas it
increased the enrichment of H3K27ac in 2790 peaks rep-
resenting 1890 genes (Supplementary Data S3 and Sup-
plementary Figure S3F). qRT-PCR results of H3K27ac
ChIP were consistent with the ChIP-seq results (Supple-
mentary Figure S3G). Compared with genomic distribu-
tion of p300 differential binding sites, H3K27ac differen-
tial binding peaks between WT and KO satellite cells were
more evenly distributed in the gene body and intergenic re-
gions (Supplementary Figure S3H). Moreover, we plotted
the heatmap of H3K27ac ChIP-seq at gene promoters and
enhancers. The results indicated that the difference between
the mean H3K27ac signals in WT and KO cells at enhancers
was more remarkable than that at gene promoters, suggest-
ing lncMREF mainly affects H3K27ac binding capacities
to enhancers (Figure 3L and M). GO enrichment analy-
sis showed that the pathways were mainly associated with
the regulation of transcription in cell differentiation, chro-
matin remodeling and histone H3 acetylation (Supplemen-
tary Figure S3I). To explore the model of lncMREF regula-
tion through p300/H3K27ac pathway, the heatmap of the
signals of H3k27ac ChIP-seq in the p300 binding region was
further plotted, and the results showed that the p300 de-
crease coincides with a decrease in H3K27ac signals (Fig-
ure 3N). Furthermore, we integrated the RNA-seq data of
lncMREF, p300 and H3K27ac ChIP-seq data, and found
that there were 309 common regulated genes after lncM-
REF KO, including MyoD, Cdon, and Myh7 (Figure 3O).
GO enrichment analysis revealed that 309 common regu-
lated genes were mainly involved in cell differentiation and
muscle organ development (Figure 3P and Supplementary
Figure S3J). Moreover, we co-transfected a lncMREF over-
expression vector and p300 siRNAs in mouse skeletal mus-
cle satellite cells to confirm that lncMREF-mediated gene
expression is dependent on p300. The qRT-PCR and West-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
adjusting P-value <0.05 and absolute FC > 1.5. A total of 4938 DEGs were identified, of which 2569 genes were downregulated and 2369 genes were
upregulated. (B) GSEA plot of muscle cell development(left)- and muscle system process(right)-related genes in skeletal muscle satellite cells differentiated
for 2 days from WT mice and lncMREF KO mice. (C) Metascape databases were used to predict the transcription factors interacting with lncMREF. (D,
E) Western blotting results showed that lncMREF knockout had no significant effect on the protein expression of p300 in mouse skeletal muscles (D), but
significantly decreased the protein level of H3K27ac (E). Lanes 1–3 corresponded to the WT individual 1–3, and lane 4–6 represented the KO individual
4–6, respectively. (F, G). The results of RNA pulldown (F) and RIP (G) assays in C2C12 myoblasts showed that p300 could bind to lncMREF. Input and
IgG were used as positive and negative controls, respectively. �-actin and GAPDH that could not bind to lncMREF were used as negative control proteins.
There was no RNA in bead group, and the sense and anti-sense groups represented the addition of lncMREF sense and anti-sense RNA, respectively.
(H) Representative photographs of lncMREF RNA FISH and immunofluorescence staining for p300 showed that 83.22% of lncMREF and p300 were
located in the same cell nuclei of skeletal muscle satellite cells differentiated for 2 days. (I) Pie charts showing the distribution of differential p300 peaks
between WT and KO satellite cells across the genome. Different colors represent different genomic regions. The differential p300 peaks were distributed
at gene promoter (57.7%), exon (5.57%), intron (18.65%), downstream (0.42%) and distal intergenic regions (17.66%). Cells from five mice WT and KO
mice were analyzed in ChIP-seq experiments, respectively. The number of cells used in each ChIP experimental group was 5 × 104. (J, K) Heatmap of
p300 ChIP-seq signals at gene promoters (J) and enhancers (K) gene between WT and lncMREF KO satellite cells. (L, M) Heatmap of H3K27ac ChIP-seq
signals at gene promoters (L) and enhancers (M) between WT and lncMREF KO satellite cells. Cells from five mice WT and KO mice were analyzed in
ChIP-seq experiments, respectively. The number of cells used in each ChIP experimental group was 5 × 104. (N) Heatmap of the signals of p300 ChIP-seq
(blue) and H3K27ac ChIP-seq (orange) at the p300 binding sites between WT and KO cells showing that the p300 decrease coincides with a decrease
in H3K27ac signals. Enrichment signal was plotted relative to peak center ± 3 kb. Each row represents a 6kb genomic region flanking the p300 binding
sites. Top panels display the average signal within each category in the same color. (O) Venn diagram showing the number of common differentially
regulated genes among RNA-seq, p300 ChIP-seq and H3K27ac ChIP-seq. (P) GO enrichment dot plot of 309 common regulated genes among RNA-
seq, p300 and H3K27ac ChIP-seq. (Q, R) qRT-PCR results (Q) and representative photographs of MyHC immunofluorescence staining (R) showed that
p300 knockdown attenuated the promoting effects of lncMREF on the expression of MyoD, MyoG and Smyd1, as well as myogenic differentiation. (S)
Western blotting results in C2C12 myoblasts differentiated for 4 days showed that the addition of A-485 abolished the promoting effects of lncMREF
on the expression of myogenic genes such as MyoD, MyoG and MyHC. A scrambled siRNA was used as a negative control (NC) in gene knockdown
experiments, and the empty pcDNA3.1 vector was used as a negative control (Control) in gene overexpression experiments. The relative RNA and protein
levels are normalized to those of the control �-actin. The data represent the means ± SD of three independent experiments; *P < 0.05, **P < 0.01. N.S.
indicates statistical non-significance.

