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Epigenetics regulation plays a critical role in determining cell identity
by controlling the accessibility of lineage-specific regulatory regions.
In muscle stem cells, epigenetic mechanisms of how chromatin acces-
sibility is modulated during cell fate determination are not fully un-
derstood. Here, we identified a long noncoding RNA, LncMyoD, that
functions as a chromatin modulator for myogenic lineage determina-
tion and progression. The depletion of LncMyoD in muscle stem cells
led to the down-regulation of myogenic genes and defects in myo-
genic differentiation. LncMyoD exclusively binds with MyoD and not
with other myogenic regulatory factors and promotes transactivation
of target genes. The mechanistic study revealed that loss of LncMyoD
prevents the establishment of a permissive chromatin environment at
myogenic E-box—containing regions, therefore restricting the binding
of MyoD. Furthermore, the depletion of LncMyoD strongly impairs
the reprogramming of fibroblasts into the myogenic lineage. Taken
together, our study shows that LncMyoD associates with MyoD and
promotes myogenic gene expression through modulating MyoD ac-
cessibility to chromatin, thereby regulating myogenic lineage
determination and progression.
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In eukaryotic chromatin, much of the DNA is buried within nu-
cleosomes, and accessibility of transcription factors (TFs) to their
target sequences is sterically hindered by histones and higher-order
chromatin structures. The accessibility of chromatin regions deter-
mines the transcriptome landscape of the cell, therefore restricting
the identity of the cell type (1). Pioneer TFs are capable of de novo
binding to their target sites in silent or closed chromatin regions (2).
Such initial binding can actively open up the local chromatin for
binding by other factors, thereby causing manifest changes in gene
regulatory networks crucial for cell fate changes and cellular
reprogramming. Cell fate determination by pioneer TFs can be ex-
emplified by the conversion of fibroblasts into induced pluripotent
stem cells by the Yamanaka factors (3). However, the core pluri-
potency pioneer TFs, Oct4, Sox2, and Klf4, have been reported to
benefit from the cooperative interaction with other TFs (4, 5). Also,
the binding of NRF1 is restricted by the DNA methylation state of
its target motif, which is dependent on the binding of surrounding
TF motifs (6). All these findings suggest a complex network in how
TFs access compact chromatin during lineage commitment, and the
detailed mechanism needs to be further investigated.

Exploration of mammalian genomes has revealed a new class
of RNA regulator: long noncoding RNAs (IncRNAs) (7, 8).
IncRNAs are arbitrarily defined as transcripts longer than 200
nucleotides that have no protein-coding potential (9). This class
of RNAs shares similar chromatin properties with messenger
RNAs and can be identified with a histone 3 lysine-4 trimethy-
lation (H3K4me3)-marked active promoter and an H3K36me3-
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marked gene body (8, 10). IncRNAs have been found to play
fundamental roles in diverse biological processes, including X
chromosome silencing, stem cell maintenance and differentia-
tion, and cell fate programming and reprogramming (11-13).
Further mechanistic studies of the functions of IncRNAs indicate
that they regulate transcription via chromatin modulation (14). For
example, HOTTIP directly binds with WDRS5 and displays
H3K4me3 marks on its target genes through chromosomal looping
to promote transcription (15). On the other hand, HOTAIR phys-
ically associates with the Polycomb repressive complex 2 (PRC2)
and displays H3K27me3 marks across hundreds of targeting sites
(16, 17). Another IncRNA, SRA, associates with p68 to stabilize the
interaction of cohesion with CCCTC-binding factor, thus facilitating
the establishment of long-range interaction through chromosomal
looping (18). Moreover, around 9,000 IncRNAs were identified to
associate with PRC2 in mouse embryonic stem cells (19), suggesting
an emerging theme of a global IncRNA—chromatin network (20).
Still, the detailed mechanism of how IncRNAs modulate chromatin
accessibility remains largely elusive.

Significance

Epigenetic regulations control the accessibility of transcription
factors to their target regions. Modulation of chromatin ac-
cessibility determines which transcripts to be expressed and
therefore, defines cell identity. Chromatin modulation during
cell fate determination involves a complex regulatory network,
yet the comprehensive view remains to be explored. Here, we
provide a global view of chromatin accessibility during muscle
stem cell activation. We identified a long noncoding RNA
(IncRNA), LncMyoD, which regulates lineage determination and
progression through modulating chromatin accessibility. Func-
tional analysis showed that loss of LncMyoD strongly impairs
reprogramming of fibroblasts into myogenic lineage and cau-
ses defects in muscle stem cell differentiation. Our findings
provide an epigenetic mechanism for the regulation of muscle
stem cell myogenic lineage progression by an IncRNA.
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IncRNAs have emerged to regulate muscle development and
differentiation. Dum, LncMyoD, and Linc-YY1 are directly activated
by MyoD to promote myogenic differentiation through silencing
Dppa2 expression, inhibiting IMP2-mediated mRNA translation,
and dissociating YY1/PRC repressive complex from target pro-
moters, respectively (21-23). Core enhancer RNA and Distal reg-
ulatory regions RNA promote chromatin remodeling to establish
myogenic cell identity (24). Some IncRNAs such as SR4 and linc-
RAM form a complex with MyoD and other factors to enhance
transcription of muscle-specific genes through chromatin modula-
tion (25, 26). Different mechanisms have also been proposed to
explain IncRNA functions during myogenic differentiation. Linc-
MD1 is a cytoplasmic IncRNA and functions as a sponge of selec-
tive microRNAs (27, 28). Munc is produced from the upstream
enhancer region of the Myod1 locus and promotes MyodI and Myog
transcription (29). Irm interacts with Mef2D and promotes assembly
of MyoD/Mef2D complex to enhance differentiation (30). These
findings emphasize the importance of IncRNAs during myogenic
differentiation. However, it remains unclear how IncRNAs control
myogenic lineage determination in muscle stem cells.

