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Abstract
The transcription factor c-Myc is an important regulator of cellular proliferation, differentiation and embryogenesis. While c-
Myc can inhibit myoblast differentiation, the underlying mechanisms remain poorly understood. Here, we found that c-Myc
does not only inhibits myoblast differentiation but also promotes myoblast proliferation and muscle fibre hypertrophy. By
performing chromatin immunoprecipitation and high-throughput sequencing (ChIP-seq), we identified the genome-wide
binding profile of c-Myc in skeletal muscle cells. c-Myc achieves its regulatory effects on myoblast proliferation and
differentiation by targeting the cell cycle pathway. Additionally, c-Myc can regulate cell cycle genes by controlling miRNA
expression of which dozens of miRNAs can also be regulated directly by c-Myc. Among these c-Myc-associated miRNAs
(CAMs), the roles played by c-Myc-induced miRNAs in skeletal muscle cells are similar to those played by c-Myc, whereas
c-Myc-repressed miRNAs play roles that are opposite to those played by c-Myc. The cell cycle, ERK–MAPK and Akt-
mediated pathways are potential target pathways of the CAMs during myoblast differentiation. Interestingly, we identified
four CAMs that can directly bind to the c-Myc 3' UTR and inhibit c-Myc expression, suggesting that a negative feedback
loop exists between c-Myc and its target miRNAs during myoblast differentiation. c-Myc also potentially regulates many
long intergenic noncoding RNAs (lincRNAs). Linc-2949 and linc-1369 are directly regulated by c-Myc, and both lincRNAs
are involved in the regulation of myoblast proliferation and differentiation by competing for the binding of muscle
differentiation-related miRNAs. Our findings do not only provide a genome-wide overview of the role the c-Myc plays in
skeletal muscle cells but also uncover the mechanism of how c-Myc and its target genes regulate myoblast proliferation and
differentiation, and muscle fibre hypertrophy.

Introduction

c-Myc is a multifunctional transcription factor that reg-
ulates various processes including development and dif-
ferentiation. One of its regulatory functions involved
genes transcription where it binds to E-box sequences
(CANNTG) located on the gene promoter regions. The c-
Myc target gene network has been estimated to comprise
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~15% of all genes from flies to humans [1]. A c-Myc gene
knock-out is lethal in mice and results in smaller embryos
and retarded development [2]. c-Myc is also an important
regulator of the cell cycle and its knock-out or knock-
down severely affects cell proliferation [3–5]. It also
plays a role in cell differentiation. c-Myc is induced by
the differentiation of long-term haematopoietic stem cells
and balances stem cell self-renewal and differentiation
[6]. In mouse embryo stem cells, c-Myc inhibits the
expression of differentiation marker genes and affects
stem cell differentiation by inducing miRNA expression
[7].

Myoblasts are mononuclear myogenic precursor cells
that can be induced to form multinuclear myotubes under
differentiation conditions. c-Myc expression is down-
regulated during myoblast differentiation into myotubes
[8], while its overexpression induces myoblast proliferation
but has no effect on myoblast differentiation [8, 9]. How-
ever, the full-length c-Myc protein can be cleaved by cal-
pain and forms a cytoplasmic protein called Myc-nick [8].
The ectopic expression of Myc-nick promotes myogenic
marker expression and accelerates myoblast differentiation
and fusion [8]. The deficient cleavage of c-Myc to Myc-
nick can reduce myoblast differentiation [9], suggesting the
full-length of c-Myc protein can inhibit myoblast differ-
entiation. But this inhibition role can be repressed by Myc-
nick. The detailed mechanism underlying the regulation of
myoblast differentiation by the full-length c-Myc remains
unknown.

Many miRNAs are regulated by c-Myc [10]. In addition,
long noncoding RNAs (lncRNAs) are important regulatory
targets of c-Myc [11]. Most c-Myc functions involving cell
development are achieved via miRNAs and lncRNAs [7,
10, 12]. Both miRNAs and lncRNAs play critical roles in
myoblast proliferation and differentiation [13, 14]. Inter-
estingly, many muscle differentiation-related miRNAs
(MyomiRs) and lncRNAs are regulated by c-Myc [7, 15–
20], such as miR-135, miR-124, miR-199 and H19 [21–25].
Therefore, we hypothesized that the regulatory roles played
by c-Myc in myoblast proliferation and differentiation, at
least partially, may be achieved via its transcriptional reg-
ulation of miRNAs and lncRNAs. A detailed verification of
this hypothesis is needed.

Here, we used chicken primary myoblasts and skeletal
muscle to study the functions and regulatory mechanisms
of c-Myc during skeletal muscle development. Using
chromatin immunoprecipitation-sequencing (ChIP-seq) and
expression profiling data from RNA sequencing, we found
that several genes including miRNAs and lincRNAs, can
be directly regulated by c-Myc and that these c-Myc-
regulated targets are important for the functions of c-Myc
in myoblast proliferation, differentiation and muscle fibre
hypertrophy.

Results

c-Myc expression during chicken skeletal muscle
development

To study the c-Myc gene, we isolated its full-length cDNA
from chicken embryonic skeletal muscle. We obtained a
2111 bp length of chicken c-Myc cDNA (Fig. 1a; Supple-
mentary Figure S1, accession number KU981087 in the
NCBI database). c-Myc is widely expressed in various tis-
sues (Fig. 1b). We observed that during chicken skeletal
muscle development, c-Myc showed increasing and then
decreasing trends in expression (Fig. 1c) and that c-Myc
expression was downregulated during chicken primary
myoblast differentiation (Fig. 1d). In the mouse cell lines,
the full-length of c-Myc protein was cleaved to generate
Myc-nick of which the major c-Myc cleavage site is con-
served in vertebrates (Fig. 1e). Notably, a potential Myc-
nick band was expressed in the chicken myotubes but not in
the myoblasts, and the expression of the full-length c-Myc
is reduced in the myotubes (Fig. 1f). The expression of c-
Myc was mainly observed in the nuclear region of the
mononuclear myoblasts but it increased in the cytoplasm as
the myoblasts differentiated into multinuclear myotubes
(Fig. 1g).

c-Myc regulates myoblast proliferation and
differentiation in vitro and induces muscle fibre
hypertrophy in vivo

