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Simple Summary: In this study, we investigated the role of chi-miR-99b-3p in goat skeletal muscle
satellite cells (SMSCs). We confirmed that chi-miR-99b-3p promoted proliferation through targeting
Caspase-3 and nuclear receptor corepressor 1, and inhibiting the intrinsic apoptosis-related genes
in SMSCs, whereas inhibition of chi-miR-99b-3p had the opposite effect. Furthermore, integrative
transcriptomic analysis revealed that overexpression of chi-miR-99b-3p induced various differentially
expressed (DE)-gene-associated processes. In addition, 47 dysregulated miRNAs, including 16 upreg-
ulated and 31 downregulated miRNAs, which were involved in the biological pathways associated
with the DE genes, were identified. Our study demonstrated that chi-miR-99b-3p was an effective
facilitator of goat SMSCs. This study is helpful for future studies in skeletal muscle development.

Abstract: We previously found that chi-miR-99b-3p was highly expressed in the skeletal muscle
of 7-month-old (rapid growth period) goats and speculated that it may be associated with muscle
development. To further investigate the role of chi-miR-99b-3p in goats, we found that chi-miR-99b-
3p acted as a myogenic miRNA in the regulation of skeletal muscle development. Dual-luciferase
reporter assays, qRT-PCR, and Western blot results confirmed that Caspase-3 and nuclear receptor
corepressor 1 were direct targets for chi-miR-99b-3p as their expression was inhibited by this miR.
Cell proliferation and qRT-PCR assays showed that chi-miR-99b-3p promoted proliferation through
relevant targets and intrinsic apoptosis-related genes in goat skeletal muscle satellite cells (SMSCs),
whereas inhibition of chi-miR-99b-3p had the opposite effect. Furthermore, integrative transcriptomic
analysis revealed that overexpression of chi-miR-99b-3p induced various differentially expressed
(DE) genes mainly associated with the cell cycle, relaxin signaling pathway, DNA replication, and
protein digestion and absorption. Notably, most of the cell-cycle-related genes were downregulated
in SMSCs after miR-99b-3p upregulation, including the pro-apoptosis-related gene BCL2. In addition,
47 DE miRNAs (16 upregulated and 31 downregulated) were determined by Small RNA-sequencing
in SMSCs after chi-miR-99b-3p overexpression. Based on the KEGG enrichment analysis, we found
that these DE miRNAs were involved in the biological pathways associated with the DE genes. Our
study demonstrated that chi-miR-99b-3p was an effective facilitator of goat SMSCs and provided
new insights into the mechanisms by which miRNAs regulate skeletal muscle growth in goats.

Keywords: chi-miR-99b-3p; proliferation; apoptosis; goat; Caspase-3; NCOR1

1. Introduction

As an economically important agricultural animal, the goat provides humans with
high-quality and low-cholesterol mutton. Muscle is an important tissue in goats, and
constitutes the main form of mutton. Therefore, the identification of methods to improve
goat muscle development and growth is an important economic problem. The formation
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of animal muscle tissue mainly depends upon the accumulation of proteins and the co-
ordination of muscle cell proliferation, differentiation, and apoptosis, and includes three
main stages: myotube formation, myotube differentiation into muscle fibers, and muscle
fiber growth and maturation [1]. Skeletal muscle satellite cells (SMSCs) have stem-cell-like
properties and are involved in postnatal skeletal muscle regeneration and growth [2—4].
Due to their myogenic and adipogenic differentiation capacity, SMSCs have become a suit-
able model for investigating postnatal muscle growth and intramuscular adipogenesis [5].
The development of SMSCs is a complex and delicate process that is regulated by many
factors, including muscle cell migration, proliferation, differentiation, and apoptosis, and
needs the coordinated control of multiple signal switches. For example, knockdown of
MUSTN1 inhibited the proliferation and differentiation of chicken SMSCs and promoted
the apoptosis of SMSCs, while overexpression of MUSTN1 showed the opposite effect [6],
demonstrating the potential relationship among apoptosis, proliferation, and differentiation
of SMSCs.

MicroRNAs (miRNAs) represent endogenous, small noncoding RNAs with a length of
20~25 bp, and are widely found in many species. They are highly evolutionarily conserved
and play important roles in the complex and dynamic network that regulates development.
miR-487b-3p downregulated IRS1 expression to suppress goat myoblast cell proliferation
and differentiation through the IRS1/PI3K/Akt pathway [4], miR-181a could suppress
SMSC proliferation [2], and miR-223-3p was involved in muscle regeneration via the
regulation of inflammatory cytokine secretion in the skeletal muscle microenvironment [7].

miR-99b-3p is evolutionarily conserved among different species. However, few stud-
ies have investigated the role of miR-99b-3p in goats, as most have been performed on
human cancer cell proliferation. For example, evidence shows that miR-99b-3p can target
protocadherin 19 to promote hepatocellular carcinoma metastasis and cell proliferation [8].
Furthermore, Hsa-miR-99b-3p is considered a novel prognostic marker for oral cancer, as
its increased expression showed a trend toward the advanced tumor stage. In addition,
high hsa-mir-99b-3p expression levels were related to better survival [9]. Here, miR-99b-3p
exerted an antiproliferative effect and arrested gastric cancer cells in the S phase of the
cell cycle by inhibiting cell viability and targeting HoxD3, which is upregulated in GC cell
lines [10]. In addition, miR-99b-3p was reported to contribute to angiotensin-II-induced
cardiac fibrosis in mice [11].

