e animals MDPI

Article

Identification of miRNA-mRNA Networks Associated with Pi-
geon Skeletal Muscle Development and Growth

HaoDing!3t,CanChen 23t TaoZhang'?*", LanChen!3, Weilin Chen23, Xuanze Ling??, Genxi Zhang?3, Jinyu Wang?3,
KaiZhou Xie?? and Guojun Dai??

1 College of Veterinary Medicine, Yangzhou University, Yangzhou, Jiangsu, China.

2 College of Animal Science and Technology, Yangzhou University, Yangzhou 225000,
China;15138343214@163.com (H.D.); chencan19981224@163.com (C.C.) ; zhangt@yzu.edu.cn (T.Z.);
chenlan9326@163.com (L.C.); a934263381@163.com (C.W.);lingxuanze@163.com (L.X.) gxzhang@yzu.edu.cn
(G.Z2.); jywang@yzu.edu.cn (J.W.); kzxie@yzu.edu.cn (K.Z.); daigj@yzu.edu.cn (D.G.)

3 Joint International Research Laboratory of Agriculture and Agri-Product Safety, Ministry of Education,
Yangzhou University, Yangzhou 225000, China

* Correspondence: zhangt@yzu.edu.cn;
tThese authors are contributed equally to this study.

Simple Summary: The growth and development of skeletal muscle determine the meat produc-
tion performance of pigeons and were regulated by complex gene networks. In order to explore the
function of miRNA in regulating the growth and development of pigeon skeletal muscle, we will
use sequencing technology to study the transcriptome of pigeon at two embryonic stages (E8 and
E13) and two growth stages (D1 and D10).

Abstract: The growth and development of skeletal muscle determine the meat production perfor-
mance of meat pigeons. MiRNA plays an important role in the growth and development of skeletal
muscle. However, there are few reports about miRNA regulating the growth and development of
skeletal muscle in pigeons. In order to explore the function of miRNA in regulating the growth and
development of pigeon skeletal muscle, we will use sequencing technology to study the transcrip-
tome of pigeon at two embryonic stages (E8 and E13) and two growth stages (D1 and D10), A total
of 32,527 mRNAs were identified in pigeon skeletal muscles, including 14,378 novel mRNAs and
18,149 known mRNAs. A total 2362 miRNAs were identified, including 1758 known miRNAs and
624 novel miRNAs. STEM clustering tool assigned each miRNA to its time expression characteris-
tics. A total of 20 expression profiles were generated, and seven were significantly enriched (P-value
<0.05),there are two types. The first category represents DEmiRNAs that continuously down-regu-
lated from the developmental stage to the growth stage of pigeon skeletal muscle, including cli-
miR-20b-5p. miR-130-y, cli-miR-106-5p. cli-miR-181b-5p etc. The second category represents
DEmiRNAs with low expression at the development and early growth stage and significantly up-
regulated expression at the high growth stage, including miR-27-y, miR-1-z, cli-miR-1a-3p. miR-
23-y etc. We performed GO and KEGG enrichment analysis on the miRNA target genes in the two
categories, and found many biological processes and pathways related to muscle growth and de-
velopment. including biological processes such as striated muscle cell differentiation, striated mus-
cle cell development, muscle cell development, regulation of biological process. regulation of
cellular process and tissue morphogenesis. Signal pathways such as ECM-receptor interaction,
focal adhesion, biosynthesis of amino acids. cell growth and death. signal transduction and de-
velopment. This study expands the diversity of pigeon miRNAs and helps to understand the role
of miRNAs in pigeon muscle development and growth.
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1. Introduction

Pigeon meat is rich in nutrition, high in protein, low in fat, and high in medicinal
value. In China, pigeon meat is called "animal ginseng" and is considered as an advanced
nourishment product that is increasingly favored by consumers. Meat production perfor-
mance is an important index to measure the economic value of pigeons. However, the
genetic improvement of meat production performance of pigeons is relatively lagging in
comparison with other poultry. The growth and development of skeletal muscle deter-
mine the meat production performance of pigeons [ll. Therefore, understanding the mo-
lecular regulation mechanism of pigeon skeletal muscle growth and development is an
important prerequisite for improving meat production performance by molecular breed-
ing technology [2l.

