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Summary
	 Background:	 The expression of microRNA-206 (miR-206) is high in skeletal muscle but low in most other tis-

sues. The expression of miR-206 is increased in muscular dystrophy, suggesting its involvement in 
the pathogenesis of muscle diseases. To determine the role of miR-206 in muscle cell differentia-
tion and explore a possible gene therapy vector, we constructed a miR-206 adenoviral expression 
vector (AdvmiR-206) and tested for transfection into C2C12 stem cells.

	Material/Methods:	 A 355-bp PCR amplicon from C57B6 mouse skeletal muscle genomic DNA was inserted into the 
adenoviral shuttle vector pAdTrack-CMV, which was then co-transformed with the adenoviral back-
bone plasmid pAdEasy-1 into competent E. coli BJ5183 bacteria. The specificity and function of this 
recombinant adenoviral MiR-206 were studied in C2C12 cells by Northern blot, immunofluores-
cence, Western blot, and flow cytometry.

	 Results:	 Increased expression of miR-206 in AdvmiR-206 transfected C2C12 cells (P<0.001) and resulted in 
morphological and biochemical changes over time that were similar to serum deprivation, including 
elongated cells and increased myosin heavy chain proteins. Even in the absence of serum depriva-
tion, miR-206 overexpression accounted for a 50% reduction of S-phase cells (P<0.01). Moreover, 
in untransfected C2C12 cells, the introduction of miR-206-specific antisense oligoribonucleotides 
inhibited the normal response to serum deprivation. Twenty-four hours after lipofection of anti-
sense oligoribonucleotides, the number of elongated cells was reduced by half (P<0.01).

	 Conclusions:	 Collectively, these data support a role for miR-206 in myoblast differentiation. We foresee poten-
tial applications for the AdvmiR-206 vector in research and therapy.

	 key words:	 microRNA-206 • myogenesis • C2C12 cells • adenoviral vector

	 Full-text PDF:	 http://www.medscimonit.com/fulltxt.php?ICID=882122

	 Word count:	 2947
	 Tables:	 —
	 Figures:	 5
	 References:	 45

	 Author’s address:	 Guoping Ai, State Key Laboratory of Trauma, Burns and Combined Injury, Institute of Combined Injury, 3rd Military 
Medical University, Chongqing, P.R. China, e-mail: aigping@yahoo.com

Authors’ Contribution:
	A	 Study Design
	B	 Data Collection
	C	 Statistical Analysis
	D	 Data Interpretation
	E	 Manuscript Preparation
	F	 Literature Search
	G	 Funds Collection

Received:	 2011.05.04
Accepted:	 2011.08.08
Published:	 2011.12.01

BR364

Basic Research
WWW.MEDSCIMONIT.COM© Med Sci Monit, 2011; 17(12): BR364-371

PMID: 22129894

Current Contents/Clinical Medicine • IF(2010)=1.699 • Index Medicus/MEDLINE • EMBASE/Excerpta Medica • Chemical Abstracts • Index Copernicus



Background

MicroRNAs are small non-coding RNAs that negatively reg-
ulate gene expression or promote mRNA degradation by 
binding to complementary sequences in the 3´ untranslat-
ed regions (UTRs) of target genes [1,2]. More than 30% of 
protein-coding genes are regulated by microRNAs [3], which 
have been implicated in diverse biological and pathologi-
cal processes, including apoptosis, differentiation, metab-
olism, and carcinogenesis [4–8]. Hundreds of microRNAs 
have been identified to date. For the majority, the biolog-
ical functions and relevant mechanisms are unknown [9].