Studies have shown that miRNAs expressed in human skeletal muscle are associ-
ated with muscle size, strength, and mass. Muscle strength and cross-sectional area were
positively correlated with miR-99b-5p expression in middle-aged men [12]. In our pre-
vious study, we found that chi-miR-99b-3p was highly expressed in the muscle tissue
of Chongming white goats during the fast-growing period (7 months old), while it was
downregulated in postweaning goats, which caused growth retardation in early weaned
lambs [13,14]. Therefore, we speculated that chi-miR-99b-3p might be related to muscle
development [13]. Here, we systematically investigated the potential role of chi-miR-99b-3p
in goat SMSCs. Our findings help with understanding the function of miRNAs in skeletal
muscle development and provide a theoretical basis for the molecular breeding of goats.

2. Materials and Methods
2.1. Cell Culture and Cell Transfection

Isolated goat SMSCs (separated from Anhui white goats) were a kind gift from Dr.
Yinghui Ling (College of Animal Science and Technology, Anhui Agricultural University,
Hefei, China). Detailed isolation steps for SMSCs can be found in a previous study [3]. The
9th to 12th generations of satellite cells were used in this study. The SMSCs were cultured
in DMEM/F12 (Gibco, Grand Island, NY, USA) growth media containing 20% FBS (Gibco,
Grand Island, NY, USA) and 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA).
The chi-miR-99b-3p mimic, negative control (NC mimic), chi-miR-99b-3p inhibitor were
transfected into cells using Entranster ™-R4000 reagent (Engreen, Beijing, China) according
to the manufacturer’s protocol. Cells were collected for further analysis at the indicated
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times. Oligonucleotides were designed and synthesized by Shanghai GenePharma Co., Ltd.
(Shanghai, China), and their sequences can be found in Table S1. For cell-differentiation-
related analysis, SMSCs were first cultured in growth media until the cells grew to about
80% density. Differentiation medium, including 2% FBS (Gibco, Grand Island, NY, USA)
and 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA), was used to induce cell
differentiation. Cells collected 1 d after the addition of differentiation medium were used
as the control.

2.2. RNA Isolation and gRT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen, Waltham, MA, USA) and
determined in an ND-2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA),
and the qRT-PCR was performed as previously described [13]. Briefly, the expression
levels of miRNAs and mRNA were determined using qRT-PCR performed on an ABI
QuantStudio 5 PCR System (Applied Biosystems, Foster City, CA, USA) using SYBR Green
PCR Master Mix (Fast Start Universal SYBR Green Master; Roche, Basel, Switzerland).
Primer sequences are listed in Table S2. Glyceraldehyde 3-phosphate dehydrogenase was
used as an endogenous control gene for mRNA, and U6 for miRNA. Relative quantitative
levels were calculated based on the 2~ 22Ct method [4].

2.3. Western Blotting

Total protein was purified from satellite cells using radioimmunoprecipitation assay
(RPMI) buffer (Beyotime, Shanghai, China), and electrophoresed on an 8—12% sodium
dodecyl sulfate polyacrylamide gel, and transferred to polyvinylidene fluoride membranes
(Millipore Sigma, Burlington, MA, USA). Next, the membranes were blocked with 5% (w/v)
bovine serum albumin and incubated with primary antibodies against Caspase-3 (GB11767c;
Servicebio, Wuhan, China), Caspase-7 (27155-1-ap; Proteintech, Chicago, IL, USA), Caspase-9
(GB11053-1; Servicebio, Wuhan, Hubei, China), BCL2 (BF9103; Affinity Biosciences, OH,
USA), and f-actin (8227; Abcam, Cambridge, MA, USA), and visualized using an ECL
Western blot detection kit (Thermo Scientific, Rockford, IL, USA) and ImageQuant LAS
4000 (GE Healthcare, Piscataway, NJ, USA).

2.4. Dual Luciferase Reporter Assay

Wild-type and mutated sequences of the 3'UTR of chi-miR-99b-3p were synthesized
and cloned into psiCHECK-2 plasmid (Promega, Madison, WI, USA). Subsequently, the
plasmids were cotransfected with the miRNA mimic or negative control miRNA into
HEK293T cells. At 30 h post-transfection, luciferase activity was detected using a Dual-
Glo® Luciferase Assay System (Promega) according to the manufacturer’s instructions.

2.5. Cell Proliferation Assays

Cells were seeded into a 96-well plate and cell proliferation was measured using a
cell counting kit-8 (CCK-8) reagent (Beyotime, Shanghai, China) 30 h after transfection
according to the manufacturer’s protocol.

2.6. Transcriptome Sequencing Analysis

Total RNA from the miRNA-treated cells was purified with beads containing oligo
(dT) and then used to generate cDNA with adapter addition to generate cDNA fragments
by PCR. The products were sequenced on a BGISEQ-500 system (BGI, Shenzhen, China).
Clean reads were obtained by removing reads containing adapter, unknown ploy N, and
low-quality reads from the raw data. Bowtie 2 (V2.2.5) (http:/ /bowtie-bio.sourceforge.
net/bowtie2 /index.shtml, Baltimore, USA) (accessed on 2 March 2022) was used to align
the clean reads to produce sets. Differentially expressed genes (DEGs) were quantified
using the cutoff log2 fold changel > 1, p < 0.05 by DESeq2 (https://bioconductor.org/
packages/release/bioc/html/DESeq2.html) (accessed on 2 March 2022). The pathway
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enrichment analysis was performed by searching against the KEGG database. Significant
terms with correction and p < 0.05 were considered statistically significant.

