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Compared with the understanding for the functional mechanism of the myostatin gene, little is known
about the regulatory mechanism of the myostatin gene transcription and expression. To better under-
stand the function of the myostatin gene promoter (MSTNpro) in the transcriptional regulation of the
myostatin gene and to further investigate the transcriptional regulation mechanism of the myostatin
gene, the promoter region of the myostatin gene in sheep has been cloned in our recent study
(AY918121). In this study, the wild (W) type MSTNPro"-EGFP vectors and E-box (E) (CANNTG) mutant
(M) type MSTNPro=®**"M_EGFP vectors were constructed and the transcriptional regulation activities
were compared by detecting the fluorescent strength of EGFP (enhanced green fluorescent protein) in
C2C12 myoblasts (or myotubes) and sheep fibroblasts transfected with the vectors. Results showed
that the 0.3—1.2 kb sheep myostatin promoter could activate the transcription and expression of EGFP
gene in C2C12 myoblasts to different extent and the 1.2 kb promoter was the strongest. However,
fluorescence was not observed in the sheep fibroblasts transfected with the 1.2 kb sheep myostatin
promoter. These results suggested that the specific nature of the myostatin gene expression in skeletal
muscle was attributed to the specific nature of the myostatin promoter activity. The increasing growth
density of C2C12 myoblasts inhibited the transcriptional regulation activity of the wild type sheep my-
ostatin promoter by a mechanism of feedback. The transcriptional regulation activity of the 1.2 kb wild
type sheep myostatin promoter increased significantly after C2C12 myoblasts were differentiated, while
the activity of 1.2 kb E(3+5+7)-mutant type myostatin promoter had no obvious change. This result
suggested that MyoD may be responsible for the difference of the myostatin gene transcription and
expression between growing and differentiating conditions by binding to E-box of the myostatin pro-
moter.
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Myostatin (MSTN), also named growth/differentiation
factor 8 (GDFS), a member of the transforming growth
factor B (TGF-B) superfamily, is expressed almost ex-
clusively in skeletal muscle and acts as an autocrine
negative regulator of skeletal muscle growth and devel-
opment in mammals™2. Overexpression of the my-
ostatin gene can induce muscular atrophy and mutations
of the myostatin gene are responsible for the dou-

ble-muscled phenotype of animals including human®=2.

Like other TGF-fB family members, myostatin may exist
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in a latent complex with the propeptide and on activation
myostatin may function by binding to activin typell
receptors (ActRII™. The combination of myostatin and
ActRII induced Smad signal pathway™"—%., affecting the
expressions of some muscle regulatory factors (MRFs)
such as myogenic differentiation 1 (MyoD), myogenic
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factor 5 (Myf5) and myogenin. Then the myoblast pro-
liferation and differentiation were inhibited"®2! Al-
though myostatin showed rapid sequence evolution in
animals such as ruminants before domestication[ﬂl, the
identical or highly similar sequences of myostatin pro-
tein’s C-terminal active region in animals (humans, rats,
mice, pigs, chickens, turkeys, cattle and sheep) sug-
gested that the function of myostatin was extremely
conserved throughout the evolution®, In fish, my-
ostatin exhibited more differences in structure, distribu-
tion and role"®—=%,

Compared with the understanding for the functional
mechanism of the myostatin gene, little is known about
the regulatory mechanism of the myostatin gene tran-
scription and expression. Earlier studies for myostatin
mRNA indicated that the myostatin gene expression ap-
pears to be regulated at the transcriptional level™*21,
Some limited researches on the myostatin promoter in
mouse, human and bovine were carried out and some
transcriptional factors (such as MyoD, MEF-2, FoxO
and Smad) were perceived to regulate the transcription

[12.22-26]
. However,

and expression of the myostatin gene
many unclear fields still need to be investigated about
the function of the myostatin promoter (MSTNpro) in the
transcriptional regulation of the myostatin gene. More-
over, there were greater differences for the myostatin
promoter region sequence among different animals
compared with the myostatin gene coding region se-
quence according to our recent study and other stud-
ies?2228 which suggested that the possible differences
of the myostatin transcriptional regulation exist among
different animals. To better understand the function of
the myostatin promoter, we cloned the 1.211 kb my-
ostatin promoter region from Small Tail Han Sheep (a
local Chinese breed of Ovis aries) (AY918121)2%, se-
lected the more intuitionistic (easy to observe) reporter
gene EGFP (enhanced green fluorescent protein) which
has not been used for the study of the myostatin pro-
moter in mammals, and constructed various MSTNPro-
EGFP vectors. The transcriptional regulation activities
in various conditions were compared by detecting the
fluorescent strength of EGFP in C2C12 myoblasts
(myotubes) or sheep fibroblasts transfected with the
vectors.

