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Mechanical stretch regulates microRNA expression
profile via NF-kB activation in C2C12 myoblasts
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Abstract. MicroRNAs (miRNAs/miRs) and nuclear
factor (NF)-kB activation are involved in mechanical
stretch-induced skeletal muscle regeneration. However, there
are a small number of miRNAs that have been reported to
be associated with NF-xB activation during mechanical
stretch-induced myogenesis. In the present study, C2C12
myoblasts underwent cyclic mechanical stretch in vitro, to
explore the relationship between miRNA expression and
NF-«B activation during stretch-mediated myoblast prolif-
eration. The results revealed that 10% deformation, 0.125 Hz
cyclic mechanical stretch could promote myoblast prolifera-
tion. The miRNA expression profile was subsequently altered;
miR-500, -1934, -31, -378, -331 and -5097 were downregulated,
whereas miR-1941 was upregulated. These miRNAs were all
involved in stretch-mediated myoblast proliferation. Notably,
the expression of these miRNAs was reversed following
treatment of 0.125 Hz mechanically stretched C2C12 cells
with NF-kB inhibitors, which was accompanied by C2C12
cell growth suppression. Therefore, the present study is the
first, to the best of our knowledge, to demonstrate that the
NF-kB-dependent miRNA profile is associated with mechan-
ical stretch-induced myoblast proliferation.

Introduction

In recent years, the incidence of skeletal muscle injury has
increased. It is well known that skeletal muscles only possess
limited self-renewal capacity. Skeletal muscles respond to
mechanical load, and this mechanical stimulation has been
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reported to promote myogenesis by provoking muscle precursor
cell activation, proliferation and differentiation (1). In the field
of regenerative medicine, appropriate mechanical stimulation
has been applied to muscle-derived stem cells in order to
promote skeletal muscle repair (2). Furthermore, it has been
suggested that external mechanical stimuli are transformed
into intracellular signals through certain mechanisms, in order
to regulate myoblast activity (3,4). However, the mechanisms
underlying the transformation of external mechanical stimuli
into intracellular signals remain unclear.

Nuclear factor (NF)-«B, which belongs to the Rel family,
refers to several transcription factors. The mammalian NF-xB
family comprises seven members, including p65 (RelA),
c-Rel, RelB, p50/p105 (NF-«kB1) and p52/p100 (NF-«xB2).
NF-«B usually exists in the form of hetero- or homodimers,
and the typical NF-kB complex is composed of a p50 and
p65 heterodimer. In non-stimulated cells, the NF-kB complex
is located in the cytoplasm and is inhibited by the inhibitor of
NF-xB (I-kBa). Once stimulated, the degradation of I-kBa and
phosphorylation of NF-kB induce the translocation of NF-xB
into the nucleus where it binds to target DNA (5). The translo-
cation of NF-kB has been reported to regulate several cellular
processes, including immunity and inflammation, cellular
proliferation and differentiation (6-8). The role of NF-kB is
indispensable and complex due to its presence in both prolifera-
tion and differentiation stages during the myogenic process (9).
As for stretch-induced skeletal muscle alterations, the NF-xB
signaling pathway has been shown to be activated in murine
diaphragm muscles subjected to longitudinal mechanical stretch,
resulting in upregulated expression of the stretch-response gene,
Ankyrin repeat domain 2 (10). NF-xB activation by phos-
phorylation of p65 NF-kB has also been detected during cyclic
stretch-induced myogenic differentiation (11). A previous study
revealed that NF-kB transcriptional activity is beneficial to
myoblast proliferation under appropriate stretch induction (12).

MicroRNAs (miRNAs/miRs) are small non-coding
RNAs, some of which are highly evolutionarily conserved.
miRNAs regulate gene expression at the post-transcriptional
level by inhibiting translation of target mRNA or promoting
target mRNA degradation (13). miRNAs have been identi-
fied as novel components in the gene regulatory network of
myogenesis (14). A previous study reported that miRNAs
are essential for the generation and maintenance of skeletal
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muscles (15). In particular, miRNAs specifically expressed in
muscles, including miR-1 and miR-206, are able to promote
skeletal myoblast differentiation (16,17). Conversely, another
muscle-specific miRNA, miR-133, serves an opposite role
in myogenesis by maintaining myoblasts in a proliferative
state (16). Furthermore, local injection of miR-1, miR-133
and miR-206 can upregulate myogenin and myogenic differ-
entiation 1 (MyoD) expression in injured skeletal muscles,
and thus accelerates muscle regeneration (18). miRNAs that
are ubiquitously expressed can also influence skeletal muscle
development. miR-181 inhibits skeletal myogenesis, whereas
miR-146a and miR-26a positively regulate myogenesis (19-21).
However, interactions between the NF-«kB signaling pathway
and miRNAs during mechanical stretch-induced myoblast
proliferation and differentiation remain unclear.

