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Abstract: The AMMUSTNI (musculoskeletal, embryonic nuclear protein 1) gene plays an important role in the
development and regeneration of the mammalian musculoskeletal system and has a high expression in the
muscle. In the present study, we cloned the porcine MUSTNT genome DNA sequence including the full-length
c¢DNA. Analysis of the genomic sequence revealed that porcine MUSTNI consists of 3 exons separated by 2
introns. Tt contains a 237 bp open reading frame flanked by 251 bp 5"UTR and 216 bp 3’ UTR. Radiation hybrid
mapping data indicated that the porcine MUSTNI gene was located to chromosome 13q12-q22. The expression
data revealed that the porcine MUSTNI gene is widely expressed in the examined tissues and has an especially
high expression level in muscle tissues. One single nucleotide polymorphism c¢. 265C >T was identified in the
3"UTR of the porcine MUSTNI gene and genotyped by the Nrul PCR-RFLP. Association analysis showed that
different genotypes of the MUSTNI gene were sigmficantly associated with ADG (average daily gain from birth
to 100 kg), percentage of ham, proportion of lean and bone of the ham and meat color (p<<0.05). Thus, the

mutation can be applied to pig breeding by molecular Marker-Assisted Selection (MAS).
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INTRODUCTION

The MUSTNI (musculoskeletal, embryonic nuclear
protein 1) gene plays an important role in the development
and regeneration of the mammalian musculoskeletal
system which was previously identified in examining
bone remodeling in mice after fracture. Tt was also up-
regulated after 24 h to lengthening and shortening
contractions in human muscle tissues (Kostek ef al.,
2007).

The MUSTNI gene was lighly expressed during the
early phases of bone regeneration and also had high level
expression 1n terminally differentiated adult skeletal
muscles (Lombardo et al, 2004). The other study
indicated that MUSTNI have upregulated expression
during hypertrophy in the sheep with the callipyge
mutation (Vuocolo et al., 2007). Previous research also
indicated that the expression of MUSTN/ increases as
C2C12 cells undergo differentiation into myocytes and
this coincides with the up-regulation expression of
skeletal muscle-specific transcription factors, MyoD and
myogenin. Liu et al. (2010), recently study indicated that
MUSTNI have a important role n myoblast differentiation

which can inhibit the myoblast differentitaion and
myofusion and which have the same expression
pattern with the MyoD. There are also some multiple
transcription factor binding sites in the MUSTNT gene
promoter of mice, especially AP-1 sites. These sites
represent regulator binding sites in many other
musculoskeletal genes (MyoD and B-catenin) (Pedraza-
Alva et al., 1994; Goldberg et al., 1996, Winchester ef af.,
2000; Ionescu ef al., 2001; Andreucci et al., 2002; Li et al.,
2004; Liu and Hadjiargyrou, 2006). Thus the AMUSTNI
gene may be linked to the MyoD-associated signaling
pathway which participates in the process of myogenesis.
Based on the previous finding, It speculated that the
MUSTNI gene represents a kind of skeletal muscle marker
gene with a probable function in cell differentiation and
may play an important role in myogenic differentiation.

It 15 well known that there are multiple factors
controlling growth speed and meat quality, so it is
important that we further study muscle development and
the differentiation mechanism. At present, there are
already many genes which are known to influence meat
muscle development and differentiation and some of them
can unprove meat quality and growth speed, such as RN
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(Rendement Napole) (Carr et al., 2006) and RYRI
(tvanodine receptor 1) (Fujii et al., 1991). However, there
are still some potential candidate genes that to be
discovered and studied. Previous studies have indicated
that MUSTNT is involved in differentiating and maturing
muscle tissues of humans and mice. The purpose of this
study is to gain an insight into the function of AMUSTNI
by isolating the porcine MUSTNI gene, predicting its
amino acid sequence, testing the expression profile in
different tissues and associating the genotypes with
economic traits. This is the first report showing the
functions of the MUSTNI gene in pigs and as such, it
aims at helping to understand the porcine development of
economic traits. It also pomts out that, by molecular
marker-assisted selection, the ¢. 265C>T mutation site can
be applied to pig breeding as a molecule marlker.