1 Materials and methods

1.1 Construction of MSTNPro-EGFP vector

Six myostatin promoter fragments with different lengths

(1.2, 1.0, 0.9, 0.7, 0.4 and 0.3 kb) were generated by
polymerase chain reaction (PCR) from the plasmid
(T-MSTNpro) with the 1.517 kb myostatin promoter re-
gion of sheep (Small Tail Han Ovis aries, a local Chi-
nese breed)?. The PCR reaction was performed in a 25-
puL reaction containing 20 ng plasmid (T-MSTNpro),
1xTaq reaction buffer, 5 nmol dNTPs, 20 pmol of each
primer, and 0.25 U Taq DNA polymerase (Tiangen). The
PCR program was carried out for an initial 5 min 94°C
denaturing step, 30 cycles (each cycle included 30 s at
94°C, 30 s at 56°C, and 1 min at 72°C), and a final 10 min
extension at 72°C in a Biometra® T-gradient thermocycler.
The primers are shown in Table 1.

Table 1 The primers used to amplify the sheep myostatin promoter
fragment with different lengths

Fragment size
1211 bp (1.2 kb) S: 5-ATCAAGCTTAGACCTTACCCCAAATCC-3'
1037 bp (1.0kb) S: 5-CTCAAGCTTCTGTGTTCACAATGTTTG-3'
855bp (0.9kb) S:5-ATTAAGCTTCACATCCTCTAAGCCACA-3’
702 bp (0.7kb) S:5-CGCAAGCTTGCTAAGAATTTATTCAGG-3'
429 bp (0.4 kb)  S: 5-CGCAAGCTTGTTTCACATATAAGGATG-3'
272bp (0.3kb)  S: 5-ATCAAGCTTCTGTTTGGTGACTTGTGA-3'
03kb—12kb A:5-CGCGGATCCGGTTTTAAAATCAATACA-3’

The bases underlined indicate Hind III or BamH I sites introduced by
PCR.

Sense (S) or anti-sense (A) primer

Like other muscle-specific genes, the myostatin gene
in sheep has multiple E-boxes (CANNTG) in its pro-
moter region?? to cooperatively regulate gene transcrip-
tion by binding to the basic helix-loop-helix myogenic
regulatory factors (MRFs, including the MyoD, Myf5,
myogenin, and MRF4 transcription factors). Site-directed
mutations in the E-box (E) motifs (E3+E5+E7) were in-
troduced by PCR. The same template and condition but
different primers (Table 2) with the above were used for
generating the E-mutant fragments. Briefly, the target ele-
ment sequence was replaced with a suitable restriction site
and the fragments flanking the target element were ampli-
fied respectively (Figure 1).

The pEGFP-NT1 (4.1 kb) vector without promoter was
gained by removing the cytomegalovirus (CMV) pro-
moter from pEGFP-N1 (4.7 kb) vector (Clontech). Then
the wild type MSTNPro"-EGFP vectors and the
E(3+5+7)-mutant type MSTNPro®*"**"M_EGFP vector
were constructed by inserting the sheep myostatin pro-
moter region with different lengths or inserting succes-
sively the E-mutant myostatin promoter fragments am-
plified above into the corresponding restriction sites of
the pEGFP-N1 (4.1 kb) vector.
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Table 2 The primers used to amplify the sheep myostatin gene promoter fragments with mutant-E(3+5+7)

Fragment Primer Fragment Primer
E3MR(s) 5'-AATGGTACCAATCAGCTCACCCTTGAC-3' ESE7M (s) 5'-CGCGAATTCGAATAAAGATATTATTTA-3'
E3MR(a-s) 5'-CGCGGATCCGGTTTTAAAATCAATACA-3' ESE7M (a-s) 5'-GCACTGCAGCACTTAGATCTTATTCAT-3’
E3ESM (s) 5'-CGCCTGCAGTTATTGTTACTAAAGTTT-3' E7ML(s) 5-ACTAAGCTTAGACCTTACCCCAAATCC-3'
E3E5M (a-s) 5'-CGCGGTACCACTACTTCTTAAAAGGAA-3' E7ML(a-s) 5-CGGGAATTCAAAATTGCATTTCAGTTT-3'

