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ABSTRACT The regulation of skeletal muscle
growth and development in chicken is complex. Micro-
RNAs (miRNAs) have been found to play an impor-
tant role in the process, and more research is needed
to further understand the regulatory mechanism of
miRNAs. In this study, leg muscles of Jinghai yellow
chickens at 300 d with low body weight (slow-growing
group) and high body weight (fast-growing group)
were collected for miRNA sequencing (miRNA-seq)
and Bioinformatics analysis revealed 12 differentially
expressed miRNAs (DEMs) between the two groups.
We predicted 150 target genes for the DEMs, and GO
and KEGG pathway analysis showed the target genes
of miR-24-3p and novel_miR_133 were most enriched
in the terms related to growth and development.
Moreover, networks of DEMs and target genes showed
that miR-24-3p and novel_miR_133 were the 2 core
miRNAs. Hence, miR-24-3p was selected for further
functional exploration in chicken primary myoblasts
(CPMs) with molecular biology technologies including
qPCR, cell counting kit-8 (CCK-8), 5-ethynyl-2’-
deoxyuridine (EdU) and immunofluorescence. When
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proliferating CPMs were transfected with miR-24-3p
mimic, the expression of cyclin dependent kinase
inhibitor 1A (P21) was up-regulated and both CCK-
8 and EdU assays showed that the proliferation of
CPMs was inhibited. However, when the inhibitor
was transfected into the proliferating CPMs, the
opposite results were found. In differentiated CPMs,
transfection with miR-24-3p mimic resulted in up reg-
ulation of MYOD, MYOG and MYHC after 48 h.
Myotube areas also increased significantly compared
to the mimic negative control (NC) group. When
treated with inhibitor, differentiation CPMs produced
the opposite effects. Overall, we revealed 2 miRNAs
(novel_miR_133 and miR-24-3p) significantly
related with growth and development and further
proved that miR-24-3p could suppress the prolifera-
tion and promote differentiation of CPMs. The
results would facilitate understanding the effects of
miRNAs on the growth and development of chickens
at the post-transcriptional level and could also have
an important guiding role in yellow-feathered chicken
breeding.
Key words: growth and development, miRNA-seq, chicken primary myoblasts, proliferation and differentiation,
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INTRODUCTION

Chicken meat has the characteristics of high protein,
low fat, and low calorie and it has become a source of
high-quality protein for diet (Ren et al., 2018). Yellow-
feathered broilers are local poultry breeds in China, and
they generally have a unique flavor and better meat
quality compared with the white-feathered broilers
(Jiang et al., 2019; Wang et al., 2019). Production of yel-
low-feathered broiler is increasing each year in China
and was almost comparable to that of white-feathered
broiler in the last two years (Jiang et al., 2018). How-
ever, the muscle yield, growth rate and feed efficiency of
yellow-feathered broilers are inadequate and still have a
great potential for improvement. Therefore, it is very
important to explore the regulatory mechanisms of mus-
cle growth and development to solve those problems.
At present, some researches have been performed for

chicken muscle development, but most focused on
mRNAs. Some of them promote muscle development
including myogenic regulatory factors (MRFs) (Mok
et al., 2015), insulin-like growth factor 1/insulin-like
growth factor 1 receptor (IGF-I/IGF-IR) (Trouten-
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Radford et al., 1991; Roelfsema et al., 2018; Saneyasu
et al., 2019), paired box 7 (PAX7) (Kansal et al., 2019)
and myocyte enhancer factor 2 family (MEF2)
(Ouyang, et al., 2020), while others inhibit skeletal mus-
cle growth such as myostatin (MSTN) (Liu et al.,
2016). Studies have also revealed that noncoding RNAs
are also very important. MicroRNAs (miRNAs) are
small noncoding RNAs of about 20 nt that can modulate
gene expression at the post-transcriptional level either
by inhibiting messenger RNA (mRNA) translation or
by promoting mRNA degradation (Correia de Sousa
et al., 2019). In this way, miRNAs play important roles
in regulating a large number of biological and metabolic
processes, including cell growth, proliferation, differenti-
ation, and cell death (Liu et al., 2014; Saliminejad et al.,
2019; Sun et al., 2019). The first miRNA Lin-4 was dis-
covered by Lee et al. (1993) and Wightman et al. (1993)
in the study of Caenorhabditis elegans. However, it did
not attract the attention of the scientific community
until Reinhart et al. (2000) discovered the second
miRNA (let-7) 7 y later. Since then, the research on the
regulation of miRNAs has been revealed and thousands
of miRNAs have been found in various animals and
plants.

