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ABSTRACT. The ADAMTS4 and ADAMTSS are secreted proteases,
which can cleave aggrecan, brevican and versican to regulate rebuilding
of the extracellular matrix. We analyzed the ADAMTS4 and ADAMTSS
gene expression patterns in longissimus dorsi muscle at intervals from 135
days fetal age to 30 months old by qRT-PCR in Nanyang cattle. Expression
of ADAMTS4 was significantly higher in 135 and 185-day-old fetuses
than at other stages, while expression of ADAMTSS decreased during
development. The promoter regions of ADAMTS4 and ADAMTSS
were cloned and the transcription factor binding sites were analyzed
with bioinformatic methods. Twelve and six potential transcription
factor binding sites were found in the promoter regions of ADAMTS4
and ADAMTSS genes, respectively. Three transcription factors (MZF1,
C/EBPb, and NF-kap) were selected to analyze the expression pattern
during the development of the longissimus dorsi muscle. MZF1 was
significantly co-expressed with ADAMTS4, while C/EBPb expression was
significantly negatively associated with that of ADAMTS4. We concluded
that the expression of ADAMTS4 is positively regulated by MZF1 and
negatively regulated by C/EBPb. We examined the relationships of
ADAMTS4 and ADAMTSS expression with tenderness of longissimus
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dorsi muscle; ADAMTS4 was significantly and negatively correlated
with meat tenderness. We conclude that ADAMTS4 participates in the
regulation of muscle development in cattle.

Key words: Nanyang cattle; ADAMTS4; ADAMTSS; Tenderness;
Muscle development

INTRODUCTION

Meattenderness is very important to meat quality and consumer acceptance. Tenderness
is based on ease of chewing, which is attributed to many factors. Among them, the fibrous
nature of muscle contributes to chewing resistance. Among many components of muscle
fiber, protein is the most important one. Muscle proteins are categorized as sarcoplasmic,
myofibrillar and stromal proteins on the basis of their solubility. Stromal proteins include
proteins of the extracellular matrix (ECM), which are very fibrous and insoluble. The ECM
contributes to the strength of muscle but also makes it tough. The tenderness of meat is
obviously influenced by collagens of the muscle, which are the main component of ECM
(Gillies and Lieber, 2011). The proteoglycans are another main component in ECM, which trap
water and affect the viscoelastic properties of the tissue, helping the tissue resist compressive
forces (Yanagishita, 1993). The expression of proteoglycans in muscle is related to myocyte
growth and fatness trait in pigs (Canovas et al., 2010). Aggrecan is the major proteoglycan in
ECM and is responsible for the ability to resist compression by hydrating and swelling against
the type II collagen scaffold (Roughley, 2001). The expression of aggrecan is high in muscle
tissue, and this indicates that aggrecan may affect the tenderness of meat.

The ECM undergoes dynamic rebuilding and the ADAMTS superfamily plays impor-
tant roles in this procession. The ADAMTS superfamily includes 19 metalloproteases, which
have important roles in the maturation of precursor proteins as well as turnover of ECM (Apte,
2004; Porter et al., 2005). ADAMTS proteinases are a group of secreted enzymes, which
hydrolyze the proteins of ECM and are involved in ectodomain shedding or activation of di-
verse cell surface molecules, including growth factors and adhesion receptors to regulate cell
proliferation, differentiation, migration and apoptosis in muscle tissue (Seals and Courtneidge,
2003). The most studied aggrecanases are ADAMTS4 and ADAMTSS, which can also cleave
the chondroitin sulfate proteoglycan brevican, predominantly expressed in the central nervous
system (Matthews et al., 2000), and versican, present in blood vessels (Sandy et al., 2001).
The expression of ADAMTS4 and ADAMTSS is related to arthritis (Fosang and Rogerson,
2010; Durigova et al., 2012) and cell migration in cancer (Hojilla et al., 2008). The effects of
ADAMTS4 and ADAMTSS on ECM rebuilding in cartilage tissue and vascular tissue have
been studied in depth, but such study is rarely reported in muscle tissue. In this paper, the
expression of ADAMTS4 and ADAMTSS was analyzed during the development of the longis-
simus dorsi muscle and the relationship of their expression levels with meat tenderness was
analyzed in Nanyang cattle. The results of this study reveal the new function of ADAMTS4
and ADAMTSS in controlling meat quality in cattle.

