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Abstract

Development of the skeletal muscle goes through several complex processes regulated by numer-
ous genetic factors. Although much efforts have been made to understand the mechanisms in-
volved in increased muscle yield, little work is done about the miRNAs and candidate genes that
are involved in the skeletal muscle development in poultry. Comprehensive research of candidate
genes and single nucleotide related to poultry muscle growth is yet to be experimentally unraveled.
However, over a few periods, studies in miRNA have disclosed that they actively participate in
muscle formation, differentiation, and determination in poultry. Specifically, miR-1, miR-133, and
miR-206 influence tissue development, and they are highly expressed in the skeletal muscles. Can-
didate genes such as CEBPB, MUSTNI1, MSTN, IGF1, FOX03, mTOR, and NFKBI, have also been
identified to express in the poultry skeletal muscles development. However, further researches,
analysis, and comprehensive studies should be made on the various miRNAs and gene regulatory
factors that influence the skeletal muscle development in poultry. The objective of this review is
to summarize recent knowledge in miRNAs and their mode of action as well as transcription and
candidate genes identified to regulate poultry skeletal muscle development.
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Abbreviations:

miRNA — Micro RNA

MRFs — Muscle regulatory factors

MYOD — Myoblast determination protein
MRF4 — Muscle-specific regulatory factor 4
MYOG — Myogenin

MYF5 — Myogenic factor 5

MEF2C — Myocyte enhancer factor 2C
Hox-A11 — Homeobox protein
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ROCK1 — Rho-associated coiled-coil containing protein kinase 1
MUSTNI — Musculoskeletal embryonic nuclear protein 1

MSTN — Myostatin

IGF — Insulin-like growth factor

FOXO3 — Forkhead Box 03

mTOR — Mammalian target of rapamycin

HDAC4 — Histone deacetylase

SRF — Serum response factor

PI3K — Phosphoinositide-3-kinase

ANXA2 — Annexin A2

TPM3 — Tropomyosin 3

EIF24K3 — Eukaryotic translation initiation factor 2 alpha kinase 3

Skeletal muscle development is a complex and tightly developmental process
comprising differentiation of myoblast from the mesodermal precursor cells fused
to form mature myotubes. The myotubes also differentiate to form myofibres during
embryogenesis (Buckingham, 2006; Luo et al., 2013; Velleman et al., 2010; White
et al., 2010). Genetic factors such as transcription factors, gene polymorphism, DNA
methylation, and non-coding RNAs work together to control the development of
muscle fiber formation from the mesodermal precursor cells (Berkes and Tapscott,
2005; Clop et al., 2006; Luo et al., 2013; Saccone and Puri, 2010). Myoblast forma-
tion, determination, and differentiation are regulated by four main muscle-specific
regulatory factors (MRFs) which are myoblast determination protein (MYOD), mus-
cle-specific regulatory factor 4 (MRF4), myogenin (MYOG), and myogenic factor
5 (MYF5) (Braun and Gautel, 2011; Wood et al., 2013). Myocyte enhancer factor
2C (MEF2C), sine oculis homeobox homolog (SIX7-SIX6), and eyes absent (EYA)
are other genes that also control skeletal myogenesis (Grifone et al., 2007; Potthoff
and Olson, 2007; Wang et al., 2016). The members of MRF’s are essential in embry-
onic muscle development because they control genes expressly involved in muscle
growth, differentiation, morphogenesis, and contractility (Braun and Gautel, 2011;
Wood et al., 2013).

Poultry is an essential agricultural organism that serves as a primary source of
protein worldwide and bridges the evolutionary gap between mammals and other
vertebrates (Hillier et al., 2004).

Owing to the high demand of poultry, several genes associated with skeletal mus-
cle development have been identified to enhance its production (Chen et al., 2015;
Xuetal., 2017, 2015, 2013 a, b; Zhu et al., 2017).