The present study subjected C2C12 myoblasts to cyclic
stretch to investigate the interactions between NF-kB activa-
tion and miRNA expression during mechanical stretch-induced
myoblast proliferation. The study focused on the myoblast
proliferation process, since it represents the early stages of
muscle regeneration. The computer-controlled Flexcell system
was used to apply cyclic mechanical strain to C2C12 myoblasts.
The appropriate mechanical stretch conditions that could
promote C2C12 myoblast proliferation were initially confirmed,
and the miRNA expression alterations during mechanical
stretch-induced myoblast proliferation were determined using
high-throughout sequencing and reverse transcription-quan-
titative polymerase chain reaction (RT-qPCR) methods. In
addition, the interactions between NF-xB activation and
miRNA expression were explored by treating stretch-induced
myoblasts with or without an NF-kB inhibitor.

Materials and methods

Cell culture. C2C12 mouse myoblast cells were purchased
from American Type Culture Collection (Manassas, VA, USA).
The frozen stock was thawed and maintained as monolayer
cultures in Dulbecco's modified Eagle's medium supplemented
with 10% fetal bovine serum (both Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and
1,000 U/ml streptomycin at 37°C in a humidified atmosphere
containing 5% CO,. The medium was changed twice per week.

Mechanical stretch stimulation of C2C12 cells. The model
of in vitro stretching of C2C12 myoblasts was established
using the computer-controlled vacuum stretch system
(FX-5000 Tension system; FlexCell International Corporation,
Burlington, NC, USA). Briefly, C2C12 cells were seeded
into type-I collagen-coated flexible-bottom six-well plates
(BioFlex collagen I plates; FlexCell International Corporation)
at a density of 1x10° cells/well in culture medium. The cells in
the flexible-bottom six-well plates were then incubated at 37°C
in a humidified 5% CO, atmosphere overnight. Subsequently,
C2C12 cells underwent cyclic strain (10% deformation) at
0.125,0.25 and 0.5 Hz for 2 h per day for 4 consecutive days.
Cells cultured under the same conditions without cyclic strain
were considered the control group.

Cellviability assay and cell cycle analysis. C2C12 cell viability
was assessed 1, 2, 3 and 4 days after initiation of cyclic strain
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using the Cell Counting kit-8 (CCK-8) assay. Briefly, C2C12
cells in the control group, and 0.125, 0.25 and 0.5 Hz groups
were digested with 0.25% pancreatic enzyme (trypsin; Gibco;
Thermo Fisher Scientific, Inc.) containing 0.02% EDTA.
The cells were then reseeded in 96-well plates at a density of
5x10° cells/well in culture medium (8 duplicate wells/group).
The plates were incubated for 24 h at 37°C, after which the cell
medium was replaced with 100 ul culture medium containing
10 ul CCK-8 reagent (Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan). Following a further incubation for 3 h at
37°C, the optical density (OD) values were measured at 450 nm
using a microplate reader (Thermo Fisher Scientific, Inc.). Cell
cycle analysis was performed by flow cytometry (FCM). Briefly,
stretched C2C12 cells (10% deformation; 0.125 Hz) at day 4
and control cells were collected. Subsequently, the cells were
permeabilized with 70% (v/v) ethanol and incubated overnight
at 4°C. Finally, the cells were stained with 500 ul propidium
iodide (100 pg/ml) at 37°C for 30 min and analyzed by FCM.
The relative DNA proliferation index (DPI) was calculated
using the following formula: [DPI = (S% + G,/ M%) / (S% + G
»/ M% + G,/ G,%)], according to our previous report (7).

