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ABSTRACT Actin dynamics play an essential role in myogenesis through multiple 
mechanisms, such as mechanotransduction, cell proliferation, and myogenic dif-
ferentiation. Twinfilin-1 (TWF1), an actin-depolymerizing protein, is known to be 
required for the myogenic differentiation of progenitor cells. However, the mecha-
nisms by which they epigenetically regulate TWF1 by microRNAs under muscle 
wasting conditions related to obesity are almost unknown. Here, we investigated the 
role of miR-103-3p in TWF1 expression, actin filament modulation, proliferation, and 
myogenic differentiation of progenitor cells. Palmitic acid, the most abundant satu-
rated fatty acid (SFA) in the diet, reduced TWF1 expression and impeded myogenic 
differentiation of C2C12 myoblasts, while elevating miR-103-3p levels in myoblasts. 
Interestingly, miR-103-3p inhibited TWF1 expression by directly targeting its 3’UTR. 
Furthermore, ectopic expression of miR-103-3p reduced the expression of myogenic 
factors, i.e., MyoD and MyoG, and subsequently impaired myoblast differentiation. 
We demonstrated that miR-103-3p induction increased filamentous actin (F-actin) 
and facilitated the nuclear translocation of Yes-associated protein 1 (YAP1), thereby 
stimulating cell cycle progression and cell proliferation. Hence, this study suggests 
that epigenetic suppression of TWF1 by SFA-inducible miR-103-3p impairs myogen-
esis by enhancing the cell proliferation triggered by F-actin/YAP1.

INTRODUCTION
Skeletal muscle is a highly dynamic tissue that contributes sig-

nificantly to various body and cellular functions, including force 
generation, energy reservoirs, and metabolism [1]. Maintaining 
skeletal muscle requires myogenesis, which is essential for proper 
development, growth, and regeneration [2]. Skeletal myogenesis 
is a highly ordered and finely coordinated process that includes 
progenitor cell proliferation, myogenic factor activation, and 
differentiation [2]. Hence, dysregulation of skeletal myogenesis 
inevitably results in muscle wasting, characterized by a decline 
in muscle mass, strength, quality, and regeneration capacity [3]. 

During the last decade, several studies have discovered that excess 
consumption of saturated fatty acids (SFA) causes lipotoxicity, 
including mitochondrial dysfunction, oxidative stress, and apop-
tosis, through the ectopic accumulation of fat in the muscle and 
liver, which eventually leads to muscle wasting [4]. However, the 
mechanisms responsible for impaired myogenic differentiation 
and muscle wasting resulting from SFA remain largely unknown.

Diverse myogenic transcriptional programs in progenitor cells 
require timely control of cytoskeletal dynamics, such as assembly, 
disassembly, and rearrangement of cytoskeletons [5]. Actin is a 
pivotal player in the dynamic remodeling of the cytoskeleton, 
and its ability to polymerize and depolymerize is indispensable 
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for controlling the mechanical support, structural changes, and 
mobility of cells [5,6]. Recent investigations have revealed that 
actin-binding proteins can orchestrate mechanotransduction, the 
conversion of mechanical and physical changes into biochemical 
signaling, through actin remodeling, thereby eliciting cellular re-
sponses related to the cell cycle and proliferation [7,8]. In particu-
lar, actin-binding proteins have been highlighted as critical regu-
lators of Yes-associated protein 1 (YAP1) in mechanotransduction 
via modulation of the dynamics between globular actin (G-actin) 
and filamentous actin (F-actin) [9-11]. YAP1 is a transcriptional 
coactivator of the Hippo signaling pathway that mediates various 
cellular functions, including cell proliferation, differentiation, and 
migration [12]. Therefore, the accumulation of F-actin has been 
shown to enhance cell proliferation and inhibit the differentiation 
of progenitor cells through mechanotransduction-mediated YAP1 
activation [13]. Previously, we demonstrated that Twinfilin-1 
(TWF1), an actin-binding protein for actin depolymerization, is 
required for myogenic differentiation through the modulation of 
F-actin, YAP1 activation, and cell proliferation [14]. Nevertheless, 
how TWF1 is regulated under muscle-wasting conditions, such as 
obesity and oxidative stress, remains unexplored.