The number of muscle cells and the development of skeletal muscle fibers are closely
related to animal meat production. Myogenic regulatory factor family (MRF) members
play important roles in the process of skeletal muscle differentiation, including MyoD
(myogenic determining factor), MyoG (myogenin), MRF4 (muscle reguLatory factor 4),
and Myf5 (myogenic factor 5) Bl. However, skeletal muscle growth and development in-
volves multi-gene expression, signal transduction, and network regulation, and there are
still a large number of regulatory factors to be identified.

MicroRI7 3 (miRNAs) are small endogenous non-coding RNAs with a length of
about 22nt. MZZIINA regulates gene expression by binding 3'UTR of the target gene, and
then participates in a variety of biological processes, including growth and development
14, Increasing evidence shows that miRNA can act as a key regulator to affect the devel-
opment of skeletal muscle %5, For example, miR-206 is involved in skeletal muscle devel-
opment, growth/adaptation, regeneration and muscle related diseases [l. Chen et al. found
that miRNA-1 and miRNA-133 participated in regulating skeletal muscle proliferation
and differentiation [7l. Kong et al. found that miR-17 and MIR-19 cooperate to promote
skeletal muscle cell differentiation [8l. Cheng believes that miR -223-3p promotes skeletal
muscle regeneration by regulating inflammation in mice 9.

Although studies have shown that miRNA plays an important role in the regulation
of skeletal muscle growth and development, there is no report on miRNA regulation of
pigeon skeletal muscle growth and development. To explore the function of miRNA in
the growth and development of pigeon skeletal muscle, this study will use next-genera-
tion sequencing technology to analyze the miRNA and mRNA expression in pigeon mus-
cle growth and development, screen differentially expressed miRNA and mRNA, and
construct miRNA-mRNA regulation networks based on expression data and miRNA
mRNA interaction theory. Our findings will contribute to a better understanding of the
role of miRNA in pigeon muscle development and growth.

2. Materials And Methods
2.1. Animal Ethics Statement

This study was performed following the Chinese guidelines for animal welfare, and
the animal protocol was approved by the Animal Welfare Committee of Yangzhou Uni-
versity (permit number SYXK [Su] 2012-0029).

2.2. Preparation of Experimental /11 mals and Tissues

The pigeons used in this study were obtained from Wuxi Sanxiangan Agricultural
Technology Development Co., Ltd. (Jiangsu, China). The eggs were hatched by conven-
tional procedures. The breast muscle tissues were collected on 8 day (E8), 13 day (E13) of
the embryo; the breast muscle tissues of the 1 day (D1) and 10 day old (D10) pigeon with
the same feeding and management conditions were also collected. Each period contained
three biological replicates. All tissue samples were flash-frozen in liquid nitrogen and
stored at -80°C.
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2.3. RNA sequencing

Total RNA was extracted using a Trizol reagent kit (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. RNA quality was assessed on an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and checked using RNase-free
agarose gel electrophoresis. After total RNA was extracted, eukaryotic mRNA was en-
riched by Oligo(dT) beads, while prokaryotic mRNA was enriched by removing rRNA by
Ribo-Zero™ Magnetic Kit (Epicentre, Madison, WI, USA). Then the enriched mRNA was
fragmented into short fragments using fragmentation buffer and reverse transcripted into
cDNA with random primers. Second-strand cDNA was synthesized by DNA polymerase
I, RNase H, dNTP, and buffer. Then the cDNA fragments were purified with QiaQuick
PCR extraction kit (Qiagen, Venlo, The Netherlands), end repaired, poly (A) added, and
ligated to Illumina sequencing adapters. The ligation products were size selected by aga-
rose gel electrophoresis, PCR amplified and sequenced using Illumina HiSeq2500 by Gene
Denovo Biotechnology Co. (Guangzhou, China).

2.4. Small RNA Library construction and sequencing

After total RNA was extracted by Trizol reagent kit (Invitrogen, Carlsbad, CA, USA),
the RNA molecules in a size range of 18-30nt were enriched by polyacrylamide gel elec-
trophoresis (PAGE). Then the 3’ adapters were added and the 36-44nt RNAs were en-
riched. The 5" adapters were then ligated to the RN As as well. The ligation products were
reverse transcribed by PCR amplification and the 140-160bp size PCR products were en-
riched to generate a cDNA library and sequenced using Illumina HiSeqTM 2500 by Gene
Denovo Biotechnology Co. (Guangzhou, China).

