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There is a lack of understanding surrounding the molecular mechanisms involved in the
development of chicken skeletal muscle in the late postnatal stage, especially in the
regulation of breast muscle development related genes, pathways, miRNAs and other
factors. In this study, 12 cDNA libraries and 4 small RNA libraries were constructed from
Gushi chicken breast muscle samples from 6, 14, 22, and 30 weeks. A total of 15,508
known transcripts, 25,718 novel transcripts, 388 known miRNAs and 31 novel miBNAs
were identified by RNA-seq in breast muscle at the four developmental stages. Through
correlation analysis of MIRNA and mRNA expression profiles, it was found that 417, 370,
240, 1,418, 496, and 363 negatively correlated miRNA-mMRNA pairs of W14 vs. W6,
W22 vs. W6, W22 vs. W14, W30 vs. W6, W30 vs. W14, and W30 vs. W22 comparisons,
respectively. Based on the annotation analysis of these mIBRNA-mRNA pairs, we
constructed the miIBRNA-MRNA interaction network related to biological processes, such
as muscle cell differentiation, striated muscle tissue development and skeletal muscle
cell differentiation. The interaction networks for signaling pathways related to five KEGG
pathways (the focal adhesion, ECM-receptor interaction, FoxO signaling, cell cycle,
and p53 signaling pathways) and PPl networks were also constructed. We found that
ANKRD1, EYA2, JSC, AGT, MYBPC3, MYH11, ACTC1, FHL2, RCAN1, FOS, EGR1,
and FOXO3, PTEN, AKT1, GADD45, PLK1, CCNB2, CCNB3 and other genes were
the key core nodes of these networks, most of which are targets of miRNAs. The
FoxO signaling pathway was in the center of the five pathway-related networks. In the
PPI network, there was a clear interaction among PLK7 and CDK1, CCNB2, CDK1,
and GADD45B, and CDC45, ORC1 and MCM3 genes. These results increase the
understanding for the molecular mechanisms of chicken breast muscle development,
and also provide a basis for studying the interactions between genes and miRNAs, as
well as the functions of the pathways involved in postnatal developmental regulation of
chicken breast muscle.

Keywords: chicken, microRNA, mRNA, RNA-seq, breast muscle

Frontiers in Genetics | www.frontiersin.org

1 March 2019 | Volume 10 | Article 197


https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2019.00197
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fgene.2019.00197
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2019.00197&domain=pdf&date_stamp=2019-03-18
https://www.frontiersin.org/articles/10.3389/fgene.2019.00197/full
http://loop.frontiersin.org/people/622031/overview
http://loop.frontiersin.org/people/632894/overview
http://loop.frontiersin.org/people/615017/overview
http://loop.frontiersin.org/people/675889/overview
http://loop.frontiersin.org/people/636481/overview
http://loop.frontiersin.org/people/624073/overview
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Lietal

RNA-Seq in Chicken Breast Muscle

INTRODUCTION

In chickens, breast muscle is a major contributor to skeletal
muscle and is directly correlated with meat quantity and quality.
Therefore, determining the molecular mechanisms underlying
skeletal muscle development has been a focus of research in the
field of poultry genetic breeding.

Skeletal muscle development is a complex and precise
process regulated by many genes, transcription factors,
ncRNAs and signaling pathways. These factors form many
interaction networks in vivo that regulate chicken skeletal muscle
development (Mancinelli et al., 2012). Firstly, many interactions
exist between genes involved in myoblast proliferation and
differentiation (Huang et al.,, 2018). For example, insulin-like
growth factor 1 (IGF-I) plays critical roles in skeletal myogenesis
(Hamarneh et al,, 2015), and the addition of IGF-1 significantly
upregulates genes encoding myogenic factors, such as c-Myc
(Yu et al., 2015). Moreover, after decreased F-box protein 32
(FBXO32) expression, growth-related genes including pyruvate
dehydrogenase kinase 4 (PDK4), insulin-like growth factor 2
receptor (IGF2R) and insulin growth factor-2 binding protein
3 (IGF2BP3) are significantly down-regulated (Chen et al,
2015). Secondly, many interactions exist between miRNAs
and mRNAs during skeletal muscle development. miRNAs are
endogenous non-coding RNAs that regulate gene expression
at the post-transcriptional level by binding to the 3'-UTRs
of target mRNAs. Many myogenic transcription factors and
genes are regulated by various miRNAs. For instance, muscle
differentiation-related miRNAs (MyomiRs) such as miR-1,
miR-206, and miR-133, interact with myogenic genes, such as
myogenin (MyoG), myogenic differentiation (MyoD), myogenic
factor 5 (Myf5), myocyte enhancer factor 2 (MEF2) and paired
box 7 (PAX7). These interactions play an important regulatory
role in the biological processes involved in muscle development,
such as muscle fiber type determination, muscle cell proliferation
and differentiation, and skeletal muscle hypertrophy and atrophy
(Nakasa et al., 2010; Moncaut et al., 2013; Badodi et al., 2015).
Furthermore, many MyomiRs regulate the expression of c-Myc,
such as miR-130a, miR-124, and miR-199 (Alexander et al.,
2013; Ma et al., 2014; Qadir et al., 2014). Moreover, miR-222a
and miR-126-5p inhibit the expression of their target genes
cytoplasmic polyadenylation element-binding protein 3 (CPEB3)
and fibroblast growth factor receptor 3 (FGFR3) in DF-1 cells,
and they play roles in the regulation of embryonic muscle
development and growth (Jebessa et al., 2018).