In this study, we showed a dramatic change in chromatin ac-
cessibility during muscle stem cell (satellite cell [SC]) activation
using Assay for Transposase-Accessible Chromatin using se-
quencing (ATAC-seq) analysis. We identified an IncRNA,
LncMyoD, in modulating chromatin accessibility for myogenic
lineage progression of muscle stem cells. Loss of LncMyoD led to
the down-regulation of myogenic-related genes and observable
phenotypic defects in SC differentiation. Mechanistically speaking,
we observed that LncMyoD facilitates transactivation through di-
rect binding to the MyoD protein and revealed LncMyoD pro-
motes MyoD accessing to myogenic E-box—containing chromatins.
Notably, LncMyoD is necessary for the reprogramming of 10T1/2
fibroblasts into myoblasts, indicating its chromatin modulation
activity plays a critical role during cell fate determination. Our
results collectively suggest that LncMyoD associates with MyoD to
promote the establishment of an accessible chromatin environ-
ment for myogenic gene activation and is critical for myogenic
lineage determination and progression.

Results

Extensive Changes in Chromatin Accessibility during SC Activation
Affect the Transcriptome Landscape of SC. To explore the chro-
matin structure changes during SC activation, we performed
chromatin immunoprecipitation with sequencing library prepa-
ration by Tn5 transposase (“tagmentation”) (ChIPmentation)
(31) of H3K4me3 and H3K27me3 histone marks and ATAC-seq
(32) on freshly isolated satellite cells (FISCs) and activated sat-
ellite cells (ASCs) isolated from 2.5-d postinjury hind-limb
muscles using fluorescence-activated cell sorting (FACS). The
profiling data showed a conventional distribution of histone
marks relative to gene features and ATAC-seq signals: genes
that are expressed in SCs are occupied by H3K4me3 histone
mark at their promoter regions, while nonexpressing genes are
strongly marked with H3K27me3 histone marks. As expected,
ATAC-seq signals are only enriched at genomic locations where
H3K27me3 histone marks are absent (Fig. 14 and SI Appendix,
Fig. S14). Genome-wide analysis of our data revealed that SCs
exhibit dramatic chromatin accessibility changes during activation.
Consistent with previous reports (33), SCs exhibit increased signal
of H3K4me3 and H3K27me3 histone marks during activation
(Fig. 1 B and C). Moreover, analysis of nucleosome occupancy
using ATAC-seq data suggested that SCs have nucleosome re-
moval events happening around the transcription start site (TSS)
regions of genes during activation (Fig. 1D). Genomic annotation
of the ATAC-seq data revealed that most of the open regions
locate in intronic and distal intergenic regions in both FISCs and
ASCs (SI Appendix, Fig. S1B). However, ASCs have a higher
percentage of open promoter regions, and the identity of these
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promoters differs a lot from the those in FISCs (SI Appendix, Fig.
S1 B and C). Taken together, our data suggest that SCs undergo
dramatic chromatin remodeling upon activation, preparing them
for myogenic lineage progression.

To understand the correlation of chromatin accessibility and gene
expression during SC activation, we compared the deep RNA-
sequencing (RNA-seq) data on FISCs and ASCs with the corre-
sponding ATAC-seq data. Consistent with previous studies showing
that chromatin accessibility is positively correlated with gene ex-
pression (34-36), our data showed that genes that are highly
expressed in FISCs have higher chromatin accessibility across their
promoter regions, and genes that are associated with proliferation
and muscle development have higher chromatin accessibility in
ASCs (Fig. 1 E and F). Interestingly, stress response genes such as
Psmd10, Psmb7, Eif2s1, and Eif2s3x have higher accessibility in
FISCs than ASCs, even though their gene expression is higher in
ASCs than FISCs (Fig. 1E). This result indicates that SCs undergo
environmental stress during the isolation process, and the chro-
matin accessibility changes are prior to gene expression. Detailed
examination of ATAC-seq peaks using Reactome (37) showed that
several signaling pathway genes, such as the Notch signaling path-
way, are highly accessible in FISCs (SI Appendix, Fig. S1D), while
genes associated with cell cycle, muscle contraction, and transcrip-
tion are highly accessible in ASCs (SI Appendix, Fig. SIE). Func-
tional analysis of differentially expressed genes in FISCs and ASCs
also indicates that ASCs are actively involved in proliferation and
transcription (SI Appendix, Fig. S1 F and G).

