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Abstract: In this review, we highlight information on microRNA (miRNA) identification and functional
characterization in the beef for muscle and carcass composition traits, with an emphasis on Qinchuan
beef cattle, and discuss the current challenges and future directions for the use of miRNA as a
biomarker in cattle for breeding programs to improve meat quality and carcass traits. MicroRNAs are
endogenous and non-coding RNA that have the function of making post-transcriptional modifications
during the process of preadipocyte differentiation in mammals. Many studies claim that diverse
miRNAs have an impact on adipogenesis. Furthermore, their target genes are associated with
every phase of adipocyte differentiation. It has been confirmed that, during adipogenesis, several
miRNAs are differentially expressed, including miR-204, miR-224, and miR-33. The development of
mammalian skeletal muscle is sequentially controlled by somite commitment into progenitor cells,
followed by their fusion and migration, the proliferation of myoblasts, and final modification into
fast- and slow-twitch muscle fibers. It has been reported that miRNA in the bovine MEG3-DIO3
locus has a regulatory function for myoblast differentiation. Likewise, miR-224 has been associated
with controlling the differentiation of bovine adipocytes by targeting lipoprotein lipase. Through
the posttranscriptional downregulation of KLF6, miR-148a-3p disrupts the proliferation of bovine
myoblasts and stimulates apoptosis while the miR-23a~27a~24-2 cluster represses adipogenesis.
Additional to influences on muscle and fat, bta-mir-182, bta-mir-183, and bta-mir-338 represent
regulators of proteolysis in muscle, which influences meat tenderness.
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1. Introduction

Globally, cattle are the most commonly farmed animal and many cattle breeds have developed
for different purposes, including milk, meat, and hide production, as well as for draught purposes.
In China, the Qinchuan breed is used for beef production and is particularly produced on the
Guanzhong Plain in the Shaanxi province, but is also used in other provinces in China [1].

In the cell, microRNA (miRNA) is found extra- and intra-cellularly and are non-coding RNA, which
are approximately 22 nucleotides long. miRNA post-transcriptionally regulates protein expression and
is associated with normal and diseased cells. The miRNA work on cellular processes associated with
cell development and differentiation, immunity, reproduction, and metabolism [2–5].

The miRNA molecules have a conserved biogenesis and target sites at the three prime untranslated
regions (3’UTRs) of eukaryotic mRNAs [2]. miRNA target site mutations have been associated with
many complex phenotypes in humans, domestic animals, and plants [6–8]. The development of the
characterization and sequencing techniques of miRNAs has not only revealed their functions in several
cellular processes, but also showed abnormalities in miRNA expression in various phenotypes [9].
In this paper, we review the available data on miRNA identification and function on carcass and
muscle traits for bovines, with an emphasis on Qinchuan beef cattle, and discuss the current challenges
and future directions for the use of miRNAs in cattle.

2. Determinant Factors in Meat Tenderness as a Quality Trait

When purchasing meat products, modern consumers make decisions based on considering quality
against price. Historically, the selection of animals for meat production has mainly focused on yield
with less of a focus on meat quality. Meat tenderness is a critical quality trait resulting from diverse
factors; it is a product of the animal’s genetic potential and various environmental factors To improve
meat tenderness, the study of both extrinsic and intrinsic factors is required as together they influence
the resulting characteristics of the meat (Figure 1). Researching these two associated factors and their
impact on meat quality will ultimately lead to improvements in beef.
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Figure 1. Extrinsic and intrinsic factors affecting meat tenderness.
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2.1. Extrinsic and Intrinsic Factors

Extrinsic factors that affect meat tenderness include feeding practices, handling of animals at
slaughter, and also the time and temperature for cooling and storing the carcass (Figure 1). Handling
conditions of the carcass, including things as simple as the way beef hangs after slaughter, influence
the tension exerted on different muscles, which directly influences the degree of meat tenderness [10].
The intrinsic characteristics of muscle meat, such as fiber type, the structure of the myofibrils, connective
tissue, muscle and adipose ratio, amount of glycogen, and proteolytic activities in the muscle, are all
traits that determine meat tenderness (Figure 1).

2.2. miRNAs and Muscle System Regulation

In cattle, miRNAs have been widely described to be key regulators of skeletal muscle traits (Table 1).
For instance, in miRNA functional studies of skeletal muscle development in calves, miR-148a-3p has
the function of inhibiting the proliferation of bovine muscle cells and promotes apoptosis [11]. In a
comparison of Holstein–Friesian and Hereford/Limousine breeds, miRNA expression, profiled using
microarray, found nine miRNAs related to muscle cell differentiation and development [12]. In Chinese
Qinchuan cattle, 104 novel and 417 known miRNAs were discovered, and five muscle-specific miRNAs
were identified: bta-miRNA-206, miRNA-1, miRNA-133, miRNAn12, and miRNAn17, which had high
expression levels in muscle or organs linked to muscle [13]. The growth of muscle tissue, meat quality,
and muscle-linked diseases can directly be associated with the differentiation of skeletal muscle-derived
satellite cells (MDSC) in cattle. Zhang et al. [14] showed that the differentiation of MDSC in cattle was
associated with the expression of 564 known and 53 novel miRNAs [14]. Wang et al. [15] recognized that
myocyte enhancer factor 2A (MEF2A) controlled skeletal myoblast differentiation through regulating
protein phosphatase 2A (PP2A) signaling and the maternally expressed 3 (MEG3)–iodothyronine
deiodinase 3 (DIO3) miRNA mega cluster. The authors reported that MEF2A was sufficient to induce
the expression of MEG3 in bovine skeletal myoblasts. MEF2A regulated PP2A signaling through protein
phosphatase 2 regulatory subunit B, gamma (PPP2R2C) during bovine myoblast differentiation [15].
Additionally, expression of miR-543 and miR-758 supported myoblast differentiation and inhibited
the expression of PPP2R2C. These marks indicate that the MEG3–DIO3 miRNAs function at MEF2A
downstream to modulate the PP2A signaling during myoblast differentiation in bovines [15]. During
muscle development, Peng et al. [16] considered that the overexpression of miR-744 may promote cell
proliferation and suppress myoblast apoptosis [16]. It was noticeable that the sequence of miR-744 is
highly conserved across species such as cow, human, and mouse.