However, controlling chicken skeletal muscle growth is
a highly complicated process involving multi-interaction
relationships between miRNAs and mRNAs within an intricate
signaling pathway, rather than a single interaction network.
For instance, MYODI expression is regulated by miR-1 via the
mTOR signaling pathway (Sun et al., 2010). Moreover, miR-133-
mediated Gli3 silencing, regulated by the Hedgehog pathway,
orchestrates embryo myogenesis (Mok et al., 2018). In addition,
myocyte-specific enhancer-binding factor 2 (MEF2C) interacts
with the Notch3 and p38 MAPK pathways in regulating skeletal
muscle differentiation (Zetser et al., 1999; Gagan et al., 2012).
Inhibition of the expression of miR-21 down-regulates B-cell

lymphoma-2 (Bcl-2), cyclinD1 and phosphorylated-protein
kinase B (AKT), and up-regulates phosphatase and tensin
homolog (PTEN) and bcl-associated protein X (Bax) (Li et al.,
2018). These studies suggest that skeletal muscle development is
regulated by complex interaction networks of genes, miRNAs and
signaling pathways. Therefore, it is important to determine the
interaction network of genes, miRNAs and signaling pathways
in the regulation of skeletal muscle development. The current
understanding of this network is lacking.

Chicken is an important agricultural animal in which, as
in other animals, genetic factors are the main players affecting
muscle development. For example, the heritability of muscle fiber
number in chicken pectoralis superficialis is 0.43-0.48, and the
heritability of muscle fiber size is 0.30-0.50 (Fu et al., 2018).
Therefore, to improve poultry genetics and production, it is
important to clarify the interaction mechanisms among genes,
miRNAs and pathways in chicken skeletal muscle, especially in
the development of breast muscle. Several reports have described
gene regulation, miRNA identification and pathway regulation
in chicken skeletal muscle development. For instance, miR-203
has been found to inhibit the expression of ¢-JUN and MEF2C,
thereby inhibiting muscle proliferation and differentiation in
chicken myoblasts (Luo et al., 2014). Moreover, c-JUN inhibits
p53 expression and induces cell cycle progression (Schreiber
et al.,, 1999). However, these studies have been limited to the
roles of genes or miRNAs or pathways themselves in chicken
skeletal muscle development, and there is a lack of understanding
of the interaction of these factors in chicken skeletal muscle
development. In addition, early studies have focused on chicken
embryos and early postnatal periods, but the understanding
of the postnatal late development of chicken skeletal muscle
remains lacking.

Gushi chicken is an excellent variety of egg- and meat-
providing chickens native to Gushi County, Henan Province,
China. This variety has many favorable characteristics: the meat
is tender, tasty, and has a fresh unique flavor. Gushi chicken
is suitable for breeding and production. Many studies have
been conducted on the molecular mechanisms of resource
conservation, strain selection, industrial production and trait
formation of this local variety. Although the Gushi chicken has
many excellent features, its growth rate is slow. The molecular
mechanisms related to muscle development regulation remain
unclear in the Gushi chicken. In order to reveal the crucial
molecular mechanisms and molecular networks underlying
muscle development in this variety, in the present study, we
identified miRNA and mRNA expression profiles in chickens
at four different stages (6, 14, 22, and 30 weeks) representing
chicks, early young chickens, late young chickens, and laying
hens, respectively. The key negatively correlated miRNA-
mRNA interaction networks and pathways associated with breast
muscle development were identified. Our aim was to aid in
understanding the molecular mechanisms of late developmental
regulation of chicken skeletal muscle, to provide a basis for
turther study of the interactions among miRNAs, mRNAs and
signaling pathways in chicken skeletal muscle development. Our
study also provides basic data for Gushi chicken trait mining and
resource conservation.
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MATERIALS AND METHODS

Ethics Statement

All animal experiments were performed according to protocols
and guidelines approved by the Institutional Animal Care and
Use Committee of Henan Agricultural University, China.

Sample Collection and RNA Isolation
Female native Chinese chickens, known as Gushi chickens, were
used in this study. The raising method was the same as in our
previous research (Fu et al., 2018). Briefly, the chickens were fed
with a two-phase feeding system, in which the first phase (before
14 weeks) comprised 18.5% crude protein and 12.35 MJ/kg, and
the second phase (after 14 weeks) comprised 15.6% crude protein
and 12.75 MJ/kg, and the chickens were given free access to water.
The left breast muscle tissues were collected from chickens at 6,
14, 22, and 30 weeks of age, then frozen immediately in liquid
nitrogen and stored at —80°C until RNA extraction.

Total RNA for RNA sequencing (RNA-seq) was isolated from
12 breast muscle samples (three each from 6-, 14-, 22-, and 30-
week samples) with TRIzol reagent (Invitrogen, Carlsbad, CA,
United States) according to the manufacturer’s protocol. The
purity and concentration of the RNA samples were evaluated
on a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Wilmington, DE, United States), and standard denaturing
agarose gel electrophoresis was used to monitor the degradation
and contamination. The RNA integrity was assessed with an RNA
Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system
(Agilent Technologies, Palo Alto, CA, United States).

lllumina Deep Sequencing and Sequence
Analysis of mRNA

A total of 12 cDNA libraries were constructed with the breast
muscle tissues from Gushi chickens in the four developmental
stages (6, 14, 22, and 30 weeks). A total of 3 g total
RNA per sample was used as input material for the cDNA
library. First, ribosomal RNA was removed with an Epicentre
Ribo-Zero™ rRNA Removal Kit (Epicentre, Madison, WI,
United States), and rRNA free residues were cleaned up
through ethanol precipitation. Subsequently, sequencing libraries
were generated using the rRNA-depleted RNA by NEBNext®
Ultra™ Directional RNA Library Prep Kit for Illumina®
(NEB, Ipswich, MA, United States), by following manufacturer’s
recommendations. Finally, products were purified (AMPure
XP system), and library quality was assessed on an Agilent
Bioanalyzer 2100 system. The libraries were sequenced on
an Illumina Hiseq 2500 platform, and 150 bp paired-end
reads were generated.