To further determine whether the chromatin structure
changes alter TF binding, we analyzed the ATAC-seq data using
chromVAR software, which estimates accessibility changes within
ATAC-seq peaks sharing the same TF binding motif or annotation
(38). We ranked TF motifs according to the variability of their
accessibility changes during SC activation (Fig. 1G). Among the
top-ranked TF motifs with the highest variability, known key
factors that promote proliferation, such as FOS/JUN and
RUNX1, were identified to have their binding motifs more ac-
cessible in ASCs (Fig. 1G). The binding motifs of myogenic reg-
ulatory factors (MRFs; i.e., MyoD and MyoG) were also identified
to have their motif accessibility increased during SC activation
(Fig. 1H). Taken together, our results suggest that the chromatin
structure changes during SC activation affect TFs binding, there-
fore modulating the transcriptome landscape of SCs for myogenic
lineage progression.

Identification of IncRNAs during SC Activation and Differentiation.
Previous studies have reported IncRNAs as regulators of chromatin
remodeling (14). To identify chromatin-modifying IncRNAs that are
expressed during SC activation and differentiation, we combined our
RNA-seq data on FISCs and ASCs with published RNA-seq data
from FISCs*, proliferating satellite cells, and myotubes (39) and
performed de novo transcript assembly using the Tuxedo pipeline
(40). To ensure identified transcripts are indeed noncoding, we ex-
amined their protein-coding potential using the Coding Potential
Calculator 2 (CPC2) algorithm (41) and excluded transcripts classi-
fied as protein coding. In addition, we eliminated single-exon tran-
scripts and transcripts smaller than 200 nucleotides, which could
potentially be primary microRNA transcripts. These efforts yielded
14,947 putative IncRNAs expressed at any stage during SC activa-
tion, proliferation, and differentiation. We additionally characterized
the expression level of IncRNAs in our RNA-seq datasets with the
Gencode M19 annotation (42). We found that among the identified
IncRNAs and the annotated IncRNAs, 3,998 IncRNA transcripts
were differentially expressed during SC differentiation (Dataset S1).
Further examination of their nearby protein-coding genes yielded
three IncRNAs that were located near MRFs loci: NC 117, NC 3092,
and NC 3093 (Fig. 24), which matched previously predicted
IncRNAs XR 878548 (43), Munc (29), and LncMyoD (22),
respectively.
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Fig. 1.

Chromatin accessibility changes during SC activation. (A) Genome tracks of H3K4me3 ChiP-seq, H3K27me3 ChiP-seq, and ATAC-seq signals in FISCs and
ASCs across Pax7 (Left) and Bmpé6 loci (Right). (B and C) Distribution of H3K4me3 (B) and H3K27me3 (C) histone marks across all TSS regions in FISCs and ASCs.
Normalized tag intensity of 2 kb up- and downstream of the TSSs across the genome is shown. (D) Distribution of nucleosome occupancy signal across all TSS
regions in FISCs and ASCs. Normalized tag intensity of 600 bp up- and downstream of the TSSs across the genome is shown. (E) Scatterplot showing fold
change of Tn5 insertions (ASC/FISC) vs. fold change of RNA expression (ASC/FISC). Each dot represents a gene identified in RNA-seq. (F) Genome tracks of
ATAC-seq signals in FISCs and ASCs across promoters of representative genes and their corresponding RNA-seq expression level. (G) chromVAR analysis of
different TF motif accessibility changes between FISCs and ASCs. Graph represents the ranking of the variability of TF motifs accessibility changes. (H) Heat

map showing Z scores of top-ranking TFs motif accessibility changes between FISCs and ASCs.
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To further examine the chromatin structure across these
IncRNA loci during SC activation and differentiation, we ex-
amined the H3K4me3, H3K27me3 histone marks, and ATAC-
seq signal distribution across these IncRNA loci in FISCs and

ASCs. Two of the three IncRNAs, XR 878548 and Munc, had
little access to their genomic loci in differentiating satellite cells
(dSCs) (SI Appendix, Fig. S2 A and B), suggesting that they may
function at a time beyond our analysis time points. On the other
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Fig. 2. LncMyoD is an IncRNA expressed in ASCs. (A) Heat map showing the expression pattern of identified IncRNAs between RNA-seq data from different RNA-seq
samples with their nearby protein-coding genes. FPKM, fragments per kilobase of transcript per million mapped reads. (B) Temporal expression of LncMyoD in whole-
TA muscle extract and during muscle regeneration (DO, uninjured; D2 to D8, days 2 to 8 after muscle injury). (C) Temporal expression of LncMyoD in FACS-sorted FISCs
and SCs plated in vitro under differentiation condition for 2 or 4.5 d after isolation. (D) FISH of endogenous LncMyoD molecules (green) in SCs cultured under dif-
ferentiation condition for different time. The cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) (blue). (Scale bar: 10 pm.) (E) FISH of LncMyoD antisense
and sense probes in SCs cultured under differentiation condition for 72 h. The cell nuclei were stained with DAPI (blue). (Scale bar: 5 pm.) (F) gRT-PCR results of LncMyoD
expression level in cytoplasm and nucleus in myoblasts and myotubes. H19 is used as a marker for cytoplasmic fraction; Malat1 is used as a marker for nuclear fraction.
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hand, NC 3092 (LncMyoD) showed an open chromatin envi-
ronment in ASCs as well as a dramatic gain in chromatin ac-
cessibility in dSCs (SI Appendix, Fig. S2C). Although its locus is
not marked by H3K4me3 during SC activation, the broad re-
pressive mark, H3K27me3, is decreased (SI Appendix, Fig. S2C),
suggesting that this IncRNA is released from a repressed chro-
matin state during SC activation and is permissive for expression
during SC differentiation; 5’ and 3’ rapid amplification of com-
plementary DNA ends (RACE) analysis showed that the full
length of this transcript is 622 bp (SI Appendix, Fig. S2D). Gong
et al. (22) detected a transcript variant they termed LncMyoD* in
C2C12 cells (SI Appendix, Fig. S2E). However, we were unable to
detect this isoform in SCs using an RACE assay, possibly due to
its low expression level relative to the LncMyoD (SI Appendix,
Fig. S2F). Therefore, we focused on LncMyoD for further study.