Romao et al. [17] revealed that intronic miRNAs, miR-33a and miR-1281, had synchronized
expression levels according to their host genes that are involved in lipid metabolism, including
with transcriptional factor SREBF2 and EP300, which is a co-activator of transcriptional factor
C/EBPα [17]. The results indicate that these factors have important regulative roles in lipid metabolism
(lipogenesis and lipolysis) and adipogenesis (formation of adipose tissue from precursor cells) in
cattle. Zhang et al. [18] claim that miR-224, by targeting lipoprotein lipase (LPL), is associated with
preadipocyte differentiation in bovines, and provides a better understanding of the molecular basis
of intramuscular fat (IMF) accumulation [18]. Bta-miR-130 overexpression resulted in decreased
triacylglycerol (TAG) values in the cell, throughout adipogenesis, and reduced the formation of body
fat [19]. Bta-miR-130a/b inhibition also gave rise to greater lipid droplets, as well as the accumulation
of TAG. Bta-miR-130a/b overexpression downregulated the expression levels of genes related with
differentiation of adipocytes, such as C/EBPα, C/EBPβ, FABP4, PPARG, LPIN1, and LPL

The miR-23a~27a~24-2 cluster down regulates adipogenesis in cattle (Figure 2). In the study by
Guan [20], bovine fetuses were screened using high-throughput sequencing (HTS) technology, and the
data revealed bta-miR-23a acted on bovine adipogenesis through skeletal muscle as an adipogenic
miRNA [20]. The expression of bta-miR-23a is associated with decreased fat aggregation and works
through inhibiting the key adipogenic transcription factor peroxisome proliferative-activated receptor
gamma (PPARγ) and CCAAT/enhancer binding protein alpha (C/EBPα) [20]. Kappeler et al. [21]
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analyzed deep sequencing miRNA libraries of longissimus thoracis (LT) muscle and identified a total
of 42 novel and 308 already known miRNAs, and seven of the known miRNAs were associated with
skeletal muscle tissue [21].

Feed efficiency (measured as residual feed intake) is one of the most important issues in beef
production for minimizing the cost of production. Energy metabolism of skeletal muscle can create
variations in feed efficiency [21,22]. In Nelore cattle, De Oliveira et al. [23] identified hub and
differentially expressed miRNA, which were associated with variation in residual feed intake, and
included bta-miR-7, bta-miR15a, bta-miR-21, bta-miR-29, bta-miR-30b, bta-miR-106b, bta-miR-199a-3p,
bta-miR-204, bta-miR-296, and bta-miR-486 [23].

Table 1. The overview of microRNAs (miRNAs) associated with muscle functions.

Study Tissue miRNA

[18] Intramuscular fat (IMF) deposition miR-224

[24] Adipose tissue miR-23a~27a~24-2 cluster

[15] Muscle MEG3-DIO3 miRNA cluster (miR-758 and miR-543)

[19] Intramuscular fat (IMF) deposition Bta-miR-130

[11] Various organs miR-148a-3p

[21] Longissimus thoracis (LT) muscle 350

[23] Skeletal muscle and liver
bta-miR-486, bta-miR-7, bta-miR15a, bta-miR-21,

bta-miR-29, bta-miR-30b, bta-miR-106b, bta-miR-199a-3p,
bta-miR-204, and bta-miR-296

[12] Skeletal muscle miR-1, -128a, -133a, -133b, -139, -206, -222, -486, and -503

[14] Skeletal muscle 617

[20] Fetuses bta-miR-23a
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Figure 2. Role of the miR-23a~27a~24-2 cluster in regulating adipocyte adipogenesis.
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3. Candidate miRNAs Involved in Carcass Quality

3.1. miR-224 and Fat Expression

miR-224 has a role in adipogenesis, lipid metabolism [24], and adipocyte apoptosis [25] by
inhibiting adipocyte differentiation and impeding apoptosis of 3T3-L1 cells [24,25]. Zhang et al. [26]
found an inverse relationship between miR-224 expression and the levels of LPL, and the miR-224
expression was lower in steers, accompanied by a higher IMF content [26]. The free-binding energy
(−27.75) and score (164) are greater between miR-224 and LPL compared to another microRNA.
Free-binding energy indicates how a protein recognizes its biologically relevant ligand or a small
molecule inhibitor and allows an understanding of the processes of biological recognition [26].

The association between the metabolism of lipids and miR-224 in cattle was clarified by targeting
the LPL gene [18] and revealed that miR-224, by binding to the 1524–1527 bp part in the LPL gene
(LPL 3′UTR2), suppresses the expression of LPL in 293T cells. The LPL has a vital function for
adipogenic differentiation [27], which coincides with the findings of Zhang et al. [18], in that miR-224,
by targeting LPL, impedes the adipogenic differentiation in bovines.

By targeting EGR2 and ACSL4 in 3T3-L1 cells, miR-224 plays a role in fatty acid metabolism and in
early adipocyte differentiation [24], which proves the presence of numerous targets in the differentiation
of adipocytes, regulated by miR-224. Nevertheless, a detailed description of the miR-224/c/EBPs/PPARγ
axis, and its role in the regulation of these differentiation mechanisms, is not completely clear, and
further research is needed.

3.2. The miR-23a~27a~24-2 Cluster

Generally, clustered miRNAs are expressed from the same transcript [28,29], and the host gene
encoding these miRNAs possesses an intact gene structure [30]. Usually, a miRNA cluster contains
several miRNAs, and the clustered miRNAs have similar but also individual functions [31].

It has been determined that the miR-23a~27a~24-2 cluster takes part in the regulation of endothelial
cell apoptosis [32], osteoblast differentiation [33], neuronal apoptosis [34], and erythropoiesis [35].
During the differentiation of bovine adipocyte progenitor cells and 3T3-L1 cells, miR-23a serves as
a negative regulator [20,36]. By targeting the peroxisome proliferator activated receptor gamma
(PPAR γ), miR-27a represses 3T3-L1 preadipocyte differentiation [37], and miR-27a is also involved in
the formation of brown fat [38], porcine preadipocyte differentiation [39], and high-fat diet-induced
insulin resistance [40]. Recently, Wang et al. [41] found that miR-23a targets DCN, miR-24-2 targets
G6PD, and LPL, and that all these three genes inhibit adipogenesis [37].

The miR-23a~27a~24-2 cluster has a regulatory role in bovine adipogenesis, more precisely it
represses adipogenic preadipocyte differentiation in bovines. This inhibitory effect is achieved
through a balanced regulation via targeting three types of genes with anti-adipogenic effects
(DCN, G6PD, and LPL) and pro-adipogenic effects (GPAM, DGAT2, and FGF11 [37]. The contribution
of the pro-adipogenic targets GPAM, DGAT2, and FGF11 to adipogenesis might be greater than that
of DCN, G6PD, and LPL, and this may lead to the reduced adipogenesis phenotype observed in the
presence of the miR-23a~27a~24-2 cluster compared to the individual miRNA [37]. Further research
on the molecular basis of this cluster in adipogenesis could provide insight for selecting candidates
with more intramuscular fat content. Subsequently, the miR-23a~27a~24-2 cluster can be considered
as a candidate target for genomic selection breeding in beef cattle to improve the meat quality. More
scientific evidence is required to clarify the exacting mechanisms underlying the cooperative roles of
the miR-23a~27a~24-2 cluster related to fat deposition and meat quality in production animals.