In recent years, some studies on the regulation of miR-
NAs in chicken skeletal muscle growth have emerged.
Shi and Sun (2017) identified a SNP rs16681031 (+60
C>G) of the pre-miR-1658 gene in the Gushi-Anka
chicken population by MassArray matrix-assisted laser
desorption/ionization-time of flight mass spectrometry.
The SNP was not only significantly associated with
body weight at the age of 6, 8, 10, 12 wk, respectively,
but also significantly related to the breadth of the
chicken chest, body slanting length, and pelvic breadth
at 4 wk, chest depth at 8 wk of age, and body slanting
length at 12 wk (P < 0.05), respectively. Recently, Cao
et al. (2020) confirmed that miR-99a-5p significantly
promotes proliferation and inhibits myotube formation
of skeletal muscle satellite cells by directly targeting the
3’ untranslated region (UTR) of myotubularin-related
protein 3 (MTMR3). Huang et al. (2019) found that
miR-146b-3p, directly suppressing (phosphatidylinositol
3-kinase, putative) PI3K/(serine/threonine kinase 1)
AKT pathway and MyoD family inhibitor domain con-
taining (MDFIC), acts in the proliferation, differentia-
tion, and apoptosis of myoblast isolated from the leg
muscles of 11-embryo-age chicken.

RNA sequencing (RNA-Seq) is a high-throughput
technology used to provide a comprehensive view of the
transcriptome. In recent years, it has been used to iden-
tify new miRNAs for chickens. Fu et al. (2018) identified
92 significant differentially expressed miRNAs from four
small RNA libraries of breast muscle tissues for Gushi
chicken and Jebessa et al. (2018) performed RNA-seq to
analyze differentially expressed miRNAs and mRNAs
for skeletal muscle (leg muscle) of embryonic chicks.
They identified two miRNA-mRNA interaction net-
works (miRNA-222a and CPEB3, miRNA-126 and
FGFR3) and successfully confirmed these targeting rela-
tions experimentally.
Leg muscle is one of the most important parts of skele-
tal muscle in chicken. In this study, we collected leg
muscles of female Jinghai yellow chickens with different
bodyweight for miRNA sequencing (miRNA-seq). Bio-
informatic analysis was used to find differentially
expressed miRNAs (DEMs). Among them, we further
studied the function of miR-24-3p to clarify its role in
myogenesis of chicken. These results facilitate under-
standing the effects of miRNAs on the growth and devel-
opment of chickens at the post-transcriptional level and
could have an important guiding role in Jinghai yellow
chicken breeding.
MATERIALS AND METHODS

Animals and Tissues

Female Jinghai yellow chickens used in the study were
obtained from Jiangsu Jinghai Poultry Industry Group
Co., Ltd. (Nantong City, Jiangsu Province, China). The
birds had access to feed and water ad libitum. At 300 d
we selected 3 healthy individuals with low body weight
(slow-growing [S1, S2, S3]) and 3 healthy individuals
with high body weight (fast-growing [F4, F5, F6]) in a
population for experiment. All chickens were executed
by carotid artery bloodletting after being anesthetized
by intravenous injection of 8 mg/kg Xylazine Hydrochlo-
ride (X-1251, SIGMA, Japan). The whole leg muscles
were then collected immediately, snap-frozen in liquid
nitrogen, and stored at �80°C for RNA extraction.
The Construction of cDNA Library and
Sequencing

The total RNA was extracted with Trizol (TIAN-
GEN, Beijing, China). The purity, concentration and
integrity of RNA samples were tested using a NanoPho-
tometer spectrophotometer (IMPLEN, CA) and an
RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer
2100 system (Agilent Technologies, CA).
Amount of 3 mg total RNA per sample was used to

construct the library for sequencing.
First, the 30 small RNA and 50 small RNA adaptors

were ligated followed by strand synthesis. Products were
amplified by PCR and size selected by polyacrylamide
gel electrophoresis. Finally, PCR products were purified
(AMPure XP system) and library quality was assessed.
The clustering of the index-coded samples was per-

formed on a cBot Cluster Generation System using Tru-
Seq PE Cluster Kit v4-cBot-HS (Illumia) according to
the manufacturer’s instructions. After cluster genera-
tion, the library preparations were sequenced on an Illu-
mina 2500 platform and 150bp single-end reads were
generated.
Quality Control and miRNA Analysis

Clean data (clean reads) were obtained by removing
reads containing ploy-N and low-quality reads from raw
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data. And reads were trimmed and cleaned by removing
the sequences smaller than 18 nt or longer than 30 nt.
At the same time, Q30 of the clean data were calculated.