Recently, extensive studies have shown that miRNAs play vital roles in skeletal
muscle development (van Rooij et al., 2008; Luo et al., 2013). Several discovered
miRNAs including miR-1, miR-133, and miR-206 are broadly studied to express in
muscle tissue. MiRNA-1 and miRNA-133, which are from the same miRNA cistrons
are involved in the development and differentiation of skeletal and cardiac muscle
(Chen et al., 2006; Gu et al., 2014; Wu et al., 2019) whereas miR-206 precisely
expresses in the skeletal muscle (Hak et al., 2006). Also, miR-181 down-regulates
the homeobox protein Hox-A41] which inhibits myogenesis to promote myogenesis
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whereas miR-486 is revealed to induce myoblast differentiation by inhibiting Pax 7
while miR-206 regulates embryonic myogenesis by targeting the deleterious con-
trollers of MYOD, MYFS, and MYOG in muscle development stages and miR-27b
ensures myogenic differentiation by modulating Pax 3. More so, miR-148a down-
regulates an inhibitor of myogenesis known as Rho-associated coiled-coil containing
protein kinase 1 (ROCK1I) and regulates muscle differentiation (Crist et al., 2009; Dey
et al., 2012; Kablar and Rudnicki, 2000; Naguibneva et al., 2006). Therefore, the aim
of this review was to explore the miRNAs and their mode of action, related transcrip-
tion and candidate genes identified to regulate poultry skeletal muscle development.

Transcription factors and candidate genes identified in poultry skeletal mus-
cle development

The muscle development process is regulated by several genes which coordi-
nate and complement with each other in every stage. Amongst them are the two
most important transcription factors: muscle regulatory factors (MRF) and myocyte
enhancer factor 2 (MEF?2) families which help in the formation and differentiation
of muscles (Berkes and Tapscott, 2005; Braun and Gautel, 2011). These two fami-
lies jointly regulate and essentially express in embryonic muscle development and
control the transcription of various myogenic-specific genes involved in muscle de-
velopment (Braun and Gautel, 2011; Wood et al., 2013). The MRF family which
is basic helix-loop-helix (bHLH) proteins includes MYOD, MYOG, MRF4, and
MYF5 while the MEF?2 family which is MADS-box transcription factors consists of
MEF24, MEF2B, MEF2C and MEF2D (Potthoff and Olson, 2007; Wood et al.,
2013). Except for MYF5, the others play the central role in the muscle differentiation,
that is, myogenin and MRF4 promote myogenic differentiation during myogenesis
(Sumariwalla and Klein, 2001; Wood et al., 2013); MYOD plays the determining
role for myoblast formation (Ishibashi et al., 2005) whilst differentiation is enhanced
through MEF?2 interactions with members of the MRF family and other myogenic
factors (Potthoff and Olson, 2007).

Apart from the two families mentioned above, several studies have been made to
discover genes and molecular mechanisms involved in the increase in skeletal mus-
cle development in poultry which include MUSTNI, MSTN, IGF1, FOXO3, mTOR,
NFKBI, and CEBPB (Chen et al., 2015; Xu et al., 2017, 2015, 2013 a, b; Zhu et al.,
2017). Musculoskeletal embryonic nuclear protein 1 (MUSTNI) gene, identified in
rats in 2002, was mainly found in skeletal muscles and tendons (Hadjiargyrou et
al., 2002; Liu et al., 2010). Myostatin (MSTN), otherwise known as growth differ-
entiation factor 8§ (GDF-8), significantly expresses in the development and growth
of cardiac muscle and skeletal muscle (Hennebry et al., 2008; Mendias et al., 2008).
In chicken, it is revealed that the polymorphisms of MSTN gene have an impact on
several traits and their changes are related to regulating abdominal fat weight, birth
weight and breast muscle weight (Gu, 2004). It is also reported that the variations of
MSTN affect breast meat percentage and multiple traits in duck (Junqing et al., 2011;
Xu et al., 2013). The insulin-like growth factor (/GF) system categorized as an in-
dispensable regulatory system controls cell proliferation and differentiation in many
poultry and mammalian tissues such as muscle, bone, liver, reproductive organs, and
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the central nervous system (Castigliego et al., 2010; Dupont and Holzenberger, 2003;
Harris and Westwood, 2012; Richards et al., 2005; Song et al., 2012; Xu et al., 2012).
Forkhead box 03 (FOXO3) is an essential transcriptional regulator that regulates cell
proliferation, differentiation, metabolism, apoptosis, and transformation (Accili and
Arden, 2004; van der Horst and Burgering, 2007). Overexpression of FOXO3 down-
regulated the expression of MRFs (MYOD, MYOG, MRF4, and MYF5) which also
enhances skeletal muscle proliferation and differentiation suggesting that FOXO3
may play a vital role in myoblast proliferation and differentiation in poultry (Gan
et al., 2016; Yin et al., 2014). Mammalian target of rapamycin (mTOR) through
Akt/mTOR pathway and nuclear factor kappa-B, subunit 1 (NFKBI) are essential
for regulating muscle fiber growth and skeletal mass development, thus inhibiting
atrophy in muscles (Bodine et al., 2001; Hunter and Kandarian, 2004). CEBPB reg-
ulates multiple genes in response to growth hormones and activates adipogenesis
to inhibit myogenesis (Cui et al., 2011; Hache et al., 2007). Several other candi-
date genes regulate skeletal muscle development; more research should be made to
confirm those that function significantly in the development of poultry skeletal
muscle.