http://www.enhanceratlas.org/downloadv2.php
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ern blotting results indicated that overexpression of lncM-
REF increased the expression of MyoD and Mef2s, and
p300 knockdown attenuated lncMREF activity (Figure 3Q
and Supplementary Figure S3K). Similarly, the results of
MyHC immunofluorescence indicated that knockdown of
p300 attenuated the promotion effect of lncMREF on my-
oblast differentiation (Figure 3R). However, overexpression
of lncMREF in p300 knockdown cells still promoted the
expression of myogenic genes. These phenomena might be
caused by the existence of CBP, which may compensate for
the function of p300. In order to further confirm this conjec-
ture, we performed lncMREF RNA pulldown experiments,
and the results showed that lncMREF also interacted with
CBP (Supplementary Figure S3L). Then, we used A-485,
inhibitor of p300/CBP enzyme activity, to treat C2C12 cells,
and then conducted lncMREF overexpression experiments.
The results showed that overexpression of lncMREF had no
significant effects on the expression of target genes and myo-
genic differentiation after inhibition of p300/CBP enzyme
activity (Figure 3S and Supplementary Figure S3M and N).
Altogether, we concluded that lncMREF activates the dif-
ferentiation of satellite cells by increasing p300/CBP and
H3K27ac enrichment at the target genomic regions.

Smarca5 is required for the interaction of lncMREF with
p300 and the function of lncMREF

To assess whether p300 directly binds to lncMREF, we con-
ducted an RNA EMSA. GST-p300 recombinant protein
was expressed in E. coli, purified by GST-tag Protein Purifi-
cation Kit, and then identified by Coomassie Brilliant Blue
staining (Supplementary Figure S4A). The results showed
that the purified recombinant GST-p300 did not affect the
migration of lncMREF RNA probes, suggesting that if an
interaction occurs between p300 and lncMREF, it possibly
requires additional factors (Figure 4A). Therefore, we in-
ferred that this additional factor may have three features: (1)
it is expressed at low levels or not expressed in resting satel-
lite cells but highly expressed in activated satellite cells; (2) it
can bind to lncMREF and p300, respectively; and (3) it can
promote myogenic differentiation of satellite cells, which is
consistent with the function of lncMREF.

To identify this additional factor, we first analyzed pub-
licly available microarray data (GSE45577) showing gene
expression changes during the time course of CTX-induced
mouse muscle regeneration and identified 2612 upregulated
and 1745 downregulated genes (day 3 versus day 0). Then,
we performed lncMREF RNA pulldown and mass spec-
trometry to identify the interacting proteins in differenti-
ated C2C12 cells and mouse skeletal muscle satellite cells.
We screened the proteins in lncMREF pulldown experi-
ments with a q-value < 0.01. A total of 122 common in-
teracting factors were identified in C2C12 cells and skele-
tal muscle satellite cells, of which 26 genes overlapped with
upregulated genes (day 3 versus day 0) after injury (Fig-
ure 4B). Although p300 was found in our mass spectrom-
etry, its q-value was 0.1022, which did not meet the criteria,
so it was not shown in the lncMREF target protein data.
Among these 26 interacting genes, Smarca5 attracted our
attention, as it is reported to be a chromatin remodeling fac-
tor involved in chromatin modifications. Firstly, we detected

the expression of Smarca5 during embryonic and postna-
tal muscle development. qRT-PCR results showed that the
relative expression level of Smarca5 was very low com-
pared with MyHC expression during embryonic and post-
natal muscle development (Supplementary Figure S4B).
Then, Western blotting and qRT-PCR results confirmed
that Smarca5 expression was significantly upregulated af-
ter CTX-induced muscle injury (Supplementary Figure S4C
and D). To confirm that the increase in Smarca5 could come
from muscle stem cells, we re-analyzed the published single-
cell sequencing data of basal condition and 3-days post
CTX injury from GEO database (GSE129057). UMAP plot
identified 7 distinct cell types, including activated muscle
satellite cells (MuSC), quiescent MuSC, activated endothe-
lial cells (EC), EC, myoblast, smooth muscle cells (SMC)
and macrophage (Supplementary Figure S4E and F), which
was consistent with the reported results (53). Further anal-
yses of Smarca5 expression in different cell clusters showed
that Smarca5 was expressed lowly in quiescent MuSC,
but significantly upregulated in activated MuSC (Figure
4C). Immunofluorescence staining for Pax7, MyoD and
Smarca5 in skeletal muscle satellite cells and quantification
showed that the percentage of MyoD+/Pax7+/Smarca5+

