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Abstract: We examined whether mechanical stretch affected expression of muscle-specific
microRNAs (miRNAs) that regulate proliferation (miR-133a) or differentiation (miR-1, -206).
Real-time quantitative RT-PCR was used to assess miRNA regulation in the murine myoblast cell
line C2C12 exposed to stretch regimens that promote either proliferation (high stretch: 17%, 1 Hz) or
differentiation (moderate stretch: 10%, 0.5 Hz) after adding media that promotes differentiation.
Controls consisted of myoblasts cultured under static conditions. While miRNA expression was not
affected by high stretch, a significant effect of stretch (P < 0.05) was seen after 4 days with the
moderate stretch regimen. All three microRNAs were upregulated by stretch, with the most
significant increase for miR-1. Myoblast maturation was enhanced with a moderate stretch regimen,
as assessed by a higher percentage of nuclei in straited fibers and an increase in Mef2c gene
expression. Correspondingly, HDAC4 protein expression, a direct target of miR-1 and repressor of
Mef2, was decreased with the moderate stretch regimen. Over-expression of miR-1 abrogated the
effect of stretch on miR-1, miR-133a and miR-206 levels compared to its negative control but did
not alter miR-133a or miR-206 levels. Treatment with an antisense mMRNA to miR-1 similarly
diminished the stretch-mediated response. Results indicate that the differential response of skeletal
myoblasts to moderate and high stretch cyclic stretch regimens is due, in part, to muscle specific
miRNA expression.
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1. Introduction

Skeletal myoblasts are sensitive to passive mechanical stimulation. The normal range for
muscle stretch is quite narrow (10-20%), and stretch beyond this point leads to muscle injury [1].
Application of 10% stretch at moderate frequencies (0.5 Hz) with longer rest periods enhanced
myoblast fusion and differentiation [2]. When skeletal muscle myoblasts are stretched at low
frequencies (<0.5 Hz) and high intensities (>15% stretch) [3,4], mechanical stretch results in
increased protein synthesis and cellular hypertrophy, while a higher frequency (>1 Hz) and low
intensity (<5% stretch) regimen causes an increase in metabolic activity, without major changes to
muscle morphology [3]. In contrast, a 17%-stretch applied over a 1-hour stretch cycle at 1 Hz
followed by a 23-hour rest period inhibited myogenesis as the myoblasts were directed toward a
more proliferative response through increased gene expression of various factors, including cyclin
D1 [5]. While few studies have demonstrated that the pro-myogenic factor, myocyte enhancer
factor 2 (Mef2), and its repressor, histone deacetylase 4 (HDAC4), are affected by mechanical
stimulation directly, key mechano-sensitive pathways, such as calcium/calmodulin [6] and MAPK
signal transduction pathways [7], are associated with both proteins [8-11].

MicroRNAs (or miRNAS), or short non-coding segments of RNA, ~20-22 nucleotides in length,
regulate expression of mMRNAs which encode key proteins that influence proliferation or
differentiation in skeletal muscle [12-14]. Three miRNAs involved in myogenesis are miR-1,
miR-133a, and miR-206 [15-18]. MiR-1 and miR-133a promote skeletal muscle differentiation and
proliferation, respectively [12]. Among its many targets, miR-1 targets HDAC4, which is a
transcriptional repressor of Mef2, which is critical for myoblast differentiation [19]. Similarly,
miR-133a down-regulates serum response factor (SRF), which blocks myoblast proliferation.
Although the miR-1 and miR-133a genes are transcribed together and controlled at transcription,
they regulate protein expression of two different pathways that work in a complementary manner in
the muscle maturation process. Both knockdown via antisense oligonucleotide probes and
over-expression studies confirmed that miR-1 plays a critical role in myogenesis while miR-133a
alone promoted proliferation and partially inhibited myoblast differentiation [12,20]. Exclusive to
skeletal muscle [21], differentiation is further enhanced by miR-206, and may influence hypertrophy
and fiber type transition. MiR-206 down-regulates DNA polymerase o (Pol 1), which led to cell
cycle arrest and eventual cell differentiation [14] and miR-206 expression was elevated in newly
formed myotubes [22].

