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Abstract

MicroRNAs (miRNAs) are endogenous non-coding small RNAs that can target
and regulate the expression of numerous genes, thereby participating in the reg-
ulation of various biological processes. The growth and development of animal
muscle tissue is a complex process that is precisely controlled by numerous reg-
ulatory factors. This review summarizes the expression patterns and regulatory
mechanisms of miRNAs, particularly muscle-specific miRNAs, during animal
muscle growth and development.
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Abstract

MicroRNAs (miRNAs) are endogenous non-coding small RNAs that regulate
the expression of numerous target genes, thereby participating in the modula-
tion of various life activities. The growth and development of animal muscle
tissue is a complex process under precise control by multiple regulatory factors.
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This review summarizes the expression patterns and regulatory mechanisms of
miRNAs, particularly muscle-specific miRNAs, during animal muscle growth
and development.

Keywords: microRNAs; muscle; muscle cell; muscle-specific miRNA

Muscle is an extremely important tissue and organ in animals, and its normal
growth and development ensures proper functioning of the locomotor system
and maintains energy metabolism balance. Additionally, the number, type,
and status of muscle fibers profoundly influence meat quality. Muscle forma-
tion and development generally comprise three stages: myoblast differentiation
and formation, myoblast migration and proliferation, and multinucleated my-
ocyte/myotube formation [1]. Muscle cells are the basic units of muscle tis-
sue; their number stabilizes during late embryonic development, while postna-
tal growth involves muscle cell hypertrophy and increased muscle fiber number
[2]. Furthermore, extensive muscle cell proliferation also occurs during muscle
trauma repair in animals.

Muscle tissue growth and development is a complex regulatory process in which
muscle precursor cells differentiate into multinucleated myocytes (myotubes)
under precise control by numerous factors. Sequential expression of myogenic
regulatory factors such as myogenic factor 5 (Myf5), myogenic determination
gene (MyoD), muscle regulatory factors-4 (Mrf4), and myogenin (MyoG), along
with MADS homeobox proteins, zinc finger proteins, and Wnt family members,
plays crucial roles in muscle cell formation, differentiation, and muscle tissue
morphogenesis [2-6].

1. Generation and Regulation of MicroRNAs (miRNA)

miRNAs are a class of regulatory non-coding small RNAs widely present in
animals and plants. In eukaryotic genomes, primary miRNA transcripts (pri-
miRNAs) are typically located in intergenic or intronic regions. Under the
action of Drosha (a member of the RNase III family) and its cofactor Pasha [a
double-stranded RNA (dsRNA) binding protein], pri-miRNAs are processed into
precursor miRNAs (pre-miRNAs) of approximately 70 nucleotides with a stem-
loop structure. Subsequently, RNA-GTP and exportin 5 transport pre-miRNAs
to the cytoplasm, where Dicer (another RNase III family member) cleaves them
into functional mature miRNAs of about 22 nucleotides. Compared with other
non-coding RNAs such as long non-coding RNAs, circular RNAs, and piRNAs,
the regulatory mechanism of miRNAs is relatively straightforward. The 2-8
nucleotides at the 5 end of mature miRNAs constitute the “seed sequence,”
which can bind complementarily to the 3 untranslated region (3 UTR) of tar-
get genes, guiding the silencing complex to degrade target mRNAs or repress
their translation [7-8]. The generation and regulatory mechanism of miRNAs is
illustrated in Figure 1 [Figure 1: see original paper]| [9].
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The number of identified and confirmed miRNAs in animals continues to grow.
The miRBase database (v21.0) has cataloged 1,920 mouse, 430 porcine, and
1,009 chicken mature miRNAs. These numerous miRNAs can function individ-
ually or form coordinated regulatory networks. Notably, many miRNA genes
are clustered on chromosomes (forming miRNA clusters), often located within
a single polycistron and co-expressed to exert synergistic regulatory functions
in embryonic development, cell cycle, and cell differentiation [10]. Typically,
one miRNA can regulate up to hundreds of target mRNAs, while a single gene
may simultaneously be targeted by multiple miRNAs [11]. Through regulation
of numerous target genes, miRNAs participate in various life activities, includ-
ing cell proliferation, differentiation, apoptosis, stress response, intracellular
metabolism, and signal transduction [11-12].

