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Simple Summary: The growth and development of skeletal muscle is strictly regulated by complex
gene networks. In order to explore the genes involved in regulating the differentiation of skeletal
muscle satellite cells (MuSCs) in goats, RNA sequencing was used to characterize gene expression
profiles during the MuSC differentiation, and to identify differentially expressed genes (DEGs)
among the different stages. A total of 2551 DEGs were found. Functional enrichment analysis
revealed genes involved in muscle development-related GO terms and pathways, such as muscle
structure development, muscle contraction, muscle cell development, muscle cell differentiation, and
the MAPK signaling pathway. This study will be useful for future studies on muscle growth and
development in goats.

Abstract: Skeletal myogenesis is a complicated biological event that involves a succession of tightly
controlled gene expressions. In order to identify novel regulators of this process, we performed
mRNA-Seq studies of goat skeletal muscle satellite cells (MuSCs) cultured under proliferation (GM)
and differentiation (DM1/DMS5) conditions. A total of 19,871 goat genes were expressed during these
stages, 198 of which represented novel transcripts. Notably, in pairwise comparisons at the different
stages, 2551 differentially expressed genes (DEGs) were identified (p < 0.05), including 1560 in GM
vs. DM1, 1597 in GM vs. DMS5, and 959 in DM1 vs. DM5 DEGs. The time-series expression profile
analysis clustered the DEGs into eight gene groups, three of which had significantly upregulated and
downregulated patterns (p < 0.05). Functional enrichment analysis showed that DEGs were enriched
for essential biological processes such as muscle structure development, muscle contraction, muscle
cell development, striated muscle cell differentiation, and myofibril assembly, and were involved in
pathways such as the MAPK, Wnt and PPAR signaling pathways. Moreover, the expression of eight
DEGs (MYL2, DES, MYOG, FAP, PLK2, ADAM, WWC1, and PRDX1) was validated. These findings
offer novel insights into the transcriptional regulation of skeletal myogenesis in goats.

Keywords: muscle differentiation; transcriptome analysis; mRNAs; goat

1. Introduction

Skeletal muscle tissue accounts for approximately 40-60% of the entire body weight of
adult ruminants, which not only serves as the determining factor for the performance of
meat production but also has critical influences on the meat quality [1]. Skeletal muscle
primarily comprises thousands of multinucleated contractile myofibers originating from
myoblasts. Myogenesis refers to the formation of functional myofibers [2], and during the
course of myogenesis, a population of myogenic cells become quiescent and are located
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surrounding muscle fibers in mature muscle, which are termed satellite cells [3]. The
proliferation and fusion of satellite cells with the existed muscle fiber are vital for postnatal
muscle fiber hypertrophy [4]. As a result, having a larger number of muscle fibers and
satellite cells is beneficial for meat production purposes.

Myogenesis, a complex biological process, involves a variety of gene regulatory net-
works, including myogenic regulatory factors (MRFs), myocyte enhancer factor 2 (MEF2),
paired box 3 (Pax3) and Pax7 [5]. The ordered and coordinated expression of these genes
eventually promotes skeletal muscle growth. The MRF family is a class of transcription
factors containing helix-loop-helix (BASIC helix-loop-helix) structures, which are mainly
composed of four members: MyoD (Myogenic Differentiation), Myf5 (Myogenic Factor 5),
Myf6 (Myogenic Factor 5) and MyoG (Myogenin) [6]. These four genes are critical in early
skeletal muscle development, in which they are sequentially expressed. In addition, the
transforming growth factor 3 (TGF-f3), insulin-like growth factor (IGF), and fibroblast
growth factor (FGF) families have the most significance for muscle development [7]. In
addition to these commonly known genes, the others that may have an impact onmyo-
genesis remain unidentified and/or uncharacterized. Many gene expression profiling
studies in agriculturally significant animals have been carried out since the introduction of
high-throughput sequencing tools, and many genes or factors associated to skeletal muscle
development have been found [8-11]. However, in most studies, tissue samples have been
used to explore critical regulators involved in muscle growth and development. Because
tissue samples contain a variety of cell types that might affect identification accuracy, the
use of cell samples to identify important regulators of myogenesis is a useful method.

Domestic goats (Capra hircus) are one of the world’s earliest domesticated livestock
species, with their meat, milk, hair, and skins being used all over the world. Goat meat
production is crucial for a variety of industries, particularly in the livestock business of
developing countries. Nevertheless, the way in which goat muscle fibers are formed and
the underlying mechanisms remain elusive. We proposed that key genes and signaling
pathways that control myogenic differentiation in goats have yet to be identified and
characterized. To this end, we analysed the transcriptomic changes in goat skeletal muscle
satellite cells (MuSCs) cultured under proliferation and differentiation conditions, and
identified several candidates. Our findings are expected to pave the way for future research
into goat skeletal muscle development.

2. Materials and Methods
2.1. MuSC Culture and Differentiation

The Animal Care and Use Committee of the College of Animal Science and Technology,
Sichuan Agricultural University, Sichuan, China, approved all of the animal care, slaughter,
and experimental procedures in accordance with the Regulations for the Administration
of Affairs Concerning Experimental Animals (Ministry of Science and Technology, China)
[SAU201418]. Primary MuSCs were isolated and cultured from fetal goat (Chengdu Ma
goat, female, n = 1)-derived longissimus muscle, as previously described [12,13]. The MuSCs
were seeded in 6-well plates (at a density of ~2 X 10* cells/well) and cultured in Dulbecco’s
Modified Eagle Medium in a 5% CO; incubator at 37 °C. Next, 10% fetal bovine serum
(Gibco, Invitrogen, Carlsbad, CA, USA) and 2% penicillin and streptomycin (Invitrogen)
solution were supplemented to the growth medium (GM). When the MuSCs reached
80-90% confluence, the growth medium was replaced with differentiation medium (DM)
containing DMEM, 2% horse serum (Gibco) and 2% penicillin and streptomycin in order
to induce MuSC myogenic differentiation. The medium was replaced with fresh medium
every 48 h. Proliferating MuSCs were labelled GM samples, while MuSCs differentiated for
1 and 5 days were labelled as DM1 and DM5 samples (biological triplicates were included
for all of the conditions). All of the samples were kept at —80 °C before RNA extraction.