MicroRNAs identified in poultry skeletal muscle development

Skeletal muscle development involves several complex processes from the em-
bryonic stage through to the postnatal muscle fiber hypertrophy. During the early
stage, mesodermal precursor cells resulting from somites produce the myoblast
which fuses to form mature myotubes. The proliferation of myotubes causes it to
differentiate into myofibres (Buckingham, 2006; Luo et al., 2013; Velleman et al.,
2010; White et al., 2010). After birth, muscle fibers resulting from satellite cell fu-
sion resize to promote muscle growth (Moss and Leblond, 1971). Different stud-
ies have been made to identify and characterize several miRNAs related to skeletal
muscle development (Andreote et al., 2014; Li et al., 2018), embryo development
(Glazov et al., 2008; Hicks et al., 2008), lipogenesis and cell proliferation (Hicks
et al., 2010), lung in response to Mycoplasma gallisepticum HS (Zhao et al., 2017)
among others in chicken.

Several miRNAs have been established to regulate skeletal muscle development
at each step of the developmental process. Some of them individually expressed in
skeletal muscle cells whiles others showed during differentiation progress implying
that miRNAs specifically target tissue gene expression pattern (Luo et al., 2013).
With regards to poultry growth and development, much attention is drawn to dif-
ferent miRNAs found at different periods in the embryo and muscle development.
Comparatively, for embryo development and tissue-specific maintenance, most miR-
NAs are substantially expressed in embryos rather than adults (Huang et al., 2008;
Lietal., 2011; Liang et al., 2007). Using Solexa sequencing, 42 new miRNA candi-
dates were identified in chicken embryos (3, 4, and 5 days old) from 651,273 reads
obtained from dissected somite tissue. Eighteen miRNAs were confirmed of which
novel miR-10a (28,660) and miR-10b (113,106) were confirmed to have a high num-
ber of reads and most abundant respectively indicating that these two miRs are in-
volved in somite development (Rathjen et al., 2009). It was revealed that from stage
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14 of chicken embryo incubation, miR-1 was identified in the somatic myotome
which matches with the beginning of skeletal muscle differentiation (Hamburger and
Hamilton, 1951); miR-133 from (at stage 15) and miR-206 (at stage 20) were identi-
fied in the myocardium and myotome, and somites respectively for fast development
of limbs (Darnell et al., 2006). Jebessa et al. (2017) identified several miRNAs in the
embryonic stages (E11, E16, and P1). Respectively, 214, 225 and 255 novel miRNAs
from 390, 418 and 375 known miRNAs were characterized in chicken skeletal mus-
cle development (Jebessa et al., 2017). The most relatively expressed miRNAs in all
the periods were miR-10b-5p, miR-148a-3p, miR-22-3p and miR-133a-3p whereas
miR-133a/b, miR-206, miR-486, miR-26a, miR-27b, miR-378, miR-148a, and miR-
181 (muscle-specific) which play substantial regulatory roles in skeletal muscle and
metabolism were extremely present in skeletal muscle (Jebessa et al., 2017; McCa-
rthy and Esser, 2006). In broilers and layers, miR-125b, miR-221, and miR-206 ex-
pressions were confirmed in three developmental stages (9e, 17¢, and 21a) (Andreote
et al., 2014). Each miRNA exhibited a specific expression pattern during muscle de-
velopment, but the general model of all miRNAs showed similar expression between
the two chicken lines. MiR-125b, miR-221, and miR-206 had the same expression
levels at stage 9e; miR-125b and miR-206 had a higher expression at stage 17¢ than
9e whereas miR-221 had lower expression. The expression level of miR-125b was
maintained at stage 21a similar to that observed at 17¢, and miR-221 expression was
again reduced, while miR-206 resumed to the expression level that was observed at
9¢ (Andreote et al., 2014).