Raw data in fastq format were first processed through in-
house scripts. The Illumina sequencing raw reads were obtained
by removal of reads containing adapter, reads containing ploy-
N and low-quality reads from raw data, in which the number
of bases with a quality value Q <20 was >50%. The Q20, Q30,
and GC content of the clean data were calculated. All down-
stream analyses were based on the clean data, which were of
high quality. Reference genome and gene model annotation files

were downloaded directly from the genome website. The index
of the reference genome was built using Bowtie v2.2.3, and
paired-end clean reads were aligned to the reference genome
using TopHat v2.0.12. The Cufflinks v2.1.1 Reference Annotation
Based Transcript (RABT) assembly method was used to construct
and identify both known and novel transcripts from the TopHat
alignment results. The fragments per kilobase per million reads
(FPKM) (Trapnell and Salzberg, 2009) for each gene was
calculated on the basis of the length of the gene and read counts
mapped to the gene.

lllumina Deep Sequencing and Sequence
Analysis of miRNA

Four small RNA libraries were constructed by using the breast
muscle tissues from Gushi chickens at the developmental stages
of 6 weeks (W6), 14 weeks (W14), 22 weeks (W22), and 30 weeks
(W30), with a NEBNext® Multiplex Small RNA Library Prep
Set for Illumina® (NEB). Equal amounts of high-quality RNA
samples from three individuals in each developmental stage
were mixed with 3 pg RNA sample, which was used as input
material for construction of the small RNA library. The quality
and quantity of the cDNA library were assessed using a Qubit2.0
(Life Technologies) and an Agilent Bioanalyzer 2100 system,
respectively, and the effective concentrations in the libraries were
greater than 2 nM. Finally, the cDNA library preparations were
sequenced using the Illumina HiSeq2500 sequencing platform,
and 50 bp single-end reads were generated.

The raw sequencing reads were processed by evaluating
the sequencing quality, calculating the length distribution of
small RNA reads and removing low quality reads and adaptor
sequences. Clean high-quality reads with lengths of 18-35 nt
were used in the subsequent analyses. The small RNA tags
were mapped to reference sequences in Bowtie2'. Mapped small
RNA tags were used to search for known miRNAs. miRBase22.0
was used as a reference, and the modified software mirdeep2
(Friedlander et al., 2012) and srna-tools-cli were used to obtain
the potential miRNAs and draw the secondary structures.
To remove tags originating from protein-coding genes, repeat
sequences, rRNAs, tRNAs, snRNAs, and snoRNAs, small RNA
tags were mapped to the RepeatMasker or Rfam databases or
data from the specified species itself. The characteristics of the
hairpin structures of miRNA precursors can be used to predict
novel miRNA. The software miREvo (Friedlander et al., 2012;
Wen et al.,, 2012) mirdeep2 were used to predict novel miRNA
through exploring the secondary structures, Dicer cleavage sites
and the minimum free energy of the small RNA tags unannotated
in the former steps.

Differential Expression Analysis

The expression levels of mRNAs in the different libraries
constructed from breast muscle were estimated on the basis of the
Ilumina sequencing data, according to the FPKM values. The FC
(fold change) for each mRNA between two discretionary stages
was calculated according to comparisons of six combinations;
that is, W14 vs. W6, W22 vs. W14, W22 vs. W6, W30 vs. W6,

'https://sourceforge.net/projects/bowtie-bio/files/
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W30 vs. W14, and W30 vs. W22. Differential expression analysis
of two groups was performed with the DESeq R package (1.8.3).
Genes with adjusted p < 0.05 and |FC| > 1 found by DESeq were
considered differentially expressed.

In addition, based on the values of normalized transcripts
per kilobase per million reads (TPM), the DEGseq R package
was used to analyze the differentially expressed miRNAs (DEMs).
g-values were adjusted by p-values. A g-values < 0.01 and |FC|
> 1 was set as the threshold for significantly DEMs by default.

Gene Ontology and Kyoto Encyclopedia

of Genes and Genomes Analyses

The mRNAs and enriched genes among miRNA targeted mRNAs
were annotated and classified by Gene Ontology (GO?®) with
the software GOSeq (Release2.12) (Young et al., 2010) and
Kyoto Encyclopedia of Genes and Genomes (KEGG’) pathway
analysis with the software KOBAS (v2.0) (Mao et al., 2005)
to visualize data. Only GO terms or KEGG pathways with
corrected p-values (t-test) < 0.05 were considered to indicate
significant enrichment.

miRNA-mRNA Interaction Analysis

The miRNA and transcriptome profiles of the four developmental
stages were constructed using the same breast muscle samples
from Gushi chickens. To analyze the interactions between
miRNAs and mRNAs, first, miRanda (Enright et al., 2003) was
used to predict miRNA target genes two with psRobot_tar in
psRobot (Wu et al., 2012). Then miRNA-mRNA interactions
were calculated according to miRNA expression profiles and
transcriptome data, and negatively correlated miRNA-mRNA
pairs were determined using Pearson correlation analysis.
Finally, mRNA and miRNA expression data were integrated
using the MAGIA network tool, and the network was then
constructed by Cytoscape.

Quantitative Real-Time PCR (qRT-PCR)
Analysis

For the qRT-PCR analysis of genes, reverse transcription was
performed using a PrimerScript™ RT reagent Kit (TaKaRa,
Dalian, China) according to the manufacturer’s instructions.
qRT-PCR with iTag™ Universal SYBR® Green Supermix Kit
(Bio-Rad Laboratories Inc., Waltham, MA, United States) was
performed with a LightCycler® 96 instrument qRT-PCR system
(Roche, Basel, Switzerland) as follows: 95°C for 3 min; 40 cycles
of 95°C for 10 s, annealing at 60°C for 30 s, and 72°C for 30 s,
and 72°C for 1 min. The data were analyzed with the 2744t
method. The chicken GAPDH gene was used as a reference gene
for normalization of target gene data. The sequences of qRT-PCR
primers are listed in Supplementary Table S1.

For the qRT-PCR analysis of miRNAs, reverse transcription
was performed as for mRNA, except that the miRNA was
reverse transcribed with Bulge-loop miRNA qRT-PCR Primer
Sets (RiboBio, Guangzhou, China). The qRT-PCR process and

*http://www.geneontology.org/
Shttp://www.genome.jp/kegg/

the data analysis methods were the same as for mRNA. The
primers specific to miRNAs were designed by RiboBio. Chicken
U6 small nuclear RNA was used as an internal control for
normalization of miRNA data.

PPI Analysis of DEGs

Protein-protein interaction (PPI) analysis of DEGs was based on
the STRING database* (Organism: Gallus gallus). We constructed
the PPI network by extracting the target gene list from the
database pertaining to chickens. In this study, the online tool
STRING was applied to analyze the PPI of DEGs, and PPI with
scores >700 were selected as significant interactions.