Animals 2022, 12, 1048

30f13

2.2. RNA Extraction and Sequencing

The total RNA was extracted using a TRIzol reagent kit according to the manufac-
turer’s instructions (Invitrogen, Carlsbad, CA, USA). The RNA quality was assessed on
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and checked
using RNase-free agarose gel electrophoresis. After removing the rRNAs, the enriched
RNAs were fragmented into short fragments and reverse-transcribed into cDNAs. Next,
the cDNA fragments were purified with a Qiagen Quick PCR extraction kit (Qiagen, Hilden,
Germany), end repaired, base added, and ligated to the sequencing adapters. Then, uracil-
N-glycosylase (UNG) was used to digest the second-strand cDNA. The digested products
were size-selected by gel electrophoresis before PCR amplification, and were sequenced
using an Illumina HiSeqTM 4000 by Gene Denovo Biotechnology Co. (Guangzhou, China).

2.3. Differentially Expressed Gene Analysis

The fragments per kilobase of transcript per the million mapped reads (FPKM) value was
calculated in order to quantify its expression abundance and variations using StringTie [14]
software (v1.3.1). Differential expression analysis was performed using DESeq?2 [15] software
between two different groups. A false discovery rate (FDR) < 0.05 and |log2(Fold Change) | > 1
were used as cut-offs to calculate the differentially expressed genes.

2.4. Expression Trend Analysis

In order to examine the expression pattern of DEGs, the expression data of each
sample were normalized to 0, log2(v1/v0), log2(v2/v0), and then clustered using Short
Time-series Expression Miner software (STEM, v1.3.13) [16]. Then, analysis with these
parameters showed that the maximum unit change in the model profiles between time
points was 1, the maximum output profile number was 20 (similar profiles were merged),
and the minimum ratio of fold change of DEGs was no less than 2.0. The clustered profiles
with p-values < 0.05 were considered statistically significant.

2.5. GO and KEGG Pathway Analysis

All of the DEGs were mapped to GO terms in the Gene Ontology database (http:
/ /www.geneontology.org/ (accessed on 5 January 2022)). Significantly enriched GO terms
were defined by a hypergeometric test (FDR < 0.05). Pathway enrichment analysis iden-
tified significantly enriched metabolic pathways or signal transduction pathways in the
DEGs. The calculation formula was the same as that used in the GO analysis. After
multiple test correction, pathways with a Q value less than 0.05 were defined as being
significantly enriched.

2.6. Validation of the Sequencing Results by gRT-PCR

The qRT-PCR primers for DEGs and internal control genes were designed using Primer-
BLAST (http:/ /www.ncbinlm.nih.gov/tools/primer-blast/ (accessed on 10 November 2021)),
and are listed in Table 1. For quantification, the GAPDH gene was employed as an internal
standard. Each sample had 3 biological replicates. The PCR system (10 puL) consisted of
2 x M5 HiPer SYBR Permix EsTaq 5 uL, 0.4 pL of forward and reverse primers (10 pmol),
1 uL template cDNA, and ddH,O. The optimal reaction programs included denaturation
at 95 °C for 30 s, followed by 39 cycles of 95 °C for 10 s and 30 s at the Tm indicated in
Table 1. The melting curves were analysed between 65 and 95 °C with increments of 0.5 °C.
The relative expression levels of the genes were calculated by the 2~44t method [17] and
normalized to the controls.

2.7. Statistical Analysis

One-way analysis of variance (ANOVA) was performed by IBM SPSS Statistics 27.0.0.
The least significant difference (LSD) method was used to test the difference significance.
GraphPad Prism 8 (GraphPad, San Diego, CA, USA) was used to prepare the figures and
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diagrams. Comparisons with p values less than 0.05 were considered statistically significant,
and those with p values less than 0.01 were considered extremely significant.

Table 1. Primer sequences for qRT-PCR validation.

Gene Primer Sequence(5’-3) Tm/°C Product Size/bp

F: GGAGTGCTCAAGGCTGATTATG
MyL2 R: GGCGAACATCTGCTCAATCTC 63.3 87

F: GCCGGATCAACCTCCCTATC
DES R: ATGGACCTCAGAACCCCTCT 633 8

F: GGACCCTACAGATGCCCACAA
MYOG R: TTGGTATGGTTTCATCTGGG 590 101

F: CGACCTTACAAACGGGGAGT
FAP R: TTTACTCCCAACAGGCGACC 65.0 8

F: TTCAGTGGGTCACGAAGTGG
PLK2 R: TTGTTCAGGGGCATCTGTGG 557 191

F: TCCAGTTGCACAAAGGTGGT
ADAM R: GGCAGTGAATCTGGTCTGGT 55.0 135

F: CGGATGCTGTGTCTGCTCTGTT
WWCl R: GGTCTGCGTGCTGCTCCTTT 63.3 80

F: AGCCTAGCTGACTACAAAGGAA
PRDX1 R: GTGTTGATCCATGCCAGGT 590 182

F: GCAAGTTCCACGGCACAG
GAPDH R GGTTCACGCCCATCACAA 590 249

3. Results
3.1. MuSC Differentiation Program

Quiescent MuSCs were converted to myoblasts and allowed to proliferate in growth
medium (GM) until they achieved 80% confluence (Figure 1A). This was deemed the pro-
liferation phase. The myoblasts were then differentiated into myotubes in differentiation
medium (DM). The cells differentiated to elongated myocytes one day after the replace-
ment of GM with DM (Figure 1B). The myocytes then fused to form long, multinucleated
myotubes on the fifth day (Figure 1C). Samples were collected during the proliferation
phase (GM), and one day (DM1) and five days (DM5) after DM replacement for further
transcriptomic analysis.