MATERIAL AND METHODS
Tissue collection, RNA isolation and cDNA synthesis

All experimental and surgical procedures were approved by the Biological Studies
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Animal Care and Use Committee, Henan Province, Peoples Republic of China. Nine pregnant
cows were submitted to caesarean section to collect the fetuses at 135, 185 and 280 days of
gestation (three pregnant cows from each stage), and the longissimus dorsi muscles from
each fetus were dissected and snap-frozen in liquid nitrogen for gene expression analysis.
Postnatal longissimus dorsi muscle tissue samples (four animals at each age of 3, 6, 12, 18,
24, 30 months old) were collected in the experimental abattoir. A total of 24 Nanyang bulls
aged 20 months were selected to analyze the correlation of meat quality with gene expression.
The longissimus dorsi muscle was excised from each animal within 30 min post-mortem in
an experimental abattoir. After dissection, samples were quickly frozen in liquid nitrogen and
stored at -80°C for later analysis.

Total RNA was isolated from all the samples using the RN Aiso Plus kit (Takara, Dalian,
China). RNA quality was determined by 1.2% agarose gel electrophoresis and absorbance
at 260 nm in a Nanodrop ND-1000® Spectrophotometer (NanoDrop, USA). After DNase |
(Takara) treatment, total RNA was reverse transcribed to cDNA using the PrimeScript™ RT
reagent kit (Takara) following the manufacturer instructions.

Quantitative (q) RT-PCR analysis

qRT-PCR was performed on an iQ™ Real Time PCR Detection System (Bio-Rad) us-
ing SYBR® Premix Ex Taq™ II (Takara). Thermal cycling consisted of an initial step at 95°C
for 4 min followed by 42 cycles at 95°C for 30 s, annealing for 30 s and extension/fluorescence
acquisition at 72°C for 30 s. Glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) was
chosen as the reference gene for normalization of all data because it is expressed more stably
in muscle tissues. Each qRT-PCR reaction (in 20 pL) contained 10 uL SYBR® Premix Ex
Taq™ 11, 0.7 pL each primer (Tablel), 1 uL normalized template cDNA, and 7.6 pL ultrapure
water. The qRT-PCR measurements were performed in triplicate for each cDNA sample, and
gene expression was quantified relative to GAPDH expression using the 244 method (Livak
and Schmittgen, 2001). Gene expression ratios were normalized to the GAPDH gene in the
same sample.

Table 1. Information of primers used in this study.

Primer name Primer sequence Tm (°C) Product length (bp)

A4-1 5'TGCCTGCTTCATGTGCCC 3' 60 639
5'TTCCCAGCTTCTCTCCGC 3'

A5-1 5' GGAGGCTGGGAGAAGTTAGTC 3' 60 714
5' CTGTGAAGATGCGAGGAGGTG 3'

A4-2 5'CCGCTTCATCACTGACTTC 3' 53 111
5'TCAGCGTCGTAGTCCTTG 3'

A5-2 5' CTGTGCGGTGATTGAAGACG 3' 60 187
5' GCATTTGGACCAGGGTTTG 3'

MZF 5' CAGAACCTGGGCTGGAGATG 3' 61 79
5' ACCTCGGACTCTTCTTTCACCC 3'

NF-kap 5' CCCTCTTTGACTACGCAG 3' 51 161
5' GCCAGATGTGACTTCCAG 3'

C/EBPb 5'TGTCCACGTCCTCGTCGTCC 3' 65 149
5'GCTGTGCTTGTCCACCGTCTTC 3'

GAPDH 5' ATGCTGGTGCTGAGTATGTG 3' 55 142

5'TTCACGCCCATCACAAAC 3'

All the primers were designed with the Premier 5.0 software and synthesized in Sangon Biotech (Shanghai, China) Co. Ltd.
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Cloning and transcription factor binding site analysis of SUTR of ADAMTS4 and
ADAMTSS genes

The 5'UTR of the ADAMTS4 and ADAMTSS genes were cloned by A4-1 and A5-1
primers (Tablel) from cattle genomic DNA. The PCR products were separated by gel elec-
trophoresis and extracted from a gel slice (Takara), and then cloned into pMD-19T vector and
sequenced.

Regions spanning 500 bp upstream and 100 bp downstream of the transcription
start site were regarded as the promoter region (Yang and Elnitski, 2008). The potential
transcription factor (TF) binding sites were analyzed by the online TFSEARCH tool (http://
www.cbre.jp/research/db/TFSEARCH.html). The options for TFSEARCH were set as ma-
trix, vertebrate and the threshold value, and more than 90 because of using only highly
conserved regions.