The miRNA transcriptome of broilers and layers revealed 15 differentially ex-
pressed miRNAs involved in skeletal muscle growth of which nine were shown in
the broilers and six expressed in females (Li et al., 2011). Also, a study in the breast
muscle of pedigree male (PeM) broiler and Barred Plymouth Rock (BPR) chicken
lines revealed 38 abundantly expressed mature miRNAs (Khatri et al., 2018). In the
Pekin duck, a study identified and validated 15 miRNA using qRT-PCR analysis.
By comparing the expression profiles among tissues, three muscle-specific miRNAs
(-1, -133, and -206) were highly expressed in the leg, breast and heart muscles; six
(6) were related in myogenesis (miR-103a-3p, miR-107, miR-26a-5p, miR-10a-
5p, miR-181a-3p and miR-222a); two (2) miRNA (miR-152 and miR-143) were
found in all tissues while the remaining four (4) miRNAs (let-7i, miR-23a, miR-24,
and miR-214) could be found in either liver or kidney (Gu et al., 2014). In quails,
32 miRNAs were expressed at different periods of the early embryo development.
After 24 and 30 h of incubation, expression pattern of 14 of the miRNAs which
included let-7a, let-7b, mir-24-3p, mir-26a, mir-122, mir-126, mir-10b decreased in
numbers whereas mir-10b, mir-20, mir-103, and mir-196a increased numerically.
Finally, the qPCR analysis revealed that seven miRNA: let-7a, let-7b, mir-10b, mir-
26a, mir-122, mir-125b, and mir-126 were differentially expressed during early quail
embryo development (Schellander et al., 2013).



A.A. Collins et al.

892

[-4D] SOYBATIOR UIMOIS O[osSNU [BJO[ONS

(8007 “Te 10 SueA\ H10T T 19 SeARY Q10T “Te 10 1Iey]) S9Nl SISOUSSOIUR puR AJLISIUT JB[NOSBA SOJRIPIIN - ON 9z -1

(8107 “Te 310 DR H10T “T8 10 BUURYY) UONLIOUIZI S[OSNUI PUL UOT)BIIUISIFIP ISL[qOAA - ON Qo 1-yrux

(8107 “Te 30 IRy ‘0107 “Te 30 Sueny ‘4107 “Te 30 nH) sisouoSoAw pue ‘yuowdojorsp dfosnw ‘yuowdo[orsp AIWOS - ON BO[-YIW

(€00Z “Te 19 onD 107 “Ie 39 N QOO T 19 ung) uonenRUAIIPIP druaFoAw pue uonesdyrjoid [[90 ayfjores oSNy 1ds ON |ZI-yIu

(1102 “Te 10 Suem $10T “& 12 ND) (SDdIA) 81199 1031UaF01d 2[OSNU JO UONENUII 12,9, ON Q6

(r1ot ppvuig

“le1eno 10z “1e 10 £o( 800¢ ‘wey[a] pue Suny)) UOIRIIURIRJJIP JTUaS0AW SAJOWO0I] ‘[pvuls ‘7Yzi ON BQZ-YIW
(010T “Te 30 NI $600T “'[& 30 ueny

10T “Te 39 ND 2007 T8 30 WAL S110T Te 30 Sua,) UOIBNUAIYJIP pue uonerdjijold [[90 o[osnw sdJoWold  SPL-N ‘7Yz ON Pl
(800t

“Ie 30 UNS {9107 ‘UBWR[[OA PuUe SUIPIRH 10T ‘T8 10 ND) UONENUAIJIP puk uonerdyroid oouequy  7-uvordAjn ON g