B | C

Myoblasts(GM) Myocytes(DM1) Myotubes(DM5)

Figure 1. MuSC differentiation program; phase-contrast micrographs depicting cultures of goat
MuSCs in proliferating conditions (growth medium (GM)) (A), in early myogenesis after 24 h in
differentiation medium (Myocytes, DM1) (B), and in late myogenesis, including myotubes, after
5 days in DM (Myotubes, DM5) (C).
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3.2. Temporally Regulated Transcription during Skeletal Myogenesis

In order to identify prospective genes that regulate skeletal myogenesis in goats, we
performed mRNA-seq to characterize gene transcription profiles in MuSCs at different
phases (GM, DM1 and DM5). We were able to recover over 77,705,900 clean reads (>99.72%
of raw data) in each sample processed, and the uniquely-mapped reads were more than
89.61%. The GC content and read distribution from all of the samples were highly reliable
and sufficient for downstream computational analysis. Specifically, the mean GC content
was 50.29%, and the Q30s of all of the samples were >93.74% (Table 2). Our mRNA-
seq results recovered 19,871 mRNA transcripts in total, 198 of which were novel and
previously unidentified. Figure 2A summarizes the abundance of mRNA from these
samples as fragments per kilobase per million (FPKM) values. Figure 2B depicts the
expression of different samples. The complicated sample composition was represented by
the two parameters on both the x- and y-axes, which helped to determine and visualize
the variation between the samples. Remarkably, all of the samples were nicely separated
into three sections coinciding with their phases, suggesting high reproducibility between
biological replicates (Figure 2C). Next, we conducted clustering analysis based on sample
similarities (Figure 2D). Our analysis again showed a reliable clustering between samples
at each time point.

Table 2. Summary of the RNA-Seq data in MuSCs.

Samples Raw Reads Clean Reads (%) Unique-Mapped Reads GC Content Q30 Value
GM-1 79,898,070 79,694,066 (99.74%) 77,518,765 (90.59%) 49.96% 93.74%
GM-2 82,449,876 82,218,204 (99.72%) 70,235,626 (90.44%) 50.41% 94.15%
GM-3 78,770,454 78,549,636 (99.72%) 70,114,545 (89.61%) 49.92% 93.90%

DM1-1 85,834,132 85,610,188 (99.74%) 71,993,906 (90.73%) 50.31% 94.18%
DM1-2 77,919,438 77,705,900 (99.73%) 71,317,809 (90.66%) 50.49% 94.27%
DM1-3 78,474,104 78,271,608 (99.74%) 72,775,979 (91.04%) 50.82% 94.06%
DM5-1 79,580,920 79,392,054 (99.76%) 72,103,450 (90.51%) 49.86% 94.20%
DM5-2 78,868,496 78,701,026 (99.79%) 74,380,716 (90.51%) 51.30% 94.01%
DM5-3 80,154,802 79,979,248 (99.78%) 71,321,563 (90.84%) 49.57% 93.85%

3.3. Differentially Expressed Genes (DEGs) Analysis

Based on our differential analysis, DEGs were defined as genes that were differentially
expressed between stages using FDR < 0.05 and Fold change > 2 as cut-offs. Noticeably, we
observed more upregulated DEGs than downregulated DEGs during MuSC differentiation
(Figure 3A and Supplementary Table S1). A total of 12,756 differentially expressed genes
were identified, and 1560 DEGs were identified when comparing the GM and DM1 groups,
among which 813 showed increased expression and 747 showed decreased expression.
Moreover, the number of DEGs detected from the GM and DM5 comparison groups was
1597, the number of upregulated genes was 1097, and the number of downregulated genes
was 500. In addition, 959 DEGs were identified in the DM1 and DM5 comparison groups,
and 722 DEGs were upregulated and 237 DEGs were downregulated. We next performed
unsupervised clustering analysis according to the temporal gene expression profile in
order to reveal the similarities between various temporal phases (Figure 3B-D). The Venn
diagram in Figure 3E depicts the common and distinct DEGs expressed in different phases
(Figure 3E). We observed 202 shared genes in the intersection, the expression levels of
which are summarized in Supplementary Table S2.
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Figure 2. Expression analysis of the mRNA. (A) The density distribution of mRNAs was according to
log10 (FPKM); (B) the nine sample expressions of GM—1, GM—2, GM—3, DM1—1, DM1-2, DM1-3,
DM5—1, DM5-2, of DM5-3 in a violin plot, which was replaced by log10(FPKM); (C) the PCA
analysis of 9 samples; (D) the sample relationship cluster analysis.
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Figure 3. Differentially expressed genes (DEGs) analysis. (A) Numbers of upregulated and down-

regulated genes in goat MuSCs in three phases. (B) A venn diagram depicting the DEGs in various

phases. (C-E) Hierarchical clustering analysis of DEGs through pairwise comparisons. Red denotes a

high level of expression, whereas green denotes a low level of expression.
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3.4. Expression Trend Analysis

A total of 2551 DEGs were clustered according to the expression trend among the three
stages. There were eight temporal expression patterns identified, of which three expression
profiles were significantly enriched, including two upregulated patterns (profiles 7 and 6)
and one downregulated pattern (profile 1). Specifically, profiles 7, 6 and 1 contained
468, 559, and 387 DEGs, respectively (Figure 4B). Therefore, 1027 upregulated DEGs
and 387 downregulated DEGs were enriched in these three expression profiles. These
results revealed the temporal gene expression changes in MuSCs during proliferation and
differentiation, providing a reliable dataset for future candidate gene screening.
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Figure 4. STEM analysis of the DEGs’ expression profiles. (A) Trend analysis of the different
expression genes; color intensity denotes enrichment. (B) Three significant clusters of DEG profiles

across all three stages.
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3.5. GO Enrichment Analysis