3.3. MEG3–DIO3 miRNA Cluster (miR-758 and miR-543)

The MEG3–DIO3 locus in bovines has an essential regulatory function for the regeneration of
skeletal muscle [42,43]. In mammals, Gtl2–Dio3 is the largest expressed miRNA cluster and is entirely
expressed from the maternally inherited allele [28]. The expression pattern of these miRNAs controls
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the adjacent Gtl2 promoter [42,44]. In skeletal muscles, the regulatory functions exerted by this
gene cluster are not totally understood. Like previously mentioned, MEF2A is important for skeletal
myoblast differentiation, and its inhibition could lead to the disrupted formation of myotubes [41].
Recently, Wang et al. [15] discovered a novel regulatory molecular role of MEF2A and have proven the
regulative role of MEF2A in the MEG3–DIO3 miRNA cluster, and also a role in the signaling of PP2A
during the process of differentiation of myoblasts in skeletal muscle [15]. The possible function of the
MEF2A–MEG3/DIO3–PP2A axis is to downstream MEF2A, in order to modulate the signaling of PP2A
in the differentiation of the myoblast. The main target of the MEG3–DIO3 miRNA cluster is the PP2A
subunit genes and miR-758 and miR-543 target PPP2R2C [15]. The PP2A holoenzyme includes A, B,
and C subunits, which different genes encode [45].

Additionally, the MEF2A–MEG3/DIO3–PP2A regulatory pathway has a crucial function in
the regeneration of skeletal muscle. MEF2A is an essential part of activating the regeneration of
muscle [42,46].

3.4. Bta-miR-130

The miR-130 family includes two members with the same source sequences—miR-130a and
miR-130b [47]. The miR-130 family impacts on the differentiation of adipocytes by inhibiting PPARG
expression, and this inhibits adipocyte production [48]. The miR-130a/b members, which are regulated
by C/EBPα, have essential functions in lipid metabolism by controlling translational levels of PPARG
and PPAR α [49]. Greater expression of bta-miR-130a lowers the concentration of triglyceride in
epithelial cells in mammals and also interferes with the formation of lipid droplets [50]. miR-130b
inhibits the differentiation of adipocytes, by targeting PGC1 α, which is involved in regulating fat
metabolism [51]. Ma et al. [19] showed that higher expression of both bta-miR-130a/b decreased the
PPARG expression, while lower expression increased the PPARG expression [19]. During adipogenesis,
bta-miR-130a/b inhibits the formation of lipid droplets and TAG levels.

At the gene level, bta-miR-130a reduces the expression of genes linked to differentiation, like
C/EBPα, C/EBPβ, FABP4, LPIN1, and LPL, while increasing the expression of SREBP1 [19]. Such
results were compatible with Lee et al. [48], where the enhancement of adipogenesis was the result of
the downregulation of miR-130, while overexpression of miR-130 disrupted the adipogenesis process.
An inhibitor of Bta-miR-130a decreased the expression levels of SREBP1. The SREBP1 gene is expressed
in mature white adipose tissue and has a function in adipocyte differentiation. Overexpression of
miR-130a inhibited the expression levels of PPARG, suggesting that miR-130a has a role in TAG
synthesis in epithelial cells through targeting PPARG in bovines [50]. PPARG, which is a part of the
PPAR family, regulates the differentiation process [52]. High expression levels of bta-miR-130a/b also
stimulate the CYP2U1 expression at both the mRNA and protein levels, and as CYP2U1 is capable of
lowering triglyceride levels, it could be considered that CYP2U1 is also a target gene for miR-130a/b [53].
It can be concluded that bta-miR-130a/b acts as a negative regulator of adipocyte differentiation, by
inhibiting the expression of PPARG, but intensifying the CYP2U1 expression.

3.5. miR-148a-3p

miR-148a has an influence on physiological functions like cell growth, cell death, and tumorigenesis,
due to its regulatory role in cell proliferation. Concerning muscle and carcass characteristics in cattle,
miR-148a, a myogenic microRNA, regulates myogenic differentiation by directly targeting the 3′-UTR
of ROCK1, [54] while, miR-434-3p is an antiapoptotic miRNA, mainly located in skeletal muscles.
Song et al. [11] examined expression levels of miR-148a-3p in several muscle cells in bovines, and
concluded that it is well expressed in muscle tissue but showed reduced expression levels in muscle
cells during the growth stages when exogenous miR-148a downregulated the expression levels of
genes related to cell proliferation, like PCNA, CDK2, and cyclinD1 [11]. It was observed and can be
concluded that overexpression of miR-148a-3p interferes with skeletal muscle cell proliferation in
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bovines [11]. Song et al. [11] identified that a possible target gene of miR-148a-3p may also be KLF6,
which is very important for the development of skeletal muscles in bovines [11].

The opposing roles of miR-148a-3p in the proliferation and apoptosis of bovine muscle cells could
be used to prove the hypothesis that apoptosis is used to balance the effect of cell proliferation. Due to
the earlier findings that exogenous miR-148a might have a potential role in regulating the apoptosis
process and cell proliferation of bovine muscle cells, there is a need for further research as to how
miR-148a-3p will influence the growth, carcass characteristics, and meat quality of cattle.

3.6. Bta-miR-23a

Like the previously mentioned miRNAs, miR-23a has a regulatory function for adipogenesis in
3T3-L1 cells, but the exact mechanism was not completely clarified. Based on novel studies, it can be
concluded that miR-23a inhibit the expression of ZNF423, acting as a negative regulator in adipogenesis
in bovines. miR-23a has the capacity to target regulatory proteins that control stem cell fate during
differentiation, and miR-23a has been identified as having roles in regulating both osteogenesis and
chondrogenesis [55,56]. Due to the correlation between miR-23a and ZNF423, miR-23a could possibly
have a regulatory function in energy metabolism and also be engrossed in the pathogenesis of some
diseases related to metabolism. Another function of miR-23a is to suppress the differentiation process in
the endoderm and ectoderm lineages, downregulating the differentiation of embryonic stem cells [57].
The exact function and mechanisms of miR-23a in the mentioned processes are not exactly known, and
this needs further consideration for its effects on muscle growth and composition in cattle.

3.7. Bta-miR-182, Bta-miR-183, and Bta-miR-338

Bta-mir-182, bta-mir-183, and bta-mir-338 regulate the expression levels of genes associated with
several pathways. This review will discuss only the pathways that are related to muscle proteolysis and
meat tenderness. Kappeler et al. [21] claim that MEF2C, MAP3K2, MTDH, and TNRC6B are genes that
are generally targets of the three differentially expressed miRNAs [21]. Up-regulation of bta-mir-182
with EBVSF14 down-regulates the anti-apoptotic BCL2 protein, therefore promoting apoptosis that can
lead to muscle proteolysis and tenderness [21]. Conversely, bta-mir-182 may downregulate CAPN5,
CASP2, and CASP9, which inhibits apoptosis.