Skeletal muscle microRNAs appear to be sensitive to mechanical stimulation. We previously
found that the muscle specific miRs, miR-1 and miR-133a increased in human skeletal muscle
myoblasts after exposure to the moderate stretch regimen for two weeks in 8% serum differentiation
medium but decreased in response to stretch when the medium had 2% serum [23]. Downstream
changes to miR targets were not investigated. Continuous cyclic stretch (0.17 Hz, 5% stretch
for 48 hours) upregulated miR-146a, which affected levels of its target, Numb, and promoted
proliferation inhibited myogenesis and an anti-miR to miR-146 blocked strength-induced
proliferation and led to myoblast differentiation [24]. Levels of miR-1 and 133a are downregulated
in muscle hypertrophy models [25]. Further, validated targets for key muscle-specific miRNAs (both
skeletal and cardiac), such as SRF, RhoA, and cdc42, are also crucial in signaling pathways
associated with mechanical stimulation [12,26,27].
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In this study we examined the hypothesis that miRNAs respond in a differential manner to
moderate (10%) and high (17%) stretch regimens in a manner consistent with the extent of myoblast
differentiation to muscle fibers under these stretch conditions. We examined the mouse C2C12 cell
line, since the muscle-specific microRNA levels were higher in the mouse than human
myoblasts [23]. Because miRNAs can modulate specific functions of differentiated skeletal muscle,
they represent a potential target for manipulation and may be enhanced by mechanical stimulation.

2. Materials and methods
2.1. Cell culture

Murine C2C12 myoblasts (ATCC, Rockville, MD), a subclone derived from a cell line that
originated from normal adult C3H mouse leg muscle [28], were grown on a 6-well tissue culture
plate (Flexcell International, Hillsborough, NC) coated with 100 ug/ml growth factor reduced
Matrigel® (GFR Matrigel, BD Biosciences, Bedford, MA). The cells were fed daily with growth
medium (GM) containing high glucose Dulbecco’s modified Eagles’ medium (DMEM;
Gibco/Invitrogen, Carlsbad, CA), 8% new born calf serum (HyClone Laboratories, Logan, UT), 8%
fetal bovine serum (HyClone), 0.5% chicken embryo extract (Accurate Chemicals, Westbury, NY),
and 0.1% gentamicin (Gibco/Invitrogen) at 37 <C and 5% CO; until the cells reached 85-90%
confluency. To promote differentiation of myoblasts to fuse into myotubes, the growth medium was
shifted to differentiation medium (DM), consisting of DMEM supplemented with 8% horse serum
(HyClone) and 0.1% gentamicin (Gibco/Invitrogen).

2.2. Mechanical stimulation

Mechanical stretch was applied using a FT-4000T Flexercell Unit (Flexcell International). After
culturing the C2C12 myoblasts on silastic membrane 6-well plates (Flexcell International) for
approximately 2 days and allowing them to reach 85-90% confluency, the GM was changed to DM
and one of two mechanical regimens was started. The moderate stretch regimen consisted of a cyclic
stretch at 0.5 Hz, 10% stretch for 1-hour with a 5-hour rest period [2]. The high stretch regimen
consisted of a cyclic stretch at 1 Hz, 17% stretch for 1-hour with a 23-hour rest period [5]. Each
regimen was sustained for up to 6 days.

2.3. Quantitative real-time RT-PCR

Total RNA was isolated and purified using the mirVana miRNA Isolation Kit (Ambion). RNA
concentration and RNA quality were measured and assessed using the NanoDrop ND-1000
spectrophotometer (NanoDrop, Wilmington, DE). cDNA was prepared using the microRNA reverse
transcriptase kit (ABI, Applied Biosystems, Foster City, CA) with a MyCycler (Bio-Rad) thermal
cycler per manufacturer instructions. The TagMan Universal PCR Master Mix (Applied Biosystems)
was combined with the cDNA samples and the resulting solutions were placed in the 7300HT
Real-Time PCR Detection System (ABI) using standard kit protocols. The 22 method was used to
analyze the real-time gene expression data [29]. The appropriate hairpin primers were included in the
TagMan miRNA RT-PCR assays that were purchased for each miRNA of interest. A small nucleolar
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RNA (RNUG6B, ABI) was used as the endogenous control, and RNA isolated from mouse embryo
(10-12 days old) was used as a calibrator. For the muscle-specific genes of interest, SYBR green
chemistry was used and melt curve analyses were done for each reaction to ensure that the desired
amplification was completed. Oligonucleotide primers were obtained from HS Kim (UNC) and IDT
Technologies.