and MyoD−/Pax7+/ Smarca5+ satellite cells was 96.44%
and 3.56%, respectively, suggesting Smarca5 was mainly ex-
pressed in the activated muscle satellite cells (Supplemen-
tary Figure S4G). RNA pulldown and RIP assays showed
that lncMREF and Smarca5 interacted with each other
(Figure 4D and E). The RNA EMSA results further con-
firmed that Flag-Smarca5 could bind to lncMREF (Fig-
ure 4F). Co-immunoprecipitation (co-IP) results showed
that Smarca5 could interact with p300 (Figure 4G). To
further explore whether p300 binds to Smacra5, we per-
formed GST pulldown experiments. The Flag-Smarca5 re-
combinant protein was expressed in eukaryotic cells (293T
cells) and purified using the Flag-tag protein purification kit
(Beyotime Biotechnology, P2181). Coomassie brilliant blue
staining showed that Flag-Smarca5 protein was successfully
expressed (Supplementary Figure S4H). The GST pulldown
results showed that GST-p300 could bind to Flag-Smarca5
(Figure 4H). In addition, The RNA FISH for lncMREF
and immunofluorescence staining for p300 and Smarca5
in skeletal muscle satellite cells differentiated for 2 days
showed that lncMREF+/p300+/Smarca5+ cell nuclei ac-
counted for 81.29% of total cell nuclei, indicating that most
of lncMREF, p300 and Smarca5 are located in the same cell
nuclei (Figure 4I). To verify the function of the Smarca5
gene in myogenesis, loss- or gain-of-function experiments
were performed in C2C12 cells. As expected, overexpres-
sion of Smarca5 promoted the differentiation of C2C12
cells (Figure 4J–M), and knockdown of Smarca5 inhib-
ited C2C12 cell differentiation (Supplementary Figure S4I–
L). Moreover, we constructed Smarca5 knockout C2C12
cells using CRISPR/Cas9 gene editing techniques. Con-
sistent with the results of Smarca5 knockdown, Smarca5
knockout significantly reduced the myogenic differentiation
of C2C12 cells (Supplementary Figure S4M–P). Taken to-
gether, Smarca5 promotes myogenic differentiation and in-
teracts with lncMREF and p300.

To explore the effects of Smarca5 on lncMREF-mediated
gene expression, we conducted co-transfection experiments
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Figure 4. Smarca5 is required for the interaction of lncMREF and p300. (A) RNA EMSA results showed that the purified recombinant GST-p300 did not
affect the migration of lncMREF RNA probes. The negative control RNA was the antisense of lncMREF, the negative control protein was the GST protein,
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in differentiated mouse skeletal muscle satellite cells. The
qRT-PCR, Western blotting and MyHC immunofluores-
cence staining results indicated that overexpression of
lncMREF had no significant effects on the expression of
myogenic genes such as MyoD and MEF2s, as well as myo-
genic differentiation after Smarca5 knockdown (Supple-
mentary Figure S5A–C). In Smarca5 knockout cells, no
significant effect on cell differentiation caused by overex-
pression of lncMREF was observed (Figure 4N and O).
These results suggested that although Smarca5 was not re-
quired for myogenic differentiation, it was still necessary
for lncMREF to regulate cell differentiation. Meanwhile,
we co-transfected the Smarca5 overexpression vector and
p300 siRNAs into mouse skeletal muscle satellite cells. The
qRT-PCR, western blotting and MyHC immunofluores-
cence staining results indicated that p300 knockdown sig-
nificantly attenuated the promoting effect of Smarca5 on
the expression of MyoD and MEF2s (Supplementary Fig-
ure S5D-F). These results revealed that lncMREF regula-
tion of myogenic differentiation is dependent on the func-
tions of Smarca5 and p300/CBP.

To identify the core-binding motif of lncMREF with
Smarca5, we constructed five truncated fragments of lncM-
REF and performed RNA pulldown experiments. The re-
sults showed that fragment F5 (213–725 bp) efficiently
pulled down Smarca5 (Figure 5A). Two potential binding
motifs (motif 1: 5′-533-GUAGACCAGG-542–3′; motif 2:
5′-737-CCUGGUCUAC-746–3′) in fragment F5 were pre-
dicted by MEME algorithm analyses. The RNA EMSA re-
sults showed that only motif 1 of lncMREF could bind to
Smarca5 (Figure 5B). lncMREF could not bind to Smarca5
when motif 1 was mutated, while lncMREF could still bind
to Smarca5 after mutating motif 2 (Figure 5C). These re-
sults indicated that lncMREF combines with Smarca5 via
motif 1. To identify the core domain of Smarca5 com-
bined with lncMREF, protein expression vectors of dif-
ferent domains of Smarca5 were constructed separately,
and RNA EMSA experiments were performed with lncM-

REF. The results showed that lncMREF binds to the
SLIDE domain of Smarca5 (Figure 5D). To explore the
core domain where Smarca5 interacts with p300, we con-
structed eight different domains of p300 into Flag fusion
expression vectors and seven different domains of Smarca5
into Flag fusion expression vectors according to the pro-
tein database information (http://www.ebi.ac.uk/interpro/
result/InterProScan). The results of IP experiments showed
that Smarca5 specifically interacted with p300 through its
482–596 amino acids (AA) domain (Figure 5E), while p300
specifically recognized Smarca5 through its unique 567–
647 AA domain (Figure 5F). GST pulldown experiments
showed that deletion of these two domains resulted in the
failure of the interaction between p300 and Smarca5 (Fig-
ure 5G and H), further confirming that the 482–596 AA
domain of Smarca5 and 567–647 AA domain of p300 are
the core interacting domains. The above results showed that
Smarca5 interacts with motif 1 of lncMREF via the SLIDE
domain and specifically recognizes the 567–647 AA domain
of p300 via its 482–596 AA domain.