During development, the miR-1 (miR-1-1, miR-1-2, and 
miR-206) and miR-133 families (miR-133a-1, miR-133a-2, 
and miR-133b) of microRNAs appear to be specifically in-
volved in muscle cell differentiation [10,11]. Among them, 
the expression of miR-206 is more specifically for skeletal 
muscle [12,13]. The first study by Rao et al. showed that, 
during the myoblast-myotube transition in primary human 
myoblasts and mouse mesenchymal C2C12 stem cell lines; 
the expression of miR-206 was robustly induced, along with 
several other conserved muscle-specific microRNAs. This 
indicated that the induction of miR-206 was important for 
regulating the expression of muscle-specific proteins [14]. 
Later, Kim et al. reported a similar observation and identi-
fied the p180 subunit of DNA polymerase alpha and three 
other genes as direct targets of miR-206 [9]. The more re-
cent studies showed that miR-206 regulates skeletal muscle 
satellite cell proliferation and differentiation by repress-
ing Paired-box transcription factor Pax7 [15,16] and Pax 3 
[17,18]. The function of miR-206 could be modulated by 
TGF-beta through regulation of histone deacetylase 4 [19]. 
Increasing studies in the field have been able to identify that 
there are more functions of miR-206 in muscular hypertro-
phy, atrophy, and dystrophy. For example, up-regulation of 
miR-206 was related to skeletal muscle hypertrophy [20]. 
Compared to the control mouse, the miR-206 expression 
was significantly elevated in the dystrophic tibialis anterior 
muscles of the MDX mouse. The MDX mouse was an inbred 
C57BL mouse strain that arose from a spontaneous muta-
tion, and displayed a phenotype similar to human muscular 
dystrophy. There was a marked increase in the expression of 
miR-206 found in newly formed myotubes, which reflected 
active regeneration and efficient maturation of skeletal mus-
cle fibres [21]. MiR-206 was induced in Duchenne muscu-
lar dystrophy patients during muscular regeneration [22]. 
Another study by Williams et al. showed that the induction 
of miR-206 expression delayed amyotrophic lateral sclero-
sis progression and promoted regeneration of neuromus-
cular synapses in mice [23].

More recently, a study by Nakasa et al. showed that a local 
injection of double-stranded miR-206 combined with two 
other microRNAs could accelerate muscle regeneration in 
a rat skeletal muscle injury model [24]. However, local in-
jection of microRNA only provided a temporary induction 
of target genes. To investigate the possibility of a prolonged 
effect of miR-206, we constructed an adenoviral mouse miR-
206 expression vector for transfection and tested it in vitro in 
C2C12 myoblasts. As a complementary approach, we mea-
sured miR-206 levels in serum-deprived C2C12 cells in the 
presence and absence of a specific antisense 2’-O-methyl-
modified oligoribonucleotide.

Material and Methods

Animals and tissues

C57B6 male mice (n=3) aged 8 weeks were obtained from 
the Jackson Laboratories. The muscle, liver, spleen, kidney, 
heart, brain, lung, and intestine tissues were removed from 
mice that had been sacrificed by decapitation. All proce-
dures were performed according to the humane and cus-
tomary care and use of experimental animals, and followed 
a protocol approved by the Internal Animal Care and Use 
Committee of the Third Military Medical University.

The tissues were trimmed then homogenized with 1 ml 
RNAiso reagent (TaKaRa, Japan). After 5 minutes incu-
bation, 0.2 ml CHCl3 was added into each sample, mixed 
and left at room temperature for 5 minutes. The samples 
were spin down at 12,000 g at 4°C for 15 minutes. The to-
tal RNAs in the upper phase were precipitated with 0.5 ml 
isopropanol then washed in 1 ml 75% ethanol. The RNAs 
were re-dissolved in DEPC-treated H2O.

Vector construction

Using the miRBase sequence database (http://microrna.sanger.
ac.uk/sequence), we identified the nucleotide sequence for 
the pre-microRNA-206 gene for matching to the mouse 
genome database. We used Primer 5.0 software (Premier 
Biosoft International, USA) to design the following prim-
ers, which are complementary to the nucleotide sequenc-
es that flanked the miR-206 gene: 

Forward Primer: 5’-CTAGCTAGCGTTTCTGGGAGTGTAG 
AATGGATG-3’

Reverse Primer: 5’-CGCGGATCCTGGGGAGCATAGTT 
GACCTG-3’