(900T “I® 30 BAUQIMSEN $]0T “[E 30 ND) uonenuaIayIp Sutnp adKjousyd sosnw ysiqeIsy 77 p-Xoi ON qQr8-yru

(2107 “Te 39 Sumn) 110z “Te 10 Jouyodng) Juowdo]oAdp peuod pue JUSWYSI[qe)sd uedI0 NOAN ON 101-yru
(6002

“Ie 30 NI 1RTOT “[& 10 B {6007 “¢ 1 [[[euIpIe)) uonenuaIIp adAjousyd opur Juowdoaadp K0AN Lzd ON /1T

ADJ 19818} ‘o1
11 UOTIRIQUASI S[OSNUI ‘04714 U] UOTIRIIURIQIJIP ISe[qOoAUT

(8107 “Te 10 ey 110T T8 32 Yospaon <110 “'1e 10 9D) ‘S[[90 9[OSN [JOOWS JB[NISEA JO UONEILIO[eD Sje[nIoy 1451 ON qsz1-yru
(croz e

19 SueyZ f000T ‘TRIUPNY pue Fe[qe p 10T “€ 19 ND) UONENUIIJIP A[OSNW $3j0W0ld  [YDOY ON Sy 1-grw

(8007 “AypeDd 110T LX0d ‘€XDd
““[€ 39 NOPINOSINOT 9TOT “'[& 32 BIf 1900T “T€ 32 eH) uoneIaf1ioxd [[00 puE UONENUSIHIP S[OSNIN “£4X) ‘[D]od SOA 90¢-ygruu
(610T “'Ie 12 NAL T900T ‘19SS pue [TV
AYHEDOIN ([10T “Te 30 NOPINOSINOY 19007 e 10 UYD) oW do[oAdp pUE UOLRHUSINNIP S[ISNA ‘G LdU Y[ -AD] SOA ger-ymu
EPXD
(610T “Te 10 N\ 1900T ‘1ossH pue LX0d ‘€Xd
AypeDO (10T “I® 32 NOPYNOSINOY (90T “[® 32 UYD) yuado[oAdp pue UOHERHUSIONIP AISNN ‘TAL FOVAH SOA [y
S9OUQIOJOY suonoun,j souoF jo31e], |oy10ads-o[osnjAl| SYNYIW

Srosnu [e32[ays An[nod ur paynuapr SYNYIW JO suonounj pue saudd jo81e] 1 9[qeL



Role of miRNAs in poultry skeletal muscle development 893

Classification of miRNAs

All the identified miRNAs can be classified as muscle-specific (myomiRs), and
non-muscle specific (non-myomiRs) and each has a particular role it plays in the
skeletal muscle development process (Table 1). To study and understand miRNAs in
proliferation and differentiation, the C2C12 mouse myogenic cell line model which
mimics several conditions that occur in vivo in skeletal muscle development was
used (Burattini et al., 2004). Earlier studies in vitro have established that, in the pres-
ence of myogenin, myosin, differentiation genes and under low serum conditions,
culture of C2C12 myoblast could effectuate myoblast to differentiate to form myo-
tubes (Yaffe and Saxel, 1977). However, this C2C12 mainly affected the expression
of miRNA in the cell such that seventy-seven miRNAs were up-regulated whereas
sixty-eight were down-regulated in differentiation and proliferation stages (Lu et al.,
2012). Studies have confirmed that miR-1, miR-133, and miR-206 which were most
expressively up-regulated were exceptionally involved in differentiation of skeletal
muscle (Chen et al., 2006; Hak et al., 2006). Except for miR-699a which was found
to impede muscle differentiation, miR-9-2, miR-122a, miR-703, and miR-805 which
were highly down-regulated were seldom found to involve in muscle differentiation
(Crippa et al., 2011).