To investigate the roles of Smarca5 in the interaction be-
tween lncMREF and p300, we performed p300 RIP experi-
ments in Smarca5-overexpressing and Smarca5-knockdown
cells. Overexpression of Smarca5 significantly increased the
binding capacity of lncMREF to p300, while knockdown
of Smarca5 significantly decreased the binding capacity of
lncMREF to p300 (Figure 5I and J). p300 RIP experiments
in Smarca5 knockout C2C12 cells further confirmed that
p300 failed to interact with lncMREF in the absence of
Smarca5 (Figure 5K). In contrast, the Smarca5 RIP exper-
iment results showed that p300 knockdown or overexpres-
sion had no significant effect on the interaction of lncM-
REF with Smarca5 (Figure 5L). In addition, Co-IP experi-
ments indicated that knockout of lncMREF significantly re-
duced the binding of Smarca5 to p300 (Figure 5M). When
the binding motif of lncMREF with Smarca5 was mutated,
lncMREF was unable to bind to p300 and Smarca5 (Fig-
ure 5N). The qRT-PCR and immunofluorescence staining

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
and the positive control RNA and protein were provided in the EMSA kit (LightShift® Chemiluminescent RNA EMSA Kit, 20158). (B) Overlapping
analysis among interacting genes from lncMREF pulldown and mass spectrometry data in C2C12 cells differentiated for 2 days and skeletal muscle satellite
cells differentiated for 2 days, and upregulated genes in muscles (day 3 vs day 0) during CTX-induced muscle regeneration from the published transcriptomic
data (GSE45577). The results showed 122 common interacting factors were identified in C2C12 cells and skeletal muscle satellite cells, of which 26 genes
overlapped with upregulated genes (day 3 versus day 0) after injury, such as Smarca5. (C) Violin diagram showing the Smarca5 gene expression in activated
MuSC, quiescent MuSC, activated EC, EC, myoblast, SMC and macrophage from the published transcriptomic data (GSE129057). The X-axis showed
the cell clusters, Y-axis indicated the expression level of cell clusters. Each point denoted a single cell. (D, E) The results of RNA pulldown (D) and
RIP assays (E) in C2C12 myoblasts showed that Smarca5 bound to lncMREF. Input and IgG were used as positive and negative controls, respectively.
�-actin and GAPDH were used as negative control. There was no RNA in bead group, and the sense and anti-sense groups represented the addition
of lncMREF sense and anti-sense RNA, respectively. (F) The RNA EMSA results showed that lncMREF could bind to Flag-Smarca5. The lncMREF
anti-sense RNA and GST-p300 which could not interact with lncMREF were used as negative control RNA and protein, respectively. (G) The results of
Co-IP experiments showed that Smarca5 could interact with p300. Co-IP was performed with p300 antibody in C2C12 cell lysates, and the purified protein
complexes were detected by Western blotting. (H) The GST pulldown results showed that GST-p300 could interact with Flag-Smarca5. Flag vector or
FLAG-Smarca5 was transfected into 293T cells and immunoprecipitated with anti-FLAG-agarose beads followed by eluting with FLAG peptide. GST-
p300 or GST protein was incubated with purified FLAG-Smarca5 or FLAG peptide for pulldown assay, and then incubated with FLAG antibody. GST
or GST-p300 protein was detected by immunoblotting with anti-GST antibody. Input was used as positive control. (I) Representative photographs of
lncMREF RNA FISH and immunofluorescence staining for p300 and Smarca5 in skeletal muscle satellite cells differentiated for 2 days. Quantification of
three independent experiments showed that lncMREF+/p300+/Smarca5+ cell nuclei accounted for 81.29% of the total cell nuclei. 200 cells were analyzed
in an independent experiment. Scale bars, 20 �m. (J, K) qRT-PCR (J) and Western blotting (K) results showed that Smarca5 overexpression significantly
increased the mRNA and protein levels of MyHC, MyoG, and MyoD. (L, M) Representative images of immunofluorescence staining for MyoG (L) and
MyHC (M) in differentiated C2C12 myoblasts and quantification showed that Smarca5 overexpression promoted myoblast differentiation. Scale bars, 50
�m. (N, O) qRT-PCR results (N) and representative photographs of MyHC immunofluorescence staining (O) showed that lncMREF overexpression had
no significant effect on myoblast differentiation in Smarca5 KO C2C12 myoblasts. The empty pcDNA3.1 vector was used as a negative control (Control) in
gene overexpression experiments. The relative RNA and protein levels are normalized to those of the control �-actin. The data represent the means ± SD
of three independent experiments; *P < 0.05, **P < 0.01. N.S. indicates statistical non-significance.

http://www.ebi.ac.uk/interpro/result/InterProScan
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Figure 5. Smarca5 interacts with motif1 of lncMREF via SLIDE domain, and specifically recognizes 567–647 AA domain of p300 via its 482–596 AA
domains. (A) The results of RNA pulldown assays of full-length (FL) and truncated fragments of lncMREF showed that FL and F5 (213–725) specifically
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results further showed that there was no significant effect
of lncMREF on myogenic differentiation after mutating the
binding motif of lncMREF with Smarca5 (Figure 5O and
P). In conclusion, Smarca5 is essential for the lncMREF reg-
ulation of myogenic differentiation, as well as its interaction
with p300, and lncMREF promotes the interaction between
Smarca5 and p300.

lncMREF facilitates p300 genomic binding by upregulating
chromatin accessibility of target regulatory regions