2. Expression Patterns of miRNA

miRNA expression exhibits tissue specificity. Babak et al. [13] used microarrays
to detect miRNA expression in 17 different mouse tissues and found that at
least half of the 78 detected miRNAs showed tissue-specific distribution. Liang
et al. [14] examined 345 miRNAs across 40 human organs and, through clus-
ter analysis, categorized them into eight tissue-specific expression groups: mus-
cle, gastrointestinal tract/epithelial cells, brain, brain/peripheral blood mononu-
clear cells, heart, liver, placenta, and testis. miRNA expression patterns also
display temporal specificity. In adult mice [15] and pigs [14], over 100 miR-
NAs are stably expressed in muscle tissue, with most showing low expression
during embryonic and early growth stages that increases significantly with an-
imal growth, while a minority exhibit the opposite trend. Additionally, some
miRNAs demonstrate wave-like expression patterns over time [16].

Normal miRNA expression is essential for muscle formation and growth. Dicer
is a necessary endonuclease for mature miRNA processing in mammals. Condi-
tional knockout of Dicer in mice results in impaired skeletal muscle development
with hypoplasia [17], demonstrating the critical importance of miRNAs for skele-
tal muscle development. Moreover, muscle-related diseases such as cardiac and
skeletal muscle hypertrophy, muscle atrophy, and heart failure are all accompa-
nied by significant abnormal miRNA expression [17-19].

Muscle cells specifically express or highly express certain miRNAs, which
are considered muscle-specific miRNAs, such as skeletal muscle-specific miR-
1, miR-133, and miR-206, and cardiac muscle-specific miR-208a/b. Most
muscle-specific miRNAs can directly or indirectly act on myogenic genes like
Myf5 and MyoD, thereby influencing muscle cell proliferation, differentiation,
and apoptosis. Additionally, some non-muscle-specific miRNAs in muscle
cells have been confirmed to participate in molecular regulatory networks
affecting muscle cell growth. These miRNAs either directly target regulators of
muscle cell proliferation and differentiation or indirectly participate in muscle
cell activities through intracellular signal transduction and transcriptional
regulation. Furthermore, normal miRNA expression not only plays important
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roles in embryonic muscle cell formation but also significantly impacts muscle
repair after injury in adults.

With rapid development of high-throughput sequencing and microarray tech-
nologies, increasing numbers of miRNAs involved in muscle growth regulation
have been discovered and confirmed. Many miRNAs show not only tissue-
specific expression but also distinct differences among different muscle types.
Nie [20] used Solexa sequencing to identify 363 miRNAs expressed in both
porcine longissimus dorsi and psoas major muscles, with 193 showing significant
expression differences, possibly related to muscle fiber type differences. Ma et
al. [21] constructed small RNA libraries from porcine red muscle, white mus-
cle, and mixed muscle fibers, revealing differential miRNA expression among
different muscle types (Figure 2 [Figure 2: see original paper]). These stud-
ies suggest that future research should more rigorously distinguish differential
miRNA regulation of muscle fiber types and functions.

3. Regulation of Animal Skeletal Muscle by miRNA and
Its Mechanisms

3.1 Muscle-Specific miRNAs

miR-1, miR-133a, and miR-206 are among the most extensively studied muscle-
specific miRNAs. They are highly expressed only in animal heart and skeletal
muscle, regulating muscle cell proliferation and differentiation and representing
key factors in muscle formation. In the mouse genome, miR-1, miR-~133, and
miR-206 form three gene clusters: miR-1-2 and miR-133a-1 on chromosome
18, miR~1-1 and miR~133a-2 on chromosome 2, and miR-206 and miR-133b on
chromosome 1. These can form bicistronic transcripts for simultaneous tran-
scription, though their regulatory functions differ. Additionally, newly discov-
ered miRNAs such as miR-208a/b, miR-486, and miR-499 are also considered
muscle-specific.