2.5. miRNA Identification and Quantification

Clean tags were obtained by removing low-quality tags, tags containing adapters,
tags shorter than 18 nt, and tags with polyA. Clean tags were aligned with the GenBank
database (Release 209.0) "land Rfam database ['!lto identify and remove rRNA, scRNA,
snoRNA, snRNA and tRNA. The clean tags were also aligned with the Columba livia ref-
erence genome. Tags mapped to exons or introns were removed, which might be frag-
ments from mRNA degradation. The tags mapped to repeat sequences were also re-
moved. Then the retained tags were aligned with the miRbase database (Release 21) to
identify known miRNAs. All of the unannotated tags were aligned with the Gallus gallus
reference genome. Novel miRNA candidates were identified according to their genome
positions and hairpin structures predicted by software Mireap_v0.2. Tags per million
(TPM) algorithm was used to quantify the expression levels of miRNAs.

2.6. mRNA Identification and Quantification

High-quality clean reads were obtained by removing reads containing adapters,
reads consisting of all A bases, reads containing more thai 7% of unknown nucleotides
(N), and reads containing more than 50% of low quality (Q ...ue <20) bases. rRNAs were
removed by aligning high-quality clean reads with the ribosome RNA (rRNA) database.
The rRNA removed reads of each sample were then mapped to the Columba livia reference
genome by TopHat2 (version 2.1.1), respectively. Fragments per kilobase of transcript per
million mapped reads (FPKM) algorithm was used to quantify the expression levels of
mRNAs.

2.7. ldentification of Differentially Expressed Genes

The edgeR software was used to identify differentially expressed mRNAs (DEMs),
and miRNAs (DEmiRNAs). Genes with P-value < 0.05 and fold change > 2 were consid-
ered as significantly differentially expressed genes (DEGs).

2.8. miRNA expression pattern clustering


HP
Highlight

HP
Sticky Note
q-value


Animals 2021, 11, x FOR PEER REVIEW 4 of 16

Unsupervised hierarchical clustering and PCA (principal component analysis) were
performed to explore the relationships between samples using R packages. Clustering of
DEmiRNAs was perform using the Short Time-series Expression Miner software (STEM)
(121 on the OmicShare tools platform, a free online platform for data analysis (www.om-
icshare.com/tools). The parameters were set as follows: Maximum Unit Change in model
profiles between time points is 1, maximum output profiles number is 20 and Minimum
ratio of the fold change of DEmiRNAs is no less than 2.0. Profile with a P-value < 0.05 was
considered significant.

2.9. Construction of miRNA-mRNA network

First, we used RNAhybrid 2.1.2+svm_light 6.01, Miranda3.3a and TargetScan 7.0 soft-
ware to predict the DEMis targets within DEGs. miRNA sequences and family infor-
mation were obtained from the TargetScan website (http://www.targetscan.org/). Then,
the expression correlation between miRNA and target was evaluated using the Pearson
correlation coefficient (PCC). Pairs with PCC < -0.7 and P < 0.05 were selected as co-ex-
pressed negatively miRNA-mRNA pairs. The miRNA-mRNA network was visualized us-
ing Cytoscape software v 3.6.0 ( http://www.cytoscape.org/). The connectivity degree of
each node of the network was calculated. Hub miRNAs were identified by slelecting the
top 10 nodes with the largest connectivity degree. The hub miRNAs were visualized using
Cytoscape v 3.6.0 and Origin 2021b software.

2.10. Functional enrichment analysis

To understand the underlying function of the miRNA-mRNA network, the DEGs
involved in the miRNA-mRNA network were performed to Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. GO or
pathway terms with FDR < 0.05 were considered significant.