The clean data were mapped to the chicken reference
sequence (Gallus_gallus-5.0) using Bowtie (Langmead
et al., 2009) and miRDeep2 (Friedl€ander et al., 2012)
was used to identify the novel miRNAs. miRNA expres-
sion levels were estimated for each sample and normal-
ized by the TPM algorithm (Li et al., 2010). Differential
expression analysis was performed using the DESeq2 R
package (1.10.1). miRNAs with P ≤ 0.05 found by
DESeq2 were assigned as DEMs.
Target Gene Functional Annotation

Target genes of DEMs were predicted by miRanda
(v3.3a) (Betel et al., 2008). Gene Ontology (GO) enrich-
ment analysis of the target genes was implemented by
the GOseq R packages. We used KOBAS (Mao et al.,
2005) software to test the statistical enrichment of dif-
ferential expression genes in KEGG (Kyoto Encyclope-
dia of Genes and Genomes) pathways.
Analysis of Hub Genes and miRNAs

We first predicted the interactions between all target
genes based on the STRING database (Franceschini
et al., 2013). We imported the interactions into the soft-
ware Cytoscape (3.6.1) and used the plug-in Cytohubba
to find the hub genes with the Maximal Clique Central-
ity (MCC) method and find the corresponding miR-
NAs.
Validation of DEMs by qPCR

We re-selected 6 fast- and slow-growing Jinghai yel-
low chickens (3 slow-growing chickens and 3 fast-grow-
ing chickens) to collected leg muscles. Total RNAs were
isolated with Trizol (TIANGEN, Beijing, China) and
miRNAs were reverse transcribed into cDNA with the
miRNA First-Strand cDNA kit (TIANGEN, Beijing,
China). The forward primers used for quantification in
the study were designed using Primer 5.0 and U6 small
nuclear RNA (U6) was used for the housekeeping gene.
The qPCR was conducted on QuantStudio 3 with the
miRNA qPCR kit (TIANGEN, Beijing, China), and the
reverse primers also came from the qPCR kit. The rela-
tive expression of miRNAs was calculated using the
2�DDCT method (Rao et al., 2013).
Isolation, Culture and Identification of
Chicken Primary Myoblasts (CPMs)

Chicken primary myoblasts (CPMs) were isolated
from the leg muscle of 12-day-old chicken embryos
according to Zhang et al. (2020b). The bones and blood
clots in the muscles were separated, and the muscles
were cut into meat sludge in a 10 cm sterile petri dish
using medical scissors. The muscle was digested with
collagenase type I (Gibco, Grand Island, NY) at 37°C to
obtain single cells. The cell suspension after digestion
was filtered, and then cultured in a 10 cm cell culture
dish. CPMs were cultured in DMEM/F12 medium
(Hyclone, UT) supplemented with 20% fetal bovine
serum (Gibco, Grand Island) and 1% penicillin/strepto-
mycin solution (Sangon Biotech, Shanghai, China). The
differentiation of CPMs was induced by DMEM/F12
medium (Hyclone, UT) supplemented with 2% horse
serum (Solarbio, Beijing, China) and 1% penicillin/
streptomycin solution (Sangon Biotech, Shanghai,
China) (Li et al., 2018; Li et al., 2019).
The purity of CPMs was identified by immunofluores-

cence. When seeded CPMs on the 6-well plates grew to
90%, media was removed and cells were washed twice
gently with PBS (Hyclone, UT). Cells were fixed in 4%
formaldehyde (Solarbio, Beijing, China) for 30 min.
Hence treated with 0.5% Triton X-100 (Solarbio, Bei-
jing, China) for 20 min, blocked with 5% goat serum
(Solarbio, Beijing, China) for 30 min at 37°C, then incu-
bated with anti-Desmin antibody (1:500, Bioss, Beijing,
China) for 2 h at 37°C. After washing with PBST
3 times, the cells were incubated with DylLight 594 Con-
jugated AffiniPure Goat Anti-rabbit IgG (1:500, BOS-
TER, CA). Cell nuclei were stained with DAPI
(Beyotime, Shanghai, China) for 1 min at room temper-
ature. Fluorescent inverted microscope (DMi 8, Leica,
Germany) is used to photograph these cells. Finally,
Image Pro Plus (6.0) software is used to count positive
cells (Desmin) and total cells (DAPI) numbers respec-
tively.
Effect Exploration of miR-24-3p on
Proliferation and Differentiation of CPMs

Transfections were performed with jetPRIME
Reagent (Polyplus, Illkirch, France), with 60 nM miR-
24-3p mimic and mimic NC (GenePharma, Shanghai,
China) or 100 nM miR-24-3p inhibitor and inhibitor NC
(GenePharma, Shanghai, China).
The cell counting kit-8 (CCK-8, Vazyme, Nanjing,