Muscle-specific miRNAs (myomiRs)

As discovered in humans and mouse, this class of miRNAs has also been impli-
cated in the skeletal muscle development in poultry (Gu et al., 2014; Jebessa et al.,
2017; Khatri et al., 2018; Wu et al., 2019). MyomiRs are the miRNAs that solely
express in striated muscle and presently comprise miR-1, miR-133, miR-206, miR-
208a, miR-208b, miR486 and miR-499 (McCarthy, 2008; O’Rourke et al., 2010; van
Rooij et al., 2007). However, only three of them (mir-1, mir-133, and mir-206) have
been severally studied, recognized and proven in poultry (Jebessa et al., 2017; Wu
etal., 2019). Except for miR-206 which is only specific in skeletal-muscle, the other
myomiRs express in both skeletal and cardiac muscles (Lagos-Quintana et al., 2002).
The expression of the myomiRs is controlled by MRFs (MYOD, MYOG, MRF4,
MYFS5), MEF2s, SRF and several transcriptional factors which play crucial roles in
each stage of the muscle development process (Braun and Gautel, 2011; Chen et al.,
2006; Potthoff and Olson, 2007; Sweetman et al., 2008; Wood et al., 2013; Wu et
al., 2019).

Mechanism and functions of miR-1

MiRNA-1 is associated with the differentiation and development of skeletal mus-
cle. Significantly, researches have proven that miRNA-1 functions in the initial stage
through to the later stages in skeletal myocyte development and the homeostatic
maintenance of skeletal muscle (Chen et al., 20006). It is also revealed that miR-1
regulates the generation of cardiac muscle and its related diseases (Townley-Tilson
et al., 2010). However, these essential functions of miR-1 are regulated and inhibited
by several transcription factors. It is revealed that mTOR signaling regulates the ex-
pression of miR-1 by controlling MYOD, a transcriptional factor that promotes the
expression of miR-1 (Sun et al., 2010). Activation of miR-1 inhibits the expression
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of target genes which suppress muscle development. Histone deacetylase (HDAC4)
is a transcriptional repressor which hinders MEF2 protein expression that enhances
muscle development (Chen et al., 2006). MiR-1 is capable of constraining the expres-
sion of HDAC4 by binding to its 3UTR, thus promoting muscle cell differentiation
(Chen et al., 2006; Wu et al., 2019). Also, miR-1 can inhibit the expression of a zinc-
finger transcription factor, Y'Y/ which negatively regulates muscle gene regulation
and PAX7 which up-regulates /D2 (inhibitor of DNA binding 2) to repress MYOD
regulation (Chen et al., 2010; Lu et al., 2012). More so, miR-1 regulates myogenesis
through PI3K/Akt signaling pathway which contributes to muscle growth and hyper-
trophy (Figure 1) (Bassel-Duby and Olson, 2006; Egerman and Glass, 2014). When
Akt phosphorylates, it decreases FOXO3a (a transcription factor that adversely con-
trols protein synthesis and muscle growth) and regulates miR-1 promoter activity.
When the expression of miR-1 decreases, /GF-1 and IGF-1R expression increases
because they are target genes to miR-1 (Elia et al., 2009).

Mechanism and functions of miR-133

MiR-1 and miR-133 have similar regulatory functions and transcription factors
because they are all transcribed from the same bicistronic transcripts. miRNA-133
(miR-133a/b) functions early in the myogenic stem cells differentiation into myo-
blast and the growth of complex muscle tissues (Baquero-Perez et al., 2012; Hak et
al., 2006; Koomkrong et al., 2015; Takaya et al., 2009). MiRNA-133 promotes myo-
blast proliferation and regulates the growth and function of myocardium and bone by
inhibiting the activity of SRF' and TGFBRI (Wu et al., 2019; Yin et al., 2013; Zhao et
al., 2005). It is established that miR-133 repressor decreased the overexpression of
miR-133 but greatly increased the expression of SRF and TGFBRI which suggests
that overexpression of miR-133 negatively regulates SRF' and TGFBRI which con-
trol the development of skeletal muscles in ducks (Wu et al., 2019). Also, miR-133
inhibits the expression of /IGF-IR, nPTB, and MAMLI. MAML regulates the connec-
tion of Notch and MEF?2 to arouse muscle differentiation; /GF-IR contributes to em-
bryonic and postnatal development and growth of muscle cell whereas pre-mRNA
splicing is controlled by nPTB in muscle and neuron differentiation (Boutz et al.,
2007; Huang et al., 2011; Shen et al., 2006). MiR-133a/b regulates MAPK pathway
via down-regulation of its transducers (FFGFRI and PP2AC) to promote differentia-
tion and suppress myoblast proliferation (Feng et al., 2013; Liu et al., 2011). Similar
to miR-1, when the expression of myogenin increases, it activates the expression of
miR-133 which blocks /GF-IR, thereby decreasing the regulation of Akt phospho-
rylation (Figure 1) (Huang et al., 2011).

