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MuSCs
Xiaoli Xu †, Mancheng Zhang †, Siyuan Zhan †, Yuan Chen , 
Chengqi Wei , Jiaxue Cao , Jiazhong Guo , Dinghui Dai , 
Linjie Wang , Tao Zhong , Hongping Zhang * and Li Li *

Farm Animal Genetic Resources Exploration Innovation Key Laboratory of Sichuan Province, College 
of Animal Science and Technology, Sichuan Agricultural University, Chengdu, China

Background: RNA editing, especially A-to-I editing sites, is a common RNA 
modification critical for stem cell differentiation, muscle development, and disease 
occurrence. Unveiling comprehensive RNA A-to-I editing events associated with 
myogenesis of the skeletal muscle satellite cells (MuSCs) is essential for extending 
our knowledge of the mechanism underpinning muscle development.

Results: A total of 9,632 RNA editing sites (RESs) were screened in the myoblasts 
(GM), myocytes (DM1), and myotubes (DM5) samples. Among these sites, 4,559 
A-to-I edits were classified and further analyzed. There were 3,266 A-to-I sites 
in the protein-coding region, out of which 113 missense sites recoded protein. 
Notably, five A-to-I sites in the 3′ UTR of four genes (TRAF6, NALF1, SLC38A1, 
ENSCHIG00000019092) altered their targeted miRNAs. Furthermore, a total 
of 370 A-to-I sites with different editing levels were detected, including FBN1, 
MYH10, GSK3B, CSNK1D, and PRKACB genes. These genes were predominantly 
enriched in the cytoskeleton in muscle cells, the hippo signaling pathway, and 
the tight junction. Furthermore, we  identified 14 hub genes (TUFM, GSK3B, 
JAK2, RPSA, YARS1, CDH2, PRKACB, RUNX1, NOTCH2, CDC23, VCP, FBN1, 
RARS1, MEF2C) that potentially related to muscle development. Additionally, 123 
stage-specific A-to-I editing sites were identified, with 43 sites in GM, 25 in DM1, 
and 55 in DM5 samples. These stage-specific edited genes significantly enriched 
essential biological pathways, including the cell cycle, oocyte meiosis, motor 
proteins, and hedgehog signaling pathway.

Conclusion: We systematically identified the RNA editing events in proliferating 
and differentiating goat MuSCs, which was crucial for expanding our 
understanding of the regulatory mechanisms of muscle development.
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1 Background

RNA editing is one of the most crucial post-transcriptional mechanisms, which alters the 
levels and structures of transcripts through substituting nucleotides. Recently, a large number of 
RNA editing sites (RESs) have been identified in pigs (1), sheep (2), goats (3), bovine (4), chicken 
(5), and humans (6), demonstrating the importance of this modification in multiple tissues such 
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as skeletal muscle, brain, heart, and liver. As a predominant type of RNA 
editing, adenosine-to-inosine (A-to-I), regulated by adenosine 
deaminases acting on RNA (ADARs) (7), deaminates A to I in double-
stranded RNAs (dsRNAs) and consequently is recognized as guanosine 
(G) by the cell machinery during translation (8, 9). RNA A-to-I editing 
almost occurs in the non-protein-coding regions (5′ UTR, 3′ UTR, and 
intron) of ADAR targets, whereas the protein-coding region is relatively 
rare (10, 11). A-to-I is crucial for vertebrate development, which 
controls gene expression by non-synonymous substitutions, influencing 
alternative splicing, microRNA target recognition, and other biological 
processes (12–16).

Skeletal muscle is the most abundant tissue in mammals that is 
governed by myogenesis during embryonic and postnatal growth (17, 
18), which is a highly orchestrated cellular interaction including 
myoblasts that exit the cell cycle and differentiate into myocytes and 
myotubes (19). Skeletal muscle satellite cells (MuSCs), a population of 
stem cells located beneath the basement membrane of myofiber, are 
activated by injury or stress to repair muscle tissue via gradual 
proliferation, differentiation, fusion, and maturation (20). These 
processes are controlled by myogenic genes (myogenic regulatory 
factors, paired box) (21, 22), non-coding RNAs (microRNAs, long 
non-coding RNAs, circular RNAs) (23–25), and epigenetic 
modifications (26, 27).