The bases underlined indicate the restriction sites introduced by PCR. The italics indicate the E-box sequence mutated into restriction sites. EML (EMR)
indicates the left (right) myostatin promoter fragment flanking the mutant-E; E3ESM (ESE7M) indicates the myostatin promoter fragment between two

mutant E-boxes. “s” or “a-s” indicates the sense (anti-sense) primers.
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Figure 1 Site-directed mutations in the E-box (E3+E5+E7) motifs were introduced by replacing the target element sequence with a suitable restriction
site in PCR. E3MR, E3E5M, ESE7M and E7ML indicate the right (left) myostatin promoter fragments flanking the mutant-E.

1.2 Cell culture and transfection

The fibroblasts were isolated from sheep tissues and the
C2C12 myoblasts (MB) were obtained from ATCC. Cells
were routinely cultured in DMEM-F12 (Gibco) supple-
mented with 10% FBS (TBD), 100 U/mL penicillin and
100 pg/mL streptomycin (Gibco). Alternatively, after the
above passage, C2C12 cells were cultured in DMEM-F12
containing 2% horse serum (Gibco) for 4—5 d, and then
the C2C12 myoblasts were differentiated and the myo-
tubes (MT) were harvested.

The MSTNpro-EGFP vectors were transfected into
C2C12 myoblasts or sheep fibroblasts cultured in 12-
well plates using lipofectamine (Invitrogen). Briefly, the
cells were washed and 300 uL fresh DMEM-F12 (se-
rum-free, penicillin-free and streptomycin-free) was
added before the DNA-lipofectamine mixture was added.
Plasmids and lipofectamine were first diluted respec-
tively with 100 uL DMEM-F12 (serum-free, penicil-
lin-free and streptomycin-free) and incubated for 5 min
at room temperature. Then the diluted plasmids and li-
pofectamine were mixed and incubated for 20 min at
room temperature before the mixture was added to the
cells. After being cultured for 4 h at 37°C (5% CO,), the

transfected cells were added with 500 phL DMEM-F12
containing 20% FBS and cultured further for 36 h till
fluorescence analysis was done. To achieve equal molar
concentration of each promoter construct used for trans-
fection, the amounts of plasmids with different lengths
were adjusted by the following formula®2, where 4127
is the size of the basic vector pEGFP-N1 (4.1 kb) and

1211 is the size of the longest MSTNpro fragment:
Plasmid(ng)=0.5 pgx(MSTNpro size+4127)/(1211+4127).

To get the C2C12 myoblasts transfected stably with
the 1.2 kb MSTNpro, the longest wild type or
E(3+5+7)-mutant type MSTNpro-EGFP vectors were
transfected into the C2C12 myoblasts cultured in 60 mm
plates according to the above procedures. The C2C12
myoblasts transfected stably were selected for their re-
sistance to geneticin (G418) (600 pg/mL).

1.3 Fluorescence assay and statistical analysis

The fluorescent strengths were analyzed by Flow Cy-
tometry (FACSCalibur) and Fluorescence Spectropho-
tometer (Hitachi F-4500). For C2C12 cells transfected
transiently, the collected and diluted cell suspensions
were used directly for analysis. But for C2C12 cells
transfected stably, the proteins were obtained after the
cells were lyzed by three freeze-thraw cycles. The total
protein was estimated by the BioPhotometer (Germany)
and the fluorescence strength was analyzed. Each ex-
periment was performed for six times. The data, which
were values of test groups (transfected with vectors)
minus values of blank groups (untransfected with any
vector), were analyzed by the procedure of SAS statisti-
cal software, P<0.01 or P<0.05 being the level of statis-
tical significance.

2 Results

2.1 Transcriptional regulation activity of the sheep
myostatin promoter in myoblasts or fibroblasts

The C2C12 myoblasts transfected with the pEGFP-N1
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Figure 2 Transcriptional regulation activity of the sheep myostatin promoter (1.2 kb) in C2C12 myoblasts. Fluorescence was observed by a fluorescent
microscope (10x10) (left) and detected by flow cytometry (right). (a) The negative control group transfected with pEGFP-N1(4.1 kb) vector without pro-
moter; (b) the positive group transfected with pEGFP-N1(4.7 kb) with CMV promoter; (c) the test group transfected with MSTNpro-EGFP with the 1.2 kb

wild type MSTNpro.