Statistical Analysis

Statistical analyses of the qRT-PCR results and graphs were
carried out in GraphPad Prism (version 5.0) software (San,
Diego, CA, United States). Statistical significance of the data was
tested by performing paired t-tests. The results are presented as
means = SEM of three replicates, and the statistical significance
was represented by p-values < 0.05, 0.01, or 0.001.

RESULTS

The cDNA Library Sequencing and
Transcriptome Profiles of the Breast

Muscle

The Ilumina Hiseq 2500 platform was used to perform RNA-
seq for the 12 ¢cDNA libraries. To preferentially select cDNA
fragments 250-300 bp in length, we purified the library fragments
with the AMPure XP system (Beckman Coulter, Beverly, MA,
United States). The number of raw reads generated from each
library exceeded 100 million reads. After filtering of low-
quality reads, the clean reads ranged from 81.04 to 105.93 G,
and more than 71.33% of the clean reads mapped to the
genome (Supplementary Table S2). The GC content of the
clean data ranged from 50.24 to 53.87%, and the clean read
quality scores of Q20 and Q30 were above 96.48 and 91.06%,
respectively, thus demonstrating that the reliability and quality
of the sequencing data were adequate for further analysis.
Finally, a total of 15,508 known transcripts and 25,718 novel
transcripts were identified in the data (Supplementary Table S3).
To investigate the key mRNAs involved in chicken breast
muscle development, we analyzed the differentially expressed
genes (DEGs) at four developmental stages of breast muscle in
Gushi chicken. Among the different combinations, the number
of up- and down-regulated genes between W14 vs. W6, W22
vs. W14, W22 vs. W6, W30 vs. W6, W30 vs. WI4, and
W30 vs. W22 are shown in Figure 1A, and a list of these
DEGs among six comparisons was shown in Supplementary
Table S4. The value of the log2-ratio ranged from -9.47317 to
8.00024. The distribution of these DEGs among the different
combinations was shown in Figure 1C. Especially, we found
that two DEGs comprising CHACI (ENSGALG00000027874)

“https://string-db.org
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and ENSGALG00000027067 were significantly and differentially
expressed in the six combinations (Figure 1E). Thereinto,
CHACI was targeted by many miRNAs, such as miR-29a-3p,
miR-29b-3p, miR-29¢-3p, and miR-194 (Figure 1F).

Small RNA Library Sequencing and
miRNA Transcriptome Profiles of the

Breast Muscle
The small RNA libraries were also constructed from the breast
muscle tissues collected from chickens in all four growth stages.

After filtering of low-quality reads, 11.68 to 13.33 G clean reads
were generated, more than 86.29% of which mapped to the
genome (Supplementary Table S5). The quality score Q20 and
Q30 percentages were above 96.62 and 93.61%, respectively, and
the GC content of the clean data ranged from 43.96 to 44.96%.
These results demonstrated that the samples were reliable and
of high quality. Finally, a total of 388 known miRNAs and 31
novel miRNAs were identified (Supplementary Table S3). To
investigate the key miRNAs involved in chicken breast muscle
development, we analyzed the DEMs at four developmental
stages. Among the different combinations, the number of up- and
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down-regulated miRNAs in W14 vs. W6, W22 vs. W14, W22 vs.
We, W30 vs. W6, W30 vs. W14, and W30 vs. W22 are shown
in Figure 1B. Interestingly, twelve DEMs including miR-148a-
3p, let-7f-5p, miR-1a-3p, miR-30c-5p, miR-26a-5p, miR-146¢-5p,
miR-101-3p, let-7i, miR-206, miR-30e-3p, let-7b, and miR-133a-
3p, were identified among all six comparisons (Figure 1D).

Correlation Analysis of Differentially
Expressed miRNAs and mRNAs Involved

in Breast Muscle Development

We integrated the miRNA and mRNA data from Gushi chicken
breast muscle, then predicted the potential target genes of
DEMs, completed the correlation analysis of DEMs-mRNA pairs,
and screened DEMs-mRNA pairs with negatively correlated
expression. A total of 795, 714, 494, 2958, 946, and 1053 miRNA-
mRNA pairs were predicted of W14 vs. W6, W22 vs. W6,
W22 vs. W14, W30 vs. W6, W30 vs. W14, and W30 vs. W22,
respectively (Supplementary Table S6). Among these, 417, 370,
240, 1,418, 496, and 363 miRNA-mRNA pairs were found with
negatively correlated expression (g-value < 0.05). To gain insight
into the functions of the miRNA-mRNA pairs with negatively
correlated expression between the different developmental stages,
we performed GO enrichment analysis to uncover the enriched
biological process terms (corrected p-values < 0.05) for each
comparison. In the WI4 vs. W6 group, the associations were
mainly with negative regulation of biological processes and
negative regulation of cellular processes. Moreover, the most
significantly enriched GO terms in the W22 vs. W6 group
were condensed nuclear chromosome outer kinetochore and
condensed nuclear chromosome. Enrichment was observed in the
GO terms of condensed nuclear chromosome outer kinetochore
and condensed nuclear chromosome kinetochore in the W22
vs. W14 group. Additionally, in the W30 vs. W6 group, terms
were related to the extracellular region and extracellular region.
However, in the W30 vs. W14 group, terms were mainly related to
the extracellular region and extracellular space. In the W30vs. W22
group, terms were related to the immune system process and cell
surface receptor signaling pathway. In addition, we identified some
GO terms related to cellular processes and muscle development in
three comparisons (Figure 2). Our results indicated that some GO
terms associated with cellular processes in the W30 vs. W22 group
(Figure 2C) showed the highest value and were followed by that in
the W14 vs. W6 group (Figure 2A), then the W22 vs. W14 group
(Figure 2B). However, in almost all muscle development related
GO terms, such as skeletal muscle cell differentiation, muscle
structure development, phasic smooth muscle contraction and
striated muscle tissue development, the highest value was the
W14 vs. W6 group, followed by the W30 vs. W22 group and
the W22 vs. W14 group. These results indicated that there are
differences in the regulation of some biological process related
to cellular processes and muscle development in different stages.