China) and 5-ethynyl-2’-deoxyuridine (EdU) assay kit
(RIBOBIO, Guangzhou, China) were used to detect cell
proliferation in the 48-well plates. After transfection, we
measured the absorbance at 450 nm for cells at 0, 12, 24,
36, and 48 h using the CCK-8 solution on the microplate
reader (Perkin Elmer, MA). The EdU test was per-
formed 24 h after transfection. Fluorescent inverted
microscope (DMi 8, Leica, Germany) is used to photo-
graph these cells. Finally, Image Pro Plus (6.0) software
is used to count positive cells (EdU) and total cells
(Hoechst) numbers respectively.
When CPMs seeded in a 12-well plate grew to 90%,

they were transfected and induced to differentiate. After
48 h, we stained myotubes with the immunofluorescence
method, which was same as that of Desmin staining
described above. Finally, Image Pro Plus (6.0) software
is used to calculate the areas of positive cells (Desmin)
and total cells (DAPI) respectively.
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Total RNAs were extracted from the proliferation or
differentiation cells with Trizol (TIANGEN, Beijing,
China). First strand cDNA was synthesized with
HiScript II Q RT SuperMix kit (Vazyme, Nanjing,
China) and ChamQTM SYBR qPCR Master Mix kit
(Vazyme, Nanjing, China) was used for real-time quan-
titative PCR (qPCR). Expression of proliferation-
related gene P21 and differentiation-related genes
(MYOD, MYOG and MYHC) were detected with
ACTB used as the housekeeping gene. Sequences of pri-
mers were shown in Table S1 and they were synthesized
by Sangon Biotech Co., Ltd (Shanghai, China).
Statistical Analysis for Cell Experiment
Results

Significance analysis was performed using SPSS13.0
software with the method Independent-Samples T-Test
between 2 groups. The data were considered statistically
significant with P ≤ 0.05 (*), P ≤ 0.01 (**), or P ≤ 0.001
(***). All data were presented as means § standard
deviation (SD).
RESULTS

Phenotype Comparison of the Slow- and
Fast-Growing Groups

The average live weight of the slow- and fast-growing
groups were 1353.33 § 14.53 (g) and 2553.33 § 97.31
(g), and the average leg muscle weight were 94.27 § 2.27
(g) and 182.73 § 10.74 (g). Significance was analyzed
between the slow- and fast-growing groups with the
method independent sample T-test in SPSS 13.0. The
results showed that there were significant differences
between the 2 groups for live weight (P = 0.000) and leg
muscle weight (P = 0.012).
Figure 1. Analysis of DEMs. (a) The volcano plot of DEMs. (b) Hierar
NAs, FC: fold change, Blue: low expression, Red: high expression
RNA Sequence

Results of data quality control and comparative anal-
ysis were shown in Table S2. Raw reads were more than
9254587 (S_1) in each sample. Clean data (clean reads)
were obtained by removing Containing ’N’ reads and
reads with Length <18 or Length >30. The proportion
of clean reads was above 84.18% (F_4). The percentage
of clean reads with Q30 was more than 86.17% (F_5).
The comparative analysis showed that the proportion of
mapped reads were all more than 65.67% (F_6).
Differential Expression Analysis and Target
Gene Functional Annotation

In this study, a total of 651 miRNAs were identified,
including 344 known miRNAs and 307 newly predicted
miRNAs. Twelve differentially expressed miRNAs
(DEMs) were obtained with the standard P ≤ 0.05
(Table S3). There were 6 up-regulated (novel_-
miR_133, novel_miR_318, novel_miR_151, novel_-
miR_304, novel_miR_174, novel_miR_302) and 6
down-regulated DEMs (gga-miR-1416-5p, gga-miR-338-
5p, gga-miR-100-5p, gga-miR-30a-3p, gga-miR-460b-5p,
gga-miR-24-3p) in the fast-growing group compared to
the slow-growing group (Table S3 and Figure 1a). The
hierarchical clustering analysis showed that samples in
the same group clustered together (Figure 1b).
A total of 150 target genes were predicted for the DEMs

(Table S4). The first column is the name of DEMs, the
third column is the sequence of DEMs, and the second col-
umn is the target gene ID of DEMs. Because miRNAs
affected biological functions by regulating target genes, we
analyzed the target genes for functional enrichment.
The GO enrichment analysis of the target genes was

performed and a total of 148 significantly enriched GO
terms were obtained with P ≤ 0.05. There were 132 bio-
logical process (BP) terms, 8 cellular component (CC)
chical clustering analysis of DEMs. DEMs: differentially expressed miR-



Figure 2. Enrichment analysis for target genes of DEMs. (a) The 20 top enriched GO terms. (b) The top 20 KEGG pathways. BP: biological
process, CC: cellular component, MF: molecular function. The P values of GO terms and KEGG pathways decrease from top to bottom.
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terms and 8 molecular function (MF) terms. Classifica-
tion histogram was constructed for the first 20 GO terms
(Figure 2a) and the BP terms in top 20 are listed in
Table 1. Most of these items are related to growth and
development, such as positive regulation of epithelial to
mesenchymal transition, positive regulation of BMP sig-
naling pathway, epithelial cell development, epithelium
development and regulation of synapse organization,
etc. The target genes of miR-24-3p and novel_miR_133
were most frequently enriched in these items, suggesting
that these 2 miRNAs play an important role.