2.11. gRT-PCR confirmation of differentially expressed genes

MicroRNA was reverse-transcribed respectively using miRcute Plus miRNA First-
Strand cDNA Kit (TIANGEN, Beijing,China) following the manufacturer's recommenda-
tions. The miRNA forward primers were obtained commercially from Tsingke Biotech-
nology (Beijing,China). U6 snRNA were simultaneously used as internal control genes
(Table 1). ThemiRcute Plus miRNA qPCR Kit (TIANGEN, Beijing, China) was used to
perform qRT-PCR procedure following the manufacturer’s recommendations. The reac-
tion mixtures were added in a 96-well plate at 95 °C for 15 min, followed by 40 cycles of
94°C for 20 s and 65 °C for 34 s, and then followed by a melting curve using an ABI 7500
Real-Time PCR System (Applied Biosystems, foster City, CA). All experiments were pre-
formed in triplicates for each biological repea. Quantification of selected gene expression
was performed using the comparative threshold cycle (244Ct) method. The quantitative
real-time PCR (RT-qPCR) results for all genes were statistically tested using the Student’s
t-test.

Table 1. Primers for RT-qPCR.

Genes Primer sequences
miR-26-x CAAGTAATCCAGGATAGGCT
miR-27-y TTCACAGTGGCTAAGTTCC

cli-miR-30c-5p GTAAACATCCTACACTCTCAG
miR-130-y CAGTGCAATAATGAAAGGG

U6 GATGACACGCAAATTCGTGAAG
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3. Results
3.1. Analysis of miRNA and mRNA expression in pigeon breast muscle

A total of 32,527 mRNAs were identified in pigeon skeletal muscles, including 14,378
novel mRNAs and 18,149 known mRNAs. A total 2362 miRNAs were identified, includ-
ing 1758 known miRNAs and 624 novel miRNAs. Subsequently, we conducted hierar-
chical clustering and PCA analysis based on miRNA and mRNA expression across all
twelve samples. The results showed that the gene expression of pigeon skeletal muscle
has a stage- and time-specific pattern. Sample from embryonic stages (E8 and E13) were
closely clustered into a subgroup, and samples from 1 and 10 days after hatching were
clustered into a single group. The results indicated that the gene expression pattern of
pigeon skeletal muscle in embryonic stages was significantly different from that in growth
stages, suggesting that the genetic regulation mechanism in the two stages was different.

3.2. Identification of differentially expressed miRNA and mRNA

A total of 839 DEmiRNAs were identified among the four groups (P-value <0.05, FC
>2) (Figure 1C). E8-D10 and E13-D10 comparisons had the largest number of DEmiRNAs
(E8-D10: 484, E13-D10: 461), while the D1-D10 comparison had the smallest number of
DEmiRNAs (174) (Data S1). A total of 11311 mRNA (differentially expressed genes, DEGs
) were identified among the four groups (FDR < 0.05, FC > 2) (Figure 1D). E8-D10 and
E8-D1 comparisons had the largest number of DEGs (E8-D10: 8242, E13-D10: 6024), while
the E13-D1 comparison had the smallest number of DEGs (1959) (Data S1). These results
indicate that there are significant differences in the expression of miRNA and mRNA be-
tween developmental and growth stages of pigeon skeletal muscle, suggesting that the
potential mechanism of miRNA and mRNA regulating pigeon skeletal muscle develop-
ment and growth is stage specific.

PC1(90.5%)

10,000 20,000

Figure 1. Expression patterns of miRNAs and mRNAs during pigeon skeletal muscle development
and growth. (A)Principal component analysis (PCA) of the samples based on all miRNA and mRNA
expression. (B) Correlation analysis of the samples based on all miRNA and mRNA expression. The
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colors from blue to red represent a correlation from low to high. The Principal component and cor-
relation analysis indicate distinct expression patterns of miRNA and mRNA at different stages.
There were differences among the regulatory mechanisms of development and growth of skeletal
muscle. (C) Heatmap of differentially expressed miRNA. (D) Heatmap of differentially expressed
mRNA. Colors from green to red indicate expression level from low to high. (E) Expression profiles
analysis of all miRNA by Short Time-series Expression Miner (STEM) program. A total of 20 profiles
were clustered. Colored profiles were significant (P-value < 0.05).