To determine the function of c-Myc in skeletal muscle cells,
we constructed a full-length c-Myc lentiviral vector and a
mutant c-Myc (c-Myc-Δ269–77) that is unable to generate
Myc-nick. In chicken primary myoblasts, the ectopic
expression of the full-length c-Myc had no effect on the
expression of muscle differentiation marker genes whereas,
the c-Myc-Δ269–77 could significantly reduce the marker
genes expression (Fig. 2a, b). Myoblasts transfected with
siRNA specifically designed for c-Myc showed increased
marker genes expression (Fig. 2c, d). During myotube
formation, the myotube-specific structural gene, myosin
heavy chain (MyHC), would increase its expression, and the
mononuclear myoblast will fuse to form multinuclear
myotube. These two characteristics are widely used in
judging the degree of myotube formation. c-Myc-Δ269–277
overexpression inhibited myoblast differentiation, as indi-
cated by decreased myotube number (Fig. 2e). Quantifica-
tion of the myotubes revealed significant decreases in
differentiation index (percentage of nuclei in MyHC-
positive cells, Fig. 2f), indicating that c-Myc-Δ269–277
inhibited myotube formation. c-Myc-Δ269–277 over-
expression also promoted myoblast proliferation by
increasing the cell population in the S phase and decreasing
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it in the G1/0 phase (Fig. 2h). Furthermore, the c-Myc loss-
of-function promoted myotube formation (Fig. 2e),
increased the differentiation index (Fig. 2g) and inhibited
myoblast proliferation (Fig. 2i). Therefore, c-Myc promotes
myoblast proliferation and inhibits myoblast differentiation
in chicken.

To investigate the function of c-Myc in skeletal muscle
in vivo, we introduced lentiviral vectors carrying c-Myc-
Δ269–277 or GFP into the breast muscle of 1-day-old
chicks. After 14 days and two introductions, the c-Myc-
Δ269–277 transfection increased the c-Myc expression but
decreased the muscle differentiation marker genes expres-
sion (Fig. 2j). Notably, the c-Myc-Δ269–277 transfection

induced muscle fibre hypertrophy (Fig. 2k).
Compared to the control group, the fibre diameter sig-
nificantly increased after the c-Myc-Δ269–277 introduction
(Fig. 2l).

Genome-wide mapping of c-Myc binding during
myoblast differentiation by ChIP-seq

To obtain global insight into the roles played by c-Myc in
myoblast differentiation, we performed ChIP-seq to deter-
mine the c-Myc occupancy in myoblasts and myotubes. In
total, 19,354 c-Myc-binding sites were identified with high
confidence in chicken primary myoblasts, while only 1061

Fig. 1 c-Myc expression during chicken skeletal muscle development.
a Genomic structure of the chicken c-Myc gene. Black boxes indicate
the coding sequence regions, and the white boxes indicate the UTRs.
b Relative c-Myc mRNA expression in chicken tissues. c Relative
c-Myc mRNA expression in chicken embryonic leg muscle. d Relative
c-Myc mRNA expression during chicken primary myoblast differ-
entiation. e The major c-Myc calpain cleavage site is conserved among
vertebrates. f Chicken primary myoblasts cultured in growth medium
(GM) and differentiation medium for 4 days (DM). Total cell extracts

were immunoblotted to detect c-Myc. g Chicken primary myoblasts
cultured in DM4 were stained with anti-c-Myc. The results are shown
as the mean ± standard error of mean (sem) of three independent
experiments. One-way analysis of variance (ANOVA) followed by
Dunnett’s test was performed to determine the significant differences
between the groups. Different letters (a), (b) above the bars indicate
significant differences (p < 0.05) by Duncan’s multiple range test. *p <
0.05; ns, no significant difference
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binding sites were identified in myotubes (Supplementary
file 1); 77.1% were found in intergenic regions, 15.4% were
found in the gene body of annotated RefSeq genes, and
7.5% were found in the promoter region (±2 kb from the
transcription start site (TSS)) of the annotated RefSeq genes
(Fig. 3a). The distribution of the c-Myc binding sites in the
myotubes was similar to the one in the myoblasts (Fig. 3a).
To validate the ChIP-seq data, ten binding sites were ran-
domly selected for ChIP-qPCR (Fig. 3b). The results

obtained from ChIP-qPCR were concordant to the one from
ChIP-seq, demonstrating the high quality of the ChIP-seq
data. The c-Myc-binding sites were concentrated around the
TSS, their number decreased as the distance from the TSS
increased (Fig. 3c) and from the myoblasts to the myotubes
(Fig. 3d; Supplementary file 2). c-Myc has been shown to
regulate gene transcription by binding to the E-box motif
[1, 26]. Subsequently, we performed a de novo prediction of
the highly enriched DNA sequences from the c-Myc-

W. Luo et al.

Official journal of the Cell Death Differentiation Association



binding sites. It revealed that a Myc-bound motif among the
top 10 scored motifs, and certain canonical and non-
canonical E-box sequences were significantly enriched
(Fig. 3e; Supplementary Figure S2). HOMER known motif
enrichment results revealed that Myc-bound motif was also
significantly enriched and this motif occupied 25.88% of the
target motifs (Fig. 3e; Supplementary Figure S3). In addi-
tion, 19,828 E-boxes were observed in the 19,354 c-Myc
peak sequences and ~65.15% of the peak sequences con-
tained at least one E-box motif (Supplementary file 3).
Therefore, the c-Myc genome-wide association with muscle
cell chromatin is directly mediated by its DNA-binding
activity.

Subsequently, we examined the function of the c-Myc
target genes that were bound to c-Myc in their gene bodies
and promoter regions. The target genes in the myoblasts
were significantly enriched in cellular metabolic process
and cell development-related processes, such as cell pro-
liferation and cell migration (Supplementary Figure S4). In
the myotubes, they were also enriched in cell developmental
processes (Supplementary Figure S5), suggesting that c-
Myc plays a role in the regulation of skeletal muscle
development.