Chen et al. [22] first reported that miR-1 could target histone deacetylase 4
(HDAC4) to promote muscle growth. In 2010, Chen et al. [23] further demon-
strated that miR-1 and miR-206 promote skeletal muscle satellite cell differen-
tiation while significantly inhibiting proliferation. Paired box gene 7 (Pax7), a
member of the Pax gene family, can induce pluripotent stem cells to become
myogenic cells, with muscle stem cell emergence depending on normal Pax3 and
Pax7 expression. Chen et al. [23] confirmed Pax7 as a direct common target
of miR-1 and miR~206, which influence muscle cell development by regulating
Pax7 expression. Downregulating miR-1 and miR-206 increases Pax7 protein
levels and promotes muscle cell proliferation, while their deficiency decreases
Pax7 expression and inhibits differentiation. Subsequent studies confirmed the
key regulatory roles of miR-1 and miR-206 in C2C12 cell differentiation [24].
Nakajima et al. [25] compared differential regulatory effects of miR-1 on myo-
genic, osteogenic, and adipogenic differentiation of C2C12 cells, finding that
miR-1 overexpression significantly promoted myogenic differentiation and my-
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otube formation without affecting osteogenic or adipogenic differentiation un-
der induction conditions, indicating stable directional regulatory functions of
muscle-specific miRNAs.

Studies based on knockout mice revealed that individual deletion of miR-133a-1
or miR~133a-2 did not significantly affect muscle growth and development, but
combined deletion caused fast muscle fiber lesions accompanied by mitochon-
drial damage and fiber type switching between fast and slow fibers [26]. This
directly reflects the important role of miR-133a in maintaining normal mus-
cle growth and function. However, knockout mice did not show more severe
muscle lesions, possibly because many miRNAs share common target genes, al-
lowing functional compensation by other miRNAs when one is dysregulated. In
cell studies, miR-133 promoted muscle cell proliferation by targeting serum re-
sponse factor (SRF) [22] and inhibited skeletal muscle cell differentiation by sup-
pressing neuronal polypyrimidine tract-binding protein (nPTB), altering nPTB-
regulated alternative splicing patterns during muscle differentiation [27]. The
effect of miR-133b on muscle growth remains unclear, though studies have found
downregulated miR-133b expression in myocardium during myocardial infarc-
tion [28].

Numerous studies have confirmed the muscle growth-promoting effects of miR-
206, which significantly promotes myogenic cell differentiation and myotube fu-
sion in vitro. A series of negative regulators of myogenesis are its targets, includ-
ing Notch3, Igfbp5, Meox2, retinoic acid receptor 8 (RARB), Fzd7, MAP4K3,
CLCN3, NFAT5, and MMP3 [29]. Most studies suggest miR-206 functions
together with miR-1. Additionally, during myogenesis, miR-206 and miR-29
jointly inhibit the transforming growth factor-g (TGF-0) signaling pathway, a
negative regulator of muscle cell differentiation [30].

3.2 Non-Muscle-Specific miRNAs

Many non-muscle-specific miRNAs have also demonstrated regulatory effects on
muscle growth and development. Although these miRNAs are widely expressed
across different tissues, their abnormal expression in muscle tissue or muscle
cells can positively or negatively affect muscle growth and development.