Calpain and calpastatin are associated with meat tenderness in beef cattle [21]. Calpain is a
protease, which is initiated by calcium. Koohmaraie et al. [58] have proven that in postmortem muscles,
cytoplasmic calcium concentration elevates slowly throughout the rigor mortis process, while the
sarcoplasmic reticulum is unloaded [58]. This calcium translocation has an impact on the membrane
permeability of this organelle, so as the binding of pro-apoptotic Bcl2 members [59]. The postmortem
role of calpain is comprehensively studied, and the fact that this protein leads to meat tenderness is
broadly accepted [60,61]. Calpastatin (CAST) is an inhibitor of calpain and the calpain: calpastatin
ratio inversely correlates with tenderness in pork, lamb, and beef [62]. Calpastatin is a possible target
for bta-mir-182, which indicates that elevated expression levels of this miRNA would impede the
translation of the CAST gene, leading to decreased suppressive effects on calpain, and consequently a
higher proteolytic activity postmortem and to increased meat tenderness [21]. A study conducted on
Japanese black cattle determined another gene that was used as a target gene by bta-mir-885, the MTDH
gene, that was found to be only expressed in the semitendinosus muscle (STD) in comparison to
masseter muscle (MS). Possible functions of the MTDH gene are linked with the development of
skeletal muscles, and it also has a regulative role in the transcription process [63].

3.8. Skeletal Muscle-Derived Satellite Cell miRNA

Skeletal muscle-derived satellite cells (MDSCs) regulate muscle growth, can improve muscle
quality, and are primarily associated with healing of muscle [14]. Throughout the prenatal stage of
livestock, muscle fibers are completely formed. During differentiation to MDSC, firstly, the progenitor
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cells proliferate and leave the cell cycle. Afterwards, they differentiate, align, and fuse to form
myotubes [64]. The mentioned mechanism is controlled by myogenic regulatory factors and miRNAs.

By using high-throughput sequencing, Sun et al. [13] determined novel miRNAs from the
longissimus thoracis of Chinese Qinchuan cattle [13]. Studies have identified that myogenic
differentiation is controlled by muscle-specific miRNA, and include miRNAs such as miR-1 and
miR-206, which stimulate myogenesis by upregulating the differentiation of satellite cells [65,66],
while miR-133 participates in the proliferation process [67]. Using DNA sequencing to compare to
known miRNAs, it has been determined that the muscle-specific miR-206 is the main miRNA in MDSC
samples with more than 37.39% of total miRNAs in MDS C-D3 and 10.15% in proliferating satellite
cells. The roles of miR-206 in muscle regeneration and development are summarized in Figure 3.
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Unlike MDSC-D3, lower levels of miR-133 were determined in MDSC-D1, indicating that miR-206
and miR-1 play a more important part in the differentiation of MDSCs than miR-133 [68]. The expression
level of miR-27b was 1.43- and 1.48-fold lower in MDSC-D1 and MDSC-D3, compared to MDSC-P.
Myoblast proliferation is the result of the expression of miR-27b, which is related to decreased myostatin
expression levels by targeting the 3’-UTR [36]. Recent evidence claims that during differentiation,
miR-27b is highly expressed in satellite cells in mice [12]. However, in different muscle types and
animal species, the molecular role of miR-27b can be changed.

Apart from muscle-specific miRNAs, several ubiquitous miRNAs could also have their roles
in in muscle satellite cells. Bta-miR-99a-3p, bta-miR-2396, bta-miR-139, and bta-miR-10a were more
abundant in MDSCs compared to MDSC-P. It is observed that miR-99a and miR-139 are associated
with growth inhibition and apoptosis initiation, and miR-10a associated with the stimulation of the
differentiation process [69]. By targeting Bcl-2, the upregulation of miR-181a in MDSC-D1 stimulated
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apoptosis [70], while targeting the MAPK-Snai2 pathway repressed tumor growth [71]. The miR-503
inhibited cell proliferation and cell cycle progression, but when targeting cyclin D1, this miRNA
stimulated cycle quiescence [72].

Wong et al. [73] showed that 143 miRNAs presented a 2-fold lower abundance in MDSC-D1
compared to MDSC-P, e.g., miR-184 (log2 (MDSC-D3/MDSC-P) = –2.29) led to cell proliferation
by targeting c-Myc [73]. Yet, the function of the mentioned miRNAs in the MDSCs differentiation
is not completely identified. In a study conducted by Zhang et al. [14], a total of 617 miRNAs,
including 53 novel candidates, were determined in comparison with those in MDSC-P: nine were
up-expressed, 165 down-expressed, and 15 up-expressed, as well as 145 were down-expressed in
MDSC-D1 and MDSC-D3. In MDSC-D3, compared to those in MDSC-D1, 17 up-expressed and
55 down-expressed miRNAs were determined [14]. All identified miRNAs are part of 237 gene families.
Some sequences and base edits of the miRNAs were also detected. A detailed analysis of GO and
KEGG pathways displayed that most target genes that were regulated by miRNAs had functions in
cell processes and cancer pathways, as regulators of the actin cytoskeleton and the MAPK signaling
pathway. In association with the 53 novel miRNAs, there were 7 up-expressed, 31 down-expressed,
and 8 up-expressed, as well as 26 down-expressed in MDSC-D1 and MDSC-D3, compared to those
in MDSC-P. Further, the expression levels of the 12 selected miRNA genes using RT-qPCR were
compatible with the ones gained with deep sequencing.

4. Conclusions

This review has provided a summary of the current knowledge of the mechanism of miRNAs
in relation to muscle tissue development and their potential effects on carcass and meat quality.
The review provides molecular evidence to support the notion of several miRNAs directly influencing
the differentiation of adipocytes by targeting different genes in cattle. With the increased application
of technology in the field of meat quality and animal breeding programs, miRNAs are likely to be
considered for the genetic advancement of beef quality.