Many RNA editing sites have been identified in stem cell 
differentiation (28) and skeletal muscle development (3). As a 
common modification in RNA, A-to-I editing represents a new type 
of post-transcriptional gene regulation, which is tissue-specific and 
spatiotemporally specific (29, 30). However, how RNA editing is 
characterized remains unclear, especially in the A-to-I sites involved 
in myogenic differentiation. In this study, we identified RNA editing 
sites that occur during the critical transition of goat MuSCs from 
myoblast (GM) to myocyte (DM1) and myotube (DM5) stages. Our 
findings unveiled the A-to-I editing events in myogenic differentiation 
and extended our knowledge of skeletal muscle development.

2 Materials and methods

2.1 Datasets and samples

The MuSCs and blood samples were collected from the Chengdu 
Brown goat from the Dayi farm (Sichuan, China), and RNA-seq 
(PRJNA779184) and DNA-seq (PRJNA548681) were performed for 
them. The MuSCs were harvested from the longissimus dorsi muscle, 
subsequently cultured in proliferation medium (GM, myoblasts, n = 3) 
until they were 80% confluent, and maintained for 1 day (DM1, 
myocytes, n = 3) and 5 days (DM5, myotubes, n = 3) under 
differentiation conditions. Our previous publication comprehensively 
explained the procedures involved in sample collection and strand-
specific RNA-seq data (31).

2.2 Reads alignment and variant calling

2.2.1 Trimming
We trimmed adaptors and low-quality reads using fastp v0.23.2 

with the parameters “-w 20 -q 20 -u 50 -n 15 -l 45.”

2.2.2 Alignment
We aligned the high-quality reads obtained from DNA-seq to the 

Ensembl goat reference genome ARS1 (release-105) using the 
BWA-MEM method with BWA v0.7.17.1 The RNA-seq data was also 
aligned to the goat reference genome using HISAT2 v2.1.0. The 
software’s built-in Python scripts, extract_splice_sites.py, and extract_
exons.py, extracted the splice sites and exon coordinates from the goat 
genome annotation file (GTF, release-105). Subsequently, the hisat2-
build command with the options --ss and --exon was used to create 
the genome index. Finally, the high-quality reads were aligned to the 
goat reference genome.

2.2.3 BAM process
The SAM files generated from aligning the RNA-seq and DNA-seq 

data to the reference genome were converted to a BAM format and 
sorted using samtools v1.16.1. Then, the MarkDuplicates script from 
the Picard v1.141 program was used to mark the duplicate reads that 
map to the same position.

2.2.4 Variant calling
To minimize random systematic errors caused by sequencing 

instruments, we retrieved goat single-nucleotide polymorphisms (SNPs) 
from published databases, including goat reference genome and variant 
call format (VCF), as well as our own DNA-seq data of this goat breed. 
Subsequently, we recalibrated base quality scores for each alignment file 
using BaseCalibrator and ApplyBQSR from GATK v4.1.8.0 and merged 
them. Then, we called variants using HaplotypeCaller in GATK and 
separated SNPs from short insertion and deletion (INDEL) fragments 
using SelectVariants. This step was not subjected to any filtering to 
obtain a comprehensive genomic variation result, enabling the most 
stringent control for subsequent identification of variations.

2.3 Identifying RNA editing sites

2.3.1 Detection of RESs
The REDItoolDnaRna.py script from REDItools v0.19.1 was used 

to detect raw RNA editing sites. The script was executed with the 
following parameters: -c 10,1 -q 25,25 -m 20,20 -s 2 -g 1 -u -a 6-0 -v 2 
-n 0.0 -N 0.0 -V.

2.3.2 Filtration of RESs
The selectPositions.py script provided by REDItools v0.19.1 was 

used for preliminary filtering. The script was executed with the 
following parameters: -c 10 -C 5 -v 2 -V 0 -f 0.01 -F 0.95 -e -u. Then, 
stringent filtering was applied to the obtained RNA editing sites. The 
intersected functionality of BEDtools v2.30.0 (32) was used to filter 
out the editing sites that overlap with the goat SNP database 

1 https://github.com/lh3/bwa
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Kyoto Encyclopedia of Genes and Genomes.
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(release-105) and VCF. Additionally, RNA editing sites supported by 
less than three samples are excluded.