2.7. Small RNA Sequencing Analysis

Total RNA from the miRNA-treated cells was extracted using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) and qualified using an Agilent 2100 Bioanalyzer (Thermo Fisher
Scientific, Waltham, MA, USA). Libraries were prepared with a Small RNA Cloning Kit
(TaKaRa, Dalian, China) and sequenced on a BGISEQ-500 platform (BGI, Shenzhen, China).
Clean tags were mapped against miRBase for miRNA with Bowtie 2 (V2.2.5). MiRanda
(v2.041) (https:/ /www.cs.kent.ac.uk/people/staff/dat/miranda/downloads/cygwin/)
(accessed on 2 March 2022), RNAhybrid (v2.1) (https://bibiserv.cebitec.uni-bielefeld.
de/rnahybrid, Bielefeld, Germany) (accessed on 2 March 2022), and TargetScan (v5.0)
(https:/ /www.targetscan.org/vert_50/, Cambridge, USA) (accessed on 2 March 2022) were
used to predict the target genes of miRNAs. Only overlapping genes were selected as
candidate targets of the DE miRNAs. Then, the candidate targets were further screened
by the DE genes above, and only genes recognized by the DE genes and predicted tar-
gets were considered as candidate genes targeted by the DE miRNAs. To annotate gene
functions, all target genes were aligned against the Kyoto Encyclopedia of Genes (KEGG)
database using phyper in R software (v3.3.1) (https://www.r-project.org/) (accessed on
2 March 2022). Differential expression analysis was performed using DEGseq (v1.4.5)
(https:/ /www.bioconductor.org /packages/release/bioc/html/DEGseq.html) (accessed
on 2 March 2022) under the standard of |log2 fold change | > 1 and Q value < 0.001.
Sequencing data were deposited into the NCBI SRA database with accession number
PRJNA844520. The same total RNA from miRNA treated cells with triplicate biological
replicates was used for transcriptome and small RN A-sequencing analysis.

2.8. DEmiRNA and DEG Interaction Analysis

The interaction network between the DE miRNAs and the DE genes was constructed
using Cytoscape v.3.7.2 software (https:/ /cytoscape.org/release_notes_3_7_2.html) (ac-
cessed on 2 March 2022) as previously described [13].

2.9. Statistical Analysis

One-way analysis of variance and Tukey’s test were used for statistical analysis.
Results are presented as the mean + SEM of at least triplicate replicates. For statistically
significant differences, p < 0.05 was required. All statistical analyses were carried out
using SPSS 24.0 software (https:/ /www.ibm.com/support/pages/downloading-ibm-spss-
statistics-24) (accessed on 2 March 2022).

3. Results
3.1. Caspase-3 and NCOR1 Are Targeted by chi-miR-99b-3p

To determine the molecular function of chi-miR-99b-3p in muscle development, we
first confirmed the mature sequence of chi-miR-99b-3p, and found that it was conserved in
different species (Figure 1a); then, the potential targets of chi-miR-99b-3p were predicted
by miRanda, Pita, and TargetScan software, as shown in Table S3. A total of 35 genes
related to the development of skeletal muscle were predicted to be targeted by chi-miR-
99b-3p. Among them, Caspase-3, histone deacetylase 9 (HDACY), and nuclear receptor
corepressor 1 (NCOR1) were the predicted targets of chi-miR-99b-3p. To further elucidate
the relationship between chi-miR-99b-3p and the above three potential targets, we measured
the expressions of chi-miR-99b-3p, Caspase-3, HDAC9, and NCORI on different days post-
culture of SMSCs during their differentiation (Figure 1b,c). The results showed that the
endogenous expression of chi-miR-99b-3p increased, and the mRNA expressions of Caspase-
3, HDACY, and NCORI decreased at 3 and 5 d of SMSC differentiation (Figure 1c). The
expressions of Caspase-3, HDACY, and NCOR1 were significantly increased on day 7, with
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no significant difference in chi-miR-99b-3p expression between 1 d and 7 d of SMSC
differentiation (Figure 1b).
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Figure 1. Relative expression of chi-miR-99b-3p and potential targets during the differentiation
of SMSCs. (a) chi-miR-99b-3p was conserved across species. (b) Relative expression of chi-miR-
99b-3p during the differentiation of SMSCs. (¢) mRNA expressions of selected targets during the
differentiation of SMSCs. All results are presented as means + SEM. n = 3. * p < 0.05; ** p < 0.01.

We then used a vector psiCHECK-2 to construct 3’-UTR vectors and the corresponding
mutant vectors for the potential target genes NCOR1, HDACY, and Caspase-3. As shown
in Figure 2a,b, enhanced chi-miR-99b-3p significantly inhibited the luciferase activity
of NCOR1-3'-UTR-WT and CASP3-3'-UTR-WT (p < 0.01), but not of HDAC9 NCORI1-
3'-UTR-WT (Figure S1), indicating that NCOR1 and CASP-3 were directly targeted by
chi-miR-99b-3p. Furthermore, the levels of chi-miR-99b-3p and its target genes (Caspase-3
and NCOR1) were measured at 30 h in goat skeletal muscle cells after transfection with a
chi-miR-99b-3p mimic or inhibitor, and revealed that enhanced chi-miR-99b-3p expression
repressed the mRNA expression of Caspase-3 and NCOR1, whereas they were increased
after the transfection with a chi-miR-99b-3p inhibitor (Figure 2c).
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Figure 2. Cont.
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Figure 2. Caspase-3 and NCOR1 are the target genes of chi-miR-99b-3p. (a) Diagram depicting the
binding sites of chi-miR-99b-3p on the 3/-UTR of Caspase-3 and NCOR1 (highlighted in red). (b)
Detection of relative luciferase activity. wt, wild-type. mut, mutant-type. All results are presented
as means £ SEM. n = 3. * p < 0.05; ** p < 0.01. (c) Overexpression or suppression of chi-miR-99b-3p
impacted the expressions of Caspase-3 and NCOR1 at the mRNA level.