MATERIALS AND METHODS

Isolation full-length ¢DNA of porcine MUSTNI: The
mRNA of the human MUSTNI gene (GenBank accession
no. NC_000003.11) from NCRI and search for homologous
pig EST in the porcine-EST databases using the BLAST
algonthm Chttp://www.nebi.nlm. nih gov/blast/) and shared
at least 80% sequence homology with the human ¢cDNA
i order to assemble the potential porcine gene contig
sequence by the seqman of DNAStar and the consensus
sequences of porcine ESTs were used to design primers
for the amplification of the porcine MUSTNT gene.

Total RNA was 1solated from the freshly obtamned
tissue of mature Tongcheng (domestic breed) pig using
Trizol reagent (Tnvitrogen, Carlsbad, CA, TITSA) according
to the manufacturer’s mstructions. RNA was treated with
RQ1 RNase free DNase (Promega, Madison, WI, USA)
and transcripted by using M-MLV reverse transcriptase
(Promega, Madison, WI, TISA). The primers (Table 1) were
designed based on the porcine ESTs to amplify the
porcine MUSTNI gene ¢cDNA. Three pairs of primers is
deoigned (Table 1) in order to amplify the complete mRINA
sequence and genomic sequence of the porcine MUSTNI.
The PCR (Polymerase Chain Reaction) profile was 5 min at
95°C, followed by 34 cycles of 40 sec at 94°C, 30 sec at
ammealing temperature (Table 1), 1 mm at 72°C and a final
extension of 5 min at 72°C.

SMART c¢DNA were synthesized from the total RNA
of a mature Large White pig’s skeletal muscle by using
the SMART™ RACE cDNA amplification kit (Clontech)
for Rapid Amplification of the ¢cDNA ends (RACE)-
Polymerase Chain Reaction (PCR). 5 RACE and 3’ RACE
was performed according to the instructions of the
SMART™ RACE c¢DNA Amplification Kit protocol. The
PCR product was purified with the 35 Spin DN A Agarose
Gel Purification system (Shenergy Biocolor, Shanghai,
China) and clened mto the pMDI18-T vector (TakaRa,

Table 1: Primer pairs designed for the porcine MUSTNI gene

Primer name  Primer sequence (5°- 3%) Tm (°C) _ 8ize (bp)

CDS-F TCTACCGCACCCACCATGT 61 305

CDS-R AAGGTGGCAGGTGAGAAGGT

3-RACE GTCCCAGGAAGCCCCCATCAAGAAGA 73 521
CCTCCTCACCACCAGCAACA

5-RACE ACTGCTTTICACCAGGGCTG 60 433
AAGTGGGTATCTGGGTTIGTICT

RH-F TTGGCTTGGTGGCATCTGA 60 160

RH-R GGACTGGCTTTGAGGCTGAA

EX-F CCAAGAACCAGGAGATCAAGIC 60 165

EX-R GCACTTCTCAGCCAAAGACACT

18S-F TITCGCTCTGGTCCGTICTTG 60 101

185-R TITCGGAACTGAGGCCATGAT

SNP-F GGACTCTGCACCAGCACTCG 60 157

SNP-R CATICCTICTGAGACCCTTCCAA

Dalian, China) then sequenced by commercial service.
Touchdown PCR was carried out for 5 min at 95°C,
followed by 5 cycles at (94°C 30 sec, 73°C 30 sec, 72°C
30 sec) and 30 cycles at (94°C 30 sec, 68°C 30 sec, 72°C
30 sec) and a final extension of 5 min at 72°C by using 5°
RACE and 3° RACE universal primers and MUSTN/
specificity primers (Table 1). The ORF (open reading
frame) and the amino acid sequences were deduced with
the program Seqman (DN Astar, Madison, WI, USA). The
secondary structure was performed by online tools of the
ExPASy website (http://cn.expasy.org/tools/).

Amplification genomic sequence of porcine MUSTNI:
The exons of porcine MUSTNI were deduced based on
the genomic structure of the human MUSTNI gene. The
introns were then amplified by PCR using the genomic
DNA template and pnimers EX-F/EX-R and CDS-F/CDS-R
(Table 1). The PCR was carried out as described earlier on
10 ng genomics DNA as template in a total volume of
10 pl.. The obtained genomic fragments with overlapping
ends were purified, cloned and sequenced. The MUSTNI
genomic sequence was obtaned by assembling the
overlapping genomic fragments. To verify the integrity of
the assembled sequence, relevant porcine genomic
sequences in the GenBank database were retrieved and
aligned with the assembled sequence.