In order to gain further insights into how these DEGs regulated myogenesis, we took
advantage of the OmicShare tools (http://omicshare.com/tools (accessed on 10 January
2022)). GO terms were assigned to a total of 2551 DEGs. We found that the DEGs from GM
vs. DM1, GM vs. DM5, and DM1 vs. DM5 were significantly enriched for 640 GO terms
(Q value < 0.05, 505 biological process GO terms, 80 cellular component GO terms, and
55 molecular function GO terms) (Supplementary Table S3), 825 GO terms (610 biological
process GO terms, 128 cellular component GO terms, and 87 molecular function GO terms)
(Supplementary Table S4), and 406 GO terms (322 biological process GO terms, 55 cellular
component GO terms, and 29 molecular function GO terms), respectively (Supplementary
Table S5). Among all of the differentially expressed genes, we focused on the comparison
between DM1 and DM5. The top 20 enriched GO terms are shown in Figure 5. Intriguingly,
we found several biological process terms related to muscle development, including the
muscle system process, muscle structure development, muscle cell development, striated
muscle contraction, and striated muscle cell development. In terms of the cellular compo-
nent GO terms, the top hits were contractile fiber, the actin cytoskeleton, and contractile
fiber. Within the molecular function category, the most enriched GO terms were related to
protein binding and structural constituents of muscle. GM vs. DM1 and GM vs. DM5 were
also analysed, and the results are shown in Supplementary Tables S3 and S4.
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Figure 5. GO enrichment analysis of DM1 vs. DM5. (A) The top 20 significance terms of Biological
Process in DM1 vs. DM5; (B) the top 20 significance terms of Cellular Component in DM1 vs. DM5;
(C) the top 20 significance terms of Molecular Function in DM1 vs. DM5.

3.6. KEGG Enrichment Analysis

We also performed KEGG enrichment analysis of the DEGs in order to further explore
the signaling pathways through which DEGs could regulate muscle differentiation. For
the three comparison groups GM vs. DM1, GM vs. DM5, and DM1 vs. DM5, the DEGs
were enriched in 21, 41, and 21 pathways, respectively. Figure 6 summarizes the top 20
pathways identified in each comparison (Figure 6A—C). Interestingly, we were able to find
many pathways that were previously known to be involved in myogenesis, including the
Wnt, MAPK, Hippo, p53 and PPAR signaling pathways (Supplementary Table S6).

3.7. Validation of the DEGs

In order to validate the high-throughput RNA-seq results, we selected and examined
the expression levels of eight DEGs (MYL2, DES, MYOG, FAP, PLK2, ADAM, WWC(1,
PRDX1) by qRT-PCR. The results showed that the expression patterns of these eight genes
nicely replicated the expression trends calculated from the RNA-seq data, which confirmed
the reliability of the sequencing data (Figure 7).


http://omicshare.com/tools

Animals 2022, 12, 1048

90f13

Top 20 of KEGG Enrichment

A Top 20 of KEGG Enrichment B Top 20 of KEGG Enrichment e
Systemic upus erthematosus| L] Dilated cardionmyopathy (DCH . Aloohallem e
Alcohalism Y Hypertraphic cardiomyaprthy (HGM) 3 Syelomic lupus ory homalosus. [ ]
Cel oysle: . Amhyinmogenic rght veniricular eardiomyapatiy (ARVG)- Hypertmphic crdomyopst (HGM) bl
DNA repicalion . Mcaholismy o Dilatsd cardiomyopathy {DCM - .
Wiral carcinopenesis-| » N Gaslic cancar- - Vil carcinogenesi: et
MicroRMAs in cancr . "W‘;"'"T' Adrenergic signaling in carciomyGeytes- . e Rl cancr; » .0
MAPK signaling pathway ] . Insulin sacration . *w oo M_Ie ° : 53
Mismatch reaair L MAPK signaling pathway e s  speln sging patiway . sn
Progesterone-mediated aacyte maturation . : 40 Cal eyel - ® - Trenserplione] misregualon in ancars ° 0
- o > 'L g Necropioss H
) Pyrimicing metabalism{ . T g Oxytacin signaling pathway . on £
£ B " DN replicatian |
i3 Dilated cardismyopathy (DG} . B Hippa signaling pathway * T i
& g qushit & e Candiac muscle contratian | . N
Hyperirophc cariemyepatiy, (HEM) = - Axnguasnce: - i Aethythmogenic fght venticular ardionyosathy (ARVC) . o
Oouyle meiosis- . P03 Cardiac muscle coniraction . & Pathways i v
Palfiways incancar] @ 902 Calolum slgnaling pathway . i o cancer am
s s Omylocin signating patiway |
Transcriptional misrogulation in cancors- ' Systamic: Upus erythamatosus . Adranergic signaling in cardiomyocyles{ .
Breast cancer . CBMP - PREG signaling pathway- - Breast canoar-
p53 signaling pathway- . Apelin signaling pathway- . Insulin secretan
Base excision regair Proleaglycars in canoar . Bile sacraton
Homalogaus recombination | ECN-receptor interaction Mineral absorptian
L ~ Pathvways in cancer | @ X 73 e
Xl 02 0.3 04 Q.1 0z o3 a4 RichFactor
RichFactor RichFactor
Figure 6. Bubble plot of the top 20 significance pathways of KEGG enrichment. (A) The top
20 significance pathways in GM vs. DM1; (B) the top 20 significance pathways in GM vs. DM5;
(C) the top 20 significance pathways in DM1 vs. DM5. The color of the circle represents the q value,
which is adjusted to the p-value by multiple hypothesis testing. The size of the circle indicates the
number of annotated differentially expressed genes.
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Figure 7. The validation of eight DEGs by qRT-PCR. “*” was considered a significant difference
(p < 0.05); “**” was considered a highly significant difference (p < 0.01).