3.2. chi-miR-99b-3p Targets Caspase-3 and NCOR1 to Regulate Cell Proliferation
and Differentiation

Compared with NC, the mRNA and protein expressions of the apoptosis-related genes
Caspase-9, 7, and BCL2 were all successfully downregulated by the miR-99b-3p mimic, but
were activated after transfection with the miR-99b-3p inhibitor (Figure 3a). The effects of
cell viability and cell-differential-related gene expression at 30 h post-transfection were
further analyzed (Figure 3b,c). Overexpression of miR-99b-3p significantly increased cell
viability and inhibited the protein levels of BCL2, while the mRNA expression levels of
apoptosis-related genes Caspase-9, Caspase-7, and BCL2 were significantly increased in
SMSCs after chi-miR-99b-3p downregulation compared with the control mimic-treated
SMSCs (Figure 3a). Additionally, the mRNA expression levels of MyoG and Pax7 were
significantly increased in chi-miR-99b-3p-inhibited cells (Figure 3c).
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Figure 3. Cont.
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Figure 3. chi-miR-99b-3p regulates cell proliferation and differentiation via the intrinsic apop-
totic pathway. (a) mRNA and protein levels of apoptosis-related genes after transfection with
chi-miR-99b-3p mimic or inhibitor. (b) Cell counts detected by CCK-8 analysis. (c) mRNA levels of
differentiation-related genes after transfection with chi-miR-99b-3p mimic or inhibitor. * p < 0.05;
** p < 0.01. Original Figure 3a in Figure S2.

3.3. mRNA Profile Analysis after Upregulation of chi-miR-99b-3p

Using mRNA sequencing analysis, 1490 DE genes were obtained |log2 fold change
| >1 and Q value < 0.001 in miR-99b-3p mimic-transfected cells compared with the NC
miRNA-treated cells (Figure 4a). Further functional analysis of these DE genes showed that
after overexpression of chi-miR-99b-3p, the DEGs in the skeletal muscle cells were mainly
involved in the cell cycle, relaxin signaling pathway, DNA replication, and protein digestion
and absorption (Figure 4b), demonstrating that chi-miR-99b-3p was mainly involved in
cell cycle regulation. In addition, the DE genes associated with the cell cycle process are
listed in Table S4. Most of the cell-cycle-related genes were downregulated in SMSCs
after chi-miR-99b-3p upregulation; among them, the pro-apoptosis-related gene BCL2,
which is demonstrated to be downregulated in Figure 3a, was decreased in chi-miR-99b-3p
upregulated cells based on sequencing data. However, we did not see downregulation
of Caspase-3 or NCOR1 in the SMSCs after chi-miR-99b-3p upregulation, based on the
filter condition of |log2 fold change | > 1 and Q value < 0.001. In addition, we also
found 34 genes, including SH2D4A, ABCB10, BSGNT6, OPCML, and SPATA13, predicted
to be candidate targets of chi-miR-99b-3p, which were downregulated in the cells after
miR-99b-3p upregulation (Table S5).
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Figure 4. Differentially expressed mRNAs after chi-miR-99b-3p up-regulation. (a) A volcano plot
representing DEGs after chi-miR-99b-3p overexpression (b) Functional enrichment analysis of DE genes.
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3.4. miRNA Profile Analysis after chi-miR-99b-3p Upregulation

To evaluate the potential miRNAs influenced by chi-miR-99b-3p upregulation, small
RNA-sequencing analysis was performed, and the DE miRNAs are shown in Table S6.
Here, chi-miR-99b-3p upregulation induced 47 DE miRNAs, of which 16 were upregulated
and 31 downregulated, including 30 known mature miRNAs (Figure 5a) and 17 novel
miRNAs. Among them, chi-miR-199¢-3p, chi-miR-199a-3p, chi-let-7c-3p, chi-let-7c-5p,
chi-miR-10a-5p, chi-miR-125b-3p, and chi-miR-99a-5p represented the seven most highly
expressed miRNAs in SMSCs after chi-miR-99b-3p upregulation. We next explored the
potential targets of the DE miRNAs by screening the DE genes mentioned above, and over-
lapping genes were considered as candidate genes targeted for the DE miRNAs (Table S7),
and were subsequently used for KEGG analysis. Further functional analysis revealed
that these DE miRNAs were involved in the cell cycle, relaxin signaling pathway, DNA
replication, and protein digestion and absorption (Figure 5b), and this was consistent with
the results seen for the DE genes (Figure 4b).
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Figure 5. Differentially expressed miRNA expression in SMSCs after miR-99b-3p overexpression.
(a) Heat map of known DE miRNAs in SMSCs after chi-miR-99b-3p overexpression. (b) KEGG
functional analysis DE miRNA in SMSCs after chi-miR-99b-3p upregulation.
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3.5. Integration Analysis of the DE miRNAs and DEGs

As shown in Figure 6, most miRNAs had multiple potential target genes, while
different miRNAs could regulate the same target. For example, miR-671-5p was the
regulator of TTC4, CASQ2, ORC1, SLC6A17, and AQP7; whereas miR-199a-3p, miR-199b-
3p, and miR-199¢-3p, which belong to the miR-199 cluster, could regulate the expressions of
ITGA6 and TXNIP. In addition, chi-miR-99b-3p could regulate ORC1, SLC6A17, and TTC4,
which were downregulated in SMSCs after miR-99b-3p overexpression (Table S3).
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Figure 6. miRNA-mRNA interaction network in SMSCs after miR-99b-3p overexpression. DE miRNAs
and mRNAs were considered.