Expression profile analysis of porcine MUSTNI: The
porcine MUSTNI gene mRNA expression in different
tissues was detected by semi-quantitative RT-PCR
{(Reverse-Transcription Polymerase Chain Reaction) with
188 ribosome RNA (tRNA) as an internal control which
showed very consistent expression among different
samples. The total RNA was isolated from the freshly
harvested tissues (heart, liver, spleen, lung, kidney,
skeletal muscle, fat and small intestine) of three mature
Tongcheng pigs”C Chinese breed°C. Primers among exon
2 and exon 3 were designed to amplify various tissue
c¢DNA according to the mRNA sequence (Table 1). PCR
amplification was done in a total volume of 20 ul
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containing 50 ng ¢cDNA, 10xPCR buffer, 0.3 uM of each
pruner, 75 pM of each dNTP and 1 U Taq DNA
polymerase (Takara, Dalian, China). PCR conditions were
4 min at 94°C followed by 30 cycles of 30 sec at 94°C,
30secat 60°C, 20 sec at 72°C and a fmal extension of
5 min at 72°C. Finally, 10 ul. of each PCR product was
electrophoresed on a 2.0% agarose gel stained with
GelRed.

Chromosomal localization of porcine MUSTNI: The
INRA-Umversity of Minnesota porcine radiation hybrid
(IMpRH) panel (Yerle ef al., 1998) was employed to refine
the mapping resolution. The porcine-specific primers
(Table 1) located n the intron 1 were amplified using the
porcine radiation hybrid (IMpRH) panel DNA samples.
The PCR was performed in 10 pl. volume containing 25 ng
panel DNA, 10xPCR buffer, 0.3 uM of each primer, 35 uM
of each dNTP and 057U Tagq DNA polymerase
(Takara, Dalian, China). The PCR conditions were 5 min at
94°C, followed by 35 cycles of 30 sec at 94°C, 30 sec at
60°C, 20 sec at 72°C and a final extension of 5 min at 72°C.
The PCR results were recorded and analyzed on
http://mmprh toulouse. mra.fi/ to get the mapping
information (Milan et ai., 2000).

SNP identification, genotyping and association analysis
of porcine MUSTNI: PCR products from Landrace and
Tongcheng pigs were amplified by using primers (EX-F
and EX-R) and sequenced in order to detect potential
mutations. The PCR for genotyping was performed m a
volume of 10 pL consisting of 25 ng of genomic DNA,
10xPCR buffer, 0.3 uM of each primer, 35 uM of each
dANTP and 0.5 U Taq DNA Polymerase (Takara, Dalian,
China). PCR protocols were 4 min at 94°C followed by 35
cycles of 30 sec at 94°C, 30 sec at 59°C, 25 sec at 72°C and
a final extension of 5 minat 72°C. About 5 ul, of each PCR
product was digested overnight with 3 U Nrul (Tingmei
Biotech, China) at 37°C for 8 h and then size-separated on
GelRed staned 3.0% agarose gel. The ammals used in the
association analysis included 182 pigs: Tongcheng (34),
Large White (30), Landrace (31) and crossbreds of Large
White (Landrace x Tongcheng) (40) and Landrace x
(Large White x Tongcheng) (47). Nineteen traits were

Xenop us_laevis.s

E‘Dd_r. LT ] |
Canis_familiacis
Gallus gallu=s.se
Homo_saplens.seq
Mus masculus, seg
Raccus norvegicu

=sus-scrofa.seq

Conaenaus

recorded as well as the detail information about the
population reference (3{u et al., 2008). An analysis method
using the PROC GLM procedure in the SAS software
package (SAS Inst. Inc., Cary, NC, USA) was employed to
analyze the association between genotypes and traits.
The linear model with the fixed effects is:

Y = UGB A8, +C +E, (C)Jrsuklm
Where:
Yiun = The 1kl the traits” observation value
Tl = The mean
G; = The effect of the ith genotypes
B = The effect of jth batch
3, = Theeffect of jth sex
C = The effect of Ith population
F.(C) = Family effects within breed
8jux = Therandom residual corresponding to the traits

observation value with var (g) = Ia,?
RESULTS

Molecular characterization of the porcine MUSTNI
gene: The genome sequence of porcine MUSTNI was
deposited n the GenBarnk (accession No. GU345805). The
sequence was obtained in combination with the four PCR
products (Table 1: primer name: CDS-F/R, 3-RACE, 3-
RACE and EX-F/R). Sequence analysis showed that the
porcine MUSTNI gene consists of 3 exons and 2 mtrons
and includes a 237bp ORF (open reading frame) flanked
by a 251bp 5’UTR and a 216 bp 3’UTR. Analysis showed
that MUSTNI gene encoded 78 amino acids with a
calculated molecular mass of 8.479 kDa and an idcelectric
point of 9.87. DNAMAN analysis showed that the
predicted porcine amino acid sequence shared 92% and
89%  identity with the corresponding human
(NP_995325.2) and mouse (NP_852055.1) sequences,
respectively. This suggested that the MUSTNI gene 1s
evolutionarily conserved in large mammals. A multiple
sequence alignment of the MUSTNI proteins of several
species, mcluding xenopus laevis, cattle, camis fupus
familiaris, Gallus gallus, humans, mouse, rats and pigs is
shown in Fig. 1.

Fig. 1: The deduced amino acid sequence of the porcine MUSTNI gene was aligned to xenopus laevis, cattle, canis Tupus
familiaris, Gallus gallus, humans, mouse, rats and pigs sequence
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Expression profile analysis of the porcine MUSTANZ
gene: Semi-cquantitative ET-PCR was used to detect the
tissue distribution of the porcine MUSTM  gene,
excluding genomic DINA contamination of the REIMA
preparations and thus, confirming the ET-FCR results of
the expression profile analysiz of the porcine MUSTAY
gene. Positive control PCE {185 rEIA) in each tissue
displayed a basically identical signal. The gene was
widely expressedin the examined tissues, including heart,
liver, spleen, lung, kidney, muscle, intestine, fat and
stomach. Iuscle tissues showed an especially high level
of expression (Fig. 2).

Chromosomal localization mapping of p orcine M TS T
gene: The chromoesomal localization of the porcine
MUSTAND gene was determined using a porcine radiation
hybrid (IMpEH) panel. The porcine MTETMN gene was
located to chromosome 13gl2-922 with the most
significantly linked marker being W 1400 (Distance = &0
cE, LOD = 585 and Eetention frequency = 22%). In
humans, the MUSTA! has been mapped to H3A3p21
This information confirmed the established conservation
of  synteny between pigs  and humans through
chromoszome comparison which demonstrates synteny
between S5C13 and HSAS Chttps:iarwrwe-
lge toulouseinra fripigicompare/SSCHT LSS C1E5 HT
L0 (Goureau of al, 1996). One mutation c. 262C>T was
identified by comparative sequencing. The substitution
occurted in the ITTER. The polymorphism e 265C>T in
the experimental population was analyzed by MNrul PCE-
EFLP. & mutation pruner was designed to amplify the

157 bp genome fragment and was genotyped by using the
Frul restriction enegyme (157 bp for allele T, 20 bp and 137

bp for allele &) (Fig. 3.
DISCUSSION

By using the PEOTE II, the multiple secquences
indicated that different proteins had high similarity in
both the MN-terminal and C-terminal and there 15 also a
classic nuclear unport signal (PIKEERPPAY 1n the
MNiterminal  algenthm  (httpfpsert nibboacjp).  The
previcus studies indicated that rat MUSTAT 12 a nuclear
protein in transient transfesti on of preostecblastic MCET3
cells by using assays and Mustang-GFF fusion construct
(Lombarde &t al., 20047 which consistent with the
prediction. There are some processes which ocour in the
mucleus, including DMNA replication, transcription and
posttranscriptional processing. In order to detenmine the
evoluticnary relationship between different species,
researchers analyzed the unrooted phylogenetic tree
using DMNAStar’'s LaserGene software (DINAStar,
Wadizen, TISAY (Fig. 4). The results revealed that the
porcine MISTA! had a closer genetic relationship with
the Gallus galius, mouse and rat.