miRNA-mRNA Interaction Network

Related to Breast Muscle Development
To identify key molecular players in the development of
chicken breast muscle, based on the annotations of the

negatively correlated miRNA-mRNA pairs in expression level, we
focused on some DEG-DEM interactions associated with muscle
development (Figure 3). For example, ankyrin repeat domain-
containing protein 1 (ANKRDI1) was the network core gene
(Figure 3A), a total of 23 miRNA-mRNA pairs were found, which
were closely related to biological processes such as muscle cell
differentiation, striated muscle tissue development and skeletal
muscle cell differentiation. Among them, the network core
gene ANKRDI is targeted by 19 miRNAs, such as miR-10a-5p,
miR-17-5p, miR-20a-5p, miR-20b-5p, miR-106a-5p, and miR-
30a-3p. Moreover, the network for the important node of eyes
absent homolog 2 (EYA2) (Figure 3B) was associated with the
biological process of striated muscle tissue development. The
results indicated that the EYA2 is targeted by six miRNAs,
such as miR-103-3p and miR-365b-5p, etc. miR-30a-3p targeted
phosphatase and tensin homolog deleted on chromosome ten
(PTEN), as well as epidermal growth factor receptor (ERBB4).
Furthermore, the network focusing on JSC and angiotensinogen
(AGT) (Figure 3C) was associated with the biological process
of muscle cell differentiation. Our results indicated that JSC is
an important gene targeted by 12 miRNAs, such as miR-101-
3p, miR-181a-5p, miR-17-5p, and miR-454-3p, etc. In addition,
AGT was found to be targeted by miRNAs, including miR-
101-3p, miR-499-5p, miR-7b, and miR-16¢-5p. miR-200a-3p
was found to target X-box binding protein 1 (XBP1), tumor
tropomodulin 1 (TMOD1) and AKT1I. In addition, the networks
for kernel of myosin binding protein C (MYBPC3) and regulator
of calcineurin 1 (RCAN1) (Figure 3D) were associated with
the biological processes of muscle cell differentiation and
striated muscle tissue development; myosin heavy chain gene
(MYH11), MYBPC3, RCANI and alfa cardiac actin (ACTC1)
were surrounded by 5, 12, 14, and 6 miRNAs, respectively. For
example, MYHI1 was targeted by miRNAs, including miR-454-
3p, miR-148a-3p, and miR-194. MYBPC3 was targeted by let-7b,
miR-454-3p, and miR-199-3p. RCANTI was targeted by miR-200a-
3p, miR-103-3p, and miR-148a-3p. ACTCI was targeted by the
family of miR-30. Additionally, miR-92-3p targeted MYH11, four
and a half LIM-only protein 2 (FHL2), ACTCI and RCANI.
Moreover, in the network with the core node of FOS (Figure 3E),
24 miRNA-mRNA pairs were found, which were associated with
the biological processes of skeletal muscle cell differentiation
and striated muscle tissue development. Our results showed
that FOS was targeted by miRNAs including miR-199-3p, miR-
181a-5p, and miR-101-3p. Early growth response 1 (EGR1) was
targeted by miRNAs including miR-101-3p, miR-30b-5p, and
miR-30c-5p. Together, these results show key networks of DEG-
DEM interaction during muscle development, thus suggesting
that the functions of these common DEGs and DEMs during
different developmental stages are mainly involved in breast
muscle development.

miRNA Pathways Related to Breast

Muscle Development

To further understand how DEMs work with DEGs in pathways
regulating chicken muscle development, we performed KEGG
pathway analysis of miRNA-mRNA pairs with negatively

Frontiers in Genetics | www.frontiersin.org

March 2019 | Volume 10 | Article 197


https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Lietal

RNA-Seq in Chicken Breast Muscle

52

40

22

Number of Genes

23 23

30
304

20+

15

Number of Genes

Number of Genes

FIGURE 2 | GO terms associated with cellular processes and muscle development. (A) W74 vs. W6 group. (B) W22 vs. W14 group. (C) W30 vs. W22 group.
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correlated expression. The top 20 KEGG terms enriched in
the pathway categories for the six combinations are shown in
Figure 4. For the W14 vs. W6 comparison, the two top pathways
were the protein processing in endoplasmic reticulum and the
FoxO signaling pathway (Figure 4A). Furthermore, for the W22
vs. W6 comparison, the cell cycle pathway and oocyte meiosis
pathway were identified as the most significantly enriched
pathways (Figure 4B). Additionally, the p53 signaling, cell cycle
and FoxO signaling pathways were the top three pathways for
the W22 vs. W14 comparison (Figure 4C). The FoxO signaling
and focal adhesion pathways were the top two pathways for the
W30 vs. W6 comparison (Figure 4D). In the comparison between
the W30 and W14 groups, the two top pathways were the focal

adhesion and the ECM-receptor interaction pathway (Figure 4E).
In addition, for the W30 vs. W22 comparison, there were three
top pathway terms: p53 signaling, ECM-receptor interaction and
focal adhesion pathways (Figure 4F). Interestingly, we found
that the FoxO signaling pathway was one of the most frequently
enriched pathways. In the W30 vs. W6 comparison, 14 DEGs
were enriched in the FoxO signaling pathway.

From the above results, we found that the focal adhesion,
ECM-receptor interaction, FoxO signaling, cell cycle and p53
signaling pathways were often among the top 20 KEGG pathways
in the six comparisons. Therefore, a hypothetical regulatory
network was constructed based on enriched genes in different
combinations in the five pathways, to show the interactions of
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FIGURE 3 | The miRNA-mRNA interaction network related to biological process including muscle cell differentiation, striated muscle tissue development and skeletal
muscle cell differentiation. (A) The mIRNA-mMRNA pairs with ANKRD1 as the core. (B) The miRNA-mRNA pairs with EYA2 as the core. (C) The miRNA-MRNA pairs
with JSC and AGT as the core. (D) The miIRNA-mMRNA pairs with MYBPC3 and RCANT as the core. (E) The miRNA-mMRNA pairs with FOS as the core.