Smarca5 acts as a chromatin-remodeling factor and mainly
alters the expression of genes by promoting chromatin ac-
cessibility (63). p300-catalyzed H2K27ac is often accom-
panied by changes in chromatin accessibility. We hypoth-
esized that lncMREF may affect chromatin accessibility
via Smarca5. To verify this speculation, we performed
an ATAC-seq in skeletal muscle cells differentiated for 2
days from WT and lncMREF KO mice. ATAC-seq results
showed that loss of lncMREF significantly reduced chro-
matin accessibility in 7368 peaks representing 5537 genes
and increased chromatin accessibility in 28 peaks repre-
senting 16 genes (Supplementary Data S4). The heatmap
showed that knockout of lncMREF can significantly reduce
chromatin accessibility at gene promoters and enhancers
(Figure 6A and B). The distribution characteristics of dif-
ferential ATAC-seq peaks showed that 43.58% differential
peaks were enriched at gene promoters, while 22.41% of
the differential peaks were located at distal regulatory re-
gions (Figure 6C). GO enrichment analysis showed that
those genes with altered chromatin accessibility were en-
riched in pathways related to cell differentiation, chromatin
modification and remodeling (Figure 6D). Homer motif
analysis showed that sequence motifs of myogenic factors,
such as MyoD, MyoG and Mef2s, were enriched in the re-
gions with altered chromatin accessibility (Figure 6E). It
has been reported that p300 could act as a coactivator of
these myogenic transcription factors or histone acetyltrans-
ferase to regulate muscle development (58,61). We proposed

that lncMREF recruits Smarca5 to enhance the accessible
chromatin state, which facilitates p300 and H3K27ac ge-
nomic binding to target regulatory regions. Thus, we further
detected p300 and H3K27ac signals in the target regions
where chromatin accessibility was changed after lncMREF
deletion. The heatmap of p300 and H3k27ac ChIP-seq sig-
nals at the ATAC-seq sites showed that ATAC-seq signal
decrease coincided with a decrease in p300 and H3k27ac
ChIP-seq signals (Figure 6F). UpSet plot representations
were used to comprehensively compare the RNA-seq, p300
ChIP-seq, H3K27ac ChIP-seq and ATAC-seq data (Figure
6G). Of note, 1550 of 2967 genes that were differentially
bound by p300 overlapped with genes with chromatin acces-
sibility changes between WT and lncMREF knockout cells,
suggesting that p300 enrichment at more than half of target
genes may be associated with chromatin accessibility. More-
over, 185 common genes were regulated by lncMREF, p300,
H3K27ac and chromatin accessibility (Figure 6H); these
genes included some key myogenic genes, such as MyoD,
Cdon and Grb2 (Figure 6I–K). To confirm whether lncM-
REF directly regulates these target genes, ChIRP-qRT-PCR
was used to detect the binding of lncMREF to the promot-
ers of these genes in C2C12 cells differentiated for 2 days.
The results showed that lncMREF could directly bind to
the promoter regions of these genes, indicating that lncM-
REF guides Smarca5 to upregulate chromatin accessibil-
ity of target regions (Figure 6L). Taken together, lncMREF
may recruit Smarca5 to the regulatory regions of its myo-
genic target regions and enhance chromatin accessibility;
the increase in chromatin accessibility leads to an increase
in p300/H3K27ac enrichment in target regions, which im-
proves the expression of myogenic genes.