High-throughput sequencing. High-throughput sequencing was
applied to detect differentially expressed miRNAs in C2C12
cells between the control group and the 0.125 Hz stretch group
at day 4. Total RNA was extracted from the C2C12 cells using
TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. Small RNAs (18-75 nt) were
separated from total RNAs by polyacrylamide gel electro-
phoresis and were purified. The small RNAs were ligated
with 5' and 3' adapters using T4 RNA Ligase (Thermo Fisher
Scientific, Inc.), and were reverse transcribed to cDNA using
SuperScript IT (Life Technologies; Thermo Fisher Scientific,
Inc.). Generation of double-stranded cDNA was performed
prior to PCR amplification. High-throughput sequencing of
the purified DNA samples was performed using the Illumina
Genome Analyzer IIx (Illumina, San Diego, CA, USA). To
select differentially expressed miRNAs between the two
groups, the frequency of miRNAs was normalized to calculate
the ratio of 0.125 Hz stretched cells to control cells. A differen-
tially expressed miRNA was indicated by a stretched/control
ratio >2 and a statistically significant result, as determined by
independent t-test with Bonferroni correction.

NF-kB inhibition. Two selective and irreversible NF-«B inhibi-
tors: BAY11-7082 (BAY; Beyotime Institute of Biotechnology,
Jiangsu, China) and pyrrolidine dithiocarbamate (PDTC;
Beyotime Institute of Biotechnology) were used in the present
study. In order to determine the effects of NF-«xB inhibition on
the stretched myoblasts, C2C12 cells that underwent 0.125 Hz
cyclic strain (10% deformation) for 2 h per day for 4 consecu-
tive days were simultaneously treated with 2.5 uM BAY,
5 uM BAY or 10 uM PDTC. The effects of NF-xB inhibition
on stretched C2C12 myoblasts were subsequently detected
according to the aforementioned CCK-8 method and FCM
analysis at corresponding time points.

Western blot analysis. Cells were lysed with radioimmuno-
precipitation assay buffer (EMD Millipore, Billerica, MA,
USA) and protein concentration was determined using the
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bicinchoninic acid assay kit (Thermo, Fisher Scientific, Inc.).
Protein samples (50 ug) were separated by SDS-PAGE (5%
stacking gel, 10% separating gel), and were then transferred
to polyvinylidene fluoride (PVDF) membranes (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The membranes were
then rinsed with TBS-0.05% Tween-20 (TBST) and blocked
with 5% fat-free dried milk solution at room temperature
for 1.5 h. Primary antibodies: Rabbit anti-NF-«B (ab16502;
1:2,000), rabbit anti-phosphorylated (P)-NF-xB (ab86299;
1:1,000), mouse anti-I-kBa (ab211340; 1:1,000) and mouse
anti-GAPDH (ab8245; 1:2,000) (all Abcam, Cambridge,
MA, USA) were added, and the membranes were incubated
overnight at 4°C. Subsequently, the PVDF membranes were
rinsed 3 times with TBST (5 min/wash) and were incubated
with horseradish peroxidase-conjugated goat anti-mouse
IgG (ab97023; 1:3,000 and 1:5,000 for anti-I-xBa and
anti-GAPDH primary antibodies, respectively) and goat
anti-rabbit IgG (ab6721; 1:5,000 and 1:3,000 for anti-NF-xB
and anti-P-NF-«B primary antibodies, respectively) secondary
antibodies from Abcam, prior to visualization by enhanced
chemiluminescence. Experiments were repeated three times.
Relative expression levels were determined using ImagelJ soft-
ware, version 2.1.4.7 (National Institutes of Health, Bethesda,
MD, USA) and were normalized to loading controls.