DEGs and DEMs during chicken breast muscle development
(Figure 5). This network included key pathways such as the
ECM-receptor, focal adhesion, FoxO signaling, cell cycle and
p53 signaling pathways, and revealed the cross-talk among
these pathways during breast muscle development. The key
miRNA-mRNA target networks were also included in this
network, which showed that the ECM-receptor pathway was
upstream and was followed by the focal adhesion pathway, the
FoxO signaling pathway was in the center, and the cell cycle
pathway and finally the p53 signaling pathway followed. In
addition, in the ECM-receptor pathway, collagen 6A1 (COL6A1),
COL6A3, COL1A2, and COL4A2 were all targeted by miR-
29b-3p. Moreover, the focal adhesion pathway included many
genes, such as JUN, platelet-derived growth factor alpha receptor
(PDGFRA), myosin light chain polypeptide kinase isoform 2
(MYLK2), PTEN and v-akt murine thymoma viral oncogene
homolog 1 (AKT1). PTEN and AKTI were important genes that
also cross-talk with the FoxO signaling pathway. Interestingly,
the FoxO signaling pathway was the central pathway, the
Forkhead box O3 (FOXO3) was in the center of the FoxO
signaling pathway, and FOXO3 was targeted by the miR-
30 family. Altogether, these results suggested that the FoxO
signaling pathway is important for the different stages of
muscle development. Furthermore, PTEN, AKT1, and HOMER3
were the upstream genes for the FoxO signaling pathway, and

HOMRES3 was targeted by miR-133a-5p. Our results showed that
polo-like kinase 1 (PLK1) cross-talks with the FoxO signaling
pathway and cell cycle pathway, and it is targeted by miR-101-
3p and miR-27b-3p. GADD45 is part of the FoxO and p53
signaling pathways. Moreover, P21, Cyclin B2 (CCNB2) and
Cyclin B3 (CCNB3) cross-talk with the FoxO signaling, cell
cycle and p53 signaling pathways, and P21 is an important
gene targeted by miRNAs including miR-10a-5p, miR-17-5p, and
miR-20a-5p. In the p53 signaling pathway, thrombospondin-1
(THBS1) was also found to cross-talk with the ECM-receptor
interaction pathway and to be the important gene in this
pathway. THBS1 is targeted by the miR-la-3p, miR-133a-3p,
and miR-101-3p. Moreover, cell division cycle 45-cell (CDC45),
origin recognition complexes 1 (ORC1), minichromosome
maintenance 2 (MCM2) and budding uninhibited by benzimid
Azolel (BUBI) belong to the cell cycle pathway. Together,
these results revealed that the above five pathways and their
DEG-DEM interactions play critical roles in chicken breast
muscle development.

PPI Network Related to Breast Muscle

Development
The PPI network was constructed by using the extracted target
gene list from the STRING database in Cytoscape (Figure 6).
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The PPI network from DEGs of the W22 vs. W6 comparison = CDC45-ORCI, MCM3-ORCI, CDC45-MCM3, CCNB2-CDKI,
contained 27 protein—protein pairs. Thereinto, ND6-ND2 were =~ GADD45B-CCNB2, GADD45B-CDK1, and CDKI1-BUBIB were
up-regulated, and the other 26 pairs such as CDKI-PLK1, down-regulated. Moreover, the W22 vs. WI4 comparison
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included one protein-protein pair, PLKI-CDKI, of down-
regulated genes. Furthermore, the DEGs from the W30 vs.
W6 comparison included two protein-protein pairs, IL6-TLR5
and AGXT2-SARDH. Interleukin-6 (IL6) and alanine-glyoxylate
aminotransferase 2 (AGXT2) were up-regulated genes, and Toll-
like Receptor 5 (TLR5) and serine hydroxymethyltransferase 1
(SHMT1) were down-regulated genes. In addition, the DEGs
from the W30 vs. W14 comparison included one protein-protein
pair, SARDH-SHMT 1, of down-regulated genes.

Verification of miRNA and mRNA

Expression Profiles With qRT-PCR

The frequently occurring genes in the miRNA-mRNA
pairs, including FOXO3, dynein light chain (DYNLL2),
chromogenic in situ hybridization (CISH), PDK4, HOMERS3,
heat shock protein alpha 8 (HSPAS), and JSC, were selected
for gRT-PCR validation. The gene expression levels were
determined and compared with the RNA-seq data, which
showed similar patterns in comparison to the RNA-seq data
(Figure 7), thus suggesting that the RNA-seq data were credible.
Furthermore, three miRNA-mRNA connections were negatively

correlated, miR-30a-3p-FOXO3, miR-30a-3p-DYNLL2, and
miR-148a-3p-DYNLL2, thus indicating that they have potential
interactivity (Figure 8).

DISCUSSION

Muscle development is the result of precise regulation of
hormones, genes, non-coding RNAs and other factors, such
as spatiotemporal expression, signal cascade, transcriptional
regulation and feedback mechanisms (Nakasa et al, 2010;
Moncaut et al., 2013; Huang et al., 2018). Over the past few
years, many studies have been performed on gene identification
and functional research, miRNA identification and pathway
regulation regarding chicken skeletal muscle development.
However, these studies have focused on embryonic and early
post-emergence (Li et al, 2016; Luo et al, 2016). There is
still a lack of understanding of the molecular mechanisms
underlying skeletal muscle development in the late stage of
chicken hatching. Therefore, it is important to determine the
molecular mechanisms underlying the postnatal development
of chicken skeletal muscle. In this research, we performed

FOX03

DYNLL2
r150

Relative expression
bag-yNY Woy Wyidd
Relative expression
bog-YNY wou Wyidd

Lo
St gt s et R R O

HOMER3 HSPA8

3

Relative expression
bag-yNY Woy Wyidd
Relative expression
bag-YNY Woy Wyidd

Lo
S

EEGE

LGS

P

FIGURE 7 | Quantitative real-time PCR (qRT-PCR) validation of differentially expressed mRNAs. The red dots indicate the biological repetition in gRT-PCR result. The

blue dots indicate the biological repetition from RNA-seq.