We amplified a 355-bp PCR product from C57B6 mouse 
skeletal muscle genomic DNA. The PCR amplicon was in-
serted into the adenoviral shuttle vector pAdTrack-CMV, 
which was then co-transformed with the adenoviral backbone 
plasmid pAdEasy-1 (a gift from Dr. Shi-Wu Dong; Anatomy 
Department of the Third Military Medical University, China) 
into competent E. coli BJ5183 bacteria. Optimal transfection 
conditions, based on high transduction efficiency and low 
toxicity, were determined by the percentage of green fluo-
rescent protein (GFP)-positive cells across a range of virus 
concentrations (plaque forming unit; pfu).

Cell culture, transfection, and cytotoxicity

C2C12 myoblasts (ATCC #: CRL-1772) were maintained at 
sub-confluent densities in Dulbecco’s modified Eagle’s me-
dium (DMEM; GIBCO, Grand Island, NY) containing 20% 
heat-inactivated fetal bovine serum (FBS; GIBCO), penicillin 
G (100 IU/ml), and streptomycin (100 mg/ml). Myogenic 
differentiation was induced by changing the sub-confluent 
cells to DMEM containing 2% heat-inactivated horse se-
rum (DM) [25]. For adenovirus transfection, the culture 
was maintained in a humid incubator at 37°C in 5% CO2. 
C2C12 cells were seeded at 2×105 cells per well on 6-well 
plates in DMEM containing 20% FBS. Twenty-four hours lat-
er, the cells were exposed to either AdvmiR-206 or AdvEGFP 
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(control) for 1 hour. We measured the cell viability by fol-
lowing the manufacturer’s instructions of the CCK-8 assay 
method (Dojindo Laboratories, Mashiki, Japan),; in order 
to monitor the cellular toxicity induced by transfection, In 
short, C2C12 cells were seeded into 96-well plates at 2000 
cells/well. After 24 hours, C2C12 cells were infected with 
the control/AdvmiR-206 adenovirus at a variety of MOIs, 
and five replicate wells were plated for each MOI. Cell vi-
ability was determined 3 days after adenoviral infection by 
absorbance at 450 nm.

For antisense inhibition studies, we identified a candidate 
sequence:

5’-CCACACACUUCCUUACAUUCCA-3’ for Phosphor
othioated 2’-O-methyl modification [26]. The antisense 
inhibitor of miR-206 and the negative control oligonucle-
otides were synthesized by GeneChem Biotech Co (Shanghai, 
China). For antisense inhibition studies, C2C12 cells were 
cultured to 30% confluence and transfected with either 100 
nM antimiR-206 or negative control RNA by Lipofectamine™ 
2000 (Invitrogen, USA) according to the manufacturer’ in-
structions. Twenty four hours after transfection, the growth 
media of cells were substituted by differentiation media and 
induced myogenic differentiation for 48 h.

Northern blot

Total RNA was isolated from mouse tissues (brain, intestine, 
skeletal muscle, spleen, kidney, liver, cardiac muscle, lung) 
and cultured cells using the Trizol® reagent (Invitrogen, USA) 
according to the manufacturer’s instructions. Major RNA 
classes were separated on a 15% denaturing polyacrylamide 
gel and then transferred to a nylon membrane (GeneScreen 
Plus, Perkin-Elmer, Inc., Waltham, MA) using a Trans-Blot 
electrophoretic transfer apparatus (BioRad, USA). RNAs 
were cross-linked to the membrane by UV exposure (1200J, 
Queue, USA) and heat (80°C for 30 min). Oligonucleotide 
probes for microRNA-206 (anti-miR-206, 5’-ccacacacttcctta-
cattcca) and a small RNA control (anti-U6, 5’-Atatggaacgcttca 
att) [26] were prepared by g-32P-ATP labeling according to the 
manufacturer’s instructions (Ji Kai Biotech Co., Shanghai, 
China). The membrane was pre-hybridized in ExpressHyb 
solution (Ambion, USA) at 65°C for at least 1 hour and hy-
bridized with g-32P ATP labeled oligonucleotide probes in 
fresh ExpressHyb solution at 37°C for 12–24 hours. The 
blots were exposed to X-ray film at –70°C for 48–72 hours.