4. Discussion

Skeletal muscle development relies on myoblast differentiation and proliferation, and
is a crucial factor influencing growth rate, meat quality and yield, as well as other important
economic traits of livestock [18]. Myogenesis is tightly modulated, with multiple critical
genes involved, such as the MRF (myogenic regulatory factor) [19,20] and MEF2 (myocyte
enhancer factor-2) [21,22] families, MSTN (Myostatin) [23,24], and IGFs (Insulin-like growth
factors) [25,26]. However, apart from these widely known genes, many other genes influ-
encing myogenesis remain unidentified and/or uncharacterized. Although progress has
been made in understanding how genes work during myogenesis in pigs [8,10], cattle [27],
goats [11,28], and sheep [9], our understanding of the genes involved in goat skeletal
muscle development is still limited and incomplete. Our work systematically characterized



Animals 2022, 12, 1048

10 0f 13

temporal gene expression during goat MuSC myogenic differentiation. We discovered
that 2551 mRNAs were differentially expressed, and more importantly, 202 mRNAs were
found to be differentially expressed across all of the comparisons, suggesting their critical
roles in muscle differentiation. Similarly, Zhang et al. found 4820 differentially expressed
genes during the proliferation and myogenic differentiation phases of buffalo MuSCs, and
identified a number of functionally important genes [29]. Remarkably, all of the eight
randomly selected DEGs (MYL2, DES, MYOG, FAP, PLK2, ADAM, WWC1, PRDX1) were
validated using qRT-PCR, suggesting that our identification of DEGs through the high-
throughput RNA-seq approach was highly reliable and reproducible. MYOG is a member
of the muscle regulatory factor (MRF) family, and is involved mainly in the fusion and
differentiation of myoblasts [5]. MYL2 belongs to the myosin light chain (MYL) family,
and plays a vital role in muscle growth and contraction [30]. In addition, the ADAM (A
Disintegrin And Metalloprotease) gene family encodes a diverse group of transmembrane
cell-surface proteins with adhesion and proteolytic functions, and is involved in a broad
range of biological processes, such as cell fusion, spermatogenesis, and development [31].
We used STEM software, which is commonly used to research dynamic biological pro-
cesses [16,32], to identify relevant temporal expression profiles and the genes associated
with these profiles because our data were obtained at multiple time points. Then, the most
important profiles were saved and aggregated to form clusters for subsequent study [33].
We identified three significant expression profiles, including two upregulated patterns
(profiles 7 and 6) and one downregulated pattern (profile 1). Moreover, 1027 upregulated
DEGs and 387 downregulated DEGs were enriched in these expression profiles, suggesting
that genes involved in myogenesis are dynamically regulated at differentiation stages.

We then performed enrichment analysis to further dive into the molecular mecha-
nisms by which the DEGs could regulate myogenesis. In this study, DEGs from GM versus
DM1, GM versus DM5, and DM1 versus DM5 were significantly enriched for 640 GO
terms, 825 GO terms and 406 GO terms, respectively. Among them, we indeed identified
many terms related to muscle development, such as muscle structure development, muscle
tissue development, muscle contraction, muscle cell development, and muscle cell differ-
entiation. These findings suggest that other candidate genes are likely to regulate MuSC
proliferation and differentiation. For example, Muscle LIM protein (MLP), a member of
the cysteine-rich protein (CRP) family that is produced primarily in skeletal muscle and
myocardium, is encoded by cysteine and glycine rich protein 3 (CSRP3) [34,35]. MLP has
been demonstrated to stimulate myogenic differentiation by binding to transcription factors
such as MyoD and Myogenin in the nucleus [36]. In addition, myopalladin (MYPN) is
an immunoglobulin-containing protein that is specifically expressed in striated muscle
tissues. Subcellularly, MYPN is found in the Z—line and I—band of the sarcomere, as
well as the nucleus. MYPN promotes skeletal muscle growth by activating the serum
response factor (SRF) pathway in muscle [37]. Moreover, the ACTA1 and TNNT1 genes are
involved in muscle fiber formation. [38]. Despite the limitations of enrichment analysis,
these annotations provide useful hints and directions for the downstream characterization
of the regulatory mechanisms involved in myogenesis.

It is unsurprising to see that genes involved in the same pathway are synergistically
regulated. Pathway-based analysis can further assist us in understanding biological func-
tions [39]. We therefore examined the possible roles of DEGs through pathway enrichment
analysis. Fifty-one pathways stood out as being significantly enriched among the three com-
parison groups. Among them, we were vindicated to find many pathways that reportedly
control muscle growth and development, including but not limited to the MAPK, Wnt, and
PPAR signaling pathways and cell cycle regulators. The MAPK family plays crucial roles in
complex cellular processes, such as proliferation, differentiation, and development, by reg-
ulating the cell cycle and other cell proliferation-associated proteins [40]. Previous studies
have shown that the JNK/MAPK and P38/MAPK signaling pathways play essential roles
in myogenesis [41]. In addition, a tightly regulated cell cycle is indispensable for muscle
development. For example, the timing of muscle cell cycle entry and exit are known to be
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crucial for optimal muscle fiber structures. Meanwhile, the Wnt signaling pathway—with
its active roles in embryonic myogenesis—was noticeable in our profile as well. A previous
study on Wnt revealed that lacking several vital Wnt effectors could lead to substantial
tissue damages, while poor muscle development could cause death in mice, indicating
the critical role of the Wnt pathway in prenatal myogenic development [42]. Furthermore,
the Wnt pathway also participates in the proliferation of signaling satellite cells in skeletal
muscle during muscle cell regeneration [43,44]. Finally, the PPAR signaling pathway was
also highlighted. It has been well established that both adipocytes and skeletal muscle
cells derive from mesenchymal pluripotent cells [45,46]. During near mid-gestation, fe-
tal skeletal muscle contains a great number of pluripotent cells, which differentiate into
either adipogenic or myogenic cells [47,48]. Altogether, the pathways highlighted in the
enrichment analysis underscore the significance of coordinated regulation in accurate and
complete myogenic differentiation.

5. Conclusions

Our work not only phenotypically characterized the different phases underlying goat
MuSC differentiation but also examined the temporal changes in transcriptional expression.
We identified 202 that were differentially expressed across all of the comparisons between
the proliferation and myogenic differentiation phases of MuSCs, which likely contain key
and novel regulators. In addition, we further verified selected DEGs (MYL2, DES, MYOG,
FAP, PLK2, ADAM, WWC1, and PRDX1). These findings offer novel insights into the
transcriptional regulation of skeletal myogenesis, and provide a reference target for the
further study of skeletal muscle development in goats.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ani12081048 /s1. Table S1: DEGs discovered through pairwise
comparisons. Table S2: The expression of 202 key genes. Table S3: Significantly enriched GO terms
for GM vs. DM1. Table S4: Significantly enriched GO terms for GM vs. DM5. Table S5: Significantly
enriched GO terms for DM1 vs. DM5. Table S6: Significantly enriched KEGG pathways for DEGs.