3.3. miRNA expression profiles clustering

STEM algorithm was used to cluster the expression profile of DEmiRNAs in pigeon
skeletal muscle growth and development!’3l. STEM clustering tool assigned each miRNA
to its time expression characteristics. A total of 20 expression profiles were generated, and
seven were significantly enriched (P-value < 0.05) (Figure 1E). The seven significantly en-
riched profiles can be classified into three categories. The first category includes four pro-
files of profile 0, profile 1, profile 2, and profile 7. There are 143, 34, 55 and 90 DEmiRNAs
in these four profiles, respectively. The first category represents DEmiRNAs that contin-
uously down-regulated from the developmental stage to the growth stage of pigeon skel-
etal muscle. The second category includes profiles 10 and 19, and represents DEmiRNAs
with low expression at the development and early growth stage and significantly up-reg-
ulated expression at the high growth stage. profiles 10 and 19 contain 57 and 36
DEmiRNAs, respectively. Profile 5 is the third category, which represents DEmiRNAs
with low expression on the 13th day of development, including 128 DEmiRNAs.

3.4. Target gene identification of DEmiRNAs in significantly enriched profiles

In this study, We mainly focused on the dynamic expression of miRNA during the
growth and development of pigeon skeletal muscle and explored miRNAs regulating the
growth and development of pigeon skeletal muscle. Therefore, We mainly take
DEmiRNAs in the first and second category of STEM cluster profiles as the research ob-
jects. The DEmiRNAs in the first category are highly expressed in the embryonic devel-
opment stage, and the DEmiRNAs in the second category are highly expressed in the high
growth period, indicating that these two categories of DEmiRNAs may play regulatory
roles in the development and growth stages of pigeon skeletal muscle, respectively.

We predicted the target relationship between DEGs and DEmiRNAs in the first and
second categories and analyze the expression correlation between them. Based on target
relationship prediction and expression correlation analysis (PCC < -0.7 and P-value <0.05),
1289 target genes were identified for 322 DEmiRNAs in the first category, forming13569
miRNA-mRNA pairs. A total of 3,310 target genes were identified for 93 DEmiRNAs in
the second category, forming 20149 miRNA-mRNA pairs.

3.5. Construction of the miRNA-mRNA regulatory network

To further explore key miRNAs that regulate the growth and development of pigeon
skeletal muscle, we constructed the miRNA-mRNA regulatory network based on the re-
sults of target relationship analysis of DEmiRNAs and DEGs. miRNA-mRNA pairs with
PCC < - 0.9 were visualized by Cytoscape software. Two miRNA-mRNA regulatory net-
works were constructed. Network A shows the regulatory relationships between
DEmiRNAs belonging to the first category and DEGs, including 1379 miRNA-mRNA
pairs, composed of 128 DEmiRNAs and 294 DEGs (Figure 2A). Network B shows the reg-
ulatory relationship between DEmiRNAs belonging to the second category and DEGs,
including 2666 miRNA-mRNA pairs, composed of 67 DEmiRNAs and 1108 DEGs (Figure
2B).
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Figure 2. Visualization of the miRNA-mRNA regulatory networks. (A) Visualization of the regula-
tory network of DE miRNA and DEGs in profiles 0, 1, 2 and 7. (B) Visualization of the regulatory
network of DE miRNA and DEGs in profiles 10 and 19. The red node represents miRNA, the green
node represents mRNA, and the size of the node represents the degree of degree.

3.6. Hub miRNA identification

We used Cytoscape software to calculate the connectivity degree of nodes in the
miRNA-mRNA network, and miRNAs with high connectivity degrees are considered to
play important roles in the network. In this study, miRNAs with degree value ranking top
10 were considered as the hub genes. Hub miRNAs of network A are cli-miR-20b-5p,
miR-130-y ., cli-miR-106-5p . cli-miR-181b-5p . cli-miR-456-3p. cli-miR-1677-3p . cli-
miR-1677-5p, cli-miR-130c-5p. cli-miR-103-5p and cli-miR-18a-5p. Hub miRNAs of net-
work B are miR-27-y, miR-1-z, cli-miR-1a-3p. miR-23-y. cli-miR-30d-5p. miR-1-y.
miR-133-y, miR-26-x, cli-miR-30c-5p and miR-101-y (Table 2) .Then the subnetwork
containing hub miRNAs and their target mRNAs were visualized using Cytoscape soft-
ware. The expression patterns of these hub miRNAs during the development and growth
of pigeon skeletal muscle were also analyzed. The results showed that the average degree
of hub miRNAs in network A was 44, and cli-miR-20b-5p had the highest connectivity
degree (60). All the ten hub miRNAs were highly expressed during embryonic develop-
ment and significantly downregulated during the growth stage of pigeon skeletal muscle
(Figure 3). The average degree of hub miRNAs in network B was 192, and miR-27-y had
the highest degree (259). All the ten hub miRNAs were significantly up-regulated during
the skeletal muscle growth stage (Figure 4).