Cell cycle pathway as important regulatory target of
c-Myc during myoblast differentiation

To determine the number of genes that are differentially
regulated by c-Myc during myoblast differentiation, we

identified the genes that do not only show differential
c-Myc promoter binding between myoblasts and myotubes
(Supplementary file 2) but also showed differential
expression (p < 0.05) (Supplementary file 4). We then per-
formed GO and KEGG pathway and found that these genes
were enriched in cell proliferation-related processes, such as
the cell cycle and DNA replication (Supplementary Fig-
ure S6 and S7). Following the KEGG analysis, 12
c-Myc-bound genes were enriched in the cell cycle pathway
(Supplementary Figure S7 and S8), suggesting that c-Myc
may promote the cell cycle by directly binding and reg-
ulating the transcription of the genes involved in this
pathway. By performing ChIP-qPCR, we validated that
most of the 12 cell cycle-related genes differentially bound
c-Myc in the myoblasts and myotubes (Fig. 4a). Addition-
ally, the c-Myc knockdown in the chicken primary myo-
blasts led to a downregulation of the 11 cell cycle genes and
upregulation of 1 cell cycle gene (Fig. 4b), demonstrating
that the cell cycle pathway is an important regulatory target
of c-Myc during myoblast differentiation.

miRNAs are associated with c-Myc and are
important for c-Myc’s regulation of myoblast
proliferation, differentiation and muscle fibre
hypertrophy

Among the differential c-Myc binding sites between myo-
blasts and myotubes, 97 peaks are localized in miRNA
promoter regions (−5000 bp to +2000 bp from the mature
miRNA gene loci) (Supplementary file 5). We selected 14
miRNAs that have been reported to play roles in muscle
development for the ChIP-qPCR validation. The ChIP-
qPCR results validated our ChIP-seq findings (Fig. 5a), with
downregulation of six miRNAs and upregulation of six
miRNAs with the c-Myc knockdown (Fig. 5b).

Among these 12 miRNAs 5 c-Myc-induced miRNAs
(CI-5s) and 5 c-Myc-repressed miRNAs (CR-5s) were
selected to test their roles in chicken primary myoblast
proliferation and differentiation because they had been
reported to play similar roles previously [23, 27–35]. Most
CI-5s can promote cell proliferation (Fig. 5c), while CR-5s
can repress cell proliferation (Fig. 5d). Interestingly, com-
binations of CI-5s and CR-5s exert stronger effects on cell
proliferation than individual CI-5 and CR-5 miRNAs
(Fig. 5c, d). Based on the EdU staining, the CI-5s can
induce cell proliferation, while the CR-5s repressed cell
proliferation (Fig. 5e, f). To determine the functions of the
CI-5s and CR-5s in myoblast differentiation, we transfected
the CI-5s and/or CR-5s into myoblasts and induced cell
differentiation. The individual CI-5s and CR-5s had a weak
effect on myoblast differentiation, but the combinations of
CI-5s and CR-5s could significantly affect muscle differ-
entiation marker genes expression (Fig. 5g, f). The CI-5s

Fig. 2 c-Myc regulates myoblast proliferation and differentiation
in vitro and induces muscle fibre hypertrophy in vivo. a Relative c-
Myc mRNA expression after introducing c-Myc, c-Myc-Δ269–277
and GFP into chicken primary myoblasts. b Muscle differentiation
marker genes expression after introducing c-Myc, c-Myc-Δ269–277
and GFP into chicken primary myoblasts. c Relative c-Myc mRNA
expression after c-Myc knockdown in chicken primary myoblasts. d
Muscle differentiation marker gene expression after c-Myc knockdown
in chicken primary myoblasts. e MyHC immunostaining of primary
myoblasts transduced with indicated vectors or siRNAs. Cells were
differentiated for 72 h after transfection. The nuclei were visualized
with DAPI. Bar, 100 µm. f Differentiation index of cells expressing c-
Myc-Δ269–277 or GFP. g Differentiation index of cells transfected
with si-c-Myc or si-NC. h Primary myoblasts expressing c-Myc-
Δ269–277 or GFP were cultured in GM, and the cell cycle phase was
analysed after 2 days. i Primary myoblasts transfected with si-c-Myc
and si-NC were cultured in GM, and the cell cycle phase was analysed
after 2 days. j Relative mRNA expression of the indicated genes in
chicken breast muscles infected with a c-Myc-Δ269–277-expressing
lentivirus or control (GFP). k H–E staining of a breast muscle fibre
cross section from chickens infected with a c-Myc-Δ269–277-
expressing lentivirus or control (GFP). l Fibre diameter of chicken
breast muscle infected with a c-Myc-Δ269–277-expressing lentivirus
or control (GFP). The results are shown as the mean ± sem of three
independent experiments. In a, b, ANOVA followed by Dunnett’s test
was used. In c, d, f–j, l, independent sample t-test was used. *p < 0.05;
**p < 0.01; ns, no significant difference
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repressed and CR-5s promoted myoblast differentiation and
fusion (Fig. 5g, j).

To determine whether these c-Myc-associated miRNAs
(CAMs) are necessary for c-Myc function, we performed
rescue assays. The c-Myc-Δ269–277 overexpression could
induce cell proliferation but repressed myoblast differ-
entiation. However, the co-transfection of the c-Myc-
Δ269–277 vector with the CI-5 inhibitors (mixtures of the
individual CI-5 miRNAs) (Fig. 5k, i), and the co-
transfection of the c-Myc-Δ269–277 vector with the CR-

5s (Fig. 5m, n) weakened the effects of c-Myc on myoblast
proliferation and differentiation.

Subsequently, we introduced the CI-5s and CR-5s into
skeletal muscle of 1-day-old chicks. After 14 days and 2
introductions, the CI-5s inhibited muscle differentiation
marker genes expression, while the CR-5s promoted the
expression of these genes (Fig. 5o). The skeletal muscle
fibres were induced to hypertrophy after the CI-5s were
introduced, but the introduction of the CR-5s had no sig-
nificant effect (Fig. 5p, q). Additionally, CI-5s inhibition