Author Contributions: Conceptualisation, S.Z.; data curation, H.Z. (Hongfan Zhai) and M.T.; formal
analysis, H.Z. (Hongfan Zhai), M.T. and Y.X,; investigation, D.L. and D.D.; methodology, L.W. and
T.Z.; resources, S.Z.,].C. and ].G; software, ].G.; visualisation, H.Z. (Hongfan Zhai), M.T. and L.L.;
writing—original draft, H.Z. (Hongfan Zhai) and M.T.; writing—review and editing, S.Z. and H.Z.
(Hongping Zhang). All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the grant from National Natural Science Foundation of China
(32002163).

Institutional Review Board Statement: All research involving animals was conducted according to
the approved protocols of the Institutional Animal Care and Use Committee at the College of Animal
Science and Technology, Sichuan Agricultural University, Sichuan, China, under ethic approval
number: SAU201418.

Informed Consent Statement: Not applicable.

Data Availability Statement: The results from data analyses performed in this study are included in
this article and its tables. The raw sequencing data are available through the NCBI data accession
number PRJNA779184.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Costa, T.C.; Gionbelli, M.P; Duarte, M.d.S. Fetal programming in ruminant animals: Understanding the skeletal muscle
development to improve meat quality. Anim. Front. 2021, 11, 66-73. [CrossRef] [PubMed]

2. Bentzinger, C.F; Wang, Y.X.; Rudnicki, M.A. Building muscle: Molecular regulation of myogenesis. Cold Spring Harb. Perspect.
Biol. 2012, 4, a008342. [CrossRef] [PubMed]

3. Aziz, A.; Sebastian, S.; Dilworth, EJ. The origin and fate of muscle satellite cells. Stemn Cell Rev. Rep. 2012, 8, 609-622. [CrossRef]

[PubMed]


https://www.mdpi.com/article/10.3390/ani12081048/s1
https://www.mdpi.com/article/10.3390/ani12081048/s1
http://doi.org/10.1093/af/vfab061
http://www.ncbi.nlm.nih.gov/pubmed/34934531
http://doi.org/10.1101/cshperspect.a008342
http://www.ncbi.nlm.nih.gov/pubmed/22300977
http://doi.org/10.1007/s12015-012-9352-0
http://www.ncbi.nlm.nih.gov/pubmed/22278133

Animals 2022, 12, 1048 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kuang, S.; Kuroda, K; Le Grand, F; Rudnicki, M.A. Asymmetric self-renewal and commitment of satellite stem cells in muscle.
Cell 2007, 129, 999-1010. [CrossRef] [PubMed]

Buckingham, M.; Rigby, PW. Gene regulatory networks and transcriptional mechanisms that control myogenesis. Dev. Cell 2014,
28,225-238. [CrossRef]

Hernandez-Hernandez, ] M.; Garcia-Gonzalez, E.G.; Brun, C.E.; Rudnicki, M.A. The myogenic regulatory factors, determinants of
muscle development, cell identity and regeneration. Semin. Cell Dev. Biol. 2017, 72, 10-18. [CrossRef]

Kopantseva, E.E.; Belyavsky, A.V. Key regulators of skeletal myogenesis. Molecular. Biol. 2016, 50, 169-192. [CrossRef]

Tang, Z.; Yang, Y.; Wang, Z.; Zhao, S.; Mu, Y,; Li, K. Integrated analysis of miRNA and mRNA paired expression profiling of
prenatal skeletal muscle development in three genotype pigs. Sci. Rep. 2015, 5, 15544. [CrossRef]

Sun, L.; Bai, M.; Xiang, L.; Zhang, G.; Ma, W,; Jiang, H. Comparative transcriptome profiling of longissimus muscle tissues from
Qianhua Mutton Merino and Small Tail Han sheep. Sci. Rep. 2016, 6, 33586. [CrossRef]

Zhao, Y,; Li, ].; Liu, H,; Xi, Y.; Xue, M,; Liu, W,; Zhuang, Z.; Lei, M. Dynamic transcriptome profiles of skeletal muscle tissue across
11 developmental stages for both Tongcheng and Yorkshire pigs. BMC Genom. 2015, 16, 377. [CrossRef]

Wang, Y.H.; Zhang, C.L.; Plath, M.; Fang, X.T.; Lan, X.Y.; Zhou, Y.; Chen, H. Global transcriptional profiling of longissimus
thoracis muscle tissue in fetal and juvenile domestic goat using RNA sequencing. Anim. Genet. 2015, 46, 655-665. [CrossRef]
[PubMed]

Zhao, W.; Chen, L.; Zhong, T.; Wang, L.; Guo, J.; Dong, Y.; Feng, J.; Song, T.; Li, L.; Zhang, H. The differential proliferation and
differentiation ability of skeletal muscle satellite cell in Boer and Nanjiang brown goats. Small Rumin. Res. 2018, 169, 99-107.
[CrossRef]

Li, L.; Chen, Y;; Nie, L,; Ding, X.; Zhang, X.; Zhao, W.; Xu, X,; Kyei, B.; Dai, D.; Zhan, S.; et al. MyoD-induced circular RNA
CDR1as promotes myogenic differentiation of skeletal muscle satellite cells. Biochim. Biophys. Acta Gene Regul. Mech. 2019, 1862,
807-821. [CrossRef] [PubMed]

Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.C.; Mendell, ].T.; Salzberg, S.L. StringTie enables improved reconstruction of
a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290-295. [CrossRef]

Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

Ernst, J.; Bar-Joseph, Z. STEM: A tool for the analysis of short time series gene expression data. BMC Bioinform. 2006, 7, 191.
[CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2—AACT
Method. Methods 2001, 25, 402-408. [CrossRef]

Mohammadabadi, M.; Bordbar, E; Jensen, J.; Du, M.; Guo, W. Key Genes Regulating Skeletal Muscle Development and Growth in
Farm Animals. Animals 2021, 11, 835. [CrossRef]

Moncaut, N.; Rigby, PW.; Carvajal, ].J. Dial M(RF) for myogenesis. FEBS ]. 2013, 280, 3980-3990. [CrossRef]