Table 2. Hub miRNAs related to the growth and development of pigeon skeletal muscle.

Network Hub miRNA Degree
cli-miR-20b-5p 60
miR-130-y 53
Network A cli-miR-106-5p 53
cli-miR-181b-5p 48

cli-miR-456-3p 46
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cli-miR-1677-3p 39
cli-miR-1677-5p 37
cli-miR-130c-5p 37
cli-miR-103-5p 34
cli-miR-18a-5p 33
miR-27-y 259
miR-1-z 254
cli-miR-1a-3p 217
miR-23-y 210
cli-miR-30d-5p 192
Network B miR-1-y 191
miR-133-y 184
miR-26-x 154
cli-miR-30c-5p 150
miR-101-y 110
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Figure 3. Identification and visualization of hub miRNAs in Network A. (A) The subnetwork con-
taining hub miRNAs. The red node represents miRNA, the green node represents mRNA, and the
size of the node represents connectivity degree, respectively. (B) The expression patterns of the ten
hub miRNAs during the growth and development of pigeon skeletal muscle. All the ten hub miR-
NAs are highly expressed during the embryonic development stage, and their expression is signif-
icantly down-regulated in the growth stage.
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Figure 4. Identification and visualization of hub miRNAs in Network B. (A) The subnetwork con-
taining hub miRNA. The red node represents miRNA, the green node represents mRNA, and the
size of the node represents degree, respectively. (B) The expression patterns of the ten hub miRNAs
during the growth and development of pigeon skeletal muscle. The expression of all the ten hub
miRNAs was significantlyup-regulated during the growth stage.

3.7. Functional enrichment analysis of target genes

To further explore the possible molecular mechanism by which miRNA regulating
the growth and development of pigeon skeletal muscle, we performed GO and KEGG
enrichment analysis on target mRNAs of miRNAs in the first and second categories of
profiles (Figure 5). GO enrichment analysis showed that target genes of miRNAs in the
first category of profiles are significantly enriched in 47 biological processes (FDR < 0.05),
including biological processes such as striated muscle cell differentiation, striated muscle
cell development and muscle cell development. Target genes of miRNAs in the second
category of profiles were significantly enriched in 242 biological processes (FDR < 0.05),
including regulation of biological process, regulation of cellular process and tissue mor-
phogenesis biological processes. KEGG pathway enrichment showed that target genes of
miRNAs in the first category of profiles are significantly enriched in 29 signal pathways
(FDR < 0.05), including signal pathways such as ECM-receptor interaction, focal adhesion
and biosynthesis of amino acids. Target genes of miRNAs in the second category of pro-
files were significantly enriched in four signal pathways (FDR < 0.05), including signal
pathways such ascell growth and death, signal transduction and development.
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striated muscle cell differentiation

striated muscle cell development

muscle cell development

single-organism cellular process
single-organism process

glomerular visceral epithelial cell differentiation
glomerular visceral epithelial cell development
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Figure 5. GO and KEGG enrichment of target genes. (A) The GO enrichment analysis of target genes
of miRNAs in the first category of profiles. (B) The GO enrichment analysis of target genes of miR-
NAs in the second category of profiles. (C) The KEGG pathway enrichment analysis of target genes
of miRNAs in the first category of profiles. (D) The KEGG pathway enrichment analysis of target
genes of miRNAs in the second category of profiles.

3.8. qRT-PCR

To confirm the differentially expressed genes between embryonic and growth groups
obtained by RNA-Seq, four differential expressed genes (miR-130-y, miR-27-y,miR-26-x
,and cli-miR-30c-5p) in the network were selected and their expression patterns were
quantified by qRTPCR. The results were in line with our sequencing result, which high-
lighted the reliability of our sequencing data (Figure 6).
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Figure 6. Validation of hub genes using RT-qPCR.