Fig. 3 Genome-wide mapping of c-Myc binding during myoblast
differentiation by ChIP-seq. a Distribution of c-Myc-binding peaks in
myoblasts and myotubes. Promoter= TSS ± 2 kb. b Results of the
ChIP-qPCR validation of 10 selected c-Myc-binding sites associated
with RefSeq gene promoters. NC represents a genomic region without
an identified c-Myc-binding peak. c Absolute number of peaks in
myoblasts and myotubes distributed between −100 kb and +100 kb

from the TSS. Each bin represents 1 kb. d Genomic snapshots
depicting the ChIP-seq results of c-Myc and IgG at the promoter
regions of the selected genomic loci. e De novo motif prediction and
known motif enrichment results by HOMER of DNA sequences
enriched in the c-Myc-binding regions. The c-Myc JASPAR matrix is
presented for comparison. The results are shown as the mean ± sem of
three independent experiments
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reduced muscle fibre diameter, and the mutant c-Myc
introduction rescued the effect of CI-5 antagomirs on
muscle fibre hypertrophy (Fig. 5r, s). Altogether, these
results indicate that c-Myc performs its functions in skeletal
muscle development, at least partially, by regulating
miRNA expression.

c-Myc-associated miRNAs are involved in the
regulation of the cell cycle, ERK–MAPK and Akt-
mediated pathways

To further study the CAM regulatory pathways, we detected
their expression levels from myoblasts to myotubes. Except
for miR-140-3p, the other individual CI-5s were down-
regulated during myoblast differentiation (Fig. 6a). How-
ever, the CR-5 miRNAs are all upregulated (Fig. 6b). We
then used TargetScan to predict the potentiality of CI-5 and
CR-5 target genes. The genes that were downregulated from
the myoblasts to myotubes and predicted to be potential
target genes of the CI-5s were selected as CI-5 target genes.
The genes that were upregulated from the myoblasts to
myotubes and predicted to be potential target genes of the
CR-5s were selected as CR-5 target genes. A KEGG ana-
lysis was then performed. The CI-5 and CR-5 target genes
were all enriched in many muscle development-related
pathways, such as the MAPK signalling, PI3K–Akt and cell
cycle (Fig. 6c, d). To better understand the roles played by
the CAMs and their target genes in the muscle
development-related pathways, we generated an interaction
network consisting of the CAMs and their target genes
using the KEGG results and Cytoscape (Fig. 6e). The CI-5s

and their target genes were mainly enriched in the MAPK
pathway, whereas the CR-5s and their target genes were
mainly enriched in the cell cycle and PI3K–Akt pathways
(Fig. 6c, e).

Subsequently, we examined the function of the CI-5s and
CR-5s in these pathways. According to a dual-luciferase
reporter gene assay, many of our analysed CR-5 target
genes can directly interact with CR-5 miRNAs (Fig. 6f),
and the introduction of these CR-5 miRNAs can inhibit
target gene expression (Fig. 6g). However, the CR-5s can
increase the cell populations in the G1 phase and decrease
the cell populations in the S phase (Fig. 6h), and CR-5s
transfection repressed Cyclin D1 protein expression
(Fig. 6i), suggesting that the CR-5s may inhibit cell pro-
liferation by repressing cell cycle-related genes. Interest-
ingly, the CI-5s can also regulate the cell cycle. The CI-5s
decreased the cell populations in the G1 phase and
increased the cell populations in the S phase (Fig. 6h).
Additionally, the myoblasts transfected with c-Myc and CI-
5 showed increased ERK1 and phosphorylated ERK (p-
ERK) protein levels, but no significant changes were
observed in the other MAPK proteins (Fig. 6i). The p-Akt1/
2/3 protein level was also showed increased when the cells
transfected with c-Myc and CI-5 (Fig. 6i). However, the
CR-5 transfection had no significant effects on the expres-
sion of ERK1, p-ERK and p-Akt1/2/3 (Fig. 6i). Notably,
ERK is important for muscle growth. The p-ERK specific
inhibition prevented muscle fibre hypertrophy (Fig. 6j–l).
We therefore conclude that the CAMs are involved in the
regulation of the cell cycle, ERK–MAPK and Akt-mediated
pathways.

Fig. 4 Cell cycle pathway is an
important regulatory target of
c-Myc during myoblast
differentiation. a Results of the
ChIP-qPCR validation of the 12
c-Myc-bound genes shown in
Fig. 4c. NC represents a
genomic region without an
identified c-Myc-binding peak.
b Relative mRNA expression of
the indicated genes after c-Myc
knockdown in primary
myoblasts. The results are
shown as the mean ± sem of
three independent experiments.
Independent sample t-test was
performed to determine the
significant differences between
the groups. *p < 0.05;
**p < 0.01
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c-Myc-repressed miRNAs are involved in the
regulation of c-Myc expression during myoblast
differentiation

c-Myc expression is downregulated during myoblast dif-
ferentiation, but the underlying mechanism remains
unknown. Here, we found that 4 c-Myc-repressed miRNAs
(CRM-4s) have potential binding sites in the c-Myc mRNA
3' UTR (Fig. 7a). The expression of the CRM-4s was
upregulated during myoblast differentiation (Fig. 7b).
Notably, these CRM-4s can directly interact with the c-Myc
3' UTR sequence (Fig. 7c). Additionally, the transfection of
the CRM-4s reduced the c-Myc protein levels in the

myoblasts (Fig. 7d). Therefore, a negative feedback loop
likely exists between c-Myc and its associated miRNAs
during myoblast differentiation.

c-Myc is associated with lincRNA loci and certain
lincRNAs regulate myoblast proliferation and
differentiation

Based on our ChIP-seq data, most c-Myc-binding sites are
localized in intergenic regions. To determine whether
c-Myc is associated with long intergenic noncoding RNA
(lincRNA) loci and regulates lincRNA expression, we
analysed and identified 1104 lincRNAs with promoters that
display c-Myc binding peaks (Supplementary file 6). To
determine whether the c-Myc-associated lincRNAs (CALs)
are involved in myoblast differentiation, we performed
RNAhybrid to predict the CALs that can interact with
MyomiRs. In total, 5476 lincRNA-MyomiR target pairs
containing 1104 lincRNAs and 23 MyomiRs were predicted
(Supplementary file 7). Then, we selected the lincRNAs that
can interact with multi-MyomiRs (Supplementary file 8)
and used Cytoscape to construct lincRNA-MyomiR inter-
action networks. Based on the numerous interaction net-
works, certain lincRNAs mainly interacted with MyomiRs
that played similar roles in muscle development (Fig. 8a, b).
From Fig. 8a we selected NONGGAT012949.1 (named
linc-2949) as candidate for further study, because this
lincRNA not only have numerous target MyomiRs, but also
have at least two target sites for muscle-specific miRNAs
(miR-206 and miR-1) (Fig. 8c). From Fig. 8b we selected
NONGGAT001369.2 (named linc-1369) because it has the
most target MyomiRs from the lincRNAs that can interact
with muscle-specific miRNAs (Fig. 8c). The promoter
regions of these two lincRNAs differentially bound c-Myc
during myoblast differentiation (Fig. 8d); the c-Myc
knockdown led to a downregulation of linc-2949 and an
upregulation of linc-1369 (Fig. 8e). During myoblast dif-
ferentiation, linc-2949 expression was downregulated,
while the expression of linc-1369 was upregulated (Fig. 8f).
Both lincRNAs were abundantly expressed in the chicken
muscles (Fig. 8g).