2.4. MicroRNA microarray

A 10 g/ sample of total RNA was processed by the Duke University Microarray Facility
using the mirVana miRNA labeling kit and miRNA probe set (Ambion and Invitrogen sets), which
was used to end label and purify small RNA probes and markers. Three separate microarray studies
were completed. In the first microarray experiment, cells of passage six were cultured under static
conditions and the extracted total RNA (including miRNAs) were labeled with a Cy3 dye. Total RNA
from the stretched cells were Cy5-labeled. In the second and third microarray experiments, the
unstretched and stretched miRNA samples were Cy5-labeled while miRNAs from normal mouse
embryo (10-12 days) tissue (Ambion First Choice Total RNA) were labeled with a Cy3 dye. The
fluorescence intensities of these two dyes reflect the levels of a given miRNA, which is tracked by
the hybridization location. The results from the first were presented as output ratios of Cy5:Cy3
fluorescence, signifying the stretched to unstretched miRNA ratios. In the second and third studies,
the Cy5:Cy3 ratios were obtained separately for both the unstretched control and stretched RNA
samples, then, these ratios were compared to each other. This method filters noise more efficiently,
but manual filtering of all three microarray studies was sufficient to give reliable results. Each
microarray chip consisted of over 662 probes, with a majority from human, mouse, and rat species
(Ambion, Invitrogen). RNA purity analysis was completed using the NanoDrop ND-1000
spectrophotometer (NanoDrop) and the Agilent Bioanalyzer (Agilent, San Jose, CA).

2.5. Immunofluorescence

Skeletal myoblast cultures were fixed with 3.7% formaldehyde for 15 minutes at room
temperature and permeabilized in 0.5% Triton-X (Sigma, St. Louis, MO) in PBS for 15 minutes.
Cells were then incubated with 10% goat serum in PBS for 30 minutes at 37 <C to block non-specific
binding and incubated in PBS for 1 hour with specific antibodies (a-actinin, Sigma). The primary
antibody was detected with a secondary mouse anti-lgG conjugated with Alexa Fluor 546-labeled
secondary antibody (Invitrogen). Sytox Green (Invitrogen) was added after the secondary incubation
as a counter stain for nuclei. Fluorescent images were obtained using an inverted fluorescent
microscope (Zeiss Axiovert S-100, Carl Zeiss Inc.) connected to a digital camera (Carl Zeiss Inc.).
The percentage of nuclei in striated fibers was determined by counting the number of nuclei directly
associated with a-actinin stained myofibers and dividing by the total number of nuclei.

2.6. Western blot analysis
Cultured C2C12 cells were lysed in a 1:10 solution of Cell-Lytic M and protease/phosphatase

inhibitor (Sigma) for approximately 30 min on ice. Nuclear and insoluble debris are removed by
centrifuging for 5 min at 10000 rpm. Protein concentrations were determined by the BCA assay
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(Pierce/Thermo Scientific, Rockford, IL) and at least 20 pg of solubilized total protein were loaded
in each lane of a 10% (w/v) Tris-HCI polyacrylamide gel (Bio-Rad, Hercules, CA). Transfer of the
protein to a PVDF membrane (BioRad) was completed overnight, and the membrane was blocked
with 5% nonfat dry milk in TBST (Tris-buffered saline with 0.1% Tween 20) for 1 hour at room
temperature. The membranes were then incubated with the primary antibodies overnight at 4 <C in
a 1% nonfat dry milk-TBST solution. Primary antibodies were obtained from the following resources:
GAPDH (Abcam, Cambridge, MA), PCNA, a-actinin, HDAC4 (Santa Cruz Biotechnology, Santa
Cruz, CA). After rinsing with TBST, the membranes were incubated with a horseradish
peroxidase-conjugated IgG anti-mouse or anti-rabbit antibody (SCBT) for 1 hour at room
temperature. Proteins were detected by ECL SuperSignal West (Pierce/Thermo Scientific) on blue
X-ray films. Developed films were scanned and subjected to densitometry measurement using NIH
Image J (Version 1.62) and expressed as intensity in arbitrary units. At least three independent
experiments were used for each condition.