lncMREF is functionally and mechanistically conserved in
humans and pigs

Recent studies have shown that many lncRNAs have con-
served genomic positions, expression patterns, subcellular
distributions, and functional domains among species (64).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
interacted with Smarca5 in C2C12 myoblasts. �-actin was used as negative control. Input was used as positive control. As shown in the upper image of the
Figure, FL represented the full-length of lncMREF, F1 (1–725), F2 (1–213), F3 (213–1144), F4 (725–1144) and F5 (213–725) indicated different truncated
fragments of lncMREF, respectively. (B, C) The RNA EMSA results showed that purified Smarca5 was bound by the motif1 of lncMRE (B), but the
RNA-protein complex cannot form when the motif1 was mutated (C). (D) The RNA EMSA results showed that lncMREF bound to the SLIDE domain
of Smarca5 (Smarca5-S7). As shown in the upper image of the Figure, FL represented the full-length of Smarca5, S1 (65–112), S2 (177–340), S3 (181–346),
S4 (176–462, S5 (482–596), S6 (742–840) and S7 (897–1011) indicated different truncated fragments of Smarca5, respectively. (E, F) The results of Co-IP
experiments showed that Smarca5 specifically interacted with p300 through its 482–596 AA domain (S5) (E), and p300 specifically recognized Smarca5
through its unique 567–647 AA domain (p3) (F). Co-IP was performed with Flag antibody in C2C12 cell lysates, and the purified protein complexes were
detected by Western blotting. As shown in the upper image of the Figure F, FL represented the full-length of p300, p1 (339–415), p2 (567–647), p3 (1057–
1143), p4 (1155–1240, p5 (1286–1662), p6 (1663–1704), p7 (1734–1805) and p8 (1993–2099) indicated different truncated fragments of p300, respectively.
(G) The GST pulldown results showed that p300 could not interact with Smarca5 when the amino acids from 482 to 596 of Smarca5 were deleted. FLAG-
tagged Smarca5 and mutant constructs were transfected into 293T cells and purified by using anti-FLAG-agarose beads. GST or GST-p300 fusion protein
was incubated with purified FLAG-tagged proteins for pulldown assay. (H) The GST pulldown results showed that Smarca5 could not interact with p300
when the amino acids from 567 to 647 of p300 were deleted. FLAG-tagged p300 and mutant constructs were transfected into 293T cells and purified by
using anti-FLAG-agarose beads. GST or GST-Smarca5 protein was incubated with purified FLAG-tagged proteins for pulldown assay. (I, J) The results of
RIP assays results showed that overexpression of Smarca5 significantly increased the binding capacity of lncMREF to p300, while knockdown of Smarca5
significantly decreased the binding capacity of lncMREF to p300. (K) The results of RIP assays showed that p300 failed to interact with lncMREF after the
absence of Smarca5. (L) The results of RIP assays showed that p300 knockdown had no significant effect on the interaction of lncMREF with Smarca5.
(M) The results of Co-IP assays showed that knockout of lncMREF significantly reduced the interaction of Smarca5 and p300. (N) The results of RNA
pulldown assays showed that lncMREF was unable to bind to p300 and Smarca5 after mutation of motif1. (O, P) qRT-PCR results (O) and representative
photographs of MyHC immunofluorescence staining (P) showed there was no significant effect of lncMREF on myogenic differentiation after mutating
the binding motif of lncMREF with Smarca5. A scrambled siRNA was used as a negative control (NC) in gene knockdown experiments, and the empty
pcDNA3.1 vector was used as a negative control (Control) in gene overexpression experiments. The relative RNA levels are normalized to �-actin. The
data are presented as mean ± SD of three independent experiments; *P < 0.05, **P < 0.01. N.S. indicates statistical non-significance.
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Figure 6. lncMREF facilitates p300 genomic binding by upregulating chromatin accessibility of target regulatory regions. (A, B) Heatmap of ATAC-seq
signals at promoters (A) and gene enhancers (B) between WT and lncMREF KO skeletal muscle satellite cells. (C) Pie charts showing the distribution of
differential ATAC-seq peaks between WT and KO satellite cells across the genome. Different colors represent different genomic regions. The differential
p300 peaks were distributed at gene promoter (43.58%), exon (6.18%), intron (27.16%), downstream (0.66%) and distal intergenic regions (22.41%). (D) GO
enrichment dot plot of the genes with differential chromatin accessibility. (E) HOMER analysis showed that the binding motifs of myogenic transcription
factors were predicted in the target regions where the chromatin accessibility was changed. (F) Heatmap of the signals of ATAC-seq (orange), p300 ChIP-seq
(blues) and H3K27ac ChIP-seq (yellow) at the genomic loci where ATAC-seq signal changes occur between WT and KO satellite cells. The results showed
that there were consistent signal changes among ATAC-seq, p300 and H3K27ac ChIP-seq data at the differential ATAC-seq sites. Enrichment signal was
plotted relative to peak center ± 3 kb. Each row represents a 6kb genomic region flanking the ATAC-seq sites. Top panels display the average signal within
each category in the same color. (G) UpSet plots showing the intersection of multi-omics differentially regulated genes in this study. (H) Venn diagram
showing that there were 185 common differentially regulated genes by lncMREF/p300/H3K27ac and chromatin accessibility. (I–K) Combined profiles of
ATAC-seq (orange), ChIP-seq profiles for p300 (blue), H3K27ac (yellow) and RNA-seq (green) for MyoD (I), Grb2 (J), Cdon (K). (L) ChIRP-qRT-PCR
results in C2C12 cells differentiated for 2 days showed that lncMREF could directly bind to the promoter regions of Bin1, Cdon, Mylpf, Synpo2, Purb and
MyoD.
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In the UCSC Genome Browser database, we found that
pig lncRNA MW393523 (termed plncMREF) and human
lncRNA MW670463 (termed hlncMREF) have conserved
genomic positions with mouse lncMREF. Both plncMREF
and hlncMREF are transcribed from the genomic region be-
tween the Eif4g2 and Galnt18 genes (Supplementary Figure
S6A). RACE assays showed that plncMREF is a transcript
2679 bp in length and hlncMREF is a transcript 1833 bp in
length (Supplementary Figure S6B and C). In vitro trans-
lation experiments indicated that plncMREF and hlncM-
REF are non-coding RNAs (Supplementary Figure S6D
and E). hlncMREF and plncMREF are gradually upregu-
lated during myogenic progenitor cell differentiation (Sup-
plementary Figure S6F and G). Cell fractionation assays
demonstrated that plncMREF and hlncMREF are mainly
distributed in the nuclei of pig myogenic progenitor cells
and human skeletal muscle myoblasts, respectively (Figure
7A and B). Interestingly, sequence alignment analysis re-
vealed that lncMREF has conserved core-binding motifs
of Smarca5 among mice, pigs, and humans (Figure 7C).
To investigate the function of plncMREF and hlncMREF
in myogenic differentiation, we overexpressed plncMREF
and hlncMREF in pig skeletal muscle satellite cells and hu-
man skeletal muscle myoblasts, respectively. The qRT-PCR,
Western blotting and immunofluorescence results showed
that overexpression of plncMREF and hlncMREF signifi-
cantly promoted the differentiation of pig skeletal muscle
satellite cells and human skeletal muscle myoblasts, respec-
tively (Figure 7D and E and Supplementary Figure S6H-
M). To further confirm the effects of plncMREF and hlncM-
REF on muscle regeneration, we overexpressed plncMREF
and hlncMREF in Mdx mice. HE staining results showed
that overexpression of plncMREF and hlncMREF in Mdx
mice significantly alleviated muscle damage (Figure 7F and
G). These results indicated that lncMREFs are functionally
conserved among mice, pigs and humans. To further con-
firm the conserved mechanisms of plncMREF and hlncM-
REF, RNA pulldown was conducted to verify the binding
of plncMREF and hlncMREF to Smarca5 and p300, re-
spectively. Consistent with mouse lncMREF, both plncM-
REF and hlncMREF interacted with Smarca5 and p300 in
pig skeletal muscle satellite cells and human skeletal muscle
cells, respectively (Figure 7H and J). RNA EMSA results
showed that plncMREF and hlncMREF could bind to Flag-
Smarca5, but not to GST-p300 in vitro (Figure 7I and K).
RNA pulldown results showed that plncMREF and hlncM-
REF could not bind to Smarca5 after mutation of the con-
served core-binding motif (Supplementary Figure S6N and
O). The qRT-PCR and immunofluorescence staining results
further confirmed that there were no significant effects of
plncMREF or hlncMREF on myogenic differentiation after
mutating the binding motif of lncMREF with Smarca5 (Fig-
ure 7L and M). The above results indicated that lncMREF is
functionally and mechanistically conserved in humans and
pigs.