Immunofluorescence

Twenty-four hours after transfection, the cells were fixed 
in 4% paraformaldehyde-PBS for 10 min, permeabilized in 
0.1% NP-40-PBS for 15 min, and then incubated overnight 
in a rabbit polyclonal primary antibody directed against the 
myosin heavy chain (anti-MHC; Santa Cruz Biotech, USA) 
at a 1:160 dilution in PBS with 3% BSA and 0.1% NP-40. 
After rinsing with PBS, the cells were incubated for 1 hour 
with secondary antibody (fluorescein or rhodamine-conju-
gated goat anti-rabbit IgG) at a 1:100 dilution (Zhong Shan 
Reagent Co., Beijing, China). Cells were washed once with 
DAPI working buffer, incubated with DAPI-methanol so-
lution (1 µg/ml) for 5 minutes, and then washed once in 
methanol. After having been washed in PBS thrice, the cells 
were visualized with an immunofluorescence microscope.

Western blot for MHC protein detection

C2C12 cells were harvested and washed once in PBS fol-
lowed by centrifugation at 500×g for 5 minutes. The super-
natant was discarded and dissociated cell pellets were incu-
bated in RIPA buffer (Roche) on ice for 10 minutes, and 
then centrifuged at 14,000×g at 4°C for 15 minutes. The 
supernatants were collected and protein concentrations 
were measured using the Bradford method. Forty micro-
grams of total protein from each sample were separated on 
12% Tris-HCl PAGE gels and electrotransferred to PVDF 
membranes. Primary antibodies against MHC (Santa Cruz, 
rabbit polyclonal, 1:1000) and b-tubulin (Sigma, mouse 
monoclonal, 1:1000) were detected with HRP-conjugated 
anti-rabbit (Sigma) or HRP-conjugated anti-mouse antibod-
ies (Sigma) and the ECLplus Western Blotting Detection 
Kit (Amersham).

Flow cytometric (FCM) analysis of cell cycle phase

Twenty-four hours after transfection, the cells were spun 
down, and the supernatant was discarded. Cell pellets were 
re-suspended in 0.25% trypsin-0.02% EDTA solution, spun 
down, washed in cold PBS (4°C), and fixed with 70% eth-
yl alcohol at -20°C. The final cell suspension was stored at 
–4°C for 24 hours, and then stained with 1 µg ml propidi-
um iodide for analysis by flow cytometry.

Results

In vivo and in vitro expression of microRNA-206

We observed significant differences in the abundance of 
miR-206 across C57BL mouse tissues (Figure 1A). A very 
strong miR-206 signal was observed only in skeletal mus-
cle, and there was not any detectable miR-206 signal ob-
served in the brain, intestine, spleen, kidney, liver, or car-
diac muscle. This finding confirmed the specificity of our 
g32P-labelled Northern blot probe.

Next, we used C2C12 mesenchymal stem cells to assess 
changes in miR-206 during muscle development. In this 
well-characterized in vitro model, medium containing 2% 
horse serum is used to induce myogenic differentiation. 
As shown in Figure 1, miR-206 levels increased significant-
ly over time, and there were 5-fold higher levels by day 5 
based on Northern blot analyses (Figure 1B,C) (P < 0.001, 
one way ANOVA, n=3).

Myoblast differentiation induced by AdvmiR-206 
transfection in C2C12 cells

To explore the role of miR-206 in myogenesis, we con-
structed a vector that would direct the synthesis of miR-206 
(AdvmiR-206) in transfected cells. Transfection was opti-
mal at 30 pfu, as defined by a high transduction efficien-
cy of 70% (Figure 2A), however, with low toxicity (data not 
shown). Forty-eight hours after transfection, visual inspec-
tion by fluorescence microscopy showed greater than 70% 
of cells were positive for green fluorescent protein (GFP). 
Transfected cells showed long-term viability, as evidenced 
by the presence of GFP-positive cells after 10 days (data 
not shown). Based on Northern blot analyses, miR-206 ex-
pression was 67% higher in AdvmiR-206 transfected C2C12 
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cells (0.50±0.01), compared to the control-transfected cells 
(0.30±0.01) (P<0.001, t-test, n=3) 48 hours post-transfec-
tion (Figure 2B).