2.7. Over-expression and inhibition of miIRNAs

For the over-expression studies, Pre-miR precursor molecules specific for the mature miR-1
sequence (Ambion) were transfected with siPORT NeoFX transfection agent (Ambion) into
myoblasts per manufacturer instructions. A Cy-3 labeled, non-targeting random sequence negative
control (Pre-miR Negative Control #1, Ambion) was used to obtain transfection efficiencies. Briefly,
the transfection agent was diluted in Opti-MEM 1 (Gibco) and mixed with 50 nM of the Pre-miR-1
precursors or with the same concentration of the negative control. After incubating for 10 minutes at
room temperature, the mixture was then dispensed into the appropriate wells. The cell suspension
was added to the wells, and cultured in normal conditions for 24 hours, with antibiotic-free GM. The
GM was then replaced with fresh DM, at which point cell viability and morphology were assessed,
and if normal, the moderate stretch regimen was started. Proper transfection was verified using
gRT-PCR to verify that the miRNA was expressed in the mature form at higher levels. The same
transfection procedures outlined above were used with Anti-miR-1 oligonucleotides (Ambion) and
the corresponding Anti-miR random sequence negative control (Ambion). Treatment with an
antisense mMRNA to miR-1 was assessed via Western blot analysis of its target, HDACA4.

2.8. Statistical analysis

Data are presented as a mean = standard error (SEM) unless otherwise noted. A two-factor
ANOVA or student t-tests were performed using the Statview 5.0 statistical analysis package. When
applicable, the Bonferroni post-hoc test was performed as part of the ANOVA analysis. A value of
p < 0.05 was considered significant unless otherwise noted. Comparison of regression slopes for
stretch and control were used to assess the effect of stretch on miR levels [30].
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3. Results
3.1. Effect of mechanical stimulation on myoblast morphology

We examined the response of C2C12 myoblasts to two stretch regimens: a cyclic stretch
regimen of 0.5 Hz, 10% stretch for 1 hour with a 5-hour rest period, which promotes
differentiation [2] and a 1.0 Hz, 17% stretch for 1 hour with a 23-hour rest period, which promotes
proliferation [5].

Immunostaining with o-actinin at various time points showed a differential response in
myoblast morphology with the two stretch regimens. Multinucleated myotubes and striations were
still apparent in the unstretched control but were not as clearly organized as those subjected to a
moderate stretch regimen from shift day 0 to shift day 6 (Figure 1). Between shift day 0 and shift
day 2, myoblasts have not all exited the cell cycle and continue to proliferate, as confirmed by the
nuclei staining showing a notable increase in cell number by shift day 2, compared to shift day 0. By
shift day 4, the effect of stretch became apparent with the appearance of more multinucleation and
fiber formation. Myotubes often formed on top of a confluent layer of myoblasts, which explains the
seemingly lower number of nuclei from shift day 2 to shift day 4 but is more an attribute of the
method of imaging. At shift day 6, striations were clearly visible in the stretched samples. On the
other hand, there was less multinucleation and fiber formation in the myoblasts subjected to the high
stretch (17%) regimen compared to its unstretched control (Figure 2).

Shift Day 0 Shift Day 2 Shift Day 4 Shift Day 6

Control

Figure 1. a-actinin immunostaining (red) with a Sytox Green nuclear stain of
differentiating myoblasts subjected to a moderate strain (0.5 Hz, 10% stretch for 1 hour
with a 5-hour rest period) regimen from shift day 0 to 6. By shift day 4, the effect of
stretch becomes apparent with the appearance of more multinucleation and fiber
formation. At shift day 6, striations are clearly visible in the stretched samples. Scale bar
equals 20 pm.
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Control

High
Stretch

Figure 2. a-actinin immunostaining with a Sytox Green nuclei counterstain of
differentiating myoblasts subjected to a high strain (17%) regimen from shift day O to 6.
There was less multinucleation and fiber formation in the myoblasts subjected to this
regimen compared to its unstretched control. Scale bar equals 20 pm.

The percentage of nuclei in striated fibers was used to quantify myofiber differentiation
(Table 1). A myogenic switch occurred approximately 4 days after shifting the media, at shift day 4,
which corresponds with myoblast morphology (see Figure 1) confirming a marked increase in
myotube formation at this time point. An ANOVA showed a significant effect of time (p < 0.001),
however, only the moderate stretch regimen produced a significant effect of stretch (p < 0.02). A
significant difference in the percentage of nuclei in striated fibers was evident with the moderate
stretch regimen at shift day 4, but there was no difference by shift day 6. Conversely, there was no
difference in the percentage of nuclei in striated fibers between unstretched and stretched samples at
any time point when subjected to a high stretch regimen. There was a significant difference in the
percentage of nuclei in striated fibers for those cells subjected to the moderate stretch regimen
compared to the high stretch regimen by shift day 6 where an ANOVA with all data combined from
each regimen showed a significant effect of stretch (moderate or high stretch) regimen (p < 0.02).
Thus, the moderate stretch regimen produced an increase in differentiation relative to unstretched
controls or the high stretch conditions.