MicroRNAs (miRNAs) are endogenously expressed small 
non-coding RNAs that function as epigenetic regulators of gene 
expression in most biological events [15]. There is growing evi-
dence that miRNAs are critical in cellular processes associated 
with myogenesis, including cell proliferation, cell cycle coordina-
tion, and differentiation [16]. Several studies also have shown that 
dysregulation of specific miRNAs is associated with the etiology 
of myopathies [17]. Dysregulated miRNAs by SFA or obesity 
have been connected to muscle wasting by aggravating oxidative 
stress, mitochondrial dysfunction, and endoplasmic reticulum 
stress [18,19]. However, the mechanisms by which SFA-inducible 
miRNAs inhibit myogenic differentiation are poorly understood. 
Recently, miR-103-3p, a member of the miR-103/107 family, 
was reported to be upregulated in many types of malignancies, 
including liver [20] and colorectal cancers [21]. Conversely, over-
expression of miR-103-3p promotes cell proliferation, migration, 
and invasion [22]. Moreover, miR-103-3p has upregulated in the 
livers of leptin-deficient (ob/ob) and high-fat diet-fed obese mice 
[23-25] and in the serum of obese children [26] and patients with 
non-alcoholic fatty liver disease [27]. In a recent study, miR-103-
3p levels in differentiating C2C12 myocytes were significantly 
lower than in undifferentiated proliferating myoblasts (GSE29286) 
[28]. Interestingly, in silico analysis of miR-103-3p for target pre-
diction suggested that TWF1 is a possible target. Nonetheless, the 
role of miR-103-3p in myogenesis, particularly in the regulation 
of myogenic differentiation and TWF1 expression, has not yet 
been investigated.

In the present study, we found that SFA inversely modulated 
the expression of TWF1 and miR-103-3p in myogenic progenitor 
cells and that TWF1 is a direct target of miR-103-3p. Therefore, 
we further investigated the role of miR-103-3p in the regulation 

of myogenic differentiation because TWF1 is an essential factor 
in differentiation. Finally, we explored the mechanism underlying 
the action of miR-103-3p on F-actin-mediated YAP1 activation, 
cell cycle progression, and proliferation in myoblasts. The study 
highlights the role of miR-103-3p in myogenic differentiation, 
suggesting a possible mechanism for miRNA-mediated muscle 
wasting in obesity.

METHODS

Cell culture, differentiation, and treatment

C2C12 myoblast, a mouse skeletal muscle cell line, was ob-
tained from ATCC and cultured in a growth medium (GM; 
10% fetal bovine serum in Dulbecco’s Modified Eagle Medium 
[DMEM] + 100 IU/ml penicillin/streptomycin) (Gibco). All the 
cells were conditioned in a 5% CO2 humidified atmosphere at 
37°C. For the myogenic differentiation, the GM was switched to 
a differentiation medium (DM; 2% horse serum in DMEM + 100 
IU/ml penicillin/streptomycin) (Gibco) after reaching 80%–90% 
confluence. For palmitic acid (PA) treatment, bovine serum albu-
min (BSA)-conjugated PA was prepared as previously described 
[29]. Cells were incubated in the GM in the presence of 100 μM 
PA or vehicle for 24 h before analyzing or inducing differentia-
tion.

Transfection of oligonucleotides

C2C12 cells were seeded in 35 mm dishes at a density of 1.3 × 
105 cells/dish for 24 h before transfection. Lipofectamine 2000 
(Invitrogen) was used to transfect TWF1 siRNA (siTWF1), miR-
103-3p mimic, miR-103-3p inhibitor (antimiR-103), or scrambled 
control RNA (scRNA) at a final concentration of 200 nM (Geno-
lution), according to the manufacturer’s instructions. Oligonucle-
otide sequences are listed in Supplementary Table 1.

Real-time qualitative polymerase chain reaction  
(qRT-PCR) assay

Total RNA was isolated using QIAzol reagent (Qiagen) and 
purified using the miRNeasy Mini Kit (Qiagen). The concentra-
tion and quality of the RNAs were evaluated using a UV-1700 
PharmaSpec spectrophotometer (Shimadzu) and 2% agarose 
gel electrophoresis. The isolated RNAs were reverse-transcribed 
into cDNAs using a miScript II RT Kit (Qiagen) with an Applied 
Biosystems Veriti Thermal Cycler (Thermo Fisher Scientific), ac-
cording to the manufacturer’s instructions. To measure mRNAs 
and miRNA expression levels, qRT-PCR was performed using a 
LightCycler 480 (Roche Applied Science) with iTaq polymerase 
and SYBR Green I (Promega). The primers and conditions used 
for the qRT-PCR are presented in Supplementary Table 2. Ad-
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ditionally, U6 was used as an internal reference to determine the 
relative gene expression using the 2-ΔΔCt method.