4. Discussion

Skeletal muscle is the most abundant tissue in the body and possesses remarkable
regenerative capacity. It consists of a diversity of cell types including multinucleated
myofibers, SMSCs, endothelial cells, pericytes, mesenchymal progenitor cells, and immune
cells [15]. SMSCs participate in postnatal muscle growth and regeneration in animals,
which has been shown to be regulated by miRNAs [2,16]. For example, BMP2 is targeted
by miR-378 to regulate the proliferation of sheep myoblast [17] and inhibit apoptosis
in skeletal muscle [16]. miR-181a regulates the proliferation and differentiation of Hu
sheep SMSCs by directly targeting YAP1 [2]. Here, we found that miR-99b-3p was able to
promote cell proliferation and inhibit apoptosis in Anhui white goat SMSCs by blocking
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the intrinsic apoptosis pathway via targeting caspase-3 and NCOR1. Moreover, integrated
mRNA-miRNA analysis revealed that the overexpression of miR-99b-3p upregulated
several cell-cycle-associated miRNAs that regulate the cell cycle in SMSCs. These results
suggested that miR-99b-3p is an important component of skeletal muscle development.

Skeletal muscle development relies on the proliferation, differentiation, and regenera-
tion of SMSCs to form new myofibers [15,18]. The myogenic regulatory factors, MyoD and
MyoG, are the core components of the myogenic pathway, which play important roles dur-
ing myogenesis and skeletal muscle differentiation [19]. Pax7 is only expressed in satellite
cells and is involved in regulating the self-renewal of adult skeletal muscle [20]. We found
that the expression levels of MyoG and Pax7 significantly increased after miR-99b-3p down-
expression, while no significant difference was found with miR-99b-3p overexpression.
Furthermore, we detected the expression level of miR-99b-3p during the differentiation
process, and found that it first increased but then decreased, while the mRNA expression
levels of Caspase-3 and NCOR1 were opposite to that of chi-miR-99b-3p. Additionally, the
dual-luciferase reporter system confirmed the binding relationship between miR-99b-3p
and Caspase-3, as well as NCOR1. These results indicated that miR-99b-3p might par-
ticipate in the cell cycle regulation process of SMSCs. Additionally, we found that the
expression levels of MyoD and MyoG gradually increased during the differentiation process
(Figure S3), especially in the 7 d of SMSCs differentiation, when the expression of chi-miR-
99b-3p decreased. However, whether chi-miR-99b-3p is related to the regulation of cell
differentiation needs to be further explored.

Caspases are the main initiators of apoptosis and play crucial roles in mammals.
caspase-8, -9 and -10 are initiator caspases, involved in the onset and amplification of
apoptosis; caspase-3, -6, and -7 are effector caspases, involved in the execution of apop-
totic programs [21]. High expression of caspase-3 was associated with augmented muscle
protein catabolism and promoted apoptosis of SMSCs in hemodialysis patients [22]. Down-
regulation of Caspase-3 protects denervation-induced muscle atrophy through inhibiting
apoptosis [23]. Furthermore, NCORI is a master regulator of mitochondrial metabolism in
muscle, which is inversely associated with key mitochondrial and MyoGenic genes [24].
These studies found that NCOR1-null mice had increased muscle mass, which was ac-
companied by increases in the number and activity of mitochondria in muscle cells, and
significantly enhanced exercise capacity [25]. In addition, a previous study found that
miR-99b-3p promoted the proliferation of hepatocellular carcinoma [8]. Here, we consis-
tently found that miR-99b-3p inhibited the expressions of caspase-3, -7, -9, and BCL2, which
promoted the intrinsic apoptotic pathway [26]. In addition, CCK-8 assays showed that the
miR-99b-3p mimic promoted cell proliferation, while the miR-99b-3p inhibitor suppressed
cell proliferation. Caspase-3 and NCORI are direct targets of miR-99b-3p. Thus, our findings
indicated that miR-99b-3p might act as a “gatekeeper” for the intrinsic apoptotic pathway
in skeletal muscle, which provides further insights into the mechanisms underlying the
regulation of intrinsic skeletal muscle apoptosis.

To further investigate the detailed regulatory role of miR-99b-3p in skeletal muscle,
RNA sequencing was used to assess the integrated miRNA-mRNA network changes after
miR-99b-3p upregulation in SMSCs. We identified that the DE genes were enriched in
the pathways associated with cell cycle, relaxin signaling, DNA replication, and protein
digestion and absorption. Among them, the cell cycle pathway was the most enriched
pathway, and the 48 DE genes were screened to participate in this pathway. Most of
the DE genes were significantly downregulated in SMSCs after miR-99b-3p upregulation,
including the pro-apoptosis-related gene BCL2, further suggesting that overexpression of
miR-99b-3p can inhibit apoptosis in SMSCs. However, we did not find any downregulation
of Caspase-3 or NCOR1 in SMSCs after miR-99b-3p overexpression by sequencing, which
might have been due to the limitation of sequencing depth.

Additionally, we found that several miRNAs, including miR-199¢-3p, miR-199a-3p,
let-7¢-3p, let-7c-5p, miR-10a-5p, miR-125b-3p, and miR-99a-5p, were highly expressed in
SMSCs after miR-99b-3p upregulation, and these have been reported to enhance muscle
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regeneration [27-30] or promote cell proliferation in some cancers [31-33]. Furthermore,
miR-199¢-3p, miR-199a-3p, miR-99a-3p, and miR-99b-3p belong to the same miRNA cluster,
suggesting that overexpression of miR-99b-3p induces the expression of a series of cell
cycle regulation related miRNAs, further promoting cell proliferation and differentiation in
SMSCs. Subsequently, KEGG enrichment analysis of these DE miRNAs revealed that most
of the DE genes were predicted to be targeted by the DE miRNAs and were involved in the
cell cycle process, further confirming a role for miR-99b-3p in SMSCs.