Meat tenderness measurement

Meat tenderness measurements were conducted using a muscle tenderness device (C-
LM3, China) with a Warner-Bratzler attachment in accordance with the method described by
Iwanowska (Iwanowska et al., 2011). Prior to value measurements of shear force, samples
were cut into slices 25-30 mm thick, vacuum-packed and heated in a water bath at 80°C to
reach an inner temperature of 72°C and kept at the above temperature for a period of 90 min.
Following heat treatment, samples were cooled to room temperature and cuboids were excised
measuring 10 x 10 x 40 mm, which were subsequently cut perpendicular to muscle fibers. Ad-
ditionally, sensory tenderness assessment according to a linear scale was carried out where a
score of 10 points corresponded to very tender and 1 point very tough meat.

Statistical analysis

Gene expression at different stages was analyzed by one-way ANOVA followed by
the Bonferroni test for pair-wise comparison. The co-expression genes were identified by
Pearson correlation according to gene expression data during the development of longissimus
dorsi muscle in cattle. The relationship of meat tenderness and gene expression was analyzed
by the Pearson correlation at the significance level of 0.05.

RESULTS

Cloning and transcription factor binding site analysis in promoter regions of the
ADAMTS4 and ADAMTSS genes

The 519-bp ADAMTS4 promoter region and 714-bp ADAMTSS promoter region
were cloned (Figure 1) and sequenced. Twelve transcription factor binding sites were found in
the promoter region of the ADAMTS4 gene, including MZF1, SRY, Lyf-1, Ik-2, NF-kap and
TATA. Six transcription factor binding sites were found in the promoter region of ADAMTSS
gene, including MZF1, C/EBPb, CdxA and Sox-5.
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Figure 1. Agarose gel electrophoresis of ADAMTS4 and ADAMTSS promoter regions. Lane M = DL2000 DNA
marker, lane | = ADAMTSA4, lane 2 = ADAMTSS5.

Expression of ADAMTS4 and ADAMTSS during muscle development

The expression of ADAMTS4 was significantly higher in the longissimus dorsi mus-
cle of 135-day and 185-day fetuses than in other developmental stages (Figure 2). The expres-
sion of ADAMTSS showed a decreasing trend during the whole development, and the expres-
sion level in the 185-day fetus was significantly higher than in postnatal animals at 6, 12, 18,
24 and 30 months (Figure 2).
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Figure 2. Expression of ADAMTS4 and ADAMTSS during the development of longissimus dorsi muscle in
Nanyang cattle. Treatments headed by the same letter denotes no significant difference (P > 0.05). Column 1 =
pregnancy 135 day; column 2 = pregnancy 185 day; column 3 = pregnancy 280 day; column 4 = 3 month old;
column 5 = 6 month old; column 6 = 12 month old; column7 = 18 month old; column 8 = 24 month old; column
9 =30 month old.

Expression of MZF1, NF-kap and C/EBPb during muscle development

Three muscle development-related transcriptional factors were selected to analyze their
expression during the development of the longissimus dorsi muscle. The expression of MZF1
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was significantly higher in 135-day and 185-day fetuses than in other stages, which showed a
similarity in expression pattern with ADAMTS4 (Figure3), and their correlation coefficient was
0.92 (P <0.01). C/EBPb showed the opposite expression pattern as ADAMTS4 (Figure 3) and
their correlation coefficient was -0.93 (P < 0.01). The expression of NF-kap did not significantly
change during the development of the longissimus dorsi muscle in Nanyang cattle (Figure 3).
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Figure 3. Expression of MZF1, NF-kap, and C/EBPb during the development of longissimus dorsi muscle in
Nanyang cattle. Treatments headed by the same letter denotes no significant difference (P > 0.05). Column 1 =
pregnancy 135 day; column 2 = pregnancy 185 day; column 3 = pregnancy 280 day; column 4 = 3 month old;
column 5 = 6 month old; column 6 = 12 month old; column 7 = 18 month old; column 8 = 24 month old; column
9 =30 month old.

Relationships of ADAMTS4 and ADAMTSS expression levels with meat
tenderness in Nanyang cattle

The mean tenderness of longissimus dorsi muscle samples of 24 Nanyang cattle was
4.94 + 1.12, and the maximal tenderness and minimal tenderness were 7.10 and 3.11, respec-
tively. The Pearson correlation coefficient of ADAMTS4 expression levels with tenderness
of longissimus dorsi muscle was -0.3987 (P < 0.05), which indicated that ADAMTS4 had a
significant negative effective on the tenderness of longissimus dorsi muscle in cattle (Figure 4).
The Pearson correlation coefficient of ADAMTSS expression level with tenderness of longissi-
mus dorsi muscle was 0.0193 (P > 0.05), which indicated that the expression of ADAMTSS had
no significant relationship with the tenderness of longissimus dorsi muscle in cattle (Figure 4).
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Figure 4. Correlation analysis of ADAMTS4 and ADAMTSS5 expression with tenderness of longissimus dorsi
muscle in Nanyang cattle.
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DISCUSSION
Functions of ADAMTS4 and ADAMTSS in the development of muscle tissue