To test the functional consequences of miR-206 expression, 
we incubated transfected C2C12 cells in standard growth 
medium (DMEM). C2C12 cells typically do not differenti-
ate under these conditions. However, when transfected with 
AdvmiR-206, they differentiated into muscle cells and grad-
ually fused together to form grossly multinucleated myo-
tubes by 5 days (Figure 3B). These morphological changes 
were not observed in control-transfected (i.e., AdvEGFP-
transfected) cells (Figure 3A). Myosin heavy chain (MHC) 
is a marker of the terminal differentiation linked to myo-
tube formation [25,27]. To confirm the positive correla-
tion between MHC expression and the differentiation of 
C2C12 cells, we measured the MHC proteins levels in non-
induced versus post-serum induced cells on day 1, 3, and 5. 
We identified a positive correlation between MHC expres-
sion and the number of days after induction of differenti-
ation by Western blot (Figure 3C,D). There was no detect-
able expression of MHC in non-induced, undifferentiated 
C2C12 cells. However, by day 5 post-serum induction, a 

significant amount of MHC was observed in differentiated 
C2C12 cells. Based on those observations, positive expres-
sion of MHC was used as a marker for C2C12 cell differen-
tiation. We found that MHC was expressed in AdvmiR-206 
transfected C2C12 cells but not in AdvEGFP-infected con-
trol cells (Figure 3E), as determined by immunofluores-
cence histochemistry. To confirm the formation of multi-
nucleated myotubes in miR-206 induced differentiation, 
all cells were also counter stained with DAPI (Figure 3F).

When cells undergo differentiation, they stop cell divi-
sion, which can be assessed as a decrease in mitotic activity. 
By flow cytometry, we found that AdvmiR-206-transfected 
C2C12 cells were significantly less likely to be in S-phase in 
comparison to control-transfected cells: 9±1.4% vs. 18±0.3% 
(P<0.01, t-test, n=3) (Figure 4). As expected, there were no 
significant differences between the AdvEGFP control and 
non-infected groups (data not shown).

Inhibition of myogenesis by antisense miR-206

Our gain-of-function studies suggested a functional role for 
miR-206 in myogenesis. Therefore, we hypothesized that 

Figure 1. �Skeletal muscle-specific expression of the miR-206 in different tissues of C57B6 mice and its temporal changes in a myogenesis model 
of C2C12 cells. (A) Northern blots were performed to detect miR-206 RNA in various mouse tissues. The expression of miR206 was 
specifically observed in skeletal muscle and U6 snoRNA was used as an internal control. Br: brain; Si: small intestine; Sm: skeletal muscle; 
Sp: spleen; Kd: kidney; Lv: liver; Lu: lung; Ht: heart. (B) During skeletal myogenesis of the C2C12 myoblast cell line, expression of miR-206 
was measured by Northern blot at indicated times post-differentiation. U6 snoRNA was used as a control. (C) Quantitative assessment of 
microRNA levels was based on densitometry of exposed X-ray films. Expression of miR-206 was significantly higher 1, 3, and 5 days after 
medium exchange in comparison to baseline (*** P<0.001, one-way ANOVA, n=3).

A

B

C

Figure 2. �Adenovirus transfection and expression 
in C2C12 cells. (A) The efficiency of 
transfection was based on visual 
inspection of green fluorescence protein 
signal in cells at 48 hours. Transfection 
conditions were standardized at 30 
pfu/cell and based on these results. 
(B) At baseline (24 hours), miR-206 
expression was approximately 20% 
higher in AdvmiR-206 transfected cells 
compared to control-transfected cells 
(*** P<0.001, t-test, n=3).