Using dual-luciferase reporter gene assays, we validated
that three MyomiRs can directly interact with linc-2949
and that two MyomiRs can directly interact with linc-1369
(Fig. 8h). According to a CCK-8 assay, linc-2949 pro-
moted myoblast proliferation, whereas linc-1369 repressed
myoblast proliferation (Fig. 8i). The knockdown of linc-
2949 in myoblasts repressed muscle differentiation marker
genes expression, and the linc-1369 knockdown led to an
upregulation of marker genes expression (Fig. 8j). We
therefore conclude that c-Myc-associated lincRNAs are
involved in the regulation of myoblast proliferation and
differentiation.

Fig. 5 miRNAs are associated with c-Myc and are important for
c-Myc’s roles in the regulation of myoblast proliferation and differ-
entiation and muscle fibre hypertrophy. a Results of the ChIP-qPCR
validation of 14 c-Myc-bound miRNAs with different peak values
between GM and DM. NC represents a genomic region without an
identified c-Myc-binding peak. b Relative miRNA expression after c-
Myc knockdown in primary myoblasts. c CCK-8 assay was performed
to assess the effect of the CI-5 miRNAs on myoblast proliferation.
SCR, scramble miRNA. d CCK-8 assay was performed to assess the
effect of the CR-5 miRNAs on myoblast proliferation. SCR, scramble
miRNA. e EdU staining after transfection of CI-5s and CR-5s. Bar,
50 μm. f Proliferation rate of myoblasts transfected with CI-5s and
CR-5s. g Relative mRNA expression of the differentiation marker
genes after transfection with the CI-5 miRNAs. h Relative mRNA
expression of the differentiation marker genes after transfection with
the CR-5 miRNAs. i MyHC staining of primary myoblasts 72 h after
transfection with CI-5s and CR-5s. j Myotube area (%)72 h after
transfection with CI-5s and CR-5s. k CCK-8 assay was performed to
assess the effect of c-Myc and the CI-5 inhibitors on myoblast pro-
liferation. l Primary myoblasts were co-transfected with mixtures of
the indicated vectors and miRNA inhibitors, and the expression of the
muscle differentiation marker genes was then analysed. m CCK-8
assay was performed to assess the effect of c-Myc and the CR-5
mimics on myoblast proliferation. n Primary myoblasts were co-
transfected with mixtures of the indicated vectors and miRNA mimics,
and the expression of the muscle differentiation marker genes was then
analysed. o Chicken breast muscles were injected with CI-5, CR-5 or
NC agomirs, and the expression of the muscle differentiation marker
genes was then analysed. p H–E staining of breast muscle fibre cross
sections from chickens injected with CI-5, CR-5 or NC agomirs.
q Fibre diameter of chicken breast muscles injected with CI-5, CR-5 or
NC agomirs. r H–E staining of breast muscle fibre cross sections from
chickens injected with CI-5 antagomirs+ pWPXL-GFP, NC antag-
omir+ pWPXL-GFP and CI-5 antagomirs+ pWPXL-c-Myc-
Δ269–277. s Fibre diameter of chicken breast muscles injected with
CI-5 antagomirs+ pWPXL-GFP, NC antagomir+ pWPXL-GFP and
CI-5 antagomirs+ pWPXL-c-Myc-Δ269–277. The results are shown
as the mean ± sem of three independent experiments. In k, m, different
letters a–d indicate values of each group at 4 d are significantly dif-
ferent at p < 0.05 by Duncan’s multiple range test. In l, n, s, different
letters a–d above the bars indicate significant differences (p < 0.05) by
Duncan’s multiple range test. In c, d, f–h, j, o, q, ANOVA followed
by Dunnett’s test was used. In a–d, independent sample t-test was
performed to determine the significant differences between the groups.
*p < 0.05; **p < 0.01; ns, no significant difference
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Discussion

In this study, we identified genome-wide c-Myc-binding sites
in skeletal muscle cells by performing ChIP-seq and compu-
tational analyses and experimental validation. c-Myc is asso-
ciated with dozens of genes, miRNAs and lincRNAs, and
many c-Myc targets play regulatory roles in myoblast pro-
liferation and differentiation and muscle fibre hypertrophy. Our
results suggest that the c-Myc associated targets are critical for
c-Myc’s function and that the c-Myc-induced regulatory net-
work plays important roles in myoblast proliferation and dif-
ferentiation and muscle fibre hypertrophy (Fig. 8k).

c-Myc has been shown to repress myoblast differentiation
in C2C12 [10], but the main regulation pathway remains
poorly understood. Here, we showed that the cell cycle
pathway is a potential target of c-Myc during myoblast
differentiation and that the inhibitory role played by c-Myc
in myoblast differentiation may be due to its positive effects
on the cell cycle. Cell cycle arrest is essential for myoblast
differentiation. Myoblasts permanently retract from the cell
cycle during terminal differentiation [36]. c-Myc is a onco-
gene that plays a profound role in the promotion of the cell
cycle [1]. The promoting effects of c-Myc on the cell cycle
may lead to the prevention of cell cycle arrest, therefore
resulting myoblast differentiation inhibition.