CISH PDK4

2

bag-yNY wou Wiid4
Relative expression
bog-vNY wou Wyidd

€
S
]
@
4
I3
x
°
®
2
B
k]
]
4

Sttt ettt

ot ot

DA
Jsc

== GRT-PCR
FPKM

Relative expression
bag-YNY Wou Wyldd

, .
Ot gt st gt

Frontiers in Genetics | www.frontiersin.org

March 2019 | Volume 10 | Article 197


https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Lietal

RNA-Seq in Chicken Breast Muscle

1.3

©
1

) 1.2

2]
1

" 1.1
1.0

0.9

N
L
uoissaidxs aAle|ay

Relative expression
-y
L

0.8

o
I

T T T 0.7

T
& o ot e

Relative expression
LY
o
uoissaidxa aaneay

T T T
& ot gt et @ o gt e

(2]

4 1.10
-1.05
-1.00
-0.95
-0.90

Relative expression
uoissaidxa aanejay

-0.85

™—-0.80

& ot ot et

DYNLL2.

= FOXO03

mm DYNLL2

= DYNLL2

FIGURE 8 | Quantitative real-time PCR validation of differentially expressed miRNAs and their corresponding target mRNAs. The red dots indicate three biological
repetition of gene in gRT-PCR result. The blue dots indicate three biological repetition of mIRNA in gRT-PCR result. (A) The gRT-PCR validation of miR-30a-3p and
its target gene FOXO3; (B) The gRT-PCR validation of miR-30a-3p and its target gene DYNLL2; (C) The gRT-PCR validation of miR-148a-3p and its target gene

gga-miR-30a-3p

gga-miR-30a-3p

FOXO3

gga-miR-30a-3p

gga-miR-30a-3p

DYNLL2

gga-miR-148a-3p

gga-miR-148a-3p

DYNLL2

RNA-seq to assess four representative developmental stages (6,
14, 22, and 30 weeks) of Gushi chicken breast muscle after
birth, then constructed miRNA and mRNA profiles related
to breast muscle development. A total of 15,508 known
transcripts, 25,718 novel transcripts, 388 known miRNAs and
31 novel miRNAs were identified in the breast muscle samples
(Supplementary Table S3). These data provide a valuable
resource for analysis of the molecular mechanisms underlying
the late development of chicken skeletal muscle and post-
transcriptional regulation.

The Gushi chicken is a Chinese local breed used for
eggs and meat. The flesh is tender and uniquely flavored,
and this breed has important development and utilization
value. Therefore, understanding the molecular mechanisms
underlying Gushi chicken muscle development is important

for this breed’s development and utilization. Compared with
other varieties, Gushi chicken grows slowly. However, our past
research has indicated that the first 22 weeks is an important
stage in the development of breast muscle in Gushi chicken.
Before 22 weeks, there is a significant negative correlation
between breast muscle fiber diameter and density. During
this period, the diameter of breast muscle fibers increases
rapidly, and the density decreases sharply. After 22 weeks,
the growth of breast muscle fiber diameter and density is
relatively balanced (Fu et al, 2018). At present, there is a
lack of understanding of the molecular mechanisms underlying
the developmental characteristics of Gushi chicken breast
muscle. Differentially expressed genes and miRNAs may have
important regulatory roles in muscle development. In this
study, 2 DEGs (CHACI and ENSGALGO00000027067) and 12
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DEMs (miR-148a-3p, let-7f-5p, miR-1a-3p, miR-30c-5p, miR-
26a-5p, miR-146¢-5p, miR-101-3p, let-7i, miR-206, miR-30e-
3p, let-7b, and miR-133a-3p) were identified as differentially
expressed among all six comparisons. Thereinto, it showed that
the CHACI is involved in growth of fast skeletal muscle in
Atlantic salmon (Bower and Johnston, 2010). Moreover, we
screened DEMs-mRNA pairs at four developmental stages in
Gushi chicken breast muscle and then performed functional
enrichment analysis. The KEGG pathway enrichment results
showed that in the W22 vs. W14 comparison, the genes were
mostly enriched in pathways involved in muscle development.
These results indicate that 14-22 weeks is an important
stage in the development of Gushi chicken breast muscle,
in agreement with findings from our previous histological
analysis (Fu et al., 2018). Therefore, the miRNA and mRNA
expression profiles obtained in this study reflect the late
developmental regulation of Gushi chicken breast muscle at the
molecular level.

Skeletal muscle development involves many biological
processes. To gain insight into how miRNAs and their target
genes regulate muscle development, we constructed the
interaction networks between miRNAs and mRNAs related
to muscle development (Figure 3). Among these interaction
networks, ANKRDI was predicted to be a target of miRNAs
including miR-30a-3p, miR-17-5p, miR-20a-5p, miR-20b-5p,
and miR-106a-5p. This gene is also involved in the biological
processes of skeletal muscle cell differentiation, muscle structure
development, muscle cell differentiation and striated muscle
tissue development. ANKRDI plays a regulatory role in smooth
muscle (Mohamed et al, 2011). miR-30a-3p has also been
suggested to regulate muscle differentiation (Zhang et al., 2016).
miR-17-5p, miR-20a, miR-106a and miR-20b are members
of the miR-17 family, which play important roles in cellular
differentiation and early mammalian development (Foshay
and Gallicano, 2009; Luo et al, 2016). In addition, among
these networks, the most complex miRNA-mRNA interaction
network was based on MYBPC3 and RCANI (Figure 3D).
Furthermore, the network is related to muscle cell differentiation
and striated muscle tissue development. The interaction network
consists of eight core genes including MYBPC3, MYH11, a-actin
gene (ACTC1), FHL2 and RCANI, and 38 miRNAs such as
miR-454-3p and miR-92-3p, etc. Some studies have confirmed
that MYBPC is essential for the sarcomere structure of striated
muscle (Tajsharghi et al.,, 2010). A variant in MYHI11, R247C,
alters the contractile function of myosin (Kuang et al., 2012).
Mutations in ACTCI cause muscle diseases in the early postnatal
period (Boutilier et al., 2017). FHL2 has roles in post-injury
inflammation or cytoprotection of muscle cells (Wong et al.,
2012). In addition, over-expression of miR-454-3p shifts the
cell cycle arrest from G2/M phase to S phase (Wu et al., 2014).
Moreover, the miRNA-mRNA interaction networks of the core
genes of EYA2 (Figure 3B), JSC and AGT (Figure 3C), and
FOS and EGRI (Figure 3E), are closely related to the biological
processes of striated muscle tissue development, muscle cell
differentiation and skeletal muscle cell differentiation. These
findings suggest that these miRNA-mRNA interaction networks
may play a key role in the late developmental regulation of Gushi

chicken breast muscle, thus providing new insights for further
understanding of the regulation mechanisms of the skeletal
muscle development of chicken.