To examine the expression pattern of LncMyoD, we performed
qRT-PCR time-course analysis in whole-muscle extract and cul-
tured SCs (Fig. 2 B and C). LncMyoD was not detected in unin-
jured tabialis anterior (TA) muscle or FISCs. However, it became
detectable in injured TA muscle 2 d postinjury (Fig. 2B). It was
also detected in SCs cultured under the differentiating condition
(Fig. 2C). To further identify the localization of LncMyoD, we
performed fluorescence in situ hybridization (FISH) on FISCs and
SCs cultured for different amounts of time (Fig. 2D). Concordant
with the qRT-PCR results, LncMyoD was undetectable until 48 h
after plating (Fig. 2D). Similar to other regulatory noncoding
RNAs, foci of LncMyoD are localized in the nuclei (Fig. 2E).
Subcellular fractionation results also confirmed that LncMyoD is
expressed in both the cytoplasm and nucleus, but the ratio of the
nuclear fraction is increased when cells are differentiating to form
myotubes (Fig. 2F), suggesting LncMyoD’s function in regulating
SC differentiation.

LncMyoD 1s Required for Myogenic Lineage Progression. To investi-
gate the role of LncMyoD during myogenic lineage progression,
we conducted loss-of-function experiments with small interfering
RNA (siRNA) treatment targeting LncMyoD. We confirmed the
efficiency of siRNA by qRT-PCR on SCs and SC-derived pri-
mary myoblasts (SI Appendix, Fig. S3 A and B). We first con-
ducted loss-of-function experiments on fiber-associated SCs
ex vivo using Syndecan 4 (Syn4) as an SC marker on fiber ex-
plants (44, 45) and quantified the number of SCs on fibers 3 d
after siRNA transfection. Essentially all SCs were MyoD" in
both the control (Ctrl) and LncMyoD knockdown (KD) groups,
and there was no difference in the absolute number of MyoD*
SCs per fiber between groups (Fig. 34). However, the loss of
LncMyoD in SCs led to a reduction of MyoG expression
(Fig. 34). These results indicate that the loss of LncMyoD im-
pairs SC differentiation but not SC proliferation.

To examine the effect of LncMyoD KD on cultured SCs
in vitro, we performed immunostaining for myogenic markers on
SCs with siRNA treatment targeting LncMyoD. We cultured
FACS-sorted SCs in differentiation medium for 48 h after
LncMyoD KD and quantified various myogenic markers. Similar
to our previous results, there was no difference in MyoD expres-
sion between the Ctrl and LncMyoD KD groups (Fig. 3B). How-
ever, the LncMyoD KD group exhibited a significant decrease in
MyoG expression (Fig. 3B). Furthermore, when SCs were induced
to differentiate for a more extended period, loss of LncMyoD led
to defects in myotube formation (Fig. 3C). The fusion index also
indicated a reduction in fusing potential in LncMyoD KD SCs
(Fig. 3C). These results suggest that the expression of LncMyoD is
required prior to myogenic differentiation.

To further analyze how LncMyoD regulates SC transcriptome,
we treated FACS-sorted SCs with siRNA targeting LncMyoD,
followed by RNA-seq. There was a significant number of dif-
ferentially expressed genes between the Ctrl and LncMyoD KD
groups (Fig. 44). Typical genes known to regulate myogenesis,
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such as Myog, Actcl, and TmemSc (Myomaker), exhibited decreased
expression in the LncMyoD KD group compared with the Ctrl
group (Fig. 4 A and B). Gene ontology analysis of biological pro-
cesses using DAVID (46) demonstrated that muscle formation-
related genes were highly down-regulated after LncMyoD KD. In
contrast, genes associated with cell proliferation and cell-state
transition were highly enriched in the LncMyoD KD group
(Fig. 4C). Taken together, these results indicate that loss of LncMyoD
leads to a marked deficiency in the myogenic differentiation program.

LncMyoD Directly Binds with MyoD to Promote Gene Transcription.
To explore the mechanism of the LncMyoD function, we first
examined its potential binding partners using the CatRAPID
algorithm (47). CatRAPID computationally predicts the binding
propensity of protein-RNA pairs by calculating secondary
structure, hydrogen bonding, and van der Waals contributions.
Since the RNA-seq analysis points to the notion that LncMyoD
regulates SC differentiation, we focused our search among the
essential myogenic regulators. After predicting the binding po-
tential of Pax7 and four MRFs with LrncMyoD, MyoD stood out
as a potential target (SI Appendix, Fig. S4A4). Further comparison
of LncMyoD and MyoD sequences revealed potential binding
hot spots (SI Appendix, Fig. S4B). To understand the interaction
between LncMyoD and MyoD protein, we utilized the BoxB
tethering assay system (15, 48) (Fig. 54). In this system, an RNA
(i.e., LncMyoD) is tethered to the BoxB RNA, which interacts
with AN protein. Both the AN and MRFs are fused with Gal4-
DNA binding domain (Gal4-DBD) so that the interaction of
LncMyoD and individual MRF can be dissected through exam-
ining the signal of luciferase activity.