Furthermore, the present review reflects on specific miRNAs expression patterns throughout
muscle proliferation and differentiation, cell cycle progression, apoptosis, and metabolic pathways.
Further experimentation and validation would be needed to prove the potential role and action
mechanism of miRNAs in beef cattle for the purpose of carcass development and meat quality. Studies
aimed at refining the knowledge of the miRNAs mechanism of action remains of pivotal importance
for developing applications of miRNAs types, which will be valuable for marker-assisted selection in
beef breeds.
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12. Sadkowski, T.; Ciecierska, A.; Oprządek, J.; Balcerek, E. Breed-dependent microRNA expression in the
primary culture of skeletal muscle cells subjected to myogenic differentiation. BMC Genom. 2018, 19, 109.
[CrossRef] [PubMed]

13. Sun, J.; Li, M.; Li, Z.; Xue, J.; Lan, X.; Zhang, C.; Lei, C.; Chen, H. Identification and profiling of conserved
and novel microRNAs from Chinese Qinchuan bovine longissimus thoracis. BMC Genom. 2013, 14, 42.
[CrossRef] [PubMed]

14. Zhang, W.W.; Sun, X.F.; Tong, H.L.; Wang, Y.H.; Li, S.F.; Yan, Y.Q.; Li, G.P. Effect of differentiation on
microRNA expression in bovine skeletal muscle satellite cells by deep sequencing. Cell. Mol. Biol. Lett. 2016,
21, 8. [CrossRef] [PubMed]

15. Wang, Y.; Mei, C.; Su, X.; Wang, H.; Yang, W.; Zan, M.L. EF2A Regulates the MEG3-DIO3 miRNA Mega
Cluster-Targeted PP2A Signaling in Bovine Skeletal Myoblast Differentiation. Int. J. Mol. Sci. 2016, 20, 2748.
[CrossRef] [PubMed]

16. Peng, S.; Song, C.; Li, H.; Cao, X.; Ma, Y.; Wang, X.; Huang, Y.; Lan, X.; Lei, C.; Chaogetu, B. Circular
RNA SNX29 Sponges miR-744 to Regulate Proliferation and Differentiation of Myoblasts by Activating the
Wnt5a/Ca2+ Signaling Pathway. Mol. Ther. Acids 2019, 16, 481–493. [CrossRef]

17. Romao, J.M.; Jin, W.; He, M.; McAllister, T. MicroRNAs in bovine adipogenesis: Genomic context, expression
and function. BMC Genom. 2014, 15, 137. [CrossRef]

18. Zhang, Y.; Wang, Y.; Wang, H.; Ma, X.; Zan, L. MicroRNA-224 impairs adipogenic differentiation of bovine
preadipocytes by targeting LPL. Mol. Cell. Probes. 2019, 44, 29–36. [CrossRef]

19. Ma, X.; Wei, D.; Cheng, G.; Li, S.; Wang, L.; Wang, Y.; Wang, X.; Zhang, S.; Wang, H.; Zan, L. Bta-miR-130a/b
regulates preadipocyte differentiation by targeting PPARG and CYP2U1 in beef cattle. Mol. Cell. Probes.
2018, 42, 10–17. [CrossRef]

20. Guan, L.; Hu, X.; Liu, L.; Xing, Y.; Zhou, Z.; Liang, X.; Yang, Q.; Jin, S.; Bao, J.; Gao, H. bta-miR-23a involves
in adipogenesis of progenitor cells derived from fetal bovine skeletal muscle. Sci. Rep. 2017, 7, 43716.
[CrossRef]

21. Kappeler, B.I.G.; Regitano, L.C.A.; Poleti, M.D.; Cesar, A.S.M.; Moreira, G.C.M.; Gasparin, G.; Coutinho, L.L.
MiRNAs differentially expressed in skeletal muscle of animals with divergent estimated breeding values for
beef tenderness. BMC Mol. Biol. 2019, 20, 1. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41598-017-06939-w
http://www.ncbi.nlm.nih.gov/pubmed/28785041
http://dx.doi.org/10.1371/journal.pone.0174892
http://www.ncbi.nlm.nih.gov/pubmed/28380001
http://dx.doi.org/10.1158/1541-7786.MCR-17-0547
http://www.ncbi.nlm.nih.gov/pubmed/29555893
http://dx.doi.org/10.1038/ng1810
http://dx.doi.org/10.1038/s41591-019-0353-2
http://dx.doi.org/10.1104/pp.106.077149
http://dx.doi.org/10.1007/s13105-010-0050-6
http://dx.doi.org/10.1071/EA00022
http://dx.doi.org/10.1002/jcp.28232
http://www.ncbi.nlm.nih.gov/pubmed/30793769
http://dx.doi.org/10.1186/s12864-018-4492-5
http://www.ncbi.nlm.nih.gov/pubmed/29390965
http://dx.doi.org/10.1186/1471-2164-14-42
http://www.ncbi.nlm.nih.gov/pubmed/23332031
http://dx.doi.org/10.1186/s11658-016-0009-x
http://www.ncbi.nlm.nih.gov/pubmed/28536611
http://dx.doi.org/10.3390/ijms20112748
http://www.ncbi.nlm.nih.gov/pubmed/31167510
http://dx.doi.org/10.1016/j.omtn.2019.03.009
http://dx.doi.org/10.1186/1471-2164-15-137
http://dx.doi.org/10.1016/j.mcp.2019.01.005
http://dx.doi.org/10.1016/j.mcp.2018.10.002
http://dx.doi.org/10.1038/srep43716
http://dx.doi.org/10.1186/s12867-018-0118-3
http://www.ncbi.nlm.nih.gov/pubmed/30602381


Genes 2020, 11, 295 11 of 13

22. Carvalho, E.B.; Gionbelli, M.P.; Rodrigues, R.T.S.; Bonilha, S.F.M.; Newbold, C.J.; Guimarães, S.E.F.; Silva, W.;
Verardo, L.L.; Silva, F.F.; Detmann, E. Differentially expressed mRNAs, proteins and miRNAs associated
to energy metabolism in skeletal muscle of beef cattle identified for low and high residual feed intake.
BMC Genom. 2019, 20, 501. [CrossRef] [PubMed]

23. De Oliveira, P.S.N.; Coutinho, L.L.; Tizioto, P.C.; Cesar, A.S.M.; de Oliveira, G.B.; Diniz, W.J.D.S.;
De Lima, A.O.; Reecy, J.M.; Mourão, G.B.; Zerlotini, A. An integrative transcriptome analysis indicates
regulatory mRNA-miRNA networks for residual feed intake in Nelore cattle. Sci. Rep. 2018, 8, 1–12.
[CrossRef] [PubMed]

24. Peng, Y.; Xiang, H.; Chen, C.; Zheng, R.; Chai, J.; Peng, J.; Jiang, S. MiR-224 impairs adipocyte early
differentiation and regulates fatty acid metabolism. Int. J. Biochem. Cell Biol. 2013, 45, 1585–1593. [CrossRef]
[PubMed]

25. Qi, R.; Huang, J.; Wang, Q.; Liu, H.; Wang, R.; Wang, J.; Yang, F. MicroRNA-224-5p regulates adipocyte
apoptosis induced by TNFα via controlling NF-κB activation. J. Cell. Physiol. 2018, 233, 1236–1246. [CrossRef]
[PubMed]

26. Zhang, Y.-Y.; Wang, H.-B.; Wang, Y.-N.; Wang, H.-C.; Zhang, S.; Hong, J.-Y.; Guo, H.-F.; Chen, D.; Yang, Y.;
Zan, L.-S. Transcriptome analysis of mRNA and microRNAs in intramuscular fat tissues of castrated and
intact male Chinese Qinchuan cattle. PLoS ONE 2017, 12, e0185961. [CrossRef]