2.3.3 Annotation of RESs
Utilizing the SnpEff v5.1, the precise localization of RNA editing 

sites was performed based on the GTF and the goat reference genome. 
The software accurately determined the positions of RNA editing sites 
and categorized them into specific regions, including 3′ UTR, 5′ UTR, 
intergenic regions, introns, and exons.

2.4 Sequence preference of RESs

The BEDtools v2.30.0 (32) was used to obtain sequences of 21 bp 
in total, consisting of 10 bp upstream and 10 bp downstream regions, 
from the RNA editing sites in the goat genome. The obtained sequences 
were then analyzed using the R package ggseqlogo to calculate the 
frequency of each nucleotide, which was used to investigate the base 
preferences of RNA editing within various gene features.

2.5 Stage differential and specific 
comparisons of RESs

We performed variance analysis in R to compare the differences in 
RNA editing levels among three stages, GM, DM1, and DM5, with a 
significance threshold (p < 0.05). RNA editing sites that were identified 
as edited only in a specific stage and not detected in the other stages 
were referred to as stage-specific editing sites. The correlation analysis 
between the number of RESs and chromosome length, RNA editing 
levels and chromosome length, and RNA editing levels and gene 
expression was performed using the Spearman method from the R 
package ggpubr. The correlation plots were generated using the ggplot2.

2.6 The prediction of target miRNAs of 
genes

To investigate the miRNA-targeted editing changes in the 3′ UTR 
of the genes, miRanda v3.3 was used to predict miRNA targets on the 
unedited and edited 3′ UTR sequences. Goat miRNA data were 
downloaded from miRbase (http://www.mirbase.org/, accessed on April 
10, 2023). The RNA editing sites were used to obtain 10 bp sequences 
on each side (a total of 21 bp) using the getfasta tool in BEDtools. The 
miRanda v3.3 software was employed with the parameters “-sc 140 -en 
-10” for the prediction of binding sites. To detect changes in target 
miRNA before and after editing, the nucleotides at the editing sites in 
the gene were replaced with the edited type. Predicting miRNA target 
genes using the same method to infer miRNA functions. Gene 3′ UTR 
position information was obtained from the goat GTF, and the 3′ UTR 
sequence of the gene was extracted using the getfasta tool of BEDtools.

2.7 Functional enrichment analysis of 
RESs-related genes

To investigate the functionality of candidate RESs, based on the 
human database (org.Hs.eg.db v3.17.0), we conducted gene ontology 

(GO) enrichment and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis using Fisher’s test.

2.8 Protein interaction network of 
RES-related genes

The human database from the STRING (https://string-db.org, 
accessed on May 12, 2023) was used to construct a protein–protein 
interaction network for the genes with differential sites and visualized 
by Cytoscape v3.10.0.

3 Results

3.1 Identifying RNA editing sites in goat 
MuSCs myogenesis

In this study, we used nine strand-specific RNA-seq data of goat 
MuSC differentiation samples for three stages: myoblasts that had high 
proliferation with mononuclear (GM), myocytes that differentiated 
with mononuclear (DM1), and myotubes that fusion into multinuclear 
(DM5) (Figure 1A). We filtered out the 105,271 SNPs and the sites 
supported by less than three samples, and screened a total of 9,632 
RNA editing sites (RESs, Supplementary Table S1), which were 
categorized into 12 types, with the most dominant editing numbers of 
A-to-G (AG, 4,559 sites) (Figure 1B). Intriguingly, the editing levels of 
AG (0.31) were the lowest, compared with other editing types with 
levels approximately 0.5 (Figure 1C). Additionally, RESs were mainly 
present on the reverse strand (Supplementary Figure S1B) and 
unevenly distributed on each chromosome (Figure 1D). The number 
of RESs was positively correlated with chromosome length (R = 0.65 
p = 0.00022, Figure 1E), with the fewest sites on chromosome 27 (127 
sites) and the highest number on chromosome 2 (774 sites) 
(Supplementary Figure S1A), but insignificant associated with editing 
levels (R = −0.19, p = 0.31, Figure 1F; Supplementary Figure S1C).