The KEGG pathway analysis of the target genes was
performed and the top 20 pathways were shown in
Figure 2b. Among them, 5 pathways were significantly
enriched (P ≤ 0.05). These include the calcium signaling
pathway, cell cycle, notch signaling pathway, caffeine
metabolism, and biosynthesis of amino acids (Table 2).
Table 1. The Significantly enriched biological process items in the top

Term ID Term name P-value

GO:0010718 Positive regulation of epithelial to
mesenchymal transition

0.003 NOTC

GO:0030513 Positive regulation of BMP signaling
pathway

0.003 NOTC

GO:0002064 Epithelial cell development 0.005 HYDIN

GO:0051240 Positive regulation of multicellular
organismal process

0.007 ACE2;
CRB

GO:0001756 Somitogenesis 0.008 NOTC
GO:0010717 Regulation of epithelial to mesenchy-

mal transition
0.009 NOTC

GO:0045995 Regulation of embryonic development 0.009 RBM19
GO:0030510 Regulation of BMP signaling pathway 0.010 NOTC
GO:0035282 Segmentation 0.012 NOTC
GO:0061053 Somite development 0.012 NOTC
GO:0060429 Epithelium development 0.013 HYDIN

ROS1

GO:0050803 Regulation of synapse structure or
activity

0.013 CAPRI

GO:0050807 Regulation of synapse organization 0.013 CAPRI
GO:0090100 Positive regulation of transmembrane

receptor protein serine/threonine
kinase signaling pathway

0.016 NOTC

GO:0051962 Positive regulation of nervous system
development

0.017 CAPRI

Note: Target genes and miRNAs in the table are corresponding.
The target genes of miR-24-3p and novel_miR_133 are
enriched most frequently in these pathways. Some path-
ways in the first 20 are closely related to growth and
development, including carbon metabolism, insulin sig-
naling pathway, and FoxO signaling pathway, etc.
Analysis of Hub Genes and miRNAs

We used the plug-in Cytohubba in the Cytoscape
(3.6.1) to find the top 20 hub genes with the Maximal
Clique Centrality (MCC) method (Table 3). The hub
genes are important nodes in biological networks (Chin
et al., 2014). The higher the value of MCC, the more
important the gene is considered. The target genes of
novel_miR_133 and miR-24-3p account for the most
largest proportion in the top 20 hub genes.
20 GO terms.

Target gene name miRNAs

H1; CRB2 gga-miR-24-3p; novel_miR_133

H1; CRB2 gga-miR-24-3p; novel_miR_133

; NOTCH1; ROS1 novel_miR_151; gga-miR-24-3p;
gga-miR-460b-5p

RBM19; ANAPC2; NOTCH1;
2; CAPRIN1

novel_miR_133; gga-miR-460b-5p;
novel_miR_133; gga-miR-24-3p;
novel_miR_133; gga-miR-24-3p

H1; CRB2 gga-miR-24-3p; novel_miR_133
H1; CRB2 gga-miR-24-3p; novel_miR_133

; NOTCH1 gga-miR-460b-5p; gga-miR-24-3p
H1; CRB2 gga-miR-24-3p; novel_miR_133
H1; CRB2 gga-miR-24-3p; novel_miR_133
H1; CRB2 gga-miR-24-3p; novel_miR_133
; PODXL; NOTCH1; CRB2; novel_miR_151; novel_miR_133;

gga-miR-24-3p; novel_miR_133;
gga-miR-460b-5p

N1; ANAPC2 gga-miR-24-3p; novel_miR_133

N1; ANAPC2 gga-miR-24-3p; novel_miR_133
H1; CRB2 gga-miR-24-3p; novel_miR_133

N1; ANAPC2; NOTCH1 gga-miR-24-3p; novel_miR_133;
gga-miR-24-3p



Table 2. The significantly enriched KEGG pathways.

KEGG pathway ID KEGG pathway name P-value Target gene name miRNAs

gga04020 Calcium signaling pathway 0.015 ATP2B4; RYR3; ERBB4; RYR2 gga-miR-24-3p; gga-miR-24-3p; novel_miR_133;
novel_miR_304

gga04110 Cell cycle 0.025 CREBBP; ANAPC1; ANAPC2 novel_miR_133; gga-miR-24-3p; novel_miR_133
gga04330 Notch signaling pathway 0.027 CREBBP; NOTCH1 novel_miR_133; gga-miR-24-3p
gga00232 Caffeine metabolism 0.035 XDH novel_miR_133
gga01230 Biosynthesis of amino acids 0.049 PHGDH; ASS1 gga-miR-24-3p; gga-miR-460b-5p

Note: Target genes and miRNAs in the table are corresponding.
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Finally, the combined results of GO and KEGG anal-
ysis suggest that novel_miR_133 and miR-24-3p are
the key miRNAs for the skeletal muscle, and miR-24-3p
was selected for additional functional investigation in
chicken primary myoblasts.
Validation of DEMs by qPCR