Table 1. Percentage of nuclei in striated myotubes (mean % *SEM).

Moderate Stretch Ratio (n = 7) High Stretch Ratio (n = 5)

Control Stretch Control Stretch
Shift Day 2 0.5+0.3 0.9 +0.5 0.7 +0.2 1.3+04
Shift Day 4 30.8 £1.6* 42,7 £4.3* 28.7 £4.5 31.2 +4.6
Shift Day 6 47.9 +3.0 52.1 +3.8" 475 +3.8 39.0 +5.3"

*p < 0.05, Control vs. Stretch; #p < 0.05, Moderate Strain vs. High Stretch Ratio
n = number of independent experiments.
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3.2. Effect of cyclic stretch on microRNA expression

A microRNA array analysis of myofibers undergoing the moderate stretch regimen for 4 days
and unstretched controls indicated that the following microRNAs exhibited at least a 40% increase in
at least one of the 3 microarrays: miR-31, miR-125b, miR-133a, miR-140, miR-206, miR-214, and
miR-422b (Table S1). miR-1 was not part of the array, but two other muscle-specific microRNAs,
miR-133a and miR-206 were sensitive to the moderate stretch regimen.

To assess the effect of stretch over time, C2C12 myoblasts were placed in differentiation
medium and exposed to the moderate stretch regiment, the high stretch regimen or the unstretched
control case and levels of microRNAs were determined by qRT-PCR. To show the wide range in miR
expression throughout differentiation, we also assessed the baseline expression levels of miR-1, 133a,
and 206 over time in the absence of stretch, and observed marked increases in all three miRNAs
relative to shift day 0 (Supplementary Figure S1). All three miRNAs were in low abundance at shift
day 0. Levels of miR-1 and miR-133a increased on a similar scale while miR-206 was present at
significantly lower levels. Expression levels of miR-1, 133a, and 206 from both unstretched and
stretched samples were fit to a linear regression over 6 days after shifting to a reduced growth factor
serum media. The moderate stretch regimen produced a significant increase in slope (Figure 3),
where miR-1 and 133a levels were up-regulated with stretch at an earlier time point than miR-206
(shift day 3 vs. shift day 4) (dashed vertical lines). There were no significant differences between
stretched and unstretched cells with the high stretch (17%) regimen.

Next, we examined the effect of the moderate stretch regimen on the other microRNAS
identified by the microarray analysis as being stretch sensitive: miR-31, miR-125b, miR-140,
miR-214, and miR-422b (Supplementary Figures S2 and S3). miR-214 [31] and miR-422b (also
known as miR-378) [32] promote myoblast differentiation, miR-140 downregulates WNT11 and
promotes hypertrophy and decreases lactic acid production [33], miR-31 promotes satellite cell
proliferation [34], and miR-125b is downregulated during myoblast differentiation [35]. All of these
microRNAs are found in skeletal muscle. Only miR-422b increased monotonically with time. The
others increased over the first 46 days and then declined. None of these microRNAs showed a
difference between the moderate strain regimen and unstretched controls.

Because miR-1, mir-133a and miR-206 affect specific mMRNA targets, we examined baseline
changes in several muscle-specific genes, which included key regulators MyoD, myogenin, Mef2c,
and SRF. The gene expression of validated targets of miR-1 (HDAC4) and miR-133a (SRF) was also
examined to assess whether the changes in miRNA levels induced by stretch were linked to changes
in the levels of these genes. Neither the moderate nor high stretch regimens significantly affected
MyoD as a global ANOVA showed no effect of time or stretch regimen (Supplementary Figure 4A).
There was a significant effect of time (p < 0.0002) and stretch regimen (p < 0.02) on myogenin gene
expression (Supplementary Figure S4B), and the post hoc test only detected significant differences
between the moderate and high stretch regimens on day 2 (p < 0.05). Similarly, there was also an
effect of time (p < 0.0001) and regimen (p < 0.02) on HDAC4 gene expression, but the post hoc test
did not find significance (p < 0.05) between the control and moderate or high stretch regimen
samples at any given time point. SRF gene expression was unchanged with time or regimen.