We first checked the tethering system by transfecting Gal4-
MyoD alone into C2C12 cells. As expected, the luciferase ac-
tivity increased with the addition of MyoD in a dosage-
dependent manner (SI Appendix, Fig. S4D). We subsequently
transfected both BoxB-LncMyoD and Gal4-MyoD into the sys-
tem and observed a significant increase in luciferase activity in
both the myogenic cell line (Fig. 5B) and nonmyogenic cell line
(Fig. 5C). This observation indicates that LncMyoD and MyoD
synergistically promote luciferase expression. Furthermore, an
increase in the amount of BoxB-LncMyoD in the system dra-
matically boosted the luciferase signal (SI Appendix, Fig. S4E),
suggesting that LncMyoD functions in a dosage-dependent
manner. However, when recruiting BoxB-LncMyoD to other
MREFs fused with Gal4-DBD, no induction of luciferase activity
was observed (SI Appendix, Fig. S4C), indicating that the inter-
action between LncMyoD and MyoD is unique and specific
among MRFs.

The MyoD-LncMyoD interaction described above is based on
the specific binding ability of the BoxB sequence to the AN
protein. To determine whether LncMyoD can be recruited to
MyoD protein without external aid, we performed a luciferase
assay with LncMyoD instead of BoxB-LncMyoD. The addition of
LncMyoD also significantly increased luciferase activity
(Fig. 5D). In addition, when C2C12 cells were induced to dif-
ferentiate, we also observed an increase in luciferase activity
(Fig. 5E). This observation suggests that endogenous LncMyoD
expressed during differentiation can be recruited to the tethering
system by MyoD.

We further investigated whether MyoD and LncMyoD directly
interact with each other using a glutathione S-transferase (GST)
binding assay system (15). Purified GST and GST-fused MyoD
protein were incubated with in vitro-transcribed LncMyoD to
examine their binding potential (ST Appendix, Fig. S4F). Because
of the binding specificity between GST protein and glutathione
beads, only the RNAs that are directly bound to the fusion
protein can be retrieved. LncMyoD was only detected in the
presence of MyoD protein, indicating the existence of a physical
binding between MyoD protein and LncMyoD RNA (Fig. 5F).
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To validate the LncMyoD-MyoD interaction in vivo, we per-
formed MyoD RNA immunoprecipitation (RIP) on cultured SCs
and SC-derived primary myoblasts. The results showed that
LncMyoD can be pulled down by MyoD in both SCs and primary
myoblasts (Fig. 5G), suggesting that endogenous LncMyoD and
MyoD interact together in vivo.

To further identify the LncMyoD-interacting domain of MyoD,
we generated the MyoD truncation proteins through combinations
of its three functional domains (i.e., N terminal, basic helix-loop—
helix domain [bHLH], and C terminal). Gal4-DBD fused MyoD
truncations were cotransfected with LncMyoD-containing plasmid
into 293T cells, and RNA was retrieved through immunoprecipi-
tation of Gal4-DBD. The results show that all MyoD truncations
can pull down LncMyoD compared with Gal4dDBD (SI Appendix,
Fig. S4G). However, none of the truncations interact with
LncMyoD as efficient as the full-length MyoD. Among the trun-
cations we generated, the truncations containing the bHLH domain
pulled down the most amount of LncMyoD compared with others
(SI Appendix, Fig. S4G), suggesting that the bHLH domain could
be the major LncMyoD-interacting domain. Since the bHLH do-
main recognizes E-box—containing DNA, this result agrees with our
conclusion that LncMyoD facilitates MyoD binding to its target
regions. Taken together, our results suggest that LncMyoD forms a
complex with MyoD protein to promote gene transcription.

LncMyoD Functions by Modulating Chromatin Accessibility for Myogenic
Lineage Progression. To understand whether LncMyoD influences
chromatin accessibility during SC activation and differentiation, we
performed ATAC-seq on FACS-sorted SCs with siRNA-induced
LncMyoD KD (SI Appendix, Fig. S54). LncMyoD KD led to an
increased nucleosome occupancy signal and a decreased Tn5 in-
sertion count around all TSSs, suggesting that global genome ac-
cessibility has changed (Fig. 6 4 and B). Additionally, LncMyoD KD
samples contain a much higher relative proportion of single-
nucleosome spanning reads compared with the Ctrl samples, sug-
gesting chromatin structure is changed upon loss of LncMyoD (SI
Appendix, Fig. S5B). To further examine the effect of LncMyoD KD
on the chromatin environment, we utilized published chromatin
immunoprecipitation followed by sequencing (ChIP-seq) data of
H3K4me3 in C2C12 myoblasts and myotubes from the Encyclo-
pedia of DNA Elements (ENCODE) portal (49). We retrospec-
tively extracted regions that were enriched for H3K4me3 histone
mark in C2C12 myoblasts and myotubes and assessed their
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accessibility after LncMyoD KD using ATAC-seq reads. After
LncMyoD KD, genome accessibility was reduced globally as indi-
cated by decreased signals across all H3K4me3 peaks (S Appendix,
Fig. S5C). Of note, the decrease was more dramatic across
H3K4me3 peaks from myotubes, suggesting that LncMyoD has a
more pronounced effect during myogenic differentiation. Detailed
examination of TSS accessibility confirmed the dramatic loss of
chromatin accessibility across the genomic loci of typical myogenic
genes (Fig. 6C).