(4.1 kb) (negative group), pEGFP-N1 (4.7 kb) (positive
group) and MSTNpro-EGFP (1.2 kb MSTNpro) were
cultured for 40 h. The results showed that fluorescence
was hardly observed and detected in the negative group,
but the 1.2 kb sheep myostatin promoter could activate
the transcription and expression of EGFP in C2CI12
myoblasts (Figure 2). However, the 1.2 kb sheep my-
ostatin promoter could not activate the transcription and
expression of EGFP in the sheep fibroblasts after we
transfected MSTNpro-EGFP (1.2 kb MSTNpro) into the
sheep fibroblasts (Figure 3).

Figure 3 Transcriptional regulation activity of the sheep myostatin pro-
moter (1.2 kb) in sheep fibroblasts (10x10)

2.2 Transcriptional regulation activity of the sheep
myostatin promoter with different lengths in C2C12
myoblasts

The 0.3—1.2 kb sheep myostatin promoter could acti-

vate the transcription and expression of EGFP in C2C12
myoblasts to different extent (1.2 kb>0.7 kb>1.0 kb>0.3
kb>0.9 kb>0.4 kb) and 1.2 kb was the strongest (P<0.01)
(Figure 4). Of particular interest were the higher activity
of 0.7 kb than 0.9 kb or 1.0 kb and the higher activity of
0.3 kb than 0.4 kb (P<0.01). It suggested that there were
negative regulatory motifs along the sheep myostatin
promoter from 0.7 kb to 0.9 kb or from 0.3 kb to 0.4 kb.

2.3 Effects of cell growth density on the transcrip-
tional regulation activity of the sheep myostatin pro-
moter in C2C12 myoblasts

The equal C2C12 myoblasts transfected stably with
MSTNpro-EGFP (1.2 kb MSTNpro) were grown in three
plates with different areas (9.6, 3.8 and 1.9 cm?). The
fluorescent strength was analyzed after 40 h. The results
showed that the increasing growth density of C2C12
myoblasts inhibited the activity of the sheep myostatin
promoter (P<0.01) (Figure 5).

2.4 Effects of E-box mutation and cell differentiation
on the transcriptional regulation activity of the sheep
myostatin promoter in C2C12 cells

The C2C12 myoblasts transfected stably with the 1.2 kb
wild or E(3+5+7)-mutant type sheep myostatin promoter
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Figure 5 Effects of growth density on the transcriptional regulation
activity of the sheep myostatin promoter in C2C12 myoblasts. Bars indi-
cate means + standard deviations for six replicates. ** shows that there
were significant differences among the three groups (P<0.01).

were induced to differentiate using 2% horse serum and
the fluorescence of the undifferentiated quiescent re-
serve cells was too faint to observe (Figure 6 (a),(b)).
E(3+5+7)-mutation decreased obviously the transcrip-
tional regulation activity of the sheep myostatin pro-
moter in C2C12 myoblasts (P<0.05). In addition, the
transcriptional regulation activity of the 1.2 kb wild type
sheep myostatin promoter increased significantly after
the C2C12 cells were differentiated (P<0.01) but the
differentiation had no obvious effect on the activity of
the E(3+5+7)-mutant type myostatin promoter (Figure 6

(©)).

3 Discussion

The obvious transcription and expression of the my-
ostatin gene in fish species occur also in a variety of

tissues including brain, intestine, gills, tongue, eye,
ovary, skin and so on, besides skeletal musclet®23% 1
mammals, the myostatin gene appears to be transcribed
and expressed predominantly in skeletal muscle accord-
ing to the related studies. But there was no agreement on
the transcription and expression of the myostatin gene in
other tissues of mammals. McPherron et al.™ did not
find the myostatin mRNA in many tissues such as heart,
lung, thymus, brain, kidney, seminal vesicle, pancreas,
intestine, spleen, testis, liver, ovary, uterus beyond
skeletal muscle, only a little in adipose tissue. Ji et al.*!]
and Sharma et al.*% detected a little myostatin mRNA or
protein in heart, adipose, breast tissues of pig or cattle.
Spiller et al.2 showed that the 1.6 kb bovine myostatin
promoter had significantly lower activity in fibroblasts
(NIH3T3 or CHO) than in C2C12 myoblasts by about
one fourth, but still had obvious activity compared with
the control vector (pGL3B) in fibroblasts (NIH3T3 or
CHO). Our results showed that the 1.2 kb sheep my-
ostatin promoter could activate the transcription and
expression of EGFP in C2C12 myoblasts but not in
sheep fibroblasts, which might be because enough nec-
essary transcriptional factors binding to the myostatin
gene promoter were present in myoblasts but not in fi-
broblasts. These results above suggested that the skeletal
muscle specificity of the myostatin gene expression was
attributed to the specificity of the myostatin gene pro-
moter transcriptional regulation,and the presence or ab-
sence of the necessary transcriptional factors binding to
the myostatin gene promoter in myoblasts or in fibro-
blasts conferred this essential difference. The difference
for the myostatin promoter activity in fibroblasts be-