DISCUSSION

Skeletal muscle development and regeneration are complex
processes and regulated by a series of transcription fac-
tors and important factors. MyoD is a key myogenic tran-

scription factor that can initiate the myogenic differentia-
tion program by transcriptionally regulating the expression
of multiple myogenic genes (65,66). It has been reported
that MyoD regulates not only the expression of mRNAs
and miRNAs but also the expression of lncRNAs, such
as SYISL (26), lnc-MD1 (28, and H19 (67). MyoD per-
forms a pivotal role in muscle differentiation and satellite
cell function by divergently regulating lncRNA expression.
Firstly, MyoD directly binds to E-box sites at target pro-
moters to activate the expression of the target genes, such
as lncRNA SYISL (26), Linc-MD1 (28), Linc-YY1 (43),
Linc-RAM (68) and lncMyoD (69). These lncRNAs usu-
ally promote myogenic differentiation, but several lncRNAs
such as SYISL inhibit myogenic differentiation. Secondly,
MyoD is a 3D genome structure organizer for muscle cell
identity and regulates the expression of lncRNAs by chang-
ing chromatin structure (70), such as lncRNA Dum (31).
Thirdly, MyoD possibly regulates the expression of lncR-
NAs indirectly. For example, MyoD promotes the expres-
sion of Myostatin, and then Myostatin inhibits the expres-
sion of lncRNA Malat1, which in turn inhibits the prolifer-
ation of myoblasts (71). In this study, we functionally identi-
fied lncMREF, which was upregulated by MyoD and in ac-
tivated skeletal muscle satellite cells, as a novel specific regu-
lator of muscle regeneration. lncMREF promotes the differ-
entiation of skeletal muscle satellite cells, but does not trans-
differentiate a fibroblast into a muscle cell. Therefore, lncM-
REF rather facilitates myogenic differentiation. Compared
with WT mice, lncMREF KO mice grew normally without
significant muscle phenotype changes and did not show my-
opathy like symptoms in their lifespan, but showed slower
muscle regeneration after muscle injury. This finding further
confirmed that lncRNAs function mainly in physiological
and pathological diseases. Further functional analyses iden-
tified Smarca5 binding motifs within exon 2 as the key func-
tional site of lncMREF; loss of this site in KO mice results in
the decreased muscle regeneration at the early stage of mus-
cle injury repair. In addition, the function and mechanism
of lncMREF during myogenesis are conserved among mice,
pigs, and humans, which suggests that lncMREF may have
potential applications for treating muscle diseases, such as
muscular dystrophy and Duchenne muscular dystrophy.