Dual-luciferase reporter assay

The murine TWF1 3’UTR including miR-103-3p target se-
quence (ATCGGGC) was amplified by RT-PCR using the prim-
ers described in Supplementary Table 2 and subcloned into the 
pmirGLO vector (Promega) to construct the wild-type TWF1 
luciferase reporter plasmid (TWF1wt). Mutation of miR-103-
3p target sites in the TWF1 3’UTR was accomplished by site-
directed mutagenesis following the manufacturer’s instructions 
(Promega) to construct a mutant type TWF1 1uciferase reporter 
plasmid (TWF1mut). Next, cells (3 × 104 cells/well) were seeded in 
12-well plates to reach a confluency of 30%–40%. The miR-103-
3p mimic or scRNA (70 nM) was co-transfected with wild-type 
(TWF1wt) or mutant (TWF1mut) reporter vectors (0.5 μg) using 
Lipofectamine 2000 (Invitrogen). After 24 h of transfection, fire-
fly and Renilla luciferase activities were recorded using the Sirius 
L Single Tube Luminometer system (Berthold Technology) with 
a Dual-Luciferase Reporter Assay System 100 kit (Promega). The 
Renilla/firefly ratios were used to determine luciferase activity.

Preparation of the cytoplasmic and nuclear fractions

The cytoplasmic and nuclear fractions were prepared using 
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo 
Fisher Scientific) following the manufacturer’s instructions. The 
cytoplasmic and nuclear fractionations were subjected to immu-
noblotting, as described below.

Immunoblot analysis

The C2C12 cells were isolated with lysis buffer consisting of 
1% phosphatase inhibitor cocktail II, 2% Trixon-X, and 0.2 mM 
PMSF (Sigma-Aldrich). All the proteins were quantitated using 
the Bradford assay with a UV-1700 PharmaSpec spectrophotom-
eter (Shimadzu). The protein samples (20 μg/lane) were separated 
by electrophoresis and transferred onto nitrocellulose membranes 
(Amersham). After blocking for 1 h with 5% skimmed milk in 
TTBS (1% Tween 20 in TBS), the membranes were incubated 
overnight with specific antibodies (Supplementary Table 3) at 4°C. 
The next day, the blots were incubated with secondary antibodies 
(Supplementary Table 3) and developed using chemiluminescent 
Femto reagent (Thermo Fisher Scientific). Fusion Solo, an ana-
lytical scanning system, was used to visualize all blots, and im-
munoblot intensities were analyzed with Evolution Capt software 
(Vilber).

Immunofluorescence analysis

The C2C12 cells were transfected with indicated oligonucle-

otides, allowed to induce differentiation for five days, and the cells 
were then fixed with 4% paraformaldehyde for 10 min. After that, 
the cells were permeabilized with Triton X-100 (0.3%, 15 min) 
and blocked with BSA (3%, 2 h). The fixed cells were incubated 
overnight with myosin heavy chain (MyHC) antibody (1:100; 
DSHB) at 4°C. After washing three times with PBS, the cells were 
incubated with Alexa fluorescent 488 goat-anti mouse antibody 
(Thermo Fisher Scientific) for 1 h. For the F-actin staining, FITC-
coupled phalloidin (P5282; Sigma) was used to stain the cells after 
fixation and permeabilization, as previously described [11]. The 
nuclei were counterstained with Hoechst 33342 (Thermo Fisher 
Scientific) for 15 min. Finally, the cells were imaged using a fluo-
rescence microscope (Leica Microsystems). The differentiation 
index was defined as the percentage of nuclei expressed in My-
HC-positive myotubes relative to the total number of nuclei. The 
fusion index was defined as the percentage of nuclei in elongated 
myotube structures (≥ 3 nuclei) relative to the total number of nu-
clei. ImageJ software (National Institutes of Health) was used to 
measure the number of myotubes, diameter, and MyHC-positive 
areas. The experiments were conducted at least three times, and 
five randomly selected fields were examined in each experiment.

Ethynyl deoxyuridine (EdU) assay

Cell proliferation was measured by EdU assays using the Click-
iT EdU Cell Proliferation Kit (Invitrogen), following the manu-
facturer’s protocol. The C2C12 myoblasts (104 cells/well) were 
seeded in eight-well chamber slides, transfected with the oligonu-
cleotides, and incubated for 24 h. Next, EdU reagent (10 μM) was 
added to the cells and grown for 4 h in 37°C incubator. Further, 0.3 
mL of Click-iT reaction cocktail was added and incubated for 20 
min in the dark after fixation and permeabilization. The nuclei 
were then counterstained with Hoechst 33342 (Thermo Fisher 
Scientific) for 15 min and imaged under a Leica microscope. The 
ratio of EdU-positive cells to the total number