In contrast, levels of Mef2c mRNA were greater in myoblasts subjected to the moderate stretch
regimen by shift day 6 (Figure 4). Relative to unstretched control, Mef2c levels were unchanged in
myoblasts stretched at high stretch. A two-factor ANOVA verified a significant effect of time
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(p < 0.001) and regimen (control vs. moderate vs. high stretch) (p < 0.01). A Bonferroni post hoc test
showed significance between Mef2c expression in unstretched controls and the moderate stretch
samples on days 4 and 6 as well as between the moderate and high stretch samples on days 4 and 6.
There was no significant difference between the unstretched controls and the high stretch samples
over the entire temporal profile.

Moderate Stretch High Stretch
.
=== =Stretch [Slope:3.4+0.4] p<0.002 == =ggech [Slope:1.9+0.2]

20 |~ Contdl [Slope:1.9£0.2] 20 +—Control [Slope:1.7+0.2]

15

0 2 4 6

;]
)
H Stetch [Slope:4.4+0.5] p<0.01 Steich [Slope:3.0+0.3]
& 25 [—Contol [Slope:2.8+0.4] 26 [—cContdl [Slope:2.5+0.3]
= 1
2 r 2 r
2 a
E 15 BT
'g 10 10 [
N
- 5 | i 57T
g miR-133a miR-133a
E 0 1 OL}V 1
Z 0 2 4 6 0 2 4 6
60 Stetch [Slope:10.0+1.1] p<0.05 60 [ Stetch [Slope:8.3+0.7]
— Control [Slope:7.3+0,8] — Control [Slope:6.9+0.8]
50 ? 50 °
40 40
30 30
20 20
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miR-206 miR-206
0 1 0 ]
0 2 4 6 0 2 4 6
Time, days after shifting Time, days after shifting

Figure 3. Effect of cyclic stretch on miRNA levels (miR-1, miR-133a, miR-206) at
various time points measured by quantitative RT-PCR (gRT-PCR). Levels of miR-1, 1333,
and 206 all increase linearly over 6 days after shifting to a reduced growth factor serum
media. A moderate strain (10%) regimen produced a significant increase in slope and
miR-1 and 133a levels were up-regulated with stretch at an earlier time point than
miR-206 (SD3 vs. SD4) (dashed vertical lines). There were no significant differences
between stretched and unstretched cells with the high strain (17%) regimen. Mean =+
SEM, n = 8 for myoblasts exposed to moderate strains and n = 5 for high strain.
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Figure 4. Gene expression analysis via quantitative of Mef2c by qRT-PCR. The effect of
stretch is noted in the upregulation of Mef2c expression by shift day 6. Data presented as
mean =SEM, and n = 12 for control samples, n = 7 for the moderate strain regimen, and
n =5 for the high strain regimen, *p < 0.05 (control vs. moderate strain at shift day 4), {p
< 0.001 (control vs. moderate strain at shift day 4), ¥p < 0.01 (control vs. moderate strain
at shift day 6), {p < 0.001 (moderate strain vs. high strain at shift day 6).

These gene expression results suggest that observed changes in the three muscle-specific
miRNAs did not alter several critical mMRNA levels. However, since miRNAs are translational
regulators, we examined the protein levels of the miRNA target, HDAC4, which is a downstream
target of miR-1 and effector of Mef2. Western blot analysis indicated a decreasing trend in HDAC4
protein expression in myoblasts exposed to a moderate stretch cyclic stretch regimen (Figure 5). A
two-factor ANOVA found significant effects of time (p < 0.0005) and stretch (p < 0.02), but no
interaction between the two. A Bonferroni correction showed that moderate stretch was less than
control levels at shift days 2 and 6 (p < 0.05). There was no effect of stretch on HDAC4 protein
levels with the high stretch regimen. Although there were no major differences in HDAC4 levels
with stretch (moderate or high stretch) on the transcriptional level, this change on the translational
level with the moderate stretch regimen suggested that as miR-1 levels are upregulated by stretch
four days after shifting to DM, the downstream effect of suppressing HDAC4 protein levels was
more pronounced at later time points.
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Figure 5. Western blot analysis for HDAC4 showing a decreasing trend in HDAC4
protein expression in myoblasts exposed to a moderate strain regimen. Although there
were no major differences with stretch on the transcriptional level, this change on the
translational level suggests that as miR-1 levels are upregulated by stretch post-SD4, and
the downstream effect of suppressing HDAC4 protein levels is apparent at later time
points. Mean =SEM, n =6 or 7, *p < 0.05 between control and stretch at the same shift
day.