27. Kim, D.; Kim, J.; Hyun, H.; Kim, K.; Roh, S. A nanoscale ridge/groove pattern arrayed surface
enhances adipogenic differentiation of human supernumerary tooth-derived dental pulp stem cells in vitro.
Arch. Oral Biol. 2014, 59, 765–774. [CrossRef]

28. Seitz, H.; Royo, H.; Bortolin, M.-L.; Lin, S.-P.; Ferguson-Smith, A.C.; Cavaillé, J. A large imprinted microRNA
gene cluster at the mouse Dlk1-Gtl2 domain. Genome Res. 2004, 14, 1741–1748. [CrossRef]

29. Griffiths-Jones, S.; Saini, H.K.; van Dongen, S.; Enright, A.J. miRBase: Tools for microRNA genomics. Nucleic
Acids Res. 2007, 36, D154–D158. [CrossRef]

30. Lee, Y.; Kim, M.; Han, J.; Yeom, K.; Lee, S.; Baek, S.H.; Kim, V.N. MicroRNA genes are transcribed by RNA
polymerase II. EMBO J. 2004, 23, 4051–4060. [CrossRef]

31. Chhabra, R.; Dubey, R.; Saini, N. Cooperative and individualistic functions of the microRNAs in the miR-23a~
27a~ 24-2 cluster and its implication in human diseases. Mol. Cancer. 2010, 9, 232. [CrossRef] [PubMed]

32. Heider, T.; Mutschelknaus, L.; Radulović, V.; Winkler, K.; Kimmel, J.; Anastasov, N.; Atkinson, M.J.; Moertl, S.
Radiation induced transcriptional and post-transcriptional regulation of the hsa-miR-23a~ 27a~ 24-2 cluster
suppresses apoptosis by stabilizing XIAP. Biochim. Biophys. Acta BBA Gene Regul. Mech. 2017, 1860, 1127–1137.
[CrossRef] [PubMed]

33. Zeng, H.-C.; Bae, Y.; Dawson, B.C.; Chen, Y.; Bertin, T.; Munivez, E.; Campeau, P.M.; Tao, J.; Chen, R.; Lee, B.H.
MicroRNA miR-23a cluster promotes osteocyte differentiation by regulating TGF-β signalling in osteoblasts.
Nat. Commun. 2017, 8, 1–9. [CrossRef] [PubMed]

34. Chen, Q.; Xu, J.; Li, L.; Li, H.; Mao, S.; Zhang, F.; Zen, K.; Zhang, C.Y.; Zhang, Q. MicroRNA-23a/b and
microRNA-27a/b suppress Apaf-1 protein and alleviate hypoxia-induced neuronal apoptosis. Cell Death Dis.
2014, 5, e1132. [CrossRef]

35. Wang, F.; Zhu, Y.; Guo, L.; Dong, L.; Liu, H.; Yin, H.; Zhang, Z.; Li, Y.; Liu, C.; Ma, Y. A regulatory circuit
comprising GATA1/2 switch and microRNA-27a/24 promotes erythropoiesis. Nucleic Acids Res. 2014, 42,
442–457. [CrossRef]

36. Huang, Z.; Chen, X.; Yu, B.; He, J.; Chen, D. MicroRNA-27a promotes myoblast proliferation by targeting
myostatin. Biochem. Biophys. Res. Commun. 2012, 423, 265–269. [CrossRef]

37. Wang, Y.; Zhang, Y.; Su, X.; Wang, H.; Yang, W.; Zan, L. Cooperative and Independent Functions of the
miR-23a~ 27a~ 24-2 Cluster in Bovine Adipocyte Adipogenesis. Int. J. Mol. Sci. 2018, 19, 3957. [CrossRef]

38. Sun, L.; Trajkovski, M. MiR-27 orchestrates the transcriptional regulation of brown adipogenesis. Metabolism
2014, 63, 272–282. [CrossRef]

39. Wang, T.; Li, M.; Guan, J.; Li, P.; Wang, H.; Guo, Y.; Shuai, S.; Li, X. MicroRNAs miR-27a and miR-143 regulate
porcine adipocyte lipid metabolism. Int. J. Mol. Sci. 2011, 12, 7950–7959. [CrossRef]

40. Yao, F.; Yu, Y.; Feng, L.; Li, J.; Zhang, M.; Lan, X.; Yan, X.; Liu, Y.; Guan, F.; Zhang, M. Adipogenic miR-27a in
adipose tissue upregulates macrophage activation via inhibiting PPARγ of insulin resistance induced by
high-fat diet-associated obesity. Exp. Cell Res. 2017, 355, 105–112. [CrossRef]

http://dx.doi.org/10.1186/s12864-019-5890-z
http://www.ncbi.nlm.nih.gov/pubmed/31208329
http://dx.doi.org/10.1038/s41598-018-35315-5
http://www.ncbi.nlm.nih.gov/pubmed/30459456
http://dx.doi.org/10.1016/j.biocel.2013.04.029
http://www.ncbi.nlm.nih.gov/pubmed/23665235
http://dx.doi.org/10.1002/jcp.25992
http://www.ncbi.nlm.nih.gov/pubmed/28488777
http://dx.doi.org/10.1371/journal.pone.0185961
http://dx.doi.org/10.1016/j.archoralbio.2014.04.014
http://dx.doi.org/10.1101/gr.2743304
http://dx.doi.org/10.1093/nar/gkm952
http://dx.doi.org/10.1038/sj.emboj.7600385
http://dx.doi.org/10.1186/1476-4598-9-232
http://www.ncbi.nlm.nih.gov/pubmed/20815877
http://dx.doi.org/10.1016/j.bbagrm.2017.08.006
http://www.ncbi.nlm.nih.gov/pubmed/28851536
http://dx.doi.org/10.1038/ncomms15000
http://www.ncbi.nlm.nih.gov/pubmed/28397831
http://dx.doi.org/10.1038/cddis.2014.92
http://dx.doi.org/10.1093/nar/gkt848
http://dx.doi.org/10.1016/j.bbrc.2012.05.106
http://dx.doi.org/10.3390/ijms19123957
http://dx.doi.org/10.1016/j.metabol.2013.10.004
http://dx.doi.org/10.3390/ijms12117950
http://dx.doi.org/10.1016/j.yexcr.2017.03.060


Genes 2020, 11, 295 12 of 13

41. Wang, Y.-N.; Yang, W.-C.; Li, P.-W.; Wang, H.-B.; Zhang, Y.-Y.; Zan, L.-S. Myocyte enhancer factor 2A promotes
proliferation and its inhibition attenuates myogenic differentiation via myozenin 2 in bovine skeletal muscle
myoblast. PLoS ONE 2018, 13, e0196255. [CrossRef] [PubMed]