In total, 19,354 c-Myc binding peaks were identified in
myoblasts, while only 1061 c-Myc binding peaks were

identified in myotubes, which is consistent with the gradual
decline in the c-Myc protein levels in the nuclei during
myoblast differentiation. Detailed analysis of c-Myc bind-
ing revealed that E-box is the core motif of c-Myc-bound
sequences. This is because, we do not only find a Myc-
bound motif among the top 10 de novo scored motifs, but
also the motifs of HIF-1b and Tal1, which belong to bHLH
proteins and preferred to bind E-box region like c-Myc,
were among the top 10 scored motifs (Supplementary Fig-
ure S2). Additionally, the known motif enrichment results
revealed that motifs containing E-box occupy at least
29.82% of target motifs (Myc- and Usf2-bound motifs,
Supplementary Figure S3). These results are consistent with
previous c-Myc ChIP-seq results in mouse fibroblasts [26].
Alternatively, many of the transcription factors among the
de novo prediction list, such as Mad, Nrf2, Smad2, BRCA1
and RUNX1, have been previously shown to be interacting
with proteins of c-Myc [37–40]. These results may reveal
some potential interaction partners of c-Myc during
myogenesis.

miRNAs are important regulators and mediators of c-Myc
function [41]. Based on our results, c-Myc regulates myo-
blast differentiation, at least, by directly regulating the
transcription of many MyomiRs. Interestingly, we found that
a combination of CRMs and CIMs have more significant
biological effects than the individual miRNAs alone. This
was also observed in previous studies [40], suggesting that
the joint regulation of different miRNAs has stronger
activity than the regulation of individual miRNAs [42, 43].
Additionally, c-Myc could bind and regulate dozens of
lincRNAs. Recent studies have identified diverse functions
performed by lincRNAs in cells, such as local gene reg-
ulation, protein and RNA decoys, encoding micropeptides
and enhancer RNAs [44]. Our results do not only elucidate
the functionality of linc-1369 and linc-2949 in skeletal
muscle cells but also revealed their interaction with c-Myc,
demonstrating that lincRNAs are important components of
the c-Myc-induced regulatory network that controls myo-
genic differentiation. More importantly, many lincRNAs are
known to be involved in the regulation of muscle develop-
ment. Certain myogenic lincRNAs can encode micropep-
tides and function in muscle development and/or
regeneration [44–46], while other myogenic lincRNAs can
function as competing endogenous RNAs that sponge
miRNAs to regulate the miRNA target gene expression, thus
controlling muscle differentiation [22]. Our study suggests
that linc-1369 and linc-2949 act as MyomiR sponges and
regulate myoblast proliferation and differentiation. However,
the roles and mechanisms of other CALs still remain
unknown. Altogether, our results reveal novel facets of
c-Myc regulation in myogenic differentiation: in addition to
regulating protein-coding genes, c-Myc controls noncoding
RNA expression to regulate skeletal muscle development.

Fig. 6 c-Myc-associated miRNAs are involved in the regulation of the
cell cycle, ERK–MAPK and Akt-mediated pathways. a Relative
miRNA expression of the CI-5s between GM and DM. b Relative
miRNA expression of the CR-5s between GM and DM. c KEGG
analysis of the CI-5 target genes. d KEGG analysis of the CR-5 target
genes. e Gene-miRNA network consisting of 57 proteins (from the CI-
5 and CR-5 target genes enriched in the indicated pathways) and their
connections (grey lines). miRNA targets are displayed in green and
pink. Targets in pink indicate genes upregulated from GM to DM.
Targets in green indicate genes downregulated from GM to DM.
miRNA names are reported in the yellow and blue boxes. CI-5s are
shown in yellow, and CR-5s are shown in blue. The dotted line marks
the areas with nodes belonging to canonical pathways. f Relative
luciferase activity of 3’ UTR reporter constructs in certain genes
shown in figure (e) after transfection with selected miRNA mimics. g
Relative mRNA expression after transfection of individual CR-5
miRNAs in chicken primary myoblast. h Primary myoblasts expres-
sing CR-5s, CI-5s or NC were cultured in GM, and the cell cycle phase
was analysed after 2 days. i Primary myoblasts were transfected with
c-Myc-Δ269–277, CI-5s, CR-5s or NC, and the protein levels of the
indicated proteins were analysed after 3 d. j Chicken breast muscles
were injected with FR180204 or control, and the protein levels of the
ERK1 and p-ERK were analysed. k H–E staining of breast muscle
fibre cross sections from chickens injected with FR180204 or control. l
Fibre diameter of chicken breast muscles injected with FR180204 or
control. The results are shown as the mean ± sem of three independent
experiments. In (f (ERK and CCND1), g (CCND1) and h), ANOVA
followed by Dunnett’s test was used. In (a,b,h,l), independent sample
t-test was performed to determine the significant differences between
the groups. *p < 0.05; **p < 0.01; ns, no significant difference
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Fig. 7 c-Myc-repressed miRNAs are involved in the regulation of c-
Myc expression during myoblast differentiation. a Schematic repre-
sentation of four miRNAs and c-Myc 3' UTR target region duplexes.
b Relative miRNA expression of 4 miRNAs during myoblast differ-
entiation. c Relative luciferase activity of the c-Myc 3' UTR reporter
constructs after transfection with selected miRNA mimics. d c-Myc

protein expression after transfection with selected miRNA mimics in
primary myoblasts. The results are shown as the mean ± sem of three
independent experiments. One-way analysis of variance (ANOVA)
followed by Dunnett’s test was performed to determine the significant
differences between the groups. *p < 0.05; **p < 0.01; ns, no sig-
nificant difference
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Materials and methods

Cell culture

Chicken primary myoblasts were isolated from chicken leg
muscle of day 10 embryo as previous described [29]. The

obtained cells were cultured in growth medium (GM) with
RPMI-1640 (Gibco, Grand Island, NY, USA), 15% FBS
(ExCell, Shanghai, China), 10% chicken embryo extract and
0.2% penicillin/streptomycin at 37 °C in 5% CO2, or induced
to differentiation by culturing the cells in DM (RPMI-1640
without FBS containing 2% horse serum) when 90% confluent.
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RNA extraction, cDNA synthesis and quantitative
real-time PCR

The total RNA was extracted from tissues or cells using
RNAiso reagent (Takara, Otsu, Japan). The reverse tran-
scription reaction for mRNA was performed with Prime-
ScriptTM RT reagent Kit (Perfect Real Time) (Takara)
according to manufacturer’s manual. The reverse tran-
scription reaction and quantitation for miRNA were using
All-in-OneTM miRNA qRT-PCR Detection Kit (GeneCo-
poeia). The specific miRNA PCR Primers were designed
and provided in Supplementary file 9. qPCR program was
carried out in Bio-rad CFX96 Real-Time Detection system
(Bio-rad, CA, USA), and the method was as described [29].
All reactions were run in triplicate.