3.2 Charactering A-to-I editing sites in the 
myogenesis of MuSCs

We further analyzed the characteristics and functions of the 4,559 
A-to-I (AG) editing sites (Supplementary Table S2), which were 
unevenly distributed on the chromosomes in the GM, DM1, and DM5 
samples (Figure 2A). Most A-to-I editing sites were present in three 
or four samples (Supplementary Figure S1D), and many sites exhibited 
editing levels below 0.5 (Supplementary Figure S1E). A-to-I editing 
sites were primarily located in the intron region (59.03% of the sites), 
followed by intergenic areas (26.15%) and downstream (8.32%) 
(Figure 2B). Additionally, the A-to-I editing sites were annotated for 
3,266 protein-coding genes, along with non-coding RNAs such as 
lincRNAs (98 genes), snoRNAs (six genes), snRNAs (28 genes), and 
miRNAs (six genes) (Figure 2C). Moreover, we found that most of the 
genes (85.13%) embedded one to three editing sites, of which 56.96% 
of genes had one site, 19.75% had two sites, and 5.06% harbored three 
sites (Supplementary Figure S1F). We subsequently performed GO 
and KEGG enrichment analyses for the 3,266 protein-coding genes, 
including ADAMTS5, HDAC4, ADAM12, FGFR2, MEF2C, MEF2A, 
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FIGURE 1

The distribution of RNA editing sites in goat MuSCs. (A) Overall experimental design. The numbers (B) and levels (C) of 12 RNA editing types. (D) The 
genome distribution of RNA editing sites (RESs). (E) The relationship between chromosome length and the number of RESs. (F) The editing levels across 
chromosomes.
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and MYH11. They were enriched in GO terms, primarily encompassed 
processes related to muscle cell differentiation and muscle cell 
development (Figure  2D and Supplementary Table S3). The 
KEGG pathways highlighted the involvement of the Ras signaling 
pathway, MAPK signaling pathway, and hedgehog signaling pathway, 

which are crucial for skeletal muscle development (Figure 2E and 
Supplementary Table S4).

Previous studies suggested the sequence preference between A-to-I 
editing and ADAR binding (33). Accordingly, we observed a distinctive 
sequence pattern in the 10-base pair upstream and downstream regions 

FIGURE 2

Characterization of A-to-I editing sites in MuSCs. (A) The chromosome distribution of detected A-to-I editing sites in each MuSC differentiation stage. 
The circuits represent total editing sites in all stages and editing sites identified in GM, DM1, and DM5 samples from the outer to the inner. (B) The 
distribution of genomic location of A-to-I editing sites. (C) The distribution of gene types of A-to-I editing sites. (D) GO enrichment of the protein-
coding genes. (E) KEGG enrichment of the protein-coding genes. (F) Sequence preference for A-to-I editing sites (±10  bp). (G) The proportion of amino 
acid mutation types. (H) The changes in the number of miRNAs with RNA editing in the 3′ UTR of genes. Green represents disappeared miRNAs after 
editing, and orange represents new miRNAs after editing. (I) GO and KEGG enrichment of the target genes of six disappeared and emerged miRNAs.
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of A-to-I editing sites. This pattern revealed a depletion and enrichment 
of G bases on the upstream and downstream regions near the A-to-I 
editing sites (Figure 2F). Similar to DNA mutations, A-to-I editing can 
modify the amino acid sequence, influence splicing variations, and 
regulate RNA expression (12, 13). Among the 198 sites in the coding 
region, 42.93% (85) of them led to synonymous mutations, and 57.07% 
(113) resulted in missense mutations (Figure 2G). Of 113 editing sites 
that altered the amino acid sequence, one site caused variable splicing 
variations (Supplementary Table S5), potentially influencing protein 
function. Moreover, 13 sites altered the 3′ UTR of the genes 
(Supplementary Table S6).