RT-gPCR. Total RNA was extracted from C2C12 cells
in the control group, 0.125 Hz stretch group and NF-«B
inhibitor + 0.125 Hz stretch group at day 4 using TRIzol®
according to the manufacturer's protocol. RT was performed
using an ABI 9700 PCR amplification machine (Applied
Biosystems; Thermo Fisher Scientific, Inc.) and a miR RT kit
(Takara Bio, Inc., Otsu, Japan). Briefly, aliquots (2 ug) of total
RNA were transcribed into cDNA in a total volume of 20 ul
with 5X PrimeScript buffer, I mmol/l nucleotide mixture,
50 pmol/l primer, 100 U PrimeScript Reverse Transcriptase,
and 20 U RNase inhibitor. The RT reaction was conducted
at 37°C for 15 min, 85°C for 5 sec and 4°C prior to qPCR
analysis. qPCR was performed in triplicate using a PCR
detection system (Stratagene Mx3000P qPCR system,;
Agilent Technologies, Santa Clara, CA, USA). miRNA
specific primer sequences are listed in Table I. All primers
were synthesized by Guangzhou Vipotion Biotechnology
Co., Ltd. (Guangzhou, China). qPCR was conducted using
the Tag PCR kit (Takara Bio, Inc.) in a 20 ul reaction volume
containing 2 yl miRNA RT product, 0.2 ul 1 U/ul Tag DNA
polymerase, 10 ul 5X PCR Buffer, 0.6 ul 5 yM primer and
deionized water. Reaction conditions were as follows: Initial
denaturation at 95°C for 3 min, 40 cycles of 95°C for 12 sec
and 62°C for 60 sec, followed by an extension step at 72°C for
1 min. The relative miRNA expression levels were calculated
using the comparative threshold cycle 2244 method (22).

Statistical analysis. Data were analyzed by one-way analysis
of variance and the post-hoc Bonferroni test was used for
pair-wise comparisons. Statistical analyses were performed
using SPSS 19.0 (IBM SPSS, Armonk, NY, USA) and the
data were presented as the mean + standard deviation, error
bars were representative of three independent experiments.
P<0.05 was considered to indicate a statistically significant
difference.
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Table I. miR specific primer sequences.

Primer name Sequence (5'-3")

AAUGCACCUGGGCAAGGGUUCA
AGGAUGACGGUGGGGCUGGUGA
AGGCAAGAUGCUGGCAUAGCUG
ACUGGACUUGGAGUCAGAAGG
GCCCCUGGGCCUAUCCUAGAA
GUUCAUGUCCCUGUUCAGGCGCCA
AGGGAGAUGCUGGUACAGAGGCUU

mmu-mir-500
mmu-mir-1934
mmu-mir-31
mmu-mir-378a
mmu-mir-331
mmu-mir-5097
mmu-mir-1941

miR, microRNA.

Results

Alterations to the miRNA expression profile during mechan-
ical stretch-induced myoblast proliferation. To investigate the
effects of various stretch frequencies on myoblast viability,
the CCK-8 assay was performed 1, 2, 3 and 4 days after the
cells underwent cyclic stretching. At day 3, the mean OD value
of the 0.125 Hz stretch group (10% deformation) was signifi-
cantly higher compared with in the control group; 1.65 vs.0.71
respectively (P<0.05; Fig. 1A). At day 4, the mean OD value
of the 0.125 Hz stretched cells remained higher compared
with the control cells; 1.63 vs. 0.81 (P<0.05). Furthermore,
cell cycle progression differed between the control cells and
the 0.125 Hz stretched myoblasts (10% deformation) at day 4.
As shown in Fig. 1B, the number of cells in the proliferative
(S or G,) phase was markedly higher in the 0.125 Hz stretch
group compared with in the control group. At day 4, the mean
DPI in the 0.125 Hz stretch group was significantly increased
compared with in the control cells (Fig. 1B). These results
suggest that 10% deformation cyclic strain at 0.125 Hz can
enhance myoblast viability and stimulate myoblast entry into
the proliferative phase, thus promoting C2C12 cell prolif-
eration. Conversely, 10% deformation cyclic strain at 0.5 Hz
markedly inhibited C2C12 cell viability at day 4 compared
with the control (Fig. 1A). Therefore, 10% deformation cyclic
mechanical stretch at 0.125 Hz were considered the appro-
priate stretch conditions.

Alterations to the miRNA profile between the control group
and the 0.125 Hz mechanical stretch group were determined
by high-throughput sequencing. The hierarchical clustering
analysis of differentially expressed miRNAs is presented in
Fig. 2. Within the miRNA expression profiles, 10 miRNAs
exhibited >2-fold variation in the 0.125 Hz mechanical
stretch group compared with in the control group. Seven
(miR-500, -1934, -31, -378a, -3473b, -331 and -5097) of which
were downregulated, whereas three (miR-340,-449c and -1941)
were upregulated in the mechanical stretch group (Fig. 3A).
Among them, miR-500, miR-1934, miR-31, miR-378a,
miR-331, miR-5097 and miR-1941, were validated through the
RT-qPCR method (Fig. 3B).