4. Discussion

Meat performance is one of the important indicators to measure the economic value
of pigeons. The growth and development of skeletal muscle determine the meat perfor-
mance of pigeons 4. To elucidate the molecular regulation mechanism of pigeon skeletal
muscle growth and development is an important prerequisite for using molecular breed-
ing technology to improve pigeon meat production performance. However, compared
with other poultry, the molecular mechanism of genetic regulation of pigeon skeletal mus-
cle growth and development remains unclear, especially in miRNA regulation. In the pre-
sent study, to screen miRNAs that regulate pigeon skeletal muscle growth and develop-
ment and explore its possible molecular mechanism, next-generation sequencing technol-
ogy was used to characterize the dynamic expression of miRNA and mRNA during the
development and growth of pigeon skeletal muscle. To the best of our knowledge, this
study presents the first integrated analysis of miRNA and mRNA expression in pigeon
skeletal muscle. Based on the expression of miRNA and mRNA, hierarchical cluster anal-
ysis was performed on samples from different periods. The results showed that the sam-
ples from the embryonic stage (E8 and E13) were clustered into a subgroup, and there
were significant differences in gene expression between the samples from the embryonic
and growth stages. PCA analysis further showed a close distance between samples from
the embryonic stage and a far distance between samples from the embryonic stage and
the growth stage. These results suggest different regulation mechanisms of pigeon skele-
tal muscle between growth and embryonic development stages.

STEM algorithm is widely used to cluster the expression data sampled in time se-
quence and analyze its expression pattern!’> 13.We performed cluster analysis on
DEmiRNAs using the STEM algorithm. Two categories of significantly enriched profiles
were identified. The first category included a total of 322 DEmiRNAs, which were highly
expressed during embryonic development and significantly down-regulated during the
growth stage. It suggested that these DEmiRNAs may play important regulatory roles in
pigeon skeletal muscle embryonic development. The second category included a total of
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93 DEmiRNAs, which were lowly expression during the embryonic stage and signifi-
cantly up-regulated during the growth stage, suggesting that these DEmiRNAs may play
important regulatory roles in pigeon skeletal muscle growth.

To further screen candidate miRNAs that regulate pigeon skeletal muscle growth
and development, we constructed two miRNA-mRNA regulatory networks based on the
expression correlation and target relationship prediction analysis of DEmiRNAs and
DEGs. Network A included DEmiRNAs in the first category of profiles and network B
included DEmiRNAs in the second category of profiles. According to the connectivity de-
gree, 20 candidate miRNAs were identified, including miR-130-y, cli-miR-106-5p, cli-miR-
181b-5p, cli-miR-456-3p, miR-1-z, cli-miR-1a-3p, miR-23-y, cli-miR-30d-5p etc. A number
of miRNAs are known to be involved in the regulation of muscle growth and develop-
ment. Luo found that miR-20b-5p promotes muscle cell differentiation and inhibits muscle
cell proliferation by directly binding to the 3'UTR of E2F transcription factor 1 (E2F1)
mRNA [151.Zhao et al. found that miR-181b-5p can promote skeletal muscle growth by re-
ducing the MSTND protein level of tilapia ['°l. Guanidinoacetic acid (GAA) supplements
can promote muscle cell differentiation and skeletal muscle growth through the activation
of the AKT/mTOR/S6K signaling pathway induced by miR-133a-3p and miR-1a-3p 17l
And miR-30c-5p is related to the treatment of skeletal fibroids with myocardial injury 8,
Postmenopausal osteoporosis (PMOP) is a metabolic bone disease caused by unbalance
between osteoblast bone formation and osteoclast bone resorption, and DGCR5 up-regu-
lates Runx2 through miR-30d-5p to induce osteogenic differentiation, which contributes
to ameliorate PMOP, further affect the growth of skeletal muscle [l miR-18a-5p has also
been confirmed to promote smooth muscle cell proliferation and migration by activating
the AKT/Extracellular Regulated Protein Kinases (ERK) signaling pathway 2. The above
miRNA were identified as hub miRNAs in our study, suggesting their potential role in
the growth and development of pigeon skeletal muscle. In addition, the functions of cli-
miR-130-y. cli-miR-1677-3p. cli-miR-1677-5p, cli-miR-130c-5p. cli-miR-103-5p, miR-
27-y, miR-1-z, miR-23-y, cli-miR-1-y, miR-133-y, miR-26-x and miR-101-y in muscle
growth and development have not been reported.