Since A-to-I editing sites potentially affect miRNA-mRNA 
interactions (14, 34, 35), we identified five editing-related changes in 
genes such as SLC38A1, TRAF6, NALF1, and ENSCHIG00000019092, 
with miRNAs targeted in their 3′ UTR (Supplementary Table S6). 
Once these four genes were edited, the potential targeting of chi-miR-
182 and chi-miR-767 on 3′ UTR of their mRNA disappeared, and four 
new miRNAs (chi-miR-454-5p, chi-miR-7-3p, chi-let-7a-3p, chi-miR-
143-5p) appeared instead (Figure  2H). For example, TRAF6, 
associated with muscle atrophy (36, 37), led to a disappearance in 
target chi-miR-182 but an appearance in chi-miR-143-5p after editing. 
We also predicted the target genes and their functions of five miRNAs 
that changed due to AG editing (Figures 2H,I). GO and KEGG terms 
of those target genes were enriched in embryonic organ development, 
muscle tissue development, MAPK signaling pathway, hippo signaling 
pathway, and TGFβ signaling pathway (Figure 2I). These findings 
suggest that A-to-I editing may participate in the proliferation and 
differentiation of MuSCs by modifying the amino acid sequence and 
regulating miRNA-mRNA interactions.

3.3 Specific and differential A-to-I editing 
sites in MuSC myogenesis

A-to-I editing is mediated by the ADAR family members (ADAR, 
ADARB1, and ADARB2) and human ADAD (adenosine deaminase 
domain-containing) family members (TENR, TENRL), possessing 
common functional domains (8). We found that expressions of ADAD 
family members were absent (data not shown), but two ADAR family 
members, for example, ADAR and ADARB1, were expressed. ADAR 
was initially increased and subsequently decreased from GM to DM1 
and DM5 samples, while ADARB1 increased from DM1 to DM5 
samples (Figures 3A,B), coinciding with the observed number changes 
of A-to-I editing sites (Figure 3C) and the editing levels from GM to 
DM1 samples (Figure 3D).

Among the 4,559 A-to-I editing sites, 2,770 overlapped in the GM, 
DM1, and DM5 samples (Figure 3E). The genes in these sites were 
enriched in various GO terms, including cell leading edge, actin binding, 
and cell-substrate junction. In addition, these genes were associated with 
KEGG pathways such as the WNT signaling pathway, motor proteins, 
and cytoskeleton in muscle cells (Supplementary Figure S2A).

Based on the differential analysis, we found a total of 370 differed 
A-to-I editing sites occurring in genes (FBN1, MYH10, GSK3B, 
CSNK1D, PRKACB, etc.), with 177 sites in GM_vs_DM1, 204 sites in 
GM_vs_DM5, and 179 sites in DM1_vs_DM5 (Supplementary Table S7 
and Supplementary Figure S1G). The GM_vs_DM1, GM_vs_DM5, 
and DM1_vs_DM5 shared four differential sites in genes NXN, 
TBC1D2, ENSCHIG00000010550, and ENSCHIG00000002773 
(Figure 3F). These differential editing sites consistently replicated the 

three stages (Figure 3G). Moreover, the GM_vs_DM5 differential sites 
in genes such as ADAM12, MEF2C, and ADAMTS5 were enriched in 
GO terms associated with the NADH metabolic process and striated 
muscle cell differentiation (Supplementary Table S8). KEGG pathways 
revealed that the GM_vs_DM1 differential sites were enriched in the 
biosynthesis of cofactors, while DM1_vs_DM5 differential sites in the 
protein digestion and absorption and oxytocin signaling pathway. The 
GM_vs_DM5 differential sites were involved in aminoacyl-tRNA 
biosynthesis. All of them were enriched in the cytoskeleton in muscle 
cells, the hippo signaling pathway, and the tight junction (Figure 3H).