To further determine if LncMyoD-mediated chromatin struc-
ture changes alter TF binding, we analyzed our ATAC-seq data
using chromVAR. Interestingly, this analysis reveals that binding
motifs of E-proteins exhibited the largest decrease in accessibility
after LncMyoD KD (Fig. 6 D and E), suggesting that LncMyoD
potentially has a role in rendering E-box regions accessible. To
validate the chromatin changes across TF binding sites, we uti-
lized published ChIP-seq data of different TFs on C2C12 myo-
blasts and myotubes from the ENCODE portal (49) and
extracted binding sites of these TFs to assess the accessibility
changes using our ATAC-seq data. The examined TF binding
sites all exhibited a decrease in accessibility after LncMyoD KD
(SI Appendix, Fig. S5D). However, when we calculated the extent
of accessibility changes, only MRFs (i.e., MyoD and MyoG)
exhibited larger reductions in binding site access in myotubes than
in myoblasts (SI Appendix, Fig. S5E). Taken together, these
analyses indicate that loss of LncMyoD reduces the permissiveness
of the chromatin environment at myogenic E-box regions, thereby
preventing the binding of MRFs during myogenic differentiation.

To directly assess the impact of LncMyoD on chromatin ac-
cessibility, we performed MyoD ChIPmentation on cultured SCs
with siRNA treatment targeting LncMyoD. The results showed
that MyoD ChIP-seq signals decreased dramatically after the loss
of LncMyoD (Fig. 6F). Typical myogenic genes such as Myog and
Myomaker showed a decrease of ATAC-seq signals as well as a
decrease of MyoD ChIP-seq signals across their promoter re-
gions (Fig. 6H and SI Appendix, Fig. S5F), suggesting that the
loss of LncMyoD reduces the chromatin accessibility of MyoD
binding sites, thereby preventing the binding of MyoD and
inhibiting myogenic differentiation. To investigate whether the
decrease of myogenic gene expression after the loss of LncMyoD
is related to altered promoter/enhancer activities, we examined
the H3K27ac level with LncMyoD KD. No decrease in H3K27ac
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marks across all TSS regions was observed after LncMyoD KD
(Fig. 6 G and H and SI Appendix, Fig. S5F), suggesting that
LncMyoD does not affect the promoter/enhancer activities.

To further explore the genomic binding sites of LncMyoD, we
performed the Chromatin Isolation by RNA Purification fol-
lowed by sequencing (ChIRP-seq) (50) using biotin-labeled
DNA probes targeting LncMyoD (Fig. 6 and SI Appendix, Fig.
S5G). We found a dramatic enrichment of LncMyoD ChIRP-seq
signal across MyoD binding sites (Fig. /), suggesting the coex-
istence of MyoD and LncMyoD at specific genomic loci. Fur-
thermore, MyoD ChIP-seq signal decreased dramatically across
LncMyoD binding sites after LncMyoD KD (Fig. 6K), indicating
the involvement of LncMyoD in MyoD binding to the genome.
Detailed examination of myogenic genes loci showed that MyoD
and LncMyoD co-occupy myogenic gene promoter regions
(Fig. 61 and SI Appendix, Fig. SSH). Taken together, our results
show that LncMyoD facilitates MyoD binding to myogenic gene
promoter regions, thereby promoting myogenic differentiation.

LncMyoD Is Required to Mediate Transdifferentiation of Fibroblasts
to Myoblasts. MyoD is considered a master regulator for myo-
genic lineage reprogramming (51) in that ectopic expression of
MyoD in fibroblasts can result in transdifferentiation into myo-
blast lineage cells (52, 53). Mechanistic studies have revealed the
function of MyoD in transdifferentiation: it can access repressive
chromatin and recruit histone acetyltransferases (HATSs) and
switch/sucrose-nonfermentable (SWI/SNF) complexes for chro-
matin remodeling (54-57). Considering that LncMyoD has a
strong physical binding affinity to MyoD protein and has chro-
matin remodeling function, we next tested whether LncMyoD is
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involved during the lineage reprogramming process. To this end,
we generated LncMyoD knockout (KO) 10T1/2 fibroblast cell
lines using the CRISPR-Cas9 system (58). We confirmed the
deletion of LncMyoD exon 2 by PCR and sequencing (SI Ap-
pendix, Fig. S6 A and B and Dataset S2). To induce MyoD
overexpression, we infected 10T1/2 fibroblasts with red
fluorescent protein (RFP)-labeled MyoD adenovirus and cul-
tured them in the differentiation medium. Without any treat-
ment, neither wild-type (WT) clones nor LncMyoD KO clones
transdifferentiated into myoblasts; only WT clones differentiated
and fused into myotubes after MyoD overexpression (Fig. 74).
LncMyoD KO clones underwent cell fusion due to the potent
effect of MyoD but could not form large myotubes. Further-
more, the fusion index showed that WT clones had greater fusing
potential than LncMyoD KO clones (Fig. 7B). Taken together,
these data suggest that LncMyoD is required for the MyoD-
induced transdifferentiation of fibroblasts into myoblasts.