Berkes, C.A.; Tapscott, S.J. MyoD and the transcriptional control of myogenesis. Semin. Cell Dev. Biol. 2005, 16, 585-595. [CrossRef]
Naya, EJ.; Olson, E. MEF2: A transcriptional target for signaling pathways controlling skeletal muscle growth and differentiation.
Curr. Opin. Cell Biol. 1999, 11, 683-688. [CrossRef]

Estrella, N.L.; Desjardins, C.A.; Nocco, S.E.; Clark, A.L.; Maksimenko, Y.; Naya, F.J. MEF2 transcription factors regulate distinct
gene programs in mammalian skeletal muscle differentiation. J. Biol. Chem. 2015, 290, 1256-1268. [CrossRef] [PubMed]
Langley, B.; Thomas, M.; Bishop, A.; Sharma, M.; Gilmour, S.; Kambadur, R. Myostatin inhibits myoblast differentiation by
down-regulating MyoD expression. J. Biol. Chem. 2002, 277, 49831-49840. [CrossRef] [PubMed]

Abe, S.; Soejima, M.; Iwanuma, O.; Saka, H.; Matsunaga, S.; Sakiyama, K.; Ide, Y. Expression of myostatin and follistatin in Mdx
mice, an animal model for muscular dystrophy. Zoolog. Sci. 2009, 26, 315-320. [CrossRef] [PubMed]

Duan, C.; Ren, H.; Gao, S. Insulin-like growth factors (IGFs), IGF receptors, and IGF-binding proteins: Roles in skeletal muscle
growth and differentiation. Gen. Comp. Endocrinol. 2010, 167, 344-351. [CrossRef] [PubMed]

Mavalli, M.D.; DiGirolamo, D.J.; Fan, Y.; Riddle, R.C.; Campbell, K.S.; van Groen, T.; Frank, S.J.; Sperling, M.A.; Esser, K.A;
Bamman, M.M.; et al. Distinct growth hormone receptor signaling modes regulate skeletal muscle development and insulin
sensitivity in mice. J. Clin. Investig. 2010, 120, 4007—4020. [CrossRef]

Sun, X.; Li, M.; Sun, Y.; Cai, H.; Li, R.; Wei, X,; Lan, X.; Huang, Y.; Lei, C.; Chen, H. The developmental transcriptome landscape of
bovine skeletal muscle defined by Ribo-Zero ribonucleic acid sequencing. J. Anim. Sci. 2015, 93, 5648-5658. [CrossRef]

Tripathi, A.K,; Patel, A.K.; Shah, RK; Patel, A.B.; Shah, T.M.; Bhatt, V.D.; Joshi, C.G. Transcriptomic dissection of myogenic
differentiation signature in caprine by RNA-Seq. Mech. Dev. 2014, 132, 79-92. [CrossRef]

Zhang, R.; Wang, ].; Xiao, Z.; Zou, C.; An, Q.; Li, H.; Zhou, X.; Wu, Z.; Shi, D.; Deng, Y.; et al. The Expression Profiles of mRNAs
and IncRNAs in Buffalo Muscle Stem Cells Driving Myogenic Differentiation. Front. Genet. 2021, 12, 643497. [CrossRef]

Sheikh, F; Lyon, R.C.; Chen, J. Functions of myosin light chain-2 (MYL2) in cardiac muscle and disease. Gene 2015, 569, 14-20.
[CrossRef]

Brocker, C.N,; Vasiliou, V.; Nebert, D.W. Evolutionary divergence and functions of the ADAM and ADAMTS gene families. Hum.
Genom. 2009, 4, 43-55. [CrossRef] [PubMed]

Bar-Joseph, Z.; Gitter, A.; Simon, I. Studying and modelling dynamic biological processes using time-series gene expression data.
Nat. Rev. Genet. 2012, 13, 552-564. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cell.2007.03.044
http://www.ncbi.nlm.nih.gov/pubmed/17540178
http://doi.org/10.1016/j.devcel.2013.12.020
http://doi.org/10.1016/j.semcdb.2017.11.010
http://doi.org/10.1134/S0026893316010076
http://doi.org/10.1038/srep15544
http://doi.org/10.1038/srep33586
http://doi.org/10.1186/s12864-015-1580-7
http://doi.org/10.1111/age.12338
http://www.ncbi.nlm.nih.gov/pubmed/26364974
http://doi.org/10.1016/j.smallrumres.2018.07.006
http://doi.org/10.1016/j.bbagrm.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31323434
http://doi.org/10.1038/nbt.3122
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1186/1471-2105-7-191
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.3390/ani11030835
http://doi.org/10.1111/febs.12379
http://doi.org/10.1016/j.semcdb.2005.07.006
http://doi.org/10.1016/S0955-0674(99)00036-8
http://doi.org/10.1074/jbc.M114.589838
http://www.ncbi.nlm.nih.gov/pubmed/25416778
http://doi.org/10.1074/jbc.M204291200
http://www.ncbi.nlm.nih.gov/pubmed/12244043
http://doi.org/10.2108/zsj.26.315
http://www.ncbi.nlm.nih.gov/pubmed/19715499
http://doi.org/10.1016/j.ygcen.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20403355
http://doi.org/10.1172/JCI42447
http://doi.org/10.2527/jas.2015-9562
http://doi.org/10.1016/j.mod.2014.01.001
http://doi.org/10.3389/fgene.2021.643497
http://doi.org/10.1016/j.gene.2015.06.027
http://doi.org/10.1186/1479-7364-4-1-43
http://www.ncbi.nlm.nih.gov/pubmed/19951893
http://doi.org/10.1038/nrg3244
http://www.ncbi.nlm.nih.gov/pubmed/22805708

Animals 2022, 12, 1048 13 0f 13

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Ernst, J.; Nau, G.J.; Bar-Joseph, Z. Clustering short time series gene expression data. Bioinformatics 2005, 21 (Suppl. 1), 1159-i168.
[CrossRef] [PubMed]