42. Snyder, C.M.; Rice, A.L.; Estrella, N.L.; Held, A.; Kandarian, S.C.; Naya, F.J. MEF2A regulates the Gtl2-Dio3
microRNA mega-cluster to modulate WNT signaling in skeletal muscle regeneration. Development 2013, 140,
31–42. [CrossRef] [PubMed]

43. Wüst, S.; Dröse, S.; Heidler, J.; Wittig, I.; Klockner, I.; Franko, A.; Bonke, E.; Günther, S.; Gärtner, U.; Boettger, T.
Metabolic maturation during muscle stem cell differentiation is achieved by miR-1/133a-mediated inhibition
of the Dlk1-Dio3 mega gene cluster. Cell Metab. 2018, 27, 1026–1039. [CrossRef] [PubMed]

44. Da Rocha, S.T.; Edwards, C.A.; Ito, M.; Ogata, T.; Ferguson-Smith, A. Genomic imprinting at the mammalian
Dlk1-Dio3 domain. Trends Genet. 2008, 24, 306–316. [CrossRef]

45. Sangodkar, J.; Farrington, C.C.; McClinch, K.; Galsky, M.D.; Kastrinsky, D.B.; Narla, G. All roads lead to
PP2A: Exploiting the therapeutic potential of this phosphatase. FEBS J. 2016, 283, 1004–1024. [CrossRef]

46. Liu, N.; Nelson, B.R.; Bezprozvannaya, S.; Shelton, J.M.; Olson, E.N. Requirement of MEF2A, C, and D for
skeletal muscle regeneration. Proc. Natl. Acad. Sci. USA 2014, 111, 4109–4114. [CrossRef]

47. Suresh, S.; McCallum, L.; Lu, W.; Lazar, N.; Perbal, B.; Irvine, A.E. MicroRNAs 130a/b are regulated by
BCR-ABL and downregulate expression of CCN3 in CML. J. Cell Commun. Signal 2011, 5, 183–191. [CrossRef]

48. Lee, E.K.; Mi, J.L.; Abdelmohsen, K.; Kim, W.; Gorospe, M. miR-130 Suppresses Adipogenesis by Inhibiting
Peroxisome Proliferator-Activated Receptor Expression. Mol. Cell. Biol. 2011, 31, 626–638. [CrossRef]

49. Zheng, H.; Dong, X.; Liu, N.; Xia, W.; Zhou, L.; Chen, X.; Yang, Z.; Chen, X. Regulation and mechanism of
mouse miR-130a/b in metabolism-related inflammation. Int. J. Biochem. Cell Biol. 2016, 74, 72–83. [CrossRef]

50. Yang, W.C.; Guo, W.L.; Zan, L.S.; Wang, Y.N.; Tang, K.Q. Bta-miR-130a regulates the biosynthesis of bovine
milk fat by targeting peroxisome proliferator-activated receptor gamma. J. Anim. Sci. 2017, 100, 2898–2906.
[CrossRef]

51. Zhi, C.; Jun, L.; LiuAn, M.; Hui, W.; WenTing, C.; HuiFei, X.; JiangJiang, Z.; YuTing, S.; Jun, L.; DaWei, Y.
MiR130b-Regulation of PPARγ Coactivator- 1α Suppresses Fat Metabolism in Goat Mammary Epithelial
Cells. PLoS ONE 2015, 10, e0142809.

52. Gelman, L.; Fruchart, J.C.; Auwerx, J. An update on the mechanisms of action of the peroxisome
proliferator-activated receptors (PPARs) and their roles in inflammation and cancer. Cell. Mol. Life
Sci. C 1999, 55, 932–943. [CrossRef] [PubMed]

53. Karlgren, M.; Backlund, M.; Johansson, I.; Oscarson, M.; Ingelman-Sundberg, M. Characterization and tissue
distribution of a novel human cytochrome P450—CYP2U1. Biochem. Biophys. Res. Commun. 2004, 315, 0–685.
[CrossRef] [PubMed]

54. Zhang, J.; Ying, Z.Z.; Tang, Z.L.; Long, L.Q.; Li, K. MicroRNA-148a Promotes Myogenic Differentiation by
Targeting the ROCK1 Gene. J. Biol. Chem. 2012, 287, 21093–21101. [CrossRef] [PubMed]

55. Hassan, M.Q.; Gordon, J.A.R.; Beloti, M.M.; Croce, C.M.; van Wijnen, A.J.; Stein, J.L.; Stein, G.S.;
Lian, J.B. A network connecting Runx2, SATB2, and the miR-23a∼27a∼24-2 cluster regulates the osteoblast
differentiation program. Proc. Natl. Acad. Sci. USA 2010, 107, 19879–19884. [CrossRef] [PubMed]

56. Ying, Z.; Xie, R.L.; Gordon, J.A.R.; Leblanc, K.T.; Stein, G.S. Control of Mesenchymal Lineage Progression by
MicroRNAs Targeting Skeletal Gene Regulators Trps1 and Runx2. J. Biol. Chem. 2012, 287, 21926–21935.

57. Hadjimichael, C.; Nikolaou, C.; Papamatheakis, J.; Kretsovali, A. MicroRNAs for Fine-Tuning of Mouse
Embryonic Stem Cell Fate Decision through Regulation of TGF-β Signaling. Stem Cell Rep. 2016, 6, 292–301.
[CrossRef]

58. Koohmaraie, M. The role of Ca2+-dependent protease (Calpains) in postmortem proteolysis and meat
tenderness. Biochimie 1992, 74, 239–245. [CrossRef]

59. Gil-Parrado, S.; Fernandez-Montalvan, A.; Assfalg-Machleidt, I.; Popp, O.; Bestvater, F.; Holloschi, A.;
Knoch, T.A.; Auerswald, E.A.; Welsh, K.; Reed, J.C. Ionomycin-activated Calpain Triggers Apoptosis.
A Probable Role for Bcl-2 Family Members. J. Biol. Chem. 2002, 277, 27217–27226. [CrossRef]

60. Beere, H.M. Death versus survival: Functional interaction between the apoptotic and stress-inducible heat
shock protein pathways. J. Clin. Investig. 2005, 115, 2633–2639. [CrossRef]