LncRNAs regulate gene expression through a variety of
mechanisms, including acting as miRNA sponges, regulat-
ing mRNA stability and translation, interacting with pro-
teins and DNA/RNA and recruiting epigenetic regulators
into target regions (72). For example, HOTAIR acts as a
modular scaffold for at least two histone-modified com-
plexes (PRC2 and LSD1) and recruits them to target gene
promoters (73). CCAT1-L interacts with CTCF to upreg-
ulate myelocytomatosis oncogene (MYC) proto-oncogene
expression through regulation of the chromatin conforma-
tion at the MYC locus (74). Here, lncMREF could bind to
p300/CBP, and knockdown of lncMREF reduced the en-
richment of p300 in the regulatory region of the genes re-
lated to myogenesis, suggesting that lncMREF introduces
p300/CBP into the regulatory regions of its target genes.
p300/CBP is specifically responsible for H3K27ac modifi-
cation and loosens the chromatin structure to promote tran-
scription initiation (75,76). Several studies have shown that
p300 is involved in lncRNA-mediated epigenetic regulation
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Figure 7. lncMREF is functionally and mechanistically conserved in humans and pigs. (A) The distribution of plncMREF in the cytoplasm and nuclei
of proliferating (D0) and differentiated for 3 d (D3) pig skeletal muscle satellite cells was determined by qRT-PCR. NEAT1 is a known nuclear lncRNA,
and Linc-MD1 is a cytoplasmic RNA. (B) The distribution of hlncMREF in the cytoplasm and nuclei of proliferating (D0) and differentiated for 3 d (D3)
human skeletal muscle cells was determined by qRT-PCR. NEAT1 is a known nuclear lncRNA, and Linc-MD1 is a cytoplasmic RNA. (C) The conserved
core binding motif of lncMREF with Smarca5 among mice, pigs and humans was revealed by sequence analysis. (D, E) Representative photographs of
MyHC immunofluorescence staining and quantification showed that plncMREF (D) and hlncMREF (E) overexpression promoted myoblast differentiation
of pig skeletal muscle satellite cells and human skeletal muscle cells, respectively. Scale bar, 50 �m. (F, G) Representative images of H&E staining for TA
muscles from 2-month-old Mdx mice injected with lentivirus-mediated plncMREF (F) or hlncMREF (G) overexpression vector (LV-plncMREF or LV-
hlncMREF) and control vector (LV-control), separately. The results indicated that plncMREF (F) and hlncMREF (G) overexpression significantly increased
the percentage of complete muscle fibers of Mdx mice, respectively. Scale bar, 50 �m. (H, I) The results of RNA pulldown (H) and RNA EMSA (I) assays
of plncMREF showed that plncMREF could interact with Smarca5 and p300 in pig skeletal muscle satellite cells, but could not bind to GST-p300 in vitro.
Input was used as a positive control. There was no RNA in bead group, and the sense and anti-sense groups represented the addition of plncMREF sense
and anti-sense RNA, respectively. (J, K) The results of RNA pulldown (J) and RNA EMSA (K) assays of hlncMREF showed that hlncMREF could interact
with Smarca5 and p300 in human skeletal muscle cells, but could not bind to GST-p300 in vitro. Input was used as a positive control. There was no RNA
in bead group, and the sense and anti-sense groups represented the addition of hlncMREF sense and anti-sense RNA, respectively. (L, M) Representative
photographs of MyHC immunofluorescence staining and quantification showed that there was no significant effect of plncMREF (L) or hlncMREF (M) on
myogenic differentiation after mutating the binding motif of lncMREF with Smarca5. The empty pcDNA3.1 vector was used as a negative control (Control)
in gene overexpression experiments and the lentivirus-mediated empty vector PCDH-CMV-copGFP was used as a negative control (LV-Control) in mouse
muscle infection experiments. The data are presented as mean ± SD of three independent experiments; *P < 0.05, **P < 0.01. N.S. indicates statistical
non-significance.
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of genes such as lncRNA RP1 (77) and SATB2-AS1 (78).
In our study, the promotion effect of lncMREF on myogenic
differentiation was inhibited after silencing p300/CBP, im-
plying that the epigenetic regulatory function of lncMREF
depends on the presence of p300/CBP. However, there is
no direct interaction between lncMREF and p300, which is
consistent with previous reports that p300 tends to fail to in-
teract directly with RNA (79). Further studies revealed that
Smarca5 is a bridge between lncMREF and p300. Smarca5
binds to lncMREF by specifically recognizing the conserved
GUA motif of lncMREF, while the conserved 482–596 AA
domain of Smarca5 is the key region for its binding to the
567–647 AA domain of p300. Smarca5 is a member of the
SWI/SNF superfamily and can alter chromatin accessibil-
ity (79,80). A recent study demonstrated that Smarca5 tends
to bind to promoters and maintains the accessible chro-
matin state in Smarca5 binding regions to facilitate the ge-
nomic binding of hematopoietic transcription factors in fe-
tal hematopoietic stem and progenitor cells (63). We also
found that deletion of lncMREF significantly alters chro-
matin accessibility in target promoter regions and recruits
myogenic transcription factors or coactivators, such as p300
and MyoD, to bind to promoters; these results are consis-
tent with the function of Smarca5. It is reported that there
are quite a few instances of genes that are unimportant for
development but turn out to be important for regeneration,
such as TAK1 (81) and TRAF6 (82). In our study, the ex-
pression of lncMREF and Smarca5 increase significantly
after the activation of skeletal muscle satellite cells, and
their interaction plays an important role in the muscle re-
generation. Together, our observations indicated that when
satellite cells are activated, lncMREF specifically recruits
Smarca5 to the target regions and increases chromatin ac-
cessibility, which facilitates the genomic binding of p300 or
other transcription factors and improves target gene expres-
sion.

In summary, we found that lncMREF is a specific pos-
itive regulator of muscle regeneration among humans,
pigs, and mice. Mechanistically, lncMREF, whose expres-
sion is upregulated by MyoD, promotes myogenic differ-
entiation and muscle regeneration by interacting with the
Smarca5/p300/CBP complex. When satellite cells are in
a resting state, Smarca5 is expressed at very low levels,
and lncMREF cannot interact with Smarca5 to regulate
the expression of downstream genes. When satellite cells
are activated and start to differentiate, Smarca5 is upreg-
ulated and recruited by lncMREF to their target myo-
genic regulatory regions, which leads to the upregulation
of chromatin accessibility in these target regions. Accessible
chromatin increases enrichment of p300/CBP/H3K27ac
in myogenic regulatory regions, thereby enhancing myo-
genic gene expression and muscle regeneration. Our results
show for the first time the function of lncRNA-mediated
Smarca5/p300/CBP interaction in the specific regulation of
muscle regeneration.
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