Rashid, M.M.; Runci, A.; Russo, M. A.; Tafani, M. Muscle Lim Protein (MLP)/CSRP3 at the crossroad between mechanotransduc-
tion and autophagy. Cell Death Dis. 2015, 6, €1940. [CrossRef]

Cui, C;; Han, S.; Tang, S.; He, H.; Shen, X.; Zhao, J.; Chen, Y.; Wei, Y.; Wang, Y.; Zhu, Q.; et al. The Autophagy Regulatory Molecule
CSRP3 Interacts with LC3 and Protects Against Muscular Dystrophy. Int. J. Mol. Sci. 2020, 21, 749. [CrossRef]

Kong, Y.; Flick, M.].; Kudla, A.].; Konieczny, S.F. Muscle LIM protein promotes myogenesis by enhancing the activity of MyoD.
Mol. Cell Biol. 1997, 17, 4750-4760. [CrossRef]

Filomena, M.C.; Yamamoto, D.L.; Caremani, M.; Kadarla, V.K.; Mastrototaro, G.; Serio, S.; Vydyanath, A.; Mutarelli, M.; Garofalo,
A.; Pertici, I; et al. Myopalladin promotes muscle growth through modulation of the serum response factor pathway. J. Cachexia
Sarcopenia Muscle 2020, 11, 169-194. [CrossRef]

Shin, S.C.; Chung, E.R. Identification of differentially expressed genes between high and low marbling score grades of the
longissimus lumborum muscle in Hanwoo (Korean cattle). Meat. Sci. 2016, 121, 114-118. [CrossRef]

Wenping, H.; Yuan, Z; Jie, S.; Lijun, Z.; Zhezhi, W. De novo transcriptome sequencing in Salvia miltiorrhiza to identify genes
involved in the biosynthesis of active ingredients. Genomics 2011, 98, 272-279. [CrossRef]

Zhang, W.; Liu, H.T. MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell Res. 2002, 12, 9-18.
[CrossRef]

Xie, S.J.; Li, ].H.; Chen, H.E; Tan, Y.Y; Liu, S.R.; Zhang, Y.; Xu, H.; Yang, ].H.; Liu, S.; Zheng, L.L.; et al. Inhibition of the
JNK/MAPK signaling pathway by myogenesis-associated miRNAs is required for skeletal muscle development. Cell Death Differ.
2018, 25, 1581-1597. [CrossRef] [PubMed]

van Amerongen, R.; Berns, A. Knockout mouse models to study Wnt signal transduction. Trends Genet. 2006, 22, 678-689.
[CrossRef] [PubMed]

Logan, C.Y,; Nusse, R. The Wnt signaling pathway in development and disease. Annu. Rev. Cell Dev. Biol. 2004, 20, 781-810.
[CrossRef] [PubMed]

Otto, A.; Schmidt, C.; Luke, G.; Allen, S.; Valasek, P.; Muntoni, F.; Lawrence-Watt, D.; Patel, K. Canonical Wnt signalling induces
satellite-cell proliferation during adult skeletal muscle regeneration. J. Cell Sci. 2008, 121, 2939-2950. [CrossRef]

Dodson, M.V,; Hausman, G.J.; Guan, L.; Du, M.; Rasmussen, T.P.; Poulos, S.P.; Mir, P.; Bergen, W.G.; Fernyhough, M.E,;
McFarland, D.C.; et al. Skeletal muscle stem cells from animals I. Basic cell biology. Int. ]. Biol. Sci. 2010, 6, 465—474. [CrossRef]
Ren, Y.; Wu, H.; Ma, Y,; Yuan, J.; Liang, H.; Liu, D. Potential of adipose-derived mesenchymal stem cells and skeletal muscle-
derived satellite cells for somatic cell nuclear transfer mediated transgenesis in Arbas Cashmere goats. PLoS ONE 2014, 9, €93583.
[CrossRef]

Feve, B. Adipogenesis: Cellular and molecular aspects. Best Pract. Res. Clin. Endocrinol. Metab. 2005, 19, 483-499. [CrossRef]
Gnanalingham, M.G.; Mostyn, A.; Symonds, M.E.; Stephenson, T. Ontogeny and nutritional programming of adiposity in
sheep: Potential role of glucocorticoid action and uncoupling protein-2. Am. |. Physiol. Regul. Integr. Comp. Physiol. 2005, 289,
R1407-R1415. [CrossRef]


http://doi.org/10.1093/bioinformatics/bti1022
http://www.ncbi.nlm.nih.gov/pubmed/15961453
http://doi.org/10.1038/cddis.2015.308
http://doi.org/10.3390/ijms21030749
http://doi.org/10.1128/MCB.17.8.4750
http://doi.org/10.1002/jcsm.12486
http://doi.org/10.1016/j.meatsci.2016.05.018
http://doi.org/10.1016/j.ygeno.2011.03.012
http://doi.org/10.1038/sj.cr.7290105
http://doi.org/10.1038/s41418-018-0063-1
http://www.ncbi.nlm.nih.gov/pubmed/29449644
http://doi.org/10.1016/j.tig.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17045694
http://doi.org/10.1146/annurev.cellbio.20.010403.113126
http://www.ncbi.nlm.nih.gov/pubmed/15473860
http://doi.org/10.1242/jcs.026534
http://doi.org/10.7150/ijbs.6.465
http://doi.org/10.1371/journal.pone.0093583
http://doi.org/10.1016/j.beem.2005.07.007
http://doi.org/10.1152/ajpregu.00375.2005

	Introduction 
	Materials and Methods 
	MuSC Culture and Differentiation 
	RNA Extraction and Sequencing 
	Differentially Expressed Gene Analysis 
	Expression Trend Analysis 
	GO and KEGG Pathway Analysis 
	Validation of the Sequencing Results by qRT-PCR 
	Statistical Analysis 

	Results 
	MuSC Differentiation Program 
	Temporally Regulated Transcription during Skeletal Myogenesis 
	Differentially Expressed Genes (DEGs) Analysis 
	Expression Trend Analysis 
	GO Enrichment Analysis 
	KEGG Enrichment Analysis 
	Validation of the DEGs 

	Discussion 
	Conclusions 
	References