Differentially expressed miRNAs induced by cyclic mechan-
ical stretch are reversed by NF-xB inhibition in C2CI2
myoblasts. The present study aimed to explore the association
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Figure 1. Appropriate mechanical stretch promotes myoblast proliferation. (A) Effects of mechanical stretch frequency on the viability of C2C12 cells, as
detected by Cell Counting kit-8 assay. (B) Flow cytometric analysis of cell cycle progression in 0.125 Hz stretched myoblasts and control cells at day 4. "P<0.05
vs. the control group. "P<0.05 vs. the 0.125 Hz group. n=3. OD, optical density; DPI, DNA proliferation index.

between NF-kB activation and miRNA expression during
stretch-induced myoblast proliferation. As shown in Fig. 4A,
0.125 Hz mechanical stretch increased the expression levels of
NF-kB p65 and P-NF-«kB p65, whereas the expression levels of
the inhibitory factor I-kBa were decreased compared with the
control group (P<0.05). However, treatment with 2.5 or 5 yuM
NF-«kB inhibitor BAY inhibited NF-kB p65 and P-NF-kB p65
expression, and increased the expression levels of I-kBa
compared with the stretch group. Treatment with 5 uM BAY
resulted in a more significant inhibition of NF-xB activation
(P<0.05). These results suggest that NF-«xB is activated in
the process of stretch-mediated myoblast proliferation, and
the NF-«xB inhibitor BAY can effectively inhibit activation of
NF-kB p65 in stretched C2C12 cells.

Compared with 2.5 uM BAY, 5 uM BAY displayed an
increased inhibitory effect on NF-kB activation. Therefore,
5 uM BAY was selected as the dose for NF-«xB inhibition in
subsequent experiments regarding miRNA expression. As
shown in Fig. 4B, 0.125 Hz stretch-induced downregulation
of miR-500, miR-1934, miR-31 and miR-378a in C2C12
cells was reversed by 5 uM BAY. Furthermore, 0.125 Hz
stretch-induced reduced expression of miR-331 and miR-5097
was significantly reversed by 5 uM BAY (P<0.05). Conversely,
the 0.125 Hz mechanical stretch-induced expression of
miR-1941 was significantly reduced following treatment
with 5 uM BAY (P<0.05). These data indicate that 5 M Bay
can reverse mechanical stretch-induced miRNA expression
alterations.

The effects of the NF-kxB inhibitor BAY were also
determined on mechanical stretch-induced myoblast prolif-
eration, as assessed by CCK-8 assay and FCM. The 0.125 Hz
mechanical stretch-induced increased OD value was signifi-
cantly decreased in C2C12 cells following treatment with
2.5 uM BAY on days 2, 3 and 4. Treatment with 5 M BAY
was able to inhibit stretched myoblast viability on the first
day, and sustain the inhibitory effect between days 2 and 4
(P<0.05; Fig. 5A). FCM revealed that stretched C2C12 cells
treated with 5 M BAY were arrested in G, phase at day 4,

and the mean DPI in stretched C2C12 cells treated with
5 uM BAY was significantly decreased compared with the
control cells (P<0.05; Fig. 5B). These results suggest that the
NF-«B inhibitor BAY may inhibit stretch-induced myoblast
proliferation.

The present study used another NF-«kB inhibitor, PDTC,
to confirm the effects of NF-kB inhibition on stretched
myoblasts. The results, as shown in Fig. 6, revealed that
10 uM PDTC elicited similar effects to BAY. Treatment of
C2C12 cells with 10 xM PDTC inhibited activation of NF-«xB,
reversed alterations in stretch-induced miRNA expression and
inhibited stretch-induced myoblast proliferation.