Additionally, we  identified 123 stage-specific sites, including 43 
GM-specific A-to-I sites in genes (e.g., GSK3B, EPHB1, AFAP1, 
ADAM12, etc.), 25 DM1-specific editing sites in genes (e.g., ADAMTS5, 
MOV10, CDC23, SDC2, DHRS3, etc.), and 55 DM5-specific editing sites 
in genes, including TAGLN3, SREBF2, ART3, MEF2C, etc. (Figure 3E 
and Supplementary Table S9). Genes harboring these specific editing 
sites displayed enrichment in various GO entries. Specifically, 
GM-specific sites were involved in the cellular amino acid metabolic 
process and protein autophosphorylation, while DM1-specific sites were 
associated with p-body and collagen-containing extracellular matrix 
(Supplementary Table S8). Furthermore, the KEGG pathways revealed 
that GM-specific sites were prominent in the hedgehog signaling 
pathway, cysteine and methionine metabolism, and arginine and proline 
metabolism. The cell cycle and oocyte meiosis have been highlighted in 
DM1-specific sites, whereas motor proteins and folate biosynthesis were 
abundant in DM5-specific sites (Supplementary Figure S2B).

3.4 Protein interaction network of genes 
containing A-to-I editing sites

The interaction relationship between genes with differential sites 
was performed using Cytoscape v3.10.0. A total of 14 hub genes, 
including TUFM, GSK3B, JAK2, RPSA, YARS1, CDH2, PRKACB, 
RUNX1, NOTCH2, CDC23, VCP, FBN1, RARS1, and MEF2C were 
detected (Figure  4A). Additionally, we  examined the interaction 
between these hub genes and marker genes (MYOD1, MYOG) 
associated with muscle differentiation. The results revealed that 
MYOD1 and MYOG, two well-known regulators of skeletal muscle 
development, strongly interacted directly with MEF2C and RUNX1 
and indirectly interacted with other hub genes (Figure 4B).

The expressions of hub genes such as RUNX1 and NOTCH2 were 
elevated along with the myogenic differentiation of MuSCs, while 
GSK3B, TUFM, and JAK2 were decreased. The expressions of RPSA, 
PRKACB, and FBN1 peaked at the DM1 stage. Conversely, the 
expressions of MEF2C, CDC23, CDH2, YARS1, RARS1, and VCP were 
the lowest at the DM1 stage (Figure 4C; Supplementary Figure S3A). 
Interestingly, A-to-I editing significantly increased NOTCH2, GSK3B, 
and MEF2C expression, significantly decreasing TUFM and CDC23 
expression (Figure 4D; Supplementary Figure S3B). These findings 
suggest that A-to-I editing plays a role in regulating the expressions of 
these hub genes involved in muscle development.

4 Discussion

RNA editing events are known to be crucial for the development 
of various organisms, including humans (38), yak (39), goat (3), sheep 
(2), and chicken (5). For instance, the number of A-to-I editing sites 
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in goat skeletal muscle has been reported to decrease after birth (3). 
MuSCs play vital roles in muscle recovery and regeneration (40). 
However, investigating RNA editing sites during MuSC differentiation 
has been limited. In this study, we analyzed the A-to-I editing sites 
during the MuSC proliferation (GM) and differentiation (DM1/DM5) 
process, which was crucial for expanding the regulatory mechanisms 
of muscle development.

We identified 9,632 editing sites that were unevenly distributed 
across the chromosomes. Among these, 4,559 sites were A-to-I editing 
sites, preferentially located on the intron and rarely in coding regions 
(28, 41, 42). Additionally, AG editing type also occupied a significant 
portion, which was consistent with the trend shown in previous 

studies in goats (3, 43), chicken (44), humans (45), and sheep (2). 
We also found 113 missense and 85 nonsense A-to-I editing sites, with 
a significant proportion having the potential to recode proteins. This 
indicates that these editing sites may play crucial roles in differentiating 
MuSCs. While a large number of RNA editing sites have been 
identified in humans (3,041,422 sites) (30), bovine (1,600 sites) (4), 
and pig (198,892 sites) (29), only a few of them have been extensively 
studied. For example, ADAR1-mediated A-to-I RNA editing occurs 
at the U1 snRNA binding site of the 5′ splice site, preventing Alu 
exonization and promoting mature mRNA production during skeletal 
muscle development (46). Furthermore, the effect of RNA editing on 
miRNA-mRNA relationships has been revealed, with only five editing 