A B
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inhibition of endogenous miR-206 would decrease or delay 
differentiation in response to serum deprivation. Twenty-
four hours after being transfer into differentiation medium, 
miR-206 levels were 2.5 times lower in C2C12 cells when a 
specific antisense oligoribonucleotide was present (P<0.001, 
t-test, n=3) (Figure 5A,B).

To confirm anti-miR-206 oligoribonucleotide inhibition, 
C2C12 cells were observed under the light microscope, and 
elongated cells were counted. The percentage of elongat-
ed cells was significantly reduced in anti-miR-206 oligoribo-
nucleotide transfected C2C12 cells in comparison to con-
trols: 37±2% vs. 87±2% (P<0.01, t-test, n=3) (Figure 5C,D).

Discussion

Regulation of gene expression is complicated in multicellu-
lar organisms, particularly during development. MicroRNAs 

regulate gene expression by base-pairing to complementa-
ry sequences on target genes [28]. However, the exact func-
tion of most microRNAs is unknown. Early surveys suggest-
ed that miR-206 expression was specific to skeletal muscle 
[9,12]. In this study, we measured the signal of miR-206 
RNA in various tissues of C57BL mice. Consistent with pub-
lished reports, we indentified a very specific skeletal muscle 
expression. The above observation reinforced the concept 
that manipulating the expression and activity of myogenic 
microRNAs could lead to new therapeutic approaches for 
muscle diseases.

To gain insight into microRNA function in skeletal muscle, 
we used a well-characterized in vitro model of myogenesis: 
C2C12 mesenchymal stem cells. C2C12 cells differentiate 
along the myogenic pathway when they are transferred from 
growth medium into differentiation medium containing 
reduced serum [29]. Gain-of-function analyses have been 

Figure 3. �Induction of myogenesis in AdvmiR-206 
transfected C2C12 cells. (A,B) C2C12 
cells were transfected with AdvmiR-206 
or AdvEGFP control vector (30 pfu/
cell), then maintained in standard 
growth medium for 5 days. C2C12 cells 
were GFP-positive with both vectors, 
which suggested a good viability of 
transfection. However, AdvmiR-206-
transfected C2C12 cells showed the 
elongated morphology change. (C,D) 
Expression of myosin heavy chain (MHC) 
proteins was positively correlated to the 
differentiation process by Western blot. 
(E) As indicated by immunofluorescence, 
MHC was only detected in AdvmiR-
206-transfected C2C12 cells. (F) 
Counterstaining with DAPI showed 
fused multi-nucleate myoblast cells 
post-differentiation in AdvmiR-206-
transfected C2C12 cells.

A

C

E

B

D

F
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one of the most fruitful approaches in mechanistic studies 
of specific microRNAs [5,30–33]. This strategy typically in-
volves the transient transfection of cells with double-strand-
ed RNA complexes that mimic mature functional microR-
NAs [34]. We know, however, that functional miRNAs are 
derived from pre-microRNA gene transcripts, which not only 
determines the final sizes but also the structure and func-
tion of mature microRNAs [28]. This knowledge shaped 
our strategy for the ectopic expression of microRNA-206. 

For construction of the adenovirus vector, we used a 355-bp 
PCR amplicon that incorporated the entire pre-miRNA-206 
sequence. Overexpression of miR-206 was accomplished by 
sustained expression of the miR-206 precursor transcript in 
cells transfected with an adenovirus vector. We used an ad-
enovirus vector because of its high transduction efficiency, 
which makes it easier to produce a high titer of recombi-
nant virus. Because transfected genes are not integrated into 
the host chromosome, the risk of insertions or mutations is 

Figure 4. �Cell cycle alteration in AdvmiR-206-
transfected cells vs. the control. AdvmiR-
206-transfected cells showed cell cycle 
changes, which were consistent with 
myogenesis. Compared to control-
transfected cells, there were fewer 
cells in S-phase, as determined by flow 
cytometry at 24 hours (** P<0.01, 
t-test, n=3). (A) A representative 
flowcytometry photograph. (B) 
Percentage of cell cycles stages 
distributed in the control vs. transfected 
groups.