Discussion

Variations in the duration, magnitude and frequency of
mechanical stretch have discrepant influences on myoblasts.
Appropriate external mechanical stimulation can promote the
proliferation of myoblasts cultured in vitro (23,24). In addition,
it has previously been reported that mechanical stretch (15%
strain) may induce conspicuous injury to muscle cells (25),
whereas cyclic tensile stretch (10% strain) at 1 Hz for 1 h
followed by 23 h of relaxation could enhance myoblast prolif-
eration (24). The results of the present study revealed that only
0.125 Hz mechanical stretch could promote myoblast prolif-
eration when C2C12 myoblasts were exposed to 10% tensile
cyclic strain at various frequencies (0.125, 0.25 and 0.5 Hz).
Similar findings have been reported in human bladder smooth
muscle cells cultured in vitro; 5% equibiaxial stretch at 0.1 Hz
promoted smooth muscle cell proliferation and decreased
apoptotic rate (25).

In the present study, seven mechanical stretch-associated
miRNAs were detected in C2C12 cells: MiR-500, miR-1934,
miR-31, miR-378a, miR-331, miR-5097 and miR-1941,
which were identified using high-throughput sequencing and
RT-qPCR analysis. Among them, miR-500 has previously been
detected in the dorsal root ganglia of rats and is thought to be
involved in nerve reconstruction (26). Furthermore, miR-31
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Figure 2. Hierarchical clustering analysis of the log2 values of differentially expressed miRs between the 0.125 Hz mechanical stretch group and the control
group. Green color indicates downregulated expression in the mechanical stretch group compared with in the control group; red color indicates upregulated
expression in the mechanical stretch group compared with in the control group; black color indicates no significant difference in the expression between the

two groups. miR, microRNA.
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Figure 3. (A) Differentially expressed miRNAs in the 0.125 Hz mechanical stretch group compared with the control group. (B) Relative expression levels of
miR-500, miR-1934, miR-31, miR-378, miR-331, miR-5097 and miR-1941 in the control and 0.125 Hz mechanical stretch groups. The expression levels in the
0.125 Hz mechanical stretch group were normalized to the control group. ‘P<0.05 vs. the control group. n=3. miR, microRNA.
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miR-331, miR-5097 and miR-1941 in control and 5 #M BAY + mechanical stretch groups. Expression levels in the 5 M Bay + 0.125 Hz mechanical stretch group
were normalized to the control group. "P<0.05 vs. the control group. n=3. miR, microRNA; NF-kB, nuclear factor-xB; P-, phosphorylated; I-«Ba, inhibitor of

NF-«B; BAY, BAY11-7082.
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Figure 5. NF-xB inhibitor BAY inhibits stretch-induced C2C12 cell proliferation. (A) Effects of NF-xB inhibition on the viability of 0.125 Hz-stretched C2C12
cells, as detected by Cell Counting kit-8 assay. "P<0.05 vs. the control group. 'P<0.05 vs. the 2.5 uM BAY group. (B) Flow cytometric analysis of cell cycle
progression in stretched myoblasts treated with 5 uM BAY and control cells at day 4. "P<0.05 vs. the control group. n=3. NF-xB, nuclear factor-«B; BAY,

BAY11-7082; DPI, DNA proliferation index.
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Figure 6. (A) Effects of 10 xM PDTC on the expression levels of NF-kB p65, P-NF-kB p65 and I-xBa proteins in 0.125 Hz stretched C2C12 cells, as
detected by western blotting. (B) Relative expression levels of miR-500, miR-1934, miR-31, miR-378, miR-331, miR-5097 and miR-1941 in control and 10 xM
PDTC + mechanical stretch groups. (C) Effects of 10 xM PDTC on 0.125 Hz stretch-induced myoblast proliferation. "P<0.05 vs. the control group. n=3. miR,
microRNA; NF-kB, nuclear factor-kB; P-, phosphorylated; I-kBa, inhibitor of NF-kB; PDTC, pyrrolidine dithiocarbamate; DPI, DNA proliferation index.

is able to promote the expression of myogenic factor 5 and
myoblast proliferation. Targeted inhibition of miR-31 has been
reported to be an effective therapeutic strategy for dystrophin
rescue in human Duchenne muscular dystrophy (27,28). In
addition, miR-378 may suppress proliferation of myoblasts by
modulating the mitogen-activated protein kinases (MAPK)
pathway and bone morphogenetic proteins (29,30). The over-
expression of miR-378 promotes myoblast differentiation by
strengthening MyoD activity (30). Increased expression of
miR-331 has also been detected during myoblast differen-
tiation (31). These findings are similar to the results of the

present study; the expression levels of miR-31, miR-378 and
miR-331 were reduced during the process of 10% strain,
0.125 Hz mechanical stretch-induced myoblast proliferation.
In addition, to the best of our knowledge, miR-1941, miR-1934,
miR-5097 and miR-500 may be considered novel candidates
for stretch-induced myogenesis, which have not been reported
previously.