RNA sequencing

The proliferating myoblasts (GM, 50% confluence, cultured
in GM) and differentiated myotubes (DM, 100% con-
fluence, cultured in DM for 4 d) were harvested and total
RNA was extracted using RNAiso reagent (Takara). Then
the RNA samples were sent to Beijing Novogene Bioin-
formation Technology Co., Ltd. for RNA sequencing.
cDNA libraries were constructed according to Illumina’s
protocols and then each library was sequenced on a single
line of Illumina Hi-seq 2000 (Illumina, San Diego, CA,
USA) to obtain paired-end 101-bp reads. All the sequence
data have been deposited in NCBI’s Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) and are
accessible through GEO series accession number
GSE109225.

Immunoblotting and immunofluorescence

Western blot was performed as previously described [47].
The following antibodies were used: anti-c-Myc (sc-42,
Santa Cruz Biotechnology, CA, USA), anti-p38α (sc-
271120, Santa Cruz Biotechnology), anti-p-p38 (sc-166182,
Santa Cruz Biotechnology), anti-ERK (sc-376852, Santa
Cruz Biotechnology), anti-p-ERK (sc-7383, Santa Cruz
Biotechnology), anti-p-JNK (sc-6254, Santa Cruz Bio-
technology), anti-Cyclin D1 (BS2436, Bioworld, St Louis
Park, MN, USA), anti-Smad2 (ab228807, Abcam, Cam-
bridge, USA), anti-p-Akt1/2/3 (sc-271966, Santa Cruz Bio-
technology), anti-Wnt3 (ab50341, Abcam) and anti-Tubulin
(BS1482M, Bioworld). The immunofluorescence was per-
formed using anti-c-Myc (Santa Cruz Biotechnology, 1:150)
or anti-MyHC (B103, DSHB, Iowa City, IA, USA, 1:100).
The cell nuclei were stained for DAPI (Beyotime, Jiangsu,
China). The total myotube area was calculated as the per-
centage of the total image area covered by myotubes, and the
measurement was performed using ImageJ sofware (National
Institutes of Health) on cells labelled with anti-MyHC.

The 5'- and 3'-RACE

The 5'- and 3'-rapid amplification of cDNA ends (RACE)
were performed as previously described [28]. Both 5'- and
3'-RACE PCR products were cloned and sequenced. All the
primers used in RACE were summarized in Supplementary
file 9.

Plasmid construction

pmirGLO Dual-Luciferase Reporters: The partial 3'UTR
fragment of c-Myc, PIK3R2, ERK, TGFβ2, TGFβR1,
CCNE1, CDK6, p300 and CCD1 containing the indicated
miRNA-binding sites were amplified by PCR from chicken
embryonic skeletal muscle cDNA and then cloned into
pmirGLO vector. To construct lincRNA reporter plasmids,
672-bp and 452-bp lincRNA gene fragments encompassing
the predicted miRNAs binding sites were cloned into
pmirGLO vector between XhoI and SalI sites.

c-Myc overexpression lentivirus vector: c-Myc coding
sequence (NCBI Reference Sequence: KU981087) was
amplified from chicken embryonic leg muscle cDNA by
PCR. The PCR product was cloned into the pWPXL vector
(Addgene, Cambridge, MA, USA) between BamHI and
EcoRI sites. The successful c-Myc overexpression lentivirus
vector was confirmed by DNA sequencing. A mutant c-Myc
overexpression lentivirus plasmid (mutant the 269–277
region which is the putative c-Myc calpain cleavage region
in chicken, Supplementary Figure S9) was generated by
changing the cleavage site from TGGTCCTCAAGCG to
CGCAGGCCCACAT.

Fig. 8 c-Myc is associated with lincRNA loci, and certain lincRNAs
regulate myoblast proliferation and differentiation. a, b MyomiR-
lincRNA interaction target networks. MyomiRs shown in red play
positive roles in myoblast differentiation. MyomiRs shown in green
play negative roles in myoblast differentiation. c Two selected
lincRNAs and their target MyomiRs. d Results of the ChIP-qPCR
validation of c-Myc binding to the linc-2949 and linc-1369 promoters
between GM and DM. e Relative lincRNA expression after c-Myc
knockdown in primary myoblasts. f Relative expression of linc-2949
and linc-1369 during myoblast differentiation. g Relative linc-2949
and linc-1369 expression in chicken tissues. h Relative luciferase
activity of linc-2949 and linc-1369 reporter constructs after transfec-
tion with the indicated miRNA mimics. i CCK-8 assay was performed
to assess the effect of si-linc-2949 and si-linc-1369 on myoblast pro-
liferation. j Relative mRNA expression of the differentiation marker
genes after transfection with si-linc-2949 and si-linc-1369. k Sche-
matic of c-Myc-induced regulatory network in myoblast proliferation
and differentiation and muscle fibre hypertrophy. The results are
shown as the mean ± sem of three independent experiments. In f, h–j,
ANOVA followed by Dunnett’s test was used. In e, independent
sample t-test was performed to determine the significant differences
between the groups. *p < 0.05; **p < 0.01; ns, no significant
difference
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Dual-luciferase reporter assay

Target genes 3' UTR dual-luciferase reporter (partial 3'UTR
containing the indicated miRNA-binding sites, 200 ng) and
miRNA mimic or NC duplexes (50 nM) were co-transfected
into primary myoblasts using the Lipofectamine 3000
reagent (Invitrogen, Carlsbad, CA, USA) in 48-well plates.
After 48 h transfection, cells were washed by PBS twice and
the activities of Firefly and Renilla luciferase were mea-
sured according to the manual of Dual-luciferase reporter
assay system (Promega, Madison, WI, USA). All the data
were acquired by averaging the results from three inde-
pendent repeats.

Transfection and RNA oligonucleotides

Transfection was carried out using Lipofectamine 3000 reagent
(Invitrogen). Cells were transfected with 50 nM miRNA
mimics (RiboBio, Guangzhou, China), 100 nM miRNA inhi-
bitors (RiboBio) or 100 nM c-Myc specific siRNA (Gene-
Pharma, Suzhou, China). Chicken breast muscle was treated
with 20 nM agomir or 40 nM antagomir each miRNA (Ribo-
Bio). Lipofectamine 3000 and nucleic acids were diluted in
OPTI-MEM I Reduced Serum Medium (Gibco, Grand Island,
NY, USA). The procedure of transfection was performed
according to the manufacturer’s direction.