Some ubiquitously expressed miRNAs play positive regulatory roles. Over-
expression of miR-148a promotes differentiation of C2C12 myoblasts and
mouse primary skeletal muscle cells, enhancing myogenesis by degrading Rho-
associated coiled-coil containing protein kinase 1 (ROCK1) [31]. Yun et al. [32]
found miR-~143-3p expression in both skeletal muscle and myoblasts, with
overexpression promoting C2C12 differentiation. miR-29 also promotes muscle
formation by downregulating serine/threonine protein kinase (Akt3) expression,
inhibiting skeletal muscle cell proliferation while promoting differentiation
[33]. miR-~181 promotes myoblast differentiation by suppressing homeobox-Al
(Hox-A1l) expression [34].

Other miRNAs negatively regulate muscle growth and development. Wang et
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al. [35] predicted that miR-23a seed sequences could bind fast myosin heavy
chain genes (MYHI, 2, and 4). They found miR-23a expression in mouse mus-
cle tissue was highly negatively correlated with muscle growth, and functional
studies in C2C12 cells confirmed miR-23a inhibits muscle cell differentiation.
However, normal miR-23a expression is also essential for muscle growth. Dur-
ing muscle atrophy, increased expression of MAFbx/atrogin-1, MuRF1, and E3
ligases regulates mucosal atrophy changes. miR-23a can inhibit expression of
MAFbx/atrogin-1 and MuRF1, thereby suppressing muscle atrophy [36]. These
findings indicate miR-23a plays crucial roles in both muscle growth and injury
repair. Seok et al. [37] showed miR-155 targets myogenic factor MEF2A, affect-
ing skeletal muscle cell differentiation. Xiong et al. [38] found miR-155 inhibits
C2C12 myoblast differentiation and reduces myotube formation, identifying T
cell factor 4 (TCF4) as a miR-155 target gene. TCF4 is a key factor in the canon-
ical Wnt pathway regulating myogenic differentiation, playing important roles
in embryonic muscle formation and serving as a critical regulator of terminal
muscle cell differentiation and satellite cell orientation.

Additionally, multiple miRNAs including miR-27a/b, miR-31, and miR-489 have
demonstrated regulatory effects on myogenic cell activation, myogenic mainte-
nance, and muscle cell proliferation and differentiation.

4. Regulation of Animal Cardiac Muscle by miRNA and
Its Mechanisms

Cardiac muscle shares similar structure with skeletal muscle as a type of stri-
ated muscle, though cardiac muscle cells typically contain only one nucleus.
Various cardiac diseases and functional impairments are associated with abnor-
mal cardiac muscle growth, with aberrant miRNA expression considered an
important marker of cardiac disease. miR-208a and miR-208b are considered
cardiac muscle-specific miRNAs, with miR-208b expressed exclusively in car-
diac tissue. Both miR-208a and miR-208b are closely associated with cardiac
fiber formation, myocardial ischemia, cardiac hypertrophy, and heart failure,
and can serve as serum markers for clinical diagnosis and treatment of myocar-
dial injury [39-41]. Additionally, miR-1 and miR-133 also significantly impact
cardiac muscle growth and development. Overexpression of miR-1 in cardiomy-
ocytes significantly inhibits phenylephrine-induced cardiomyocyte hypertrophy,
with further studies suggesting miR-1 may participate in cardiac hypertrophy
by negatively regulating twinfilin-1 (TWF1) protein expression [42]. Upregu-
lation or downregulation of miR-1 in mice or Drosophila consistently results
in cardiac developmental malformations [43-44]. Ischemic heart disease in rats
is accompanied by significantly elevated miR-1 levels in the myocardium [45].
Furthermore, during oxidative stress-induced cardiomyocyte apoptosis, miR-1
promotes apoptosis while miR~133 inhibits it [46]. Current research on miR-
NAs in heart development and myocardial injury primarily focuses on specific
miRNAs, with expression and functions of more non-specific miRNAs awaiting
further exploration.
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5. Regulation of Animal Smooth Muscle by miRNA and
Its Mechanisms