We subsequently conducted a rescue study by restoring
LncMyoD expression during the transdifferentiation process. We
examined the transcriptome of both WT and KO clones to val-
idate the rescue effect (SI Appendix, Fig. S6 C-E). Over-
expression of LncMyoD alone was not able to induce Myog
expression or mediate the transition from fibroblasts into myo-
blasts in WT or LncMyoD KO clones (Fig. 7C and SI Appendix,
Fig. S6 C-E). However, the fusion capacity was rescued in
LncMyoD KO clones with LncMyoD and MyoD overexpression,
while little difference was observed in WT clones (Fig. 7C). We
also observed an increase in Myog expression when LncMyoD is
cotransfected with MyoD in KO clones (SI Appendix, Fig.
S6 C-E). Moreover, the fusion index of rescued LncMyoD KO
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LncMyoD ChIRP-seq signal across all MyoD binding sites. (K) Distribution of

clones was restored to the same level as that of WT clones
(Fig. 7D). These results collectively suggest that LncMyoD asso-
ciates with MyoD and promote myogenic lineage determination.

Although MyoD is considered the master regulator of myo-
genic lineage determination, several cell lines such as HeLa cells

32472 | www.pnas.org/cgi/doi/10.1073/pnas.2005868117

MyoD ChiP-seq signal across all LncMyoD binding sites.

and embryonic cell lines have been reported to be “refractory” to
myogenic conversion (59-61). To investigate whether LncMyoD
can release this resistance, we performed MyoD-induced trans-
differentiation on HeLa cells (SI Appendix, Fig. SOF). However,
no transdifferentiation phenotype (i.e., Myotube formation) was
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LncMyoD is essential for the establishment of the myogenic program in 10T1/2 fibroblasts. (A) WT and LncMyoD KO 10T1/2 fibroblast clones were

induced to differentiate for 8 d after transfection of the indicated MyoD adenovirus. Cells were then fixed to visualize myotube formation. The cell nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI) (blue). (B) Fusion index calculation of WT and LncMyoD KO clones for MyoD adenovirus treatment.
*P < 0.05, ***P < 0.001. (C) WT and LncMyoD KO 10T1/2 fibroblast clones were induced to differentiate for 8 d after transfection of the indicated LncMyoD
plasmid and MyoD adenovirus. Cells were then fixed to visualize myotube formation. The cell nuclei were stained with DAPI (blue). (D) Fusion index cal-
culation of WT and LncMyoD KO clones for MyoD adenovirus and LncMyoD-containing plasmid treatment. NS, not significant.

observed after MyoD induction with or without LncMyoD
overexpression, suggesting that LncMyoD is insufficient to re-
lease resistance to myogenic conversion. Nevertheless, our result
indicates that LncMyoD is essential for promoting myogenic
lineage determination.

Discussion

Modulation of chromatin accessibility is critical for cell identity
determination. IncRNAs have recently emerged to play im-
portant roles in various gene regulatory networks through
chromatin modulation (14). However, in contrast to its rapid
identifications, functional characterization of IncRNAs remains
largely elusive. In this study, we gained insights into the bio-
logical functions of a previously reported IncRNA, LncMyoD,
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using a loss-of-function approach combined with multiple next-
generation sequencing techniques. We demonstrated that
LncMyoD forms chromatin regulator complex with MyoD and
renders E-box regions more accessible for TF binding, thereby
promoting myogenic lineage determination and progression.
Thus, our study provides another perspective on IncRNA
function in cell fate determination.

It has been reported that FISCs can be identified with distinct
transcriptome by RNA-seq (62, 63). Here, we extended the
finding by analyzing the chromatin structure changes during SC
activation using ATAC-seq. Our data suggest that genes associ-
ated with the Notch signaling pathway, which is known to reg-
ulate quiescence maintenance of SCs (64), are highly accessible
in FISCs. In ASCs, genes related to programmed cell death and
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cell cycle are highly accessible. Interestingly, stress response
genes such as Psmd10, Psmb7, Eif2sl, and Eif2s3x are more
accessible in FISCs than in ASCs (Fig. 1E), suggesting SCs ex-
perience environmental stress during the isolation process. This
result also indicates that chromatin accessibility changes prior to
gene expression.

In our study, one of the outstanding findings is that LncMyoD
participates in the cell fate reprogramming process (Fig. 7). It
has been reported that enhancer RNAs promote chromatin
accessibility at distinct regulatory regions during myogenic
differentiation (24). Similarly, our mechanistic analysis
revealed that LncMyoD modulates the accessibility to E-box
regions of MRFs (i.e., MyoD and MyoG) (Fig. 6 D and E
and SI Appendix, Fig. S5 D and E). Previous ChIP-seq analyses
of MyoD and MyoG in C2C12 myotubes showed that 70% of
the MyoG binding sites are shared with MyoD (24); thus,
MyoG can still benefit from the remodeling events happening
at the overlapping binding sequences without direct binding to
LncMyoD. In this way, LncMyoD establishes a permissive
chromatin environment across myogenic E-box regions and
facilitates MyoD binding to its target sites. After the myogenic
lineage is determined, the E-box regions remain accessible for
the subsequent binding of other TFs. Concordant with this
notion, when we induced differentiation in LncMyoD KO pri-
mary myoblast cells, the differentiation process was not as
largely affected as that in SCs or nonmyogenic cells (SI Ap-
pendix, Fig. S6G). Given that myogenic cell lines are already
committed to the myogenic lineage, their chromatin environ-
ment is fully established for differentiation. Therefore, loss of
LncMyoD does not disturb further progression of myogenesis in
myogenic cell lines. Taken together, our data suggest that
LncMyoD associates with MyoD and establishes permissive
chromatin to allow subsequent bindings of other myogenic
factors.