Although we identified potential miRNA-mRNA interactions regulated by miR-99b-3p
and involved in goat skeletal muscle development, it is worth noting that further ex-
perimental studies are required to validate these miRNA-mRNA interactions in goat
skeletal development.

5. Conclusions

The results of this preliminary study confirmed that chi-miR-99b-3p is an miRNA
associated with the proliferation and differentiation of goat SMSCs. Overexpression of miR-
99b-3p promoted SMSC proliferation by targeting Caspase-3 and NCOR1 and inhibiting
the expression of apoptosis-related genes. Upregulation of miR-99b-3p promoted the
expression of several miRNAs including miR-199¢-3p, miR-199a-3p, let-7c-3p, let-7c-5p,
miR-10a-5p, miR-125b-3p, and miR-99a-5p, which are closely related to differentiation,
proliferation, and apoptosis. These results suggested that miR-99b-3p may regulate the
differentiation, proliferation, and apoptosis of SMSCs through Caspase-3 and NCOR1
in goats.
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Table S1: Mimic/inhibitor sequence used in this study; Table S2: Details of primer sequence used in
this study; Table S3: Potential targets of chi-miR-99b-3p involved in the regulation of skeletal muscle
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miR-99b-3p screened by DE genes; Table S6: List of DE miRNA in SMSCs after chi-miR-99b-3p upreg-
ulation; Table S7: Overlapping genes screened by DE genes and predicted targeted of DE miRNAs.

Author Contributions: Conceptualization, R.L. and L.Z.; methodology, Y.L. (Yuexia Lin) and ].D.;
software, L.Z.; validation, R.L. and Y.L. (Yuhua Lv), ].D. and D.Z.; formal analysis, R.L.; investigation,
L.Z.; resources, Y.L. (Yuexia Lin); writing—original draft preparation, R.L.; writing—review and
editing, R.L., D.Z. and Y.L. (Yuexia Lin); visualization, L.Z.; supervision, Y.L. (Yuexia Lin); funding
acquisition, R.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. 31902149).

Institutional Review Board Statement: The research was conducted according to the approved
protocols of the Ethics and Animal Welfare Committee of the Shanghai Academy of Agricultural
Sciences (Ethic approval number: SAASPZ0521040).

Informed Consent Statement: Not applicable.

Data Availability Statement: The results from data analyses performed in this study are included in
this article and the tables. The raw sequencing data were deposited into the NCBI SRA database with
the free accession number PRJNA844520.

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


https://www.mdpi.com/article/10.3390/ani12182368/s1
https://www.mdpi.com/article/10.3390/ani12182368/s1

Animals 2022, 12, 2368 12 0f13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Mukund, K.; Subramaniam, S. Skeletal muscle: A review of molecular structure and function, in health and disease. Wiley
Interdiscip. Rev. Syst. Biol. Med. 2020, 12, e1462. [CrossRef] [PubMed]

He, M.; Zhang, W.; Wang, S.; Ge, L.; Cao, X.; Wang, S.; Yuan, Z.; Lv, X.; Getachew, T.; Mwacharo, ].M.; et al. MicroRNA-181a
regulates the proliferation and differentiation of Hu sheep skeletal muscle satellite cells and targets the YAP1 gene. Genes 2022,
13, 520. [CrossRef] [PubMed]

Sui, M,; Zheng, Q.; Wu, H.; Zhu, L,; Ling, Y.; Wang, L.; Fang, F,; Liu, Y,; Zhang, Z.; Chu, M.; et al. The expression and regulation
of miR-1 in goat skeletal muscle and satellite cell during muscle growth and development. Anim. Biotechnol. 2020, 31, 455-462.
[CrossRef] [PubMed]

Lyu, M.; Wang, X.; Meng, X.; Qian, H; Li, Q.; Ma, B.; Zhang, Z.; Xu, K. Chi-miR-487b-3p inhibits goat myoblast proliferation
and differentiation by targeting IRS1 through the IRS1/PI3K/ Akt signaling pathway. Int. J. Mol. Sci. 2021, 23, 115. [CrossRef]
[PubMed]

Zhuge, A,; Li, B; Yuan, Y;; Lv, L.; Li, Y.; Wu, J; Yang, L.; Bian, X;; Wang, K.; Wang, Q.; et al. Lactobacillus salivarius LI01
encapsulated in alginate-pectin microgels ameliorates D-galactosamine-induced acute liver injury in rats. Appl. Microbiol.
Biotechnol. 2020, 104, 7437-7455. [CrossRef] [PubMed]

Hu, Z.; Xu, H.; Ly, Y,; He, Q.; Yan, C.; Zhao, X,; Tian, Y.; Yang, C.; Zhang, Z.; Qiu, M.; et al. MUSTN1 is an indispensable factor
in the proliferation, differentiation and apoptosis of skeletal muscle satellite cells in chicken. Exp. Cell Res. 2021, 407, 112833.
[CrossRef] [PubMed]

Cheng, N.; Liu, C; Li, Y;; Gao, S.; Han, Y.C.; Wang, X,; Du, J.; Zhang, C. MicroRNA-223-3p promotes skeletal muscle regeneration
by regulating inflammation in mice. J. Biol. Chem. 2020, 295, 10212-10223. [CrossRef]

Yao, X.; Zhang, H.; Liu, Y.; Liu, X.; Wang, X.; Sun, X.; Cheng, Y. MiR-99b-3p promotes hepatocellular carcinoma metastasis and
proliferation by targeting protocadherin 19. Gene 2019, 698, 141-149. [CrossRef]

Jakob, M.; Mattes, L.M.; Kiiffer, S.; Unger, K.; Hess, J.; Bertlich, M.; Haubner, E; Ihler, F.; Canis, M.; Weiss, B.G.; et al. MicroRNA
expression patterns in oral squamous cell carcinoma: Hsa-miR-99b-3p and hsa-miR-100-5p as novel prognostic markers for oral
cancer. Head Neck 2019, 41, 3499-3515. [CrossRef]