61. Pearson, G.; Robinson, F.; Gibson, T.B.; Xu, B.; Cobb, M.H. Mitogen-Activated Protein (MAP) Kinase
Pathways: Regulation and Physiological Functions 1. Endocr. Rev. 2001, 22, 153–183. [PubMed]

http://dx.doi.org/10.1371/journal.pone.0196255
http://www.ncbi.nlm.nih.gov/pubmed/29698438
http://dx.doi.org/10.1242/dev.081851
http://www.ncbi.nlm.nih.gov/pubmed/23154418
http://dx.doi.org/10.1016/j.cmet.2018.02.022
http://www.ncbi.nlm.nih.gov/pubmed/29606596
http://dx.doi.org/10.1016/j.tig.2008.03.011
http://dx.doi.org/10.1111/febs.13573
http://dx.doi.org/10.1073/pnas.1401732111
http://dx.doi.org/10.1007/s12079-011-0139-x
http://dx.doi.org/10.1128/MCB.00894-10
http://dx.doi.org/10.1016/j.biocel.2016.02.021
http://dx.doi.org/10.2527/jas2017.1504
http://dx.doi.org/10.1007/s000180050345
http://www.ncbi.nlm.nih.gov/pubmed/10412372
http://dx.doi.org/10.1016/j.bbrc.2004.01.110
http://www.ncbi.nlm.nih.gov/pubmed/14975754
http://dx.doi.org/10.1074/jbc.M111.330381
http://www.ncbi.nlm.nih.gov/pubmed/22547064
http://dx.doi.org/10.1073/pnas.1007698107
http://www.ncbi.nlm.nih.gov/pubmed/20980664
http://dx.doi.org/10.1016/j.stemcr.2016.01.004
http://dx.doi.org/10.1016/0300-9084(92)90122-U
http://dx.doi.org/10.1074/jbc.M202945200
http://dx.doi.org/10.1172/JCI26471
http://www.ncbi.nlm.nih.gov/pubmed/11294822


Genes 2020, 11, 295 13 of 13

62. Koohmaraie, M.; Whipple, G.; Kretchmar, D.H.; Crouse, J.D.; Mersmann, H.J. Postmortem proteolysis in
longissimus muscle from beef, lamb and pork carcasses. J. Anim. Sci. 1991, 69, 617. [CrossRef] [PubMed]

63. Muroya, S.; Taniguchi, M.; Shibata, M.; Oe, M.; Ojima, K.; Nakajima, I.; Chikuni, K. Profiling of differentially
expressed microRNA and the bioinformatic target gene analyses in bovine fast- and slow-type muscles by
massively parallel sequencing1. J. Anim. Sci. 2013, 91, 90–103. [CrossRef] [PubMed]

64. Sabourin, L.A.; Rudnicki, M.A. The molecular regulation of myogenesis. Clin. Genet. 2000, 57, 16–25.
[CrossRef]

65. Chen, J.F.; Tao, Y.; Li, J.; Deng, Z.; Yan, Z.; Xiao, X.; Wang, D. microRNA-1 and microRNA-206 regulate
skeletal muscle satellite cell proliferation and differentiation by repressing Pax7. J. Cell Biol. 2010, 190,
867–879. [CrossRef]

66. Miretti, S.; Martignani, E.; Taulli, R.; Bersani, F.; Accornero, P.; Baratta, M. Differential expression of
microRNA-206 in skeletal muscle of female Piedmontese and Friesian cattle. Vet. J. 2011, 190, 412–413.
[CrossRef]

67. Chen, J.F.; Mandel, E.M.; Thomson, J.M.; Wu, Q.; Callis, T.E.; Hammond, S.M.; Conlon, F.L.; Wang, D.Z.
The role of microRNA-1 and microRNA-133 in skeletal muscle proliferation and differentiation. Nat. Genet
2006, 38, 228–233. [CrossRef]

68. Yin, V.P.; Lepilina, A.; Smith, A.; Poss, K.D. Regulation of zebrafish heart regeneration by miR-133. Dev. Biol.
2012, 365, 319–327. [CrossRef]

69. Cui, L.; Zhou, H.; Zhao, H.; Zhou, Y.; Xu, R.; Xu, X.; Zheng, L.; Xue, Z.; Xia, W.; Zhang, B. MicroRNA-99a
induces G1-phase cell cycle arrest and suppresses tumorigenicity in renal cell carcinoma. BMC Cancer. 2012,
12, 546. [CrossRef]

70. Moon, J.M.; Xu, L.; Giffard, R.G. In hibition of microRNA-181 reduces forebrain ischemia-induced neuronal
loss. J. Cereb. Blood Flow Metab. Off. J. In t. Soc. Cereb. Blood Flow Metab. 2013, 33, 1976–1982. [CrossRef]

71. He, Q.; Zhou, X.; Li, S.; Jin, Y.; Chen, Z.; Chen, D.; Cai, Y.; Liu, Z.; Zhao, T.; Wang, A. MicroRNA-181a
suppresses salivary adenoid cystic carcinoma metastasis by targeting MAPK-Snai2 pathway. Biochim. Biophys.
Acta 2013, 1830, 5258–5266. [CrossRef] [PubMed]

72. Yan-Ying, X.; Hui-Juan, W.; Hong-Da, M.; Li-Ping, X.; Yan, H. MicroRNA-503 suppresses proliferation and
cell-cycle progression of endometrioid endometrial cancer by negatively regulating cyclin D1. FEBS J. 2013,
280, 3768–3779.

73. Wong, T.S.; Liu, X.-B.; Wong, B.Y.-H.; Ng, R.W.-M.; Yuen, A.P.-W.; Wei, W.I. Mature miR-184 as Potential
Oncogenic microRNA of Squamous Cell Carcinoma of Tongue. Clin. Cancer Res. 2008, 14, 2588–2592.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.2527/1991.692617x
http://www.ncbi.nlm.nih.gov/pubmed/2016190
http://dx.doi.org/10.2527/jas.2012-5371
http://www.ncbi.nlm.nih.gov/pubmed/23100578
http://dx.doi.org/10.1034/j.1399-0004.2000.570103.x
http://dx.doi.org/10.1083/jcb.200911036
http://dx.doi.org/10.1016/j.tvjl.2010.12.012
http://dx.doi.org/10.1038/ng1725
http://dx.doi.org/10.1016/j.ydbio.2012.02.018
http://dx.doi.org/10.1186/1471-2407-12-546
http://dx.doi.org/10.1038/jcbfm.2013.157
http://dx.doi.org/10.1016/j.bbagen.2013.07.028
http://www.ncbi.nlm.nih.gov/pubmed/23911747
http://dx.doi.org/10.1158/1078-0432.CCR-07-0666
http://www.ncbi.nlm.nih.gov/pubmed/18451220
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Determinant Factors in Meat Tenderness as a Quality Trait 
	Extrinsic and Intrinsic Factors 
	miRNAs and Muscle System Regulation 

	Candidate miRNAs Involved in Carcass Quality 
	miR-224 and Fat Expression 
	The miR-23a~27a~24-2 Cluster 
	MEG3–DIO3 miRNA Cluster (miR-758 and miR-543) 
	Bta-miR-130 
	miR-148a-3p 
	Bta-miR-23a 
	Bta-miR-182, Bta-miR-183, and Bta-miR-338 
	Skeletal Muscle-Derived Satellite Cell miRNA 

	Conclusions 
	References