3.3. Effect of cyclic stretch on miRNA levels with over-expression and treatment with an antisense
mMRNA to miR-1

The effect of stretch was also examined in conjunction with the over-expression of one of the
myogenic miRNAs, miR-1, which promotes myoblast differentiation. Results shown in Figure 6
indicated that miR-1 levels were indeed over-expressed via transient transfection with Pre-miR-1
precursor molecules, as assessed by qRT-PCR, there was an increase in miR-1 levels over four orders
of magnitude one day after transfection, or at shift day O (p < 0.0001), but these levels were
drastically reduced by shift day 2 (p = 0.064). Levels of miR-1 were nearly equal to those of the
negative control by shift day 4.
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Figure 6. Average temporal effect of miR-1 over-expression demonstrating a marked
increase in mature miR-1 expression in the transiently transfected myoblasts over the
negative controls. Over-expression of miR-1 had no effect on baseline levels of
miR-133a and miR-206. Mean £SEM, n = 4, ****p < (0.0001 at shift day 0.

In order to assess whether the effects of stretching myoblasts are affected by miRNA
over-expression, we examined changes in miRNA levels with miR-1 over-expression combined with
stretch (Figure 7). Results represent the fold change relative to unstretched cells. The negative
controls consisted of a scrambled miR sequence. At shift day 2, gRT-PCR showed a small, but
significant down-regulation of miR-1 levels when stretch was combined with miR-1 over-expression.
After 4 days of stretch, the relative change in miR-1 was similar to what was observed with the
negative control. The change in levels of miR-133a and miR-206 with miR-1 over-expression and
stretch was not different from their negative controls, verifying that over-expression of one miRNA
did not have major effects on the other microRNA levels.
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Figure 7. The effect of cyclic stretch with a moderate strain regimen combined with
miR-1 over-expression. Results represent the fold change relative to unstretched controls.
gRT-PCR shows (A) a down-regulation of miR-1 levels when stretch is combined with
miR-1 over-expression, suggesting that a regulatory mechanism is in place to compensate
for large deviations in baseline levels of miRNAs. The change in levels of miR-133a (B)
and miR-206 (C) with miR-1 over-expression and stretch were not different from their
negative controls. Mean =SEM, n = 4, *p < 0.05.

Since blocking key muscle-specific miRNAs (particularly miR-1) is detrimental to promoting
myoblast differentiation [12], we hypothesized that stretch might compensate for the transient
knockdown of miR-1, but the results show that miR-1 may be critical for a stretch-mediated effect to
occur. Since anti-miR-1 oligonucleotides do not degrade the mature miR-1 sequence, qRT-PCR
could not be used to assess the degree of inhibition. Therefore, the effect of inhibiting miR-1 was
assessed by HDAC4 protein expression because it is a direct target for miR-1. HDAC4 levels
increased slightly, as expected, in anti-miR-1-treated myoblasts. We then plotted the HDAC4 protein
levels after anti-miR-1 treatment relative to the HDAC4 protein levels after treatment with the
negative control microRNA sequence (Figure 8). A ratio of 1 would indicate that the antimir-1
treatment had no effect since the response is the same as for control conditions. A ratio greater than 1
would indicate that the anti-miR-1 treatment increased HDAC4 protein relative to control conditions.
The effect of anti-miR-1 treatment was most apparent at shift day 2 with ratios of anti-miR-1 to
negative control HDAC4 protein levels greater than 1 (p < 0.05) in both unstretched and stretched
samples (Figure 8). By shift day 4, HDAC4 levels between anti-miR-1 and negative control
myoblasts were nearly the same (ratio ~1), suggesting that miR-1 inhibition was removed by this
time. This time scale was similar to that observed with miR-1 over-expression (Figure 6). These
results show that anti-miR-1 treatment does increase HDAC4 protein at early times and stretch alone
does not compensate for this effect.
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Figure 8. Western blot analysis of HDAC4 showing effect of cyclic stretch with a
moderate strain regimen and anti-miR-1 treatment. At 2 and 4 days after shifting, stretch
was unable to overcome the effect of inhibiting miR-1, as shown by the increased levels
of HDAC4. Mean £SEM, n = 6, *p < 0.05 compared to a ratio of 1.