Chang, S.; Gao, Z.; Yang, Y.; He, K.; Wang, X.; Wang, L.; Gao, N.; Li, H.; He, X.; Huang, C. MiR-99b-3p is induced by vitamin
D3 and contributes to its antiproliferative effects in gastric cancer cells by targeting HoxD3. Biol. Chem. 2019, 400, 1079-1086.
[CrossRef]

Yu, YH.; Zhang, Y.H.; Ding, Y.Q.; Bi, X.Y,; Yuan, J.; Zhou, H.; Wang, PX,; Zhang, L.L.; Ye, ].T. MicroRNA-99b-3p promotes
angiotensin II-induced cardiac fibrosis in mice by targeting GSK-3f. Acta Pharmacol. Sin. 2021, 42, 715-725. [CrossRef]

Mitchell, C.J.; D’Souza, R.E; Schierding, W.; Zeng, N.; Ramzan, F.; O’Sullivan, ].M.; Poppitt, S.D.; Cameron-Smith, D. Identification
of human skeletal muscle miRNA related to strength by high-throughput sequencing. Physiol. Genom. 2018, 50, 416-424.
[CrossRef]

Liao, R;; Lv, Y,; Zhu, L; Lin, Y. Altered expression of miRNAs and mRNAs reveals the potential regulatory role of miRNAs in the
developmental process of early weaned goats. PLoS ONE 2019, 14, e0220907. [CrossRef]

Wang, S.; Ma, T.; Zhao, G.; Zhang, N.; Tu, Y.; Li, E; Cui, K; Bi, Y.; Ding, H.; Diao, Q. Effect of age and weaning on growth
performance, rumen fermentation, and serum parameters in lambs fed starter with limited ewe-lamb interaction. Animals 2019,
9, 825. [CrossRef]

Asakura, A.; Hirai, H.; Kablar, B.; Morita, S.; Ishibashi, J.; Piras, B.A.; Christ, A.J.; Verma, M.; Vineretsky, K.A.; Rudnicki, M. A.
Increased survival of muscle stem cells lacking the MyoD gene after transplantation into regenerating skeletal muscle. Proc. Natl.
Acad. Sci. USA 2007, 104, 16552-16557. [CrossRef]

Li, Y; Jiang, J.; Liu, W.; Wang, H.; Zhao, L.; Liu, S.; Li, P; Zhang, S.; Sun, C.; Wu, Y,; et al. MicroRNA-378 promotes autophagy and
inhibits apoptosis in skeletal muscle. Proc. Natl. Acad. Sci. USA 2018, 115, E10849-E10858. [CrossRef]

Lu, Z; Du, L; Liu, R.; Dj, R; Zhang, L.; Ma, Y.; Li, Q.; Liu, E.; Chu, M.; Wei, C. MiR-378 and BMP-Smad can influence the
proliferation of sheep myoblast. Gene 2018, 674, 143-150. [CrossRef]

Kowalski, K.; Kotodziejczyk, A.; Sikorska, M.; Placzkiewicz, J.; Cichosz, P.; Kowalewska, M.; Streminiska, W.; Jaiczyk-Ilach, K,;
Koblowska, M.; Fogtman, A.; et al. Stem cells migration during skeletal muscle regeneration-the role of Sdf-1/Cxcr4 and
Sdf-1/Cxcr7 axis. Cell Adhes. Migr. 2017, 11, 384-398. [CrossRef]

Zanou, N.; Gailly, P. Skeletal muscle hypertrophy and regeneration: Interplay between the myogenic regulatory factors (MRFs)
and insulin-like growth factors (IGFs) pathways. Cell. Mol. Life Sci. 2013, 70, 4117-4130. [CrossRef]

Chen, Y,; Lin, G.; Slack, ].M. Control of muscle regeneration in the Xenopus tadpole tail by Pax7. Development 2006, 133, 2303-2313.
[CrossRef]

Budihardjo, I.; Oliver, H.; Lutter, M.; Luo, X.; Wang, X. Biochemical pathways of caspase activation during apoptosis. Annu. Rev.
Cell Dev. Biol. 1999, 15, 269-290. [CrossRef]

Boivin, M.A,; Battah, S.I.; Dominic, E.A.; Kalantar-Zadeh, K.; Ferrando, A.; Tzamaloukas, A.H.; Dwivedi, R.; Ma, T.A.; Moseley, P,;
Raj, D.S. Activation of caspase-3 in the skeletal muscle during haemodialysis. Eur. J. Clin. Investig. 2010, 40, 903-910. [CrossRef]
Plant, PJ.; Bain, ].R.; Correa, J.E.; Woo, M.; Batt, ]. Absence of caspase-3 protects against denervation-induced skeletal muscle
atrophy. J. Appl. Physiol. (1985) 2009, 107, 224-234. [CrossRef]