We selected six DEMs for comparison groups of slow-
and fast-growing chicken by qPCR (Figure 3). Red col-
umns represent TPM of miRNA-seq and green columns
represent relative expression of qPCR. The result of
qPCR was highly consistent with that of miRNA-seq in
slow- and fast-growing groups.
Results of Purity, Transfection Efficiency,
and Interference Efficiency for CPMs

The purity of CPMs was analyzed with the immuno-
fluorescence method. Desmin and DAPI staining were
performed when the cells grew to 80% and 4 biological
replicates were set up in a 12-well plate (Figure 4a). The
average percentage of Desmin positive cells was as high
as 93.99% by software Image Pro Plus (6.0), which indi-
cated that CPMs had high purity and could be used for
subsequent experiments. Mimic NC and inhibitor NC
labeled by FAM were used to transfect CPMs, and then
the white light field (Bright) and fluorescence field
(FAM) were photographed to observe the transfection
Table 3. The top 20 hub genes.

node_name MCC miRNA

COL6A2 27 novel_miR_133
COL5A2 26 novel_miR_133
COL5A1 25 novel_miR_133
COL4A3 24 novel_miR_133
COL4A4 24 novel_miR_133
CTNNB1 11 gga-miR-24-3p
NOTCH1 9 gga-miR-24-3p
CREBBP 8 novel_miR_133
FOXO1 7 novel_miR_304
GCK 5 novel_miR_133
MEP1A 4 novel_miR_133
RRP9 4 novel_miR_304
NOP14 4 gga-miR-460b-5p
MDN1 3 novel_miR_133
RBM19 3 gga-miR-460b-5p
ELL 3 gga-miR-24-3p
ANAPC1 3 gga-miR-24-3p
FOXN3 2 gga-miR-24-3p
COL11A1 2 novel_miR_133
SKIV2L 2 gga-miR-24-3p
efficiency. Figure 4b shows that mimic NC and inhibitor
NC were successfully transfected into CPMs. The over-
expression and interference efficiency of miR-24-3p were
detected by qPCR 24 h after transfection with miR-24-
3p mimic and mimic NC or miR-24-3p inhibitor and
inhibitor NC. The results showed that the expression of
miR-24-3p was significantly increased when CPMs were
transfected with mimic (Figure 4c), while it was signifi-
cantly down-regulated when transfected with inhibitor
(Figure 4d).
miR-24-3p Inhibits the Proliferation of CPMs

When proliferating CPMs were transfected with miR-
24-3p mimic, the relative expression detected by qPCR
of cyclin dependent kinase inhibitor 1A (P21) was sig-
nificantly up-regulated (Figure 5a). While transfection
with miR-24-3p inhibitor had the opposite effect
(Figure 5b).
In addition, The CCK-8 and EdU assay kit were used to

detect cell proliferation in the 48-well plates. Results
showed the absorbance at 450 nm decreased significantly
when cells transfected with mimic after 24 h (Figure 5c).
However, transfection with inhibitor significantly increased
the absorbance after 12 h (Figure 5d). The EdU assay
showed the ratio of proliferative cells (cell numbers of
EdU/cell numbers of Hoechst) in the miR-24-3p mimic
group was significantly reduced compared with the mimic
NC group (Figure 5e and g). Conversely, after inhibition
of miR-24-3p, the ratio of cells in proliferation significantly
increased (Figure 5f and h). These results suggest that
miR-24-3p inhibits proliferation of CPMs.
miR-24-3p Promotes the Differentiation of
CPMs

When CPMs were transfected and simultaneously
induced to differentiate, the expression of MYOD,
MYOG, and MYHC were detected by qPCR after 48 h.
Overexpression of miR-24-3p significantly up regulated
the mRNA expression of the 3 differentiation marker
genes (Figure 6a), while inhibition of miR-24-3p had the
opposite effect (Figure 6b). Moreover, the immunofluo-
rescence staining showed that overexpression of miR-24-
3p significantly promoted the formation of myotubes
(Figure 6c and e), while inhibition of miR-24-3p signifi-
cantly reduced the area of myotubes (Figure 6d and f).
Overall, the results suggested that miR-24-3p promotes
differentiation of CPMs.



Figure 3. Expression level of six DEMs detected by miRNA-seq and qPCR. Red columns represent miRNA-seq results and green columns repre-
sent qPCR results. TPM, Transcripts Per Million.