The present study further explored the effects of NF-«xB,
which participates in the enhanced proliferative process elicited
by mechanical stretch. There are several signaling pathways
associated with mechanical stretch in skeletal muscle cells,
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including protein kinase C (32), MAPK (33), phosphatidylino-
sitol-3 kinase/Akt (34), NF-xB (12), calcineurin (35) and nitric
oxide synthase (36). However, findings published over the past
few years have suggested that these signaling pathways have
a close connection and serve crosstalk roles in inflammatory
and immune responses (37-39). Notably, MAPK appears to
be an upstream regulator of the NF-xB signaling pathway,
which can successfully induce NF-kB-dependent myogen-
esis (8-11). In the present study, the NF-kB signaling pathway
was activated by mechanical stretch, as determined by the
markedly increased protein expression levels of NF-kB p65
and P-NF-«xB p65. Following treatment with NF-kB inhibi-
tors, translocation of NF-«xB in stretch-loaded myoblasts was
inhibited, which was accompanied by the reversal of miRNA
expression and the suppression of proliferation in C2C12
myoblasts. Therefore, these results indicated that the NF-kB
signaling pathway is activated and exerts direct effects in
stretch-induced myoblasts. These results are concordant with
the findings reported by Kumar et al, which indicated that
NF-«B is indispensable for stretch-induced proliferation of
C2C12 cells (12).

The results of the present study identified a link between
NF-«kB and miRNA expression. The expression levels
of miR-500, miR-1934, miR-31, miR-378a, miR-331 and
miR-5097 were downregulated in myoblasts following
mechanical stretch, whereas NF-xB inhibition increased the
expression of these miRNAs. Conversely, the upregulation
of miR-1941 was markedly reduced by NF-«B inhibition in
mechanically stretched C2C12 cells. Similarly, bioinformatics
analysis in a previous study suggested the presence of an
NF-«B binding element in the promoter region of miR-26a;
inhibition of NF-kB in cardiac fibroblasts increased miR-26a
expression, whereas overexpression of miR-26a inhibited
NF-«B activity, thus indicating a feedback loop in cardiac
fibroblasts (40). The results of the present study are the first,
to the best of our knowledge, to reveal that miRNA expression
is NF-kB-dependent during stretch-induced myoblast prolif-
eration, thus suggesting a possible mechanism regarding the
transformation of external mechanical stimuli into intracel-
lular signals.

The present study used two structurally different NF-xB
inhibitors in order to confirm the effects of the NF-«B signaling
pathway on stretched myoblasts. BAY is a specific inhibitor of
NF-«kB, due to its inhibitory effect on the activation of NF-kB
and the phosphorylation of I-kBa (41). PDTC is able to inhibit
activation of NF-kB specifically by suppressing the release of
the inhibitory subunit I-kB from the latent cytoplasmic form
of NF-kB (42-44). The results of the present study revealed
that the two NF-kB inhibitors were able to inhibit activation
of NF-kB, reverse stretch-induced miRNA profile alterations
in C2C12 myoblasts, and suppress stretch-induced myoblast
proliferation. Accordingly, these data confirmed the interac-
tion between miRNAs and the NF-xB signaling pathway
during stretch-induced myogenesis.

In conclusion, cyclic stretch (10% deformation; 0.125 Hz)
was able to activate the NF-xB signaling pathway, reduce the
expression levels of miR-500, -1934, -31, -378, -331 and -5097,
increase the expression of miR-1941, and promote prolifera-
tion of C2C12 cells. However, treatment with NF-xB inhibitors
inhibited NF-«xB activation in mechanically stretched C2C12

5091

cells, which was accompanied by reversed expression of
miRNAs and suppressed cell proliferation. These results
demonstrated that cyclic stretch-mediated cell proliferation
and miRNA profile alterations in C2C12 myoblasts occur via
activation of the NF-«xB signaling pathway, thus providing a
possible mechanism during stretch-induced myogenesis.
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