Mechanism and functions of miR-206

As described earlier in the above myomiRs, miR-206 which plays similar roles is
also a recognized myogenic miRNA which has significant functions during muscle
development, and they are abundantly expressed in the skeletal muscle of many ani-
mals including poultry (Liang et al., 2007; McDaneld et al., 2009). However they are
not always high because its pattern of expression is temporal. Studies have shown
that miR-206 inhibited Pola 1 which is the largest subunit of DNA polymerase A
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(DNA pol a) for DNA synthesis in myoblast differentiation (Hak et al., 2006). The
expression of Pax3 and Pax7 (Figure 2) which prevented early differentiation of
myoblast is hindered when miR-206 is overexpressed (Chen et al., 2010; Hirai et al.,
2010). Overexpression of miR-206 in chicken myoblast increased the expression of
myogenin and muscle creatine kinase which are essential genes for muscle differen-
tiation (Jia et al., 2016). A study reported that in the P38 MAPK, ERK 1/2, PI3K, and
insulin signaling pathways, ANXA2, TPM3, and EIF2AK3 genes are up-regulated
when miR-206 is suppressed (Khatri et al., 2018). It is established that ANXA2 (an-
nexin A2) regulates proliferation, migration and cytoskeletal formation in muscle
cells (Chen et al., 2014; Draeger et al., 2002); TPM3 (tropomyosin 3) links with actin
filament in muscle cells and troponin complex to regulate contraction of the striated
muscle in vertebrates (Lawlor et al., 2010) and EIF24K3 (eukaryotic translation ini-
tiation factor 2 alpha kinase 3) controls mitochondrial morphology and function (De
Mario et al., 2017). Khatri and colleagues proposed that the quick myogenesis dis-
played in the breast muscle of PeM chickens was due to miR-206 and its own targets
interaction (Khatri et al., 2018).

4

IGF-1 % miR-1
A

MyoD, myogenin, MEF2, SRF

Figure 1. MicroRNAs regulating myogenesis via PI3K/Akt signaling. The dash arrows show the
pathway not verified. MYOD (myogenic differentiation); MEF2 (myocyte enhancer factor 2); SRF
(serum response factor); AKTP (phospho-AKT); Foxola (forkhead box Ol); Foxo3a (forkhead box
03); IGF-1 (insulin-like growth factor 1); /GF-IR (insulin-like growth factor 1 receptor); PI3K
(phosphoinositide-3-kinase) (Xu et al., 2013 b)

Non-muscle-specific miRNAs (Non-myomiRs)

Apart from the muscle-specific identified in poultry skeletal muscle, other miR-
NAs which are non-muscle specific have also been discovered and proven to play
vital roles in the muscle development process. Some of the non-myomiRs identified
in the poultry skeletal muscle include: let 7, miR-10, miR-21, miR-22-3p, miR-24,
miR-26, miR-27, miR-107, miR-125, miR-126, miR-148, miR-181, miR-196, miR-
221, miR-222, and miR-214. Some of the miRNAs promote muscle proliferation and
differentiation whereas others negatively regulate muscle differentiation.
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SKELETAL MUSCLE
B DIFFERENTIATION

Figure 2. miRNAs regulation in skeletal muscle differentiation in poultry. The figure shows miRNAs (in

blue) associated with skeletal muscle differentiation and their mRNA targets (in the black box) and some

transcription factors (in the blue box found at the bottom) that control the expression of three muscle-
specific miRNAs