Assays for cell number and cell cycle

For the CCK-8 assay, primary myoblast were cultured in
96-well plates. 10 μL of Cell counting kit-8 reagent
(Dojindo Laboratories, Kumamoto, Japan) was added into
each well for 1 h incubation at the time point of 24 h, 48 h,
72 h and 96 h after transfection. The data of absorbance at
450 nm were read by an iMark™ Microplate Absorbance
Reader (Bio-Rad). All the data were acquired by averaging
the results from six independent repeats. For cell cycle
analysis, primary myoblast cultured in 12-well plates were
fixed in 75% ethanol overnight at −20 °C after 48 h trans-
fection. With the Cell Cycle Analysis Kit (Thermo Fisher
Scientific, USA), the cells were analysed by a BD Accuri
C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

Lentivirus production and transduction

A mixture of pWPXL overexpression vector (pWPXL-c-
Myc-Δ269–277, pWPXL-c-Myc, or pWPXL-GFP),
psPAX2 and pMD2.G were transfected into HEK293T cells
using Lipofectamin 3000 reagent to generate lentivirus. The
supernatants were collected 72 h later and filtered through
0.45 μm PVDF membranes (Millipore, CA, USA) and
cleared by supercentrifugation. The viral titer was evaluated
by a gradient dilution. Primary myoblasts were infected

with the recombinant lentivirus-transducing units plus 4 mg/
mL Polybrene (Sigma). Chicks (1-day-old) were infected
with lentiviruses (1 × 106 infection unit per chick) by direct
injection into the breast muscle.

Histology

Chicken breast muscle tissues were obtained from c-Myc-
Δ269–277 infected muscle (n= 3), c-Myc-infected muscle
(n= 3), GFP-infected muscle (n= 3), CI-5 agomirs-injected
muscle (n= 3), CR-5 agomirs-injected muscle (n= 3), NC
agomir-injected muscle (n= 3), FR180204 (MedChemEx-
press, NJ, USA, dissolved in 2% DMSO, 1-day-old chicks
were treat with FR180204 (50 μM) by direct injection into
the breast muscle)-injected muscle (n= 3), or 2% DMSO-
injected muscle (n= 3), harvested and fixed in 10% formalin
in PBS. Fixed tissues were paraffin embedded, sectioned and
stained with hematoxylin and eosin (H&E).

ChIP assays and ChIP-seq

ChIP assays were performed using a standard protocol.
Briefly, for proliferating myoblasts (GM, 50% confluence,
cultured in GM) and differentiated myotubes (DM, 100%
confluence, cultured in DM for four days, Supplementary
Figure S10), after crosslinking of proteins to DNA with 1%
formaldehyde followed by cell lysis and sonication to gen-
erate chromatin fragments with an average size of 200–400
bp, immunoprecipitation was performed with 5 μg of the
anti-c-Myc (ab56, Abcam, ChIP-grade) or the chicken anti-
IgG (bs-0310P, Bioss, Beijing, China) antibody was bound
to Protein A/G-Sepharose beads. After extensive washing
and reversal of crosslinking, proteinase K and RNase A
digestion, chromatin fragments were purified by phenol
chloroform extraction, and ethanol precipitation was per-
formed. For regular ChIP assays, the purified DNA was
amplified by qPCR. The primer sequences for ChIP-qPCR
analysis are shown in Supplementary file 9. For ChIP-seq,
the purified DNA was sent to GENEWIZ sequencing facility
for library construction, evaluation and sequencing on an
Illumina Hi-seq 2000 sequencer (Illumina). Technical
replicates were prepared by sequencing the same library
twice. All the sequence data have been deposited in NCBI’s
GEO database and are accessible through GEO series
accession number GSE109223.

Peak defining and motif discovery

The sequenced reads were mapped to the chicken reference
genome (Gallus gallus-4.0) using bowtie2 v2.1.0 [48]. The
alignments were performed allowing the maximum of two
mismatches and keeping only the uniquely aligned reads.
The c-Myc DNA-binding peaks were identified using
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HOMER v4.6 with IgG control sample as a background
[49]. Peaks were defined at a 0.1% estimated false dis-
covery rate and with p-value <1e−4 [49]. c-Myc binding
site analysis was also conducted using HOMER v4.6 with
default parameters for motif identification.

Identification of c-Myc-bound lincRNAs

We downloaded chicken lncRNAs loci data from
NONCODE (http://www.noncode.org/download.php) and
compared to the intergenic binding peaks of c-Myc in
myoblasts (Supplementary file 1). c-Myc binding peaks
localized on the potential promoter of lincRNAs (−3 kb and
+1 kb from the TSS) were selected as c-Myc associated
lincRNAs (CALs). A total of 1104 lincRNAs were selected
as CALs (Supplementary file 6).

Bioinformatics analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis of the enriched
genes were performed using the web-based DAVID bioin-
formatics resources 6.8 (the Database for Annotation,
Visualization, and Integrated Discovery, https://david.
ncifcrf.gov/home.jsp). All GO terms and KEGG pathways
with P < 0.05 that contained at least five genes were
selected for subsequent analysis.

Statistical analysis

Each experiment was repeated three times, and all results
are represented as mean ± sem. For Fig. 5k, n, s, Duncan’s
Multiple Range Test was used to compare differences
among mean values at 5% level of significance. For mul-
tiple groups comparison (Figs. 1c, d, 2a, b and 5c, d, f–h, j,
o, q, Fig. 6f (ERK and CCND1), 6g (CCND1), 6h, 7b, c, 8f
and 8h–j), one-way analysis of variance (ANOVA) was
used, followed by Dunnett’s test for comparing experiment
groups against a single control. For single comparison
between two groups (Figs. 2c, d, f–j, l; 4a, b, 5a, b, 6a, b, f,
g, l and 8e), independent sample t-test was used. We con-
sidered p < 0.05 to be statistically significant. ∗p < 0.05;
∗∗p < 0.01; ns, no significant difference. All statistical
analyses were performed using SPSS 18.0 for Windows
(SPSS, Inc., Chicago, IL, USA).
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