The ECM has an important effect on cell proliferation, migration and differentiation.
Genes expression of ECM protein shows regulated changes during the development of mus-
cle. The ADAMTSS is expressed as early as E13.5 in skeletal muscle in mouse. Expression of
ADAMTSS during neuromuscular development and smooth muscle cells coincides with the
broadly distributed proteoglycan versican, an ADAMTSS substrate. The expression of versi-
can showed a decreasing trend during the development of skeletal muscle in turkey (Sporer
et al., 2011). In this study, the expression of ADAMTSS also showed a decreasing trend with
the development of longissimus dorsi muscle in Nanyang cattle. These observations suggest
the major contexts in which developmental and physiological roles could be sought for this
protease (McCulloch et al., 2009). Another major substrate of ADAMTS4 and ADAMTSS
protease is aggrecan, which is a kind of connective tissue macromolecule that provide a hy-
drated space around cells. The lack of aggrecan in the spontaneous mutant cmd/cmd mouse
strain leads to perinatal lethality owing to cleft palate and severe impairment of endochondral
bone formation (Wai et al., 1998). Previous studies have demonstrated that the ECM compris-
ing the connective tissue surrounding muscle can interact with growth factors, regulate cel-
lular signal transduction pathways, and affect the growth and development of muscle fibers
(Velleman, 2002).

Intramuscular fat (IMF) has an important effect on the sensory quality of culinary
meat (Moeller et al., 2010). The level of IMF is dependent on breed, portion of meat in the
carcass, slaughter weight and nutrition of the animal during the growing period. The adipose
tissue belongs to connective tissue and the ADAMTS4 and ADAMTSS have important ef-
fects on the proliferation and differentiation of preadipocytes by regulating the remodeling
of ECM (Mariman and Wang, 2010). The expression of ADAMTS4 has shown a significant
correlation with the IMF in Korean cattle (Lee et al., 2010), and this indicates the ADAMTS4
may affect meat tenderness by regulating the content of IMF, which is consistent with the
results of our study.

Relationship of transcription factor with gene expression regulation

Transcription factors can regulate the expression of their targeted genes by accessing
the cell nucleus and binding to TF binding sites, located in the promoter region of their targeted
genes, activating or inhibiting its transcription. Importantly, such regulation acts in a species-,
tissue- and time-specific manner, which turn on the right genes at the right time and in the right
place (Levine and Tjian, 2003; Wasserman and Sandelin, 2004; Chen and Rajewsky, 2007).
On the basis of this framework, many authors presumed that the genes regulated by the same
transcription factors are more likely to show co-expression correlation and that, conversely,
sets of genes showing a very high co-expression correlation are more likely to be regulated by
the same set of transcription factors (Reverter and Chan, 2008). The relationship between gene
co-expression and co-regulation has been explored in Drosophila melanogaster (Marco et al.,
2009) and mouse (Kim et al., 2006). In this study, the expression pattern of MZF1 showed
co-expression with the ADAMTS4, which indicated that the expression of ADAMTS4 may
be regulated by MZF1 transcription factors. It was reported that MZF1 binding site was more
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likely to appear in the promoter region of muscle structural protein genes (Gu et al., 2011),
such as FHL3 (a component of the muscle z-disc) (Takahashi et al., 2005). This study showed
that the expression of ADAMTS4 may be regulated by MZF1 transcription factors.

The transcription factor binding sites of MyoD, myogenin and other E-proteins were
found in the exon 2 of ADAMTSS gene and this indicated that the expression of ADAMTSS
may be regulated by myogenic regulatory factors (MRF). Exon 2 of the ADAMTSS gene can
also function as a very strong myogenic transcriptional enhancer in C2C12 cells (Barthel and
Liu, 2008). This indicated that gene expression is not only regulated by the promoter region,
but also affected by exons in some specific genes.

CONCLUSION

The expression of ADAMTS4 was significantly higher in 135-day and 185-day fe-
tuses than in other developmental stages, and the expression of ADAMTSS showed a decreas-
ing trend in Nanyang cattle longissimus dorsi muscle tissue from 135-day fetus to 30-month-
old calf. The expression of ADAMTS4 may be positively regulated by MZF1 and negatively
regulated by C/EBPb. The expression of ADAMTS4 showed a significant negative correlation
with meat tenderness in Nanyang cattle.
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