Mechanism of non-myomiRs that promote muscle proliferation and differ-
entiation

Among the miRNAs discovered in the poultry, miR-24, miR-26a, miR-181,
miR-214, and miR-148 are proven to enhance skeletal muscle differentiation. The
overexpression of these miRNAs increases the appearance of the MRFs to enhance
myoblast differentiation. In C2C12 myoblast differentiation, the levels of miR-24,
miR-26a and miR-148a were expressly up-regulated compared to undifferentiated
cells. This implies that overexpression of the mentioned miRNAs enhances myogen-
ic differentiation. The high levels of miR-24, miR-26a and miR-148a, could directly
inhibit the appearance of their target genes 7GF-f1, Ezh2 and ROCK] respectively
which suppress muscle differentiation (Dey et al., 2012; Sun et al., 2008; Zhang et
al., 2012). A study revealed that the expression of glypican-1, a target gene of miR-
24 increased significantly at 24 hours then declined at 72 hours of muscle prolifera-
tion and differentiation when miR-24 was inhibited (Harding and Velleman, 2016).
Creatine kinase, an enzyme which increases during myogenesis was induced when
miR-26a was highly expressed (Chung and Tellam, 2008). The muscle phenotype is
established upon the up-regulation of miR-181 during myogenic differentiation by
inhibiting the expression of HoxA 11, a target gene that represses the differentiation
processes (Naguibneva et al., 2006). In the embryonic stem cells, miR-214 increases
muscle cells differentiation and stimulates the transcription of developmental regula-
tors by downregulating PcG proteins which repress this progress in the embryonic
stem cells. MiR-214 controls the PcG proteins by targeting the £z42 3’UTR during
transcription (Juan et al., 2009). It also down-regulates N-ras level (proto-oncogene)
which inhibits muscle differentiation (Liu et al., 2010). Again, miR-214 promotes
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muscle proliferation. To prove this, C2C12 cells were transfected with miR-214 in-
hibitor and cultured in a growth medium which hindered myoblast proliferation. This
shows that miR-214 promotes both muscle differentiation and proliferation (Feng
et al., 2011). Overexpression of miR-128 inhibited Spl expression, an activator of
MyoD which regulates cell proliferation and differentiation. MiR-128 was expres-
sively increased in the brain and skeletal muscles (Guo et al., 2003).

Mechanism of non-myomiRs that negatively regulate muscle differentiation

MiR-221/222 and miR-125 are examples of identified miRNAs in poultry which
have been reported to regulate myogenic differentiation negatively (Cardinalli et
al., 2009; Ge et al., 2011). A study reported after Northern blot analysis that miR-
221/222 acts contrary to miR-133 because they were highly expressed in myoblast to
inhibit proliferation and differentiation (Cardinalli et al., 2009). Ras-MAPK signal-
ing pathway down-regulates the expression of miR-221/222 during myogenesis in
poultry and mammals (Cardinalli et al., 2009). Even though myoblast proliferation
was not altered when miR-125 levels declined, differentiation was negatively regu-
lated in C2C12 myoblast differentiation. MiR-125 targeted /GF-1I which important-
ly regulates skeletal myogenesis in the myocytes (Ge et al., 2011).

Conclusion

Skeletal muscle development is a multi-step process regulated by several genetic
factors of which miRNAs play an essential role. Two most important transcription
factors; the muscle regulatory factors (MRF) and myocyte enhancer factor 2 (MEF?2)
families help in the formation and differentiation of muscles. The discovery of miR-
NAs enhances our understanding of the regulatory roles and mechanisms of these
miRNAs which are essential for the skeletal muscle differentiation. These miRNAs
can be muscle-specific (miR-1, miR-133, and miR-206) and non-muscle specific
(miR-24, miR-181, miR-128, and others). The vital functions of miR-1, miR-133
and miR-206 in myogenesis aid us to comprehend the significance of tissue-specific
miRNAs. However, the regulatory functions of non-myomiRs in myogenesis can-
not be overlooked. Each of the muscle-specific miRNAs has their mRNA target:
miR-1 targets and inhibits HDAC4, YY1, Pax 3 and Pax 7; miR-133 targets MAMLI,
IGF-IR, nPTB; and miR-206 targets Pola I, Pax3, Pax 7. Little is known about the
target genes of the other miRNAs. It is projected that several miRNAs control about
one-third of mammalian and poultry genes, but the specific targets and roles of most
miRNAs have not been discovered which might be helpful in poultry breeding in-
dustry.
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