Marker heart Liver Splean Lung Kidney Muscle Intestine Fat  Stomach

MUSTNI

!4—185

Fig 2: The expression profile analysis of the porcine
MUSTNT gene

T cc TT TC M

250 bp
157 bp

137 bp

100 bp

Fig. 3: One c. 265C=T Zingle Mucleotide Polymorphism
(SMP) was detectedin T UTE. PCE products were
digested with HNrul restriction enzyme to
distinguish different alleles {137 bp for allele T, 20
by and 1537 bp for allele C)

W W W I3 I M @ W
Thucowtide mbiiatbr (x 108)

Fig. 4: The MUSTA! phylogenetic tree with amino acid
sequences. The sequences used for analysis are
derived from GenBank The horizontal branch
lengths are propottional to  the
divergence of the sequence from the branch point

estim ated

The expression pattern study indicated the porcine
MUSTAN! gene iz high expression levels in muscle tizsues,
previous studies revealed that the MEASTNI increases as
C2C12 cells underge diffe rentiation into myocytes in
humans (Liu and Hadpargyrou, 2006, so it indicated that
the porcine MUSTN! gene plays a role in muscle
development and regeneration.

According to the information from the pig QTLs
database (http: Mfwww animalgenome org/ QT L dbipig html)
(Hu et @l., 2007, there have been several papers which
have reported that the Quantitative Trait Loci (QTL) on
porcine chromosome 153q12-922 includes responsible for
meat color-B (De Eoning gt al., 2001), pH 24 h, ham
muscle weight, ham meat weight (Van Wik eial, 2006)
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Table 2: The association results between the genotypes at c. 265C>T in 3°UTR
polymorphism of the USTN! and economic traits

Propoition

Percentage of lean and
Genotype Number  ADG of ham bone of the ham  Meat color
TT 88 491.73+£4.19 30.63+0.19 70.5040.45 2.99+0.04
CT 67 485.13+433 30.35+£0.20 69.7940.46 3.11+0.03
cC 27 476.4946 .61 29.80+0.30 68.41+0.71 3.15+0.06
p-value
TT-CT 0.29 0.348 0.29 0.049*
TT-CC 0.048* 0.029" 0.014" 0025*
CT-CC 0.27 0.142 0.098 047

*Indicates significant difference at p<0.05 level

and ADG (average daily gain) (De Koning et al., 2001).
The center location of this QTL is near the map position
of MUSTNI. The  effect of the ¢ 265C>T
polymorphism on carcass and meat quality traits was also
investigated in the experimental population described
above. Association analyses revealed that the
substitution of ¢. 265C>T had a sigmificant effect on
average daily gam from birth to 100 kg (ADG), meat color,
percentage of ham, proportion of lean and bone of the
ham (p<<0.05) (Table 2). The ADG, percentage of ham and
proportion of lean and bone of the ham in pigs with TT
genotype was higher than in pigs with CC genotype
(p=0.029, p=0.014 and p = 0.048, respectively) which
means that the allele C was a predominant allele.

However, significant differences with opposite
directions were found in meat color. The meat color of
pigs with TT genotype was significantly lower than
that of pigs with CC and CT genotypes (p = 0.025 and
P = 0.049, respectively), in other words, allele T was a
predominant allele in meat color.

Previous studies have shown that the porcine
MUSTN] gene is exclusively and highly expressed during
bone regeneration (Kostek et al., 2007) and up-regulation
expression of skeletal muscle-specific transcription factors
(MyoD and myogenin) (Liu and Hadjiargyrou, 2006). And
Zheng et al. (2009) also found that MUSTNI affect the
skeletal muscles hypertrophy (Zheng et al., 2009). Thus,
the porecine MUSTNI gene may play an important role in
bone and muscle development.

CONCLUSION

In summary, we have presented the complete genomic
DNA sequence and organization of the porcine MUSTNI
gene. The analysis of the generated genomic sequence
indicated that the porcine MUSTNI gene consists of 3
exons and 2 introns. These results further support the
claim that the porcine MUSTNI gene plays an important
role in skeletal muscle differentiation and mdicate a
probability that ¢. 265C>T can be applied as a useful
molecular marker i pig breeding.
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