4. Discussion

Results of this study demonstrated a differential response of skeletal myoblasts to moderate and
high cyclic stretch regimens that involved the muscle-specific microRNAs miR-1, miR-133a and
miR-206. Myoblast maturation was enhanced with a moderate stretch regimen that increased Mef2c
gene expression, although the muscle-specific genes MyoD and myogenin were not affected. The
moderate stretch regimen produced a significant increase in in miR-1, 133a, and 206 expression with
stretch, a significant effect of stretch (p < 0.05) was seen after 3 or 4 days, post-differentiation.
HDAC4 protein expression, a direct target of miR-1 and repressor of Mef2, was decreased with the
moderate stretch regimen. Over-expression of miR-1 abrogated the effect of moderate stretch
regimen in miR-1 levels and inhibition of miR-1 blocked the stretch-mediated response in HDAC4
protein. These results suggest that the muscle-specific miRNAs are crucial in promoting a response
to stretch, however, there is a complex interplay of the effect of mechanical stimulation on
downstream regulation of muscle-specific genes and miRNAs.

The significant increase in miR-1, miR-133a and miR-206 levels with differentiation are
consistent with previous time course studies [12,14], and differences in miR-1 and miR-206 levels
have been reported among different muscles [36]. Both miR-1 and miR-133a had parallel responses
which were consistent with similar regulation of these two mIiRNAs [12,13,37]. Muscle
differentiation is further enhanced by miR-206, and blocking it hindered withdrawal from the cell
cycle and subsequent fusion and differentiation [14].
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Most studies of miR-1, miR-133a, and miR-206 have focused on miRNA dysregulation in
cardiac hypertrophy [26,38-40]. In skeletal muscle, the effects of hypertrophy on miR-1, miR-133a,
and miR-206 regulation were examined by in vivo injury to rat soleus and plantaris muscles. The
level of miR-1 and miR-133a decreased following 7 days of functional overload, and levels of
miR-206 did not change [25]. These studies are consistent with a mechanical link to miRNA
regulation.

While the effect of stretch produced modest changes in the levels if miR-1, miR-133a and
miR-206, a 2.8-fold increase in miR-1 was observed in human hearts with coronary artery disease
and could produce conduction abnormalities by reducing expression of connexin 43 and a potassium
channel [41]. Similar changes in miR-1 and miR-133a levels in a cardiac hypertrophy model caused
changes in the targets [26]. Since the change in miRNA levels induced by stretch were comparable to
levels reported to induce functional effects in vivo, the functional changes we observed could be
attributable to mechanical stimulation.

Although HDAC4 mRNA was not transcriptionally regulated with mechanical stimulation,
HDAC4 protein expression was altered with a moderate stretch regimen (Figure 5). HDAC4
represses Mef2 [42,43], but is also affected by Mef2 expression via a feedback mechanism involving
miR-1. We found an upregulation of Mef2c gene expression levels with a moderate stretch regimen
(Figure 4) and corresponding increases in three myogenic miRNA levels (miR-1, 133a, and 206). In
particular, Mef2 and SRF gene expression can activate expression of miR-1 and miR-133a in both
skeletal and cardiac muscle [13,44,45]. Mef2 is thought to cooperate with MyoD to regulate an
intragenic enhancer of these miRNAs [44]. Although mechanical stimulation with a moderate stretch
regimen did not produce a change in MyoD, myogenin, HDAC4,and SRF gene expression, a
microRNA-mediated process does not always produce changes in gene expression, and protein levels
may be affected as we observed with HDAC4.

When stretch was combined with miR-1 over-expression, we observed a significant decrease in
the stretch-induced effect on the muscle-specific miRs, compared to the negative control. This
response may be a control mechanism to keep miRNA levels in balance to prevent gross or
permanent inhibition of miR targets [46]. In the miR-1 inhibition experiment, stretch alone was not
able to overcome the effect of drastically inhibiting miR-1 (anti-miR-1), when HDAC4 protein
expression at early time points (Figure 8). These results imply that the stretch-mediated effect is
miR-1 dependent and without a nominal level present, may inhibit other factors that are
mechanically linked. Overall, these results support a role for the muscle-specific miRNAs having an
important, but modest role in mechanical regulation of skeletal muscle differentiation.

5. Conclusions

A moderate stretch regimen (10%, 0.5 Hz) produced a modest but significant elevation of the
muscle-specific microRNAs miR-1, miR-133a and miR-206. Of these, miR-1 was most significantly
affected. A high level of stretch (17%, 1 Hz) did not affect miR levels or promote differentiation,
beyond control conditions. Moderate stretch elevated Mef2c mRNA and HDAC4 protein. Addition
of anti-miR-1 prevented the reduction in HDAC4 protein levels at early times of differentiation. The
results suggest that the muscle specific microRNAs are activated by stretch and are crucial in
promoting a response to stretch.
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