http://doi.org/10.1002/wsbm.1462
http://www.ncbi.nlm.nih.gov/pubmed/31407867
http://doi.org/10.3390/genes13030520
http://www.ncbi.nlm.nih.gov/pubmed/35328074
http://doi.org/10.1080/10495398.2019.1622555
http://www.ncbi.nlm.nih.gov/pubmed/31179830
http://doi.org/10.3390/ijms23010115
http://www.ncbi.nlm.nih.gov/pubmed/35008541
http://doi.org/10.1007/s00253-020-10749-y
http://www.ncbi.nlm.nih.gov/pubmed/32666187
http://doi.org/10.1016/j.yexcr.2021.112833
http://www.ncbi.nlm.nih.gov/pubmed/34536390
http://doi.org/10.1074/jbc.RA119.012263
http://doi.org/10.1016/j.gene.2019.02.071
http://doi.org/10.1002/hed.25866
http://doi.org/10.1515/hsz-2019-0102
http://doi.org/10.1038/s41401-020-0498-z
http://doi.org/10.1152/physiolgenomics.00112.2017
http://doi.org/10.1371/journal.pone.0220907
http://doi.org/10.3390/ani9100825
http://doi.org/10.1073/pnas.0708145104
http://doi.org/10.1073/pnas.1803377115
http://doi.org/10.1016/j.gene.2018.06.039
http://doi.org/10.1080/19336918.2016.1227911
http://doi.org/10.1007/s00018-013-1330-4
http://doi.org/10.1242/dev.02397
http://doi.org/10.1146/annurev.cellbio.15.1.269
http://doi.org/10.1111/j.1365-2362.2010.02347.x
http://doi.org/10.1152/japplphysiol.90932.2008

Animals 2022, 12, 2368 13 0f 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yamamoto, H.; Williams, E.G.; Mouchiroud, L.; Cant6, C.; Fan, W.; Downes, M.; Héligon, C.; Barish, G.D.; Desvergne, B.;
Evans, RM,; et al. NCoR1 is a conserved physiological modulator of muscle mass and oxidative function. Cell 2011, 147, 827-839.
[CrossRef]

NCoR1 builds bigger muscles in mice. Bonekey Rep. 2012, 1, 15. [CrossRef]

Opdenbosch, V.N.; Lamkanfi, M. Caspases in Cell Death, Inflammation, and Disease. Immunity 2019, 50, 1352-1364. [CrossRef]
Fukuoka, M.; Fujita, H.; Numao, K.; Nakamura, Y.; Shimizu, H.; Sekiguchi, M.; Hohjoh, H. MiR-199-3p enhances muscle
regeneration and ameliorates aged muscle and muscular dystrophy. Commun. Biol. 2021, 4, 427. [CrossRef] [PubMed]

Huang, Y.; Yu, M.; Kuma, A.; Klein, ].D.; Wang, Y.; Hassounah, F; Cai, H.; Wang, X.H. Downregulation of let-7 by electrical
acupuncture increases protein synthesis in mice. Front. Physiol. 2021, 12, 697139. [CrossRef] [PubMed]

Cao, X,; Tang, S.; Du, E; Li, H; Shen, X,; Li, D.; Wang, Y.; Zhang, Z.; Xia, L.; Zhu, Q.; et al. MiR-99a-5p regulates the proliferation
and differentiation of skeletal muscle satellite cells by targeting MTMR3 in chicken. Genes 2020, 11, 369. [CrossRef] [PubMed]
Qiu, J.; Zhu, J.; Zhang, R.; Liang, W.; Ma, W.; Zhang, Q.; Huang, Z.; Ding, F.; Sun, H. MiR-125b-5p targeting TRAF6 relieves
skeletal muscle atrophy induced by fasting or denervation. Ann. Transl. Med. 2019, 7, 456. [CrossRef] [PubMed]

Chen, Z.; Liu, ]. MicroRNA-let-7 Targets HMGAZ2 to Regulate the Proliferation, Migration, and Invasion of Colon Cancer Cell
HCT116. Evid. Based Complement Alternat. Med. 2021, 2021, 2134942. [CrossRef]

Wang, W.; Zhan, R.; Zhou, J.; Wang, ]J.; Chen, S. MiR-10 targets NgR to modulate the proliferation of microglial cells and the
secretion of inflammatory cytokines. Exp. Mol. Pathol. 2018, 105, 357-363. [CrossRef]

Peng, T.; Peng, ].].; Miao, G.Y,; Tan, Z.Q.; Liu, B.; Zhou, E. MiR-125/CDK?2 axis in cochlear progenitor cell proliferation. Mol. Med.
Rep. 2021, 23, 102. [CrossRef]


http://doi.org/10.1016/j.cell.2011.10.017
http://doi.org/10.1038/bonekey.2012.16.eCollection2012
http://doi.org/10.1016/j.immuni.2019.05.020
http://doi.org/10.1038/s42003-021-01952-2
http://www.ncbi.nlm.nih.gov/pubmed/33782502
http://doi.org/10.3389/fphys.2021.697139
http://www.ncbi.nlm.nih.gov/pubmed/34489723
http://doi.org/10.3390/genes11040369
http://www.ncbi.nlm.nih.gov/pubmed/32235323
http://doi.org/10.21037/atm.2019.08.39
http://www.ncbi.nlm.nih.gov/pubmed/31700892
http://doi.org/10.1155/2021/2134942
http://doi.org/10.1016/j.yexmp.2018.10.006
http://doi.org/10.3892/mmr.2020.11741

	Introduction 
	Materials and Methods 
	Cell Culture and Cell Transfection 
	RNA Isolation and qRT-PCR 
	Western Blotting 
	Dual Luciferase Reporter Assay 
	Cell Proliferation Assays 
	Transcriptome Sequencing Analysis 
	Small RNA Sequencing Analysis 
	DEmiRNA and DEG Interaction Analysis 
	Statistical Analysis 

	Results 
	Caspase-3 and NCOR1 Are Targeted by chi-miR-99b-3p 
	chi-miR-99b-3p Targets Caspase-3 and NCOR1 to Regulate Cell Proliferation and Differentiation 
	mRNA Profile Analysis after Upregulation of chi-miR-99b-3p 
	miRNA Profile Analysis after chi-miR-99b-3p Upregulation 
	Integration Analysis of the DE miRNAs and DEGs 

	Discussion 
	Conclusions 
	References