Figure 4. Purity identification and transfection efficiency for CPMs. (a) Immunofluorescence staining of Desmin for CPMs. (b) Transfected cells
with mimic NC and inhibitor NC photographed by fluorescence inverted microscope. (c, d) Relative expression of miR-24-3p detected by qPCR after
transfected with miR-24b-3p mimic or inhibitor in CPMs. The results are shown as the Mean § SD of 4 independent experiments. ***P < 0.001.
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Figure 5. miR-24-3p inhibits the proliferation of CPMs. (a, b) Relative expression of P21 detected by qPCR after transfected with miR-24-3p
mimic or inhibitor in CPMs. (c, d) Absorbance detection at 450 nm in CPMs at 0 h, 12 h, 24 h, 36 h, 48 h after overexpression or inhibition of miR-
24-3p. (e, f) EdU staining of CPMs after transfection of miR-24-3p mimic or inhibitor. (g, h) The fold change of proliferation rates calculated by
Image Pro Plus (6.0) software according to EdU and Hoechst staining images. The results are shown as the Mean § SD of 3 independent experi-
ments. *P < 0.05, ***P < 0.001.

Figure 6. miR-24-3p promotes the differentiation of CPMs. (a, b) Relative expression detected by qPCR of three differentiation marker genes
(MYOD MYOG and MYHC) after transfection of miR-24-3p mimic or inhibitor. (c, d) Desmin staining of differentiated CPMs at 48 h after trans-
fected with miR-24b-3p mimic or inhibitor. (e, f) Myotube area (%) of CPMs calculated by Image Pro Plus (6.0) software according to Desmin and
DAPI staining images. The results are shown as the Mean § SD of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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DISCUSSION

Chicken meat provides a large amount of high-quality
protein for human beings (Ren, et al., 2018), in which
skeletal muscle plays a major role. Therefore, the growth
and development of skeletal muscle have always been a
focus of the broiler industry (Saneyasu, et al., 2017).
Yellow-feathered broilers are especially popular in China
in recent years (Jiang, et al., 2018) because of their bet-
ter meat quality (Jiang, et al., 2019; Wang, et al., 2019).
However, their growth rate and meat production rate
are low. miRNAs were found play an important role in
the growth of chicken (Vishnoi and Rani, 2017) and
their regulation mechanism is still unclear.

In this study, we collected the leg muscles of slow- and
fast-growing female Jinghai yellow chickens and finally
identified two important miRNAs novel_miR_133 and
miR-24-3p with miRNA-seq. Novel_miR_133 was a
newly identified miRNA in the study. GO and KEGG
analysis showed that target genes of novel_miR_133
covered most of the top 20 terms. Many target genes are
indispensable and play an important role in the growth
of skeletal muscles, such as CRB2, CREBBP, ERBB4,
COL5A1, COL5A2, COL6A2, COL4A3, and COL4A4.

The cell cycle checkpoint mediator CRB2 is essential
for the cellular response to DNA damage and repair (Kil-
kenny et al., 2008). CRB2 is a hub gene in the gene co-
expression network for chickens, and was also found to
be significantly up-regulated in the skeletal muscle
under both acute and chronic heat stress stages (Sri-
kanth et al., 2019). Another target gene CREBBP
(CBP) was discovered to positively influence myogenesis
in C2C12 cells (Sartorelli et al., 1997; Polesskaya et al.,
2001). Recent research in mice has also shown that
CREBBP is required for the control and maintenance of
contractile function and transcriptional homeostasis in
skeletal muscle and, ultimately, organism survival
(Svensson et al., 2020). ERBB4 is a receptor, which can
mediate the function of most proteins with an EGF-like
domain (Segers and Dugaucquier, 2020). Ennequin et al.
(2015) and Paatero et al. (2019) have confirmed the
importance of ERBB4-mediated signaling pathway in
muscle development for zebrafish and mice. Collagens,
which account for about one-third of the total protein in
the postnatal animal, are the largest and most abundant
proteins in the body (Li and Wu, 2018). They comprise
28 protein types that contain at least one triple-helical
domain and interact with cells via several receptor fami-
lies and regulate their proliferation, migration, and dif-
ferentiation (Hennet, 2019; Ricard-Blum, 2011).
Collagens have been found to play an important role in
the structural maintenance and normal development of
skeletal muscle (Tam et al., 2015; Baumert et al., 2018;
Mohammadkhah et al., 2018). Our results showed that 7
members of the collagen family were predicted for nov-
el_miR_133, and the mRNA and miRNA expression
networks showed that 5 (COL4A3, COL4A4, COL5A1,
COL5A2, and COL6A1) were in the core position, fur-
ther illustrating the importance of this gene family in
skeletal muscle.
As a tumor suppressor miRNA, miR-24-3p has been
widely studied in a variety of cancers, such as nasopha-
ryngeal carcinoma (Ye et al., 2016), lung cancer (Yan
et al., 2018), and breast cancer (Khodadadi-Jamayran,
et al., 2018). In recent years, miR-24-3p has also been
found to be related to growth and development. In 2019,
Hu et al. (2019) found that bta-miR-24-3p could pro-
mote myogenic differentiation but inhibited prolifera-
tion by directly targeting and suppressing ACVR1B
expression in myogenic progenitor cells of bovine. Hol-
stein et al. (2020) found miR-24-3p could promote
C2C12 differentiation via 3’UTR-mediated MRTF-A
repression. We found its downstream target genes
closely related to growth and development, including
Notch1, CTNNB1, and RYR3.
Notch1 is a member of the Notch signaling pathway,