A

B

Figure 5. �Myogenesis in C2C12 cells with and 
without exposure to the microRNA-206 
antisense probe. (A,B) The results of 
Northern blot analysis showing 2.5 
times lower levels of miR-26 when 
cells were exposed to the antisense 
probe (*** P<0.001, t-test, n=3). (C,D) 
Anticipated morphological changes 
during differentiation were inhibited 
or delayed by antisense ribonucleotide. 
Cells exposed to miR-206 antisense 
showed half the number of elongated 
(differentiated) cells after 48 hours 
incubation in differentiation medium 
(** P<0.01, t-test, n=3).

A C

B D

Med Sci Monit, 2011; 17(12): BR364-371 Zhang W et al – MicroRNA-206 induces myogenesis

BR369

BR



low. Therefore, adenoviruses are considered relatively safe 
for use in gene therapy [35]. Several research laboratories 
have now reported the successful transfer of genes using ad-
enoviral vectors [8,36]. The therapeutic value of this tech-
nology with several other genes has been applied in clini-
cal trials [35,37,38]. By using a microRNA-206 expressing 
adenovirus, we improved the low transfection efficiency as-
sociated with some other systems.

Using flow cytometry, we found that ectopic expression of 
miR-206 inhibited cell cycle changes associated with dif-
ferentiation. Specifically, we found a 2-fold reduction in 
S-phase cells at 24 hours, which was consistent with other 
published data. For example, Kim et al. (2006) observed 
similar changes over a shorter time-course. The identifica-
tion of DNA polymerase-alpha as a potential direct target 
for miR-206 suggests a role in the inhibition of DNA syn-
thesis during differentiation [9]. However, we should not 
exclude the possibility of multi-mechanistic regulation. 
Increasing evidence shows that miR-206 might be involved 
in the regulation of development, differentiation, apopto-
sis, repair, and disease of skeletal muscle through multiple 
molecular mechanisms. For example, miR-206 directly tar-
geted DNA polymerase alpha [9]. The miR-206 repressed 
histone deacetylase 4 (HDAC4) translations were implicat-
ed in the control of neuromuscular gene expressions [23]. 
The skeletal muscle differentiation gene Myo-D, activated 
the expression of miR-206, which in turn targeted two oth-
er downstream muscular differentiation genes: follistatin-
like 1 and utrophin [39]. MiR-206 also downregulated ex-
pression of connexin43, a gap junction channel protein 
involved in myoblast fusion [9,26].

Our characterization would not be complete without a loss-
of-function study [40]. For this, we constructed a 2-O-methyl-
modified oligoribonucleotide that was complementary to 
miR-206. Other microRNAs transcribed from the miR-1 clus-
ter are not likely be targeted as their specificity of the probe 
had been tested before [41–44]. MiR-206-specific antisense 
oligoribonucleotide blocked the normal in vitro response 
to serum depletion, which is consistent with a proposed 
role for miR-206 in differentiation. Like adenovirus-direct-
ed gene expression, antisense technology has great thera-
peutic potential because of its specificity and efficiency [40, 
44]. MicroRNAs may eventually be used for the treatment 
or prevention of human diseases [45]. However, there are 
many obstacles to overcome.

Conclusions

We constructed an adenoviral miR-206 expression vector 
(AdvmiR-206) for transfection into C2C12 mesenchymal 
stem cells. Increased expression of miR-206 in these cells 
resulted in morphological and biochemical changes that 
were similar to serum deprivation-induced myogenesis. 
MiR-206 overexpression accounted for a 50% reduction 
of S-phase cells. MiR-206-specific antisense oligoribonu-
cleotides inhibited the normal response to serum depri-
vation-induced myogenesis in untransfected C2C12 cells. 
Twenty-four hours post-transfection of antisense oligoribo-
nucleotides, the number of elongated cells was reduced. 
These data support an important role for miR-206 in myo-
blast differentiation.
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