FIGURE 3

Identifying A-to-I editing sites in GM, DM1, and DM5 samples. (A) The expression of (A) ADAR and (B) ADARB1. (C) The numbers of A-to-I editing sites in 
GM, DM1, and DM5 stages. (D) The levels of A-to-I editing sites in GM, DM1, and DM5 stages. (E) The specific and overlap of A-to-I editing sites among 
three stages during MuSCs differentiation. (F) Venn diagram of the differential A-to-I editing sites among three stages. (G) Heatmap of the differential 
A-to-I editing sites. (H) KEGG pathways of genes with differential editing sites in each stage.
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FIGURE 4

Protein interaction network analysis. (A) The protein interaction network of genes with differentially A-to-I edited. (B) The protein interaction network 
of 14 hub genes and two myogenic differentiation marker genes (MYOD1, MYOG). (C) The expressions of eight hub genes with differential A-to-I 
editing sites in each sample. (D) The interaction relationship between the expressions of eight hub genes and editing levels of differential A-to-I editing 
sites.
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sites in mRNA 3′ UTR altering miRNA recognition, resulting in the 
repression of protein translation and mRNA expression (47, 48). Once 
editing appeared in mRNA 3′ UTR of genes, their targeted miRNAs 
were potentially altered. For example, miR-182 decreases during 
muscle atrophy and suppresses atrophy by targeting FoxO3 in C2C12 
cells (49); its targeted sites disappeared after editing. Meanwhile, sites 
for miR-7 emerged by editing; miR-7 itself decreases myoblast 
proliferation and differentiation by inhibiting TCF12 and KLF4 genes 
in C2C12 and chicken primary myoblasts, respectively (50, 51).

Skeletal myogenesis is a complex process involving cell 
proliferation, differentiation, and fusion and is regulated by an 
intricate gene regulatory network. We identified 370 differential A-to-I 
editing sites in genes such as ADAM12, MEF2C, and ADAMTS5 that 
enriched the NADH metabolic process and striated muscle cell 
differentiation, closely related to muscle metabolism (52) and 
development (53). Moreover, we  detected 14 hub genes (TUFM, 
GSK3B, JAK2, RPSA, YARS1, CDH2, PRKACB, RUNX1, NOTCH2, 
CDC23, VCP, FBN1, RARS1, MEF2C) that are involved in regulating 
cell cycle (54, 55), cell differentiation (56, 57), skeletal muscle 
regeneration (58, 59), and mitochondrial metabolism (60) across the 
three stages of MuSC differentiation. Consistent with previous studies 
indicating the critical role of A-to-I RNA editing during early human 
embryogenesis in a stage-specific manner (38, 61), we identified 123 
stage-specific A-to-I editing sites in the GM, DM1, and DM5 stages. 
These editing sites are involved in cell cycle regulation, motor proteins, 
and the hedgehog signaling pathways, all of which play essential roles 
in muscle development (62, 63). For instance, ADAM12 (meltrin-α), 
a muscle regeneration marker, was detected in the GM stage and was 
primarily expressed in muscle and bone during mouse embryogenesis 
(64). Mice deficient in ADAM12 had a mortality rate of 30% within 
the first few weeks after birth and its re-expression was observed 
during the fusion of myogenic cells with newly formed fibers (65, 66). 
Similarly, ADAMTS5, a gene specific to the DM1 stage, impaired 
C2C12 myoblast fusion when its expression was knocked down (67). 
MEF2C, a gene specific to the DM5 stage, played a positive regulatory 
role in muscle differentiation and regeneration (57, 68). However, 
further studies are warranted to elucidate the specific roles of these 
genes in MuSCs and their underlying regulatory mechanisms.

5 Conclusion

This study systematically identified the RNA editing events in 
proliferating and differentiating goat MuSCs. A-to-I editing 
potentially modified amino acid sequences and miRNA target 
binding. We  revealed 123 specific A-to-I editing sites and 370 
differential A-to-I editing sites. Additionally, 14 hub genes are 
essential in regulating cell cycle, cell differentiation, and skeletal 
muscle development. These findings strongly suggest that these 
identified A-to-I editing sites play a crucial role in skeletal muscle 
development, although their specific functions remain 
fully elucidated.
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