which is an evolutionarily conserved developmental net-
work critical for embryonic and postnatal regulation of
tissue growth, homeostasis, and repair (Conti et al.,
2016). Studies have shown that Notch1 and Notch2
coordinately maintain the stem-cell pool in the quiescent
state by preventing activation and regulate stem-cell-
fate decision in the activated state, governing adult mus-
cle regeneration (Fujimaki et al., 2018). In our experi-
ment, Notch1 was enriched in the most BP entries of the
top 20 GO terms. KEGG pathway analysis showed that
the Notch signaling pathway was also significantly
enriched and the gene was among the top 20 hub genes.
CTNNB1 (b-catenin) is a key regulatory molecule of

the Wnt signaling pathway. The pathway is important
for tissue homeostasis and regulation of cell prolifera-
tion, differentiation, and function (Agaimy and Haller,
2016). Previous studies have shown that CTNNB1 could
promote C2C12 differentiation (Figeac and Zammit,
2015; Cui et al., 2019; Han, et al., 2019). In a recent
study, Zhang et al. (2020a) found that the Wnt/b-cate-
nin signaling pathway could regulate the atrophy of skel-
etal muscle for chicken.
RYR3 is one isoform of ryanodine receptors (RyRs),

which are ubiquitous intracellular calcium (Ca2+)
release channels (Santulli et al., 2018). RYR1 is predom-
inantly expressed in muscle, while RYR3 is predomi-
nantly expressed in cardiac and brain tissues in
mammals (Ottini et al., 1996). Interestingly, the 2 iso-
forms were found to be expressed almost equally in the
muscle of birds, fish and other non-mammals (Mur-
ayama and Kurebayashi, 2011; Ottini et al., 1996).
RYR3 is expressed in developing zebrafish muscle, and
is required for normal locomotive behaviors by modify-
ing the functions of other RyR channels (Chagovetz
et al., 2019). Chiang et al. (2007) found that SNPs of
bRYR could affect the amount of Ca2+ release and thus
affected calcium channel activity in the study of turkey
skeletal muscle. Sporer et al. (2012) speculated that
RYR3 (bRYR) could regulate PSE breast meat with
RYR1 by controlling Ca2+ release in turkeys. In the
present, RYR3 was enriched in the calcium signaling
pathway, which is the most significant pathway. In addi-
tion, other important genes, such as MYO18A and
PHGDA, were also predicted.
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From the results for miR-24-3p, we speculated that it
might also play an important role in the development of
chicken skeletal muscle. Therefore, we explored the
effects of miR-24-3p on the proliferation and differentia-
tion of CPMs.

In the experiment of miR-24-3p on the proliferation of
CPMs, we found that the expression of P21 significantly
increased in the miR-24-3p mimic group, while
decreased in the group with miR-24-3p inhibitor. It is
well known that P21 could inhibit cell proliferation
(Massagu�e, 2004). Both the EdU and CCK-8 assays
showed that CPMs proliferation was inhibited when
cells were transfected with miR-24-3p mimic, while the
ratio of cells in proliferation increased when CPMs were
treated with miR-24-3p inhibitor. This inhibition by
miR-24-3p is similar to the result of Hu et al. (2019) in
bovine myogenic progenitor cells for miR-24-3p.

During the differentiation of CPMs, we found that
overexpression of miR-24-3p significantly up-regulated
expression of MYOD, MYOG and MYHC. Expression
of these 3 differentiation marker genes was down-regu-
lated after transfection with inhibitor. MYOD,
MYOG, and MYHC could promote and maintain the
process of myoblast differentiation (Huang et al.,
2019). This result preliminarily suggests that miR-24-
3p promotes the differentiation of CPMs. Immunofluo-
rescence staining of myotubes showed that overexpres-
sion of miR-24-3p significantly promoted the formation
of myotubes. These results suggested that miR-24-3p
promoted the differentiation of CPMs, similar to the
effects of miR-24-3p on bovine myogenic progenitor
cells (Hu et al., 2019) and C2C12 cells (Holstein et al.,
2020). Compared with the function of miR-24-3p in
other species, we infered that its role might be highly
conserved among species.

Taken together, this study revealed 12 DEMs between
slow- and fast-growing Jinghai yellow chickens and com-
prehensive analysis identified 2 miRNAs (novel_-
miR_133 and miR-24-3p) closely related to the growth
and development. Finally, we showed that miR-24-3p
inhibited proliferation and promoted differentiation of
CPMs. Our research provides a theoretical basis for the
mechanism of skeletal muscle development for chickens
through the regulation of miRNAs.
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