Smooth muscle, also called non-striated muscle, is widely distributed in inverte-
brate somatic muscle and constitutes the main muscle fiber type in most visceral
organs of vertebrates, with distinct fiber types and metabolic characteristics
compared to striated muscle (skeletal and cardiac muscle). Research on miRNA
regulation of smooth muscle growth remains relatively limited compared to skele-
tal muscle. Current studies indicate that several miRNAs, including miR-29,
miR-145, and miR-143, participate in smooth muscle development, particularly
vascular smooth muscle. miR-145 can inhibit embryonic stem cell self-renewal
while promoting their directional differentiation. Xu et al. [47] found miR-145
promotes pluripotent stem cell differentiation into vascular smooth muscle cells
primarily by inhibiting transcription of pluripotency factors OCT4, SOX2, and
KLF4, with OCT4 able to inhibit miRNA promoters, suggesting a potential
bidirectional negative feedback mechanism. In miR-29-deficient distal lung vas-
culature, F-box protein 32 (FBX032) expression is significantly increased in
vascular smooth muscle cells, indicating miR-29 may play important roles in
smooth muscle cells by regulating FBX032 expression [48]. Additionally, miR-
124 significantly regulates proliferation and differentiation of pulmonary artery
smooth muscle cells [49].

6. miRNA and Livestock Muscle Growth

Current research on miRNAs in meat-producing livestock remains limited,
though miRNAs are clearly closely related to animal muscle growth and meat
quality traits. Due to their evolutionary conservation and functional stability,
miRNA synthesis pathways are identical across different animals, and miRNA
target sites are also highly conserved. For example, muscle-specific miR-1 exists
in nearly all vertebrates and is closely associated with muscle generation and
development, suggesting that mechanistic studies in model animals like mice
have certain extrapolative value. However, animal science researchers must
conduct more specific studies in livestock and poultry to better guide animal
production.

Recent studies have begun examining miRNA expression and function related
to muscle in pigs, chickens, and ruminants, though these primarily focus on de-
tecting miRNA expression profiles and identifying key miRNAs affecting meat
quality. Research teams led by McDaneld et al. [50], Nielsen et al. [51], and
Hou et al. [52] used high-throughput sequencing to detect and analyze miRNA
expression in porcine skeletal muscle across different growth stages and tissues,
identifying novel miRNAs that provide a foundation for further research. Li
[63] compared miRNA expression differences between pig breeds, finding 90%
similarity between Lantang and Large White pigs, with 10 significantly differ-
entially expressed miRNAs involved in muscle growth and development. Se-
quencing studies revealed 517 conserved miRNAs and 2 goat genome-specific
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miRNAs in goat muscle tissue, with 306 stably expressed [54]. Han et al. [55]
examined expression patterns of seven miRNAs including miR-1, miR-~133, and
miR-24 in cashmere goat muscle, finding similar expression patterns for miR-
1 and miR-133 that were affected by age and sex. These findings collectively
indicate significant differences in muscle miRNA expression among animals of
different breeds, sexes, and growth stages. Additionally, castration affects mus-
cle miRNA expression, with 32 significantly different miRNAs detected between
bull and steer muscle tissues [56]. Nutritional level and specific nutrient intake
also influence muscle growth and miRNA expression, including amino acids,
unsaturated fatty acids, and chromium picolinate [19,57-58]. These studies in
large animals enhance our understanding of meat quality formation mechanisms
and enable genetic improvement and nutritional regulation strategies to enhance
meat quality.

miRNAs are receiving increasing attention due to their broad involvement in
regulating various life activities. As research technologies advance, more miR-
NAs and their regulatory targets involved in muscle growth and development
will be discovered and confirmed. Investigating miRNA expression, function,
and targets in muscle tissue, along with their regulatory roles in muscle growth
and development, will deepen our understanding of molecular regulatory mecha-
nisms underlying muscle formation. Such research will facilitate development of
diagnostic markers and targeted therapeutic drugs for muscle-related diseases,
while also enabling genetic improvement and nutritional strategies to enhance
animal meat quality.
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