Although multiple cell lines can transdifferentiate into
myoblasts by MyoD (59), a variety of refractory cell lines such
as HeLa cells or embryonic stem cells resists myogenic con-
version (60, 61, 65). Subsequent studies showed that chro-
matin modifiers such as Baf60c could release this resistance
(60), and the recruitment of MyoD to a silent Myog promoter
requires a prebound homeodomain Pbx as an accessory factor
to establish the myogenic-specific lineage (66). Considering
that numerous IncRNAs have been reported to recruit regu-
latory factors and alter genomic architecture (67), other pio-
neer TFs might also access their target DNA sequences via
assistance from chromatin-remodeling IncRNAs. Although
LncMyoD fails in releasing myogenic resistance in HeLa cells,
our results still provide mechanistic insights into how pioneer
TFs may work together with IncRNAs to regulate compact
chromatin.

In our study, we explored the genome-wide occupancy of
LncMyoD using the ChIRP-seq approach. Around 28% of total
LncMyoD was retrieved from the biotin-labeled DNA probes,
while only 0.02% GAPDH was retrieved (SI Appendix, Fig. S5G),
suggesting the successful pull down of LncMyoD. We also ob-
served enrichment of the ChIRP-seq signal across LncMyoD
locus (SI Appendix, Fig. S5H), indicating the active transcription
of LncMyoD during differentiation. Combining MyoD ChIP-seq
and LncMyoD ChIRP-seq data, we observed enrichment of
LncMyoD ChIRP-seq signal across MyoD binding sites (Fig. 61),
suggesting the co-occupancy of LncMyoD and MyoD across the
genome. This co-occupancy is disrupted after the loss of
LncMyoD (Fig. 6J), indicating the essential role of LncMyoD in
maintaining the accessible chromatin states. Taken together, our
ChIRP-seq data provide a comprehensive view of LncMyoD
binding to the genome and highlight the role of LncMyoD in
regulating chromatin accessibility to facilitate MyoD accessing
myogenic promoter regions during differentiation.
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LncMyoD is reported to bind to IMP2 protein to block IMP2-
mediated translation (22). Here, we found that MyoD is another
binding partner of LncMyoD and operates to regulate myogenic
lineage progression by modulating chromatin accessibility. The
RIP assay indicates the interaction between MyoD and
LncMyoD in vivo, and the GST pull-down assay validated the
direct binding of MyoD and LncMyoD in vitro. Further investi-
gation using the cross-linking and immunoprecipitation of
RNA-protein complexes technique will definitively characterize
the direct interaction between MyoD and LncMyoD in vivo. The
results that LncMyoD interacts with multiple proteins indicate
that LncMyoD has multifaceted functions and raise the possi-
bility that LncMyoD functions through cooperating with other
RNA binding proteins. Furthermore, in our luciferase assay,
LncMyoD alone promoted luciferase activity (Fig. 5D), indicat-
ing that other potential TFs are involved in the process of
transcription activation. The recruitment potential of LncMyoD
is noteworthy in this process, demonstrating the primary role of
LncMyoD during transcriptional regulation. Nevertheless, the
identification of other associated TFs will advance our under-
standing of LncMyoD-mediated regulation during SC myogenic
lineage progression.

In conclusion, we demonstrated the roles of a previously
identified IncRNA, LncMyoD, in regulating myogenic lineage
determination and progression. LncMyoD binds directly with
MyoD to expose compact E-box—containing chromatin and
promotes MRFs to access their target regulatory regions. Fur-
thermore, loss of LncMyoD leads to defects in SC differentiation
and strongly impairs the reprogramming of nonmyogenic cells
into myogenic cell lineage. Thus, our results provide insights into
how IncRNAs modulate chromatin accessibility to regulate cell
lineage determination and progression.

Materials and Methods

Animals and Treatments. Mice used in this study were around 2 to 3 mo old,
and they were housed and maintained in the Animal and Plant Care Facility
(APCF) of The Hong Kong University of Science and Technology (HKUST).
Mice used in each experiment were age and gender matched. C57BL/6 mice
were obtained from the APCF of HKUST. For muscle injury, mice were
anesthetized using 2,2,2-Tribromoethanol (250 mg/kg; Sigma-Aldrich)
through intraperitoneal injection. Muscle injury was induced by injecting
50 pL of 1.2% barium chloride (Sigma-Aldrich) into the lower hind-limb
muscles. All animal experiments were approved by the HKUST Animal
Ethics Committee.

Data Availability. Raw and processed data for all ChIP-seq, ATAC-seq, ChIRP-
seq, and RNA-seq datasets have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (accession nos.
GSE129768, GSE113631, GSE108040, and GSE159131-GSE159133. The RNA-
seq datasets for FISCs and ASCs have been previously deposited (accession
no. GSE113631) (68).
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