tween two experiments of us and Spiller et al.’2*!
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Figure 6 Effects of E(3+5+7) mutation and cells differentiation on the transcriptional regulation activity of the sheep myostatin promoter in C2C12 cells.
(a) The C2C12 myoblasts (MB) transfected stably with 1.2 kb wild type myostatin promoter; (b) the C2C12 myoblasts (MB) transfected stably with 1.2 kb
wild type myostatin promoter were differentiated into myotube (MT); (c) the fluorescent strength analysis of the MB or MT transfected stably with 1.2 kb
wild type myostatin promoter or E(3+5+7) mutant type myostatin promoter. Bars indicate means + standard deviations for six replicates. * or ** shows that
there was obvious difference while comparing with MB transfected stably with the wild type myostatin promoter (P<0.05 or P<0.01).

might be due to the difference of signal-background of
reporter gene luciferase and EGFP, fibroblast origin, or
other reasons. Various methods and more research were
necessary for scientists to clear the problem “the tran-
scription and expression of the myostatin gene in other
non-skeletal muscle tissues of mammals”.

The shortest length (272 bp) of the myostatin pro-
moter deletion fragments in sheep was sufficient and the
longest length (1211 bp) of the myostatin promoter dele-
tion fragments in sheep was strongest for activating the
transcription and expression of EGFP in C2CI12
myoblasts in our experiment. From 272 bp to 1211 bp,
the activities of the myostatin promoter regions did not
exhibit regular ascending tendency with the increasing
length of promoter fragments in sheep. This characteris-
tic was similar to but different from the deletion studies
of the myostatin promoter in cattle® or human?2. This
characteristic suggested that there were some important
positive and negative regulatory motifs along the my-
ostatin promoter.

Over-growth density can result in contact inhibition
of cells and myostatin can inhibit the proliferation of
skeletal muscle cells, which promoted us to investigate
the unknown relationship between the growth density of
skeletal muscle cells and the transcription and expres-
sion of the myostatin gene. In our experiment, the activ-
ity of the sheep myostatin promoter decreased obviously
with increasing growth density of C2C12 myoblasts,
which might involve a mechanism of feedback.

Ma et al.**! showed that the transcriptional regulation

activity of the human myostatin promoter was signifi-
cantly higher in C2C12 or L6 myotubes than in
myoblasts by transient-transfection analysis. Spiller et
al. 2 showed that the transcriptional regulation activity
of the bovine myostatin promoter was obviously lower
in the undifferentiated quiescent reserve cells than in the
differentiated myotubes. Similarly, in our experiment,
the stable-transfection analysis showed that the tran-
scriptional regulation activity of the sheep wild-type
myostatin promoter was significantly higher in C2C12
myotubes than in myoblasts and the fluorescence of the
undifferentiated quiescent reserve cells was too faint to
observe. The results above evidenced by different
methods suggested that the transcription of the myostatin
gene in differentiated skeletal muscle cells appeared to
be significantly higher than in growing skeletal muscle
cells of mammals. Of our particular interest, the combi-
national mutations of E-box 3, 5 and 7 (three important
E-boxes for the transcriptional regulation activity of the
sheep myostatin promoter, which were verified by sin-
gle-mutant analysis in our test, data not shown here)
lessened the difference of the sheep myostatin promoter
activity between C2CI12 growing and differentiation
conditions in our test. This result suggested that MyoD
was responsible for the difference of the myostatin gene
transcription-expression in skeletal muscle cells under
growth and differentiation conditions, since MyoD (a
major factor contributing to the myoblast differentiation)
was obviously higher in differentiating myotubes than in

growing myoblasts®®**! and regulated the transcription
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of its downstream target gene myostatin by binding to

the

E-box of myostatin promoter®. In fact, the rela-

tionship between MyoD and myostatin was complex
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