Postnatal growth of skeletal muscle is mainly achieved by
increasing the hypertrophy of existing muscle fibers (Jiang
et al, 2010). Therefore, the pathways involved in adhesion,
growth, migration and differentiation of muscle cells might be
critical for chicken growth. In our study, the ECM-receptor
interaction, focal adhesion, FoxO signaling, cell cycle and p53
signaling pathways were found at a high frequency in the
different development stage of Gushi chicken breast muscle
after birth (Figure 4). Similar results have been reported in
previous studies (Chen et al, 2015; Xue et al, 2017). In
fact, the extracellular matrix (ECM) plays an integral role in
many cellular responses such as transcription and inflammation,
migration, proliferation and differentiation (Freedman et al,
2018). Focal adhesions have been considered as mechanical
linkages to the ECM and are the signaling centers of numerous
intracellular pathways involved in cell motility, proliferation
and differentiation (Romer et al., 2006). In addition, the FoxO
signaling pathway is known to play a key role in cell cycle
regulation (Ren et al, 2018), thus implicating enrichment
pathways related to skeletal muscle growth and development.
Therefore, ECM-receptor interaction, focal adhesion, FoxO
signaling, cell cycle and p53 signaling pathways may be keys to
further explore the molecular mechanisms underlying chicken
skeletal muscle development regulation.

To gain insight into the interactions among chicken breast
muscle developmental genes, miRNAs and pathways, we
determined the interaction networks of five key pathways (ECM-
receptor interaction, focal adhesion, FoxO signaling, cell cycle
and p53 signaling pathways), on the basis of Gushi chicken
breast muscle development-related miRNA and transcriptome
data (Figure 5). We found that the FoxO signaling pathway
resides in the center of other signaling pathways, and FOXO3
is located at the center of FoxO signaling pathway. FOXO3 is
associated with many genes and targeted by several miRNAs
including the miR-30 family. FOXO3 is a candidate gene known
to be involved in chicken growth (Chen et al., 2015; Xue et al,,
2017). Many FOXO3 targets play regulatory roles in myoblast
proliferation and differentiation and muscle fiber hypertrophy.
The miR-30 family microRNAs are related to endoplasmic
reticulum stress in cardiac muscle and vascular smooth muscle
cells (Chen et al, 2014). These findings indicate that FOXO3
may be a critical gene involved in muscle development in
postnatal growth. FOXO3 affects muscle development, perhaps
through regulation by upstream genes such as AKTI, SKGI,
SETD7, and PRKABI, and downstream genes such as KLF2,
BCL6, and TNFSFI10, as well as miRNAs. Moreover, the FoxO
signaling pathway is linked to the focal adhesion, p53 signaling
and cell cycle pathways via core genes such as PTEN, AKTI,
GADD45, PLK1, CCNB2, and CCNB3 (Figure 5), and it plays
a regulatory role in biological processes such as muscle cell
differentiation and striated muscle tissue development. The AKT
protein kinase signaling pathway controls the cell survival and
proliferation of invertebrate organisms in mammals by inhibiting
the activity of members of the FOXO transcription factor family
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(Tran et al., 2002). Furthermore, the changes in PTEN/AKT
signaling in vascular smooth muscle cells after vascular injury are
associated with cell proliferation (Smith et al., 2011). These results
indicate that the key core node genes are important links among
pathways and between genes and miRNAs within pathways. This
interaction network of pathways provides a new understanding of
the molecular regulation mechanisms underlying chicken skeletal
muscle development.

Moreover, we also demonstrated the interactions among genes
in the development of Gushi chicken breast muscle, such as the
PPI network of Polo-Like Kinase 1 (PLK1) and CDK1 (Figure 6).
CDKI1 and PLKI are regulatory elements that control centrosome
separation. In G2 phase, PLKI can be isolated independently of
the CDKI trigger centrosome (Smith et al., 2011). In addition,
PLK1 is linked to the FoxO signaling and cell cycle pathways
(Figure 5), which are involved in cell cycle regulation. Among
the PPI network of CCNB2, CDK1, and GADD45B (Figure 6),
the DNA damage response gene GADD45a appears to be a
direct target of FOXO3a, and it mediates part of the role of
FOXO3a in DNA repair (Tran et al., 2002). In our data, these
three interacting genes were differentially expressed during the
development of Gushi chicken breast muscle, and the same
expression trend has also been observed in MMQ tumor stem-
like cells (Su et al., 2017). Moreover, CDC45, ORCI, MCM3, and
BUBLI belong to the cell cycle pathway, and we determined an
interaction between BUBI and CDKI, as well as among CDC45,
ORCI, and MCM3 (Figure 6). Studies have shown that Cdkl-
mediated phosphorylation of BUBRI controls checkpoint arrest
and chromosome segregation (Wong and Fang, 2007). Another
study also indicated that CDC45 interacts with ORCI and ORCS,
and weakly interacts with MCM3 (Kneissl et al.,, 2003). Thus,
the interactions among genes in these pathways affect muscle
development, and the interactions of miRNAs and mRNAs in
these pathways may provide new insights into the regulation
of breast muscle development in chickens. The above results
indicate that the presence of complex inter-gene interactions in
the development of Gushi chicken breast muscle.

In summary, we described the miRNA and transcriptome
profiles of Gushi chicken breast muscle at the developmental
stages of 6, 14, 22, and 30 weeks, and we constructed the
interaction network among proteins, miRNAs and mRNAs and
signaling pathways involved in breast muscle development.
These results provide a valuable resource for further study of
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