To explore the potential mechanism of miRNA regulating the growth and develop-
ment of pigeon skeletal muscle, we performed go and KEGG enrichment analysis of
mRNA in network A and network B, respectively. GO enrichment analysis showed that
target genes in network A were significantly enriched in biological processes related to
skeletal muscle cell differentiation and development, such as striated muscle cell differ-
entiation, striated muscle cell development, and muscle cell development. It indicates that
miRNAs in network A may play important regulatory roles in the differentiation and de-
velopment of pigeon skeletal muscle cells. Target genes in network B are significantly en-
riched in biological processes such as regulation of biological process, regulation of cellu-
lar process and tissue morphogenesis, indicating that the above biological processes may
be related to the growth of pigeon skeletal muscle. We also found that target genes in
Network A and Network B were enriched in different biological processes, which indicat-
ing different mechanisms by which miRNAs regulate embryonic development and
growth of pigeon skeletal muscle.

KEGG is a database for systematic analysis of gene function and genome information,
which can be used as a whole network to study gene and expression information [?!l. Pi-
geon muscle growth is a complex process influenced by multiple genes and controlled by
multiple pathways. Many of the pathways enriched by mRNA in network A are related
to muscle growth and development. For example, mRNAs in network A were enriched in
ECM receptor interaction, focal adhesion and biosynthesis of amino acids pathways.
ECM-receptor interaction and Focal adhesion pathways are frequently found in different
developmental stages of chicken breast muscle 2 23] the content and synthesis of amino
acid also affect the development of skeletal muscle [24.. Focal adhesions are large-scale pro-
tein complexes on the surface of cell substrates. It physically connects the extracellular
matrix with the cytoskeleton. It has long been speculated to mediate cell migration [,


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/osteoclast
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Proximal multiplier activated receptors (PPARs) regulates genes involved in develop-
ment, metabolism, inflammation and many cellular processes in different organs. PPAR
is also present in muscles and exerts a pectoral muscle specific response when activated
by its ligand [26]. Ca2+ itself or Ca2+-dependent signaling pathways play fundamental roles
in various cellular processes from cell growth to death, The most representative example
can be found in skeletal muscle cells [?7],

Similarly, mRNAs in network B is also enriched in pathways related to muscle
growth and development. For example, muscle growth is regulated by signal transduc-
tion pathways that sense and compute local and systemic signals and regulate various
cellular functions ?8l. Hippo signaling pathway is an important mediator for tissue growth
of some epithelial cell types. Study has showed that hippo signaling pathway serves as a
key element in muscle fibers and muscle satellite cells [l and is required for early muscle
development [*l. Ribosome biogenesis in eukaryotes has become an important regulator
of skeletal muscle growth and maintenance 1. Our findings suggested the potential roles
of the above pathways in regulating pigeon skeletal muscle development and growth,
however, their are still need to be further studied. Besides, target mRNAs in network A
and B are significantly enriched in different pathways, which again indicates that there
are differences in the potential mechanisms of miRNA to regulate skeletal muscle growth
and embryonic development.

5. Conclusions

Our research results identified a total of 32,527 mRNAs were identified in pigeon
skeletal muscles. A total 2362 miRNAs were identified. STEM clustering tool assigned
each miRNA to its time expression characteristics. A total of 20 expression profiles were
generated, and seven were significantly enriched (P-value <0.05), there are two types. The
first category represents DEmiRNAs that continuously down-regulated from the devel-
opmental stage to the growth stage of pigeon skeletal muscle, including cli-miR-20b-5p.
miR-130-y . cli-miR-106-5p . cli-miR-181b-5p etc. The second category represents
DEmiRNAs with low expression at the development and early growth stage and signifi-
cantly up-regulated expression at the high growth stage,including miR-27-y, miR-1-z,
cli-miR-1a-3p, miR-23-y etc. This study expands the diversity of pigeon miRNAs and
helps to understand the role of miRNAs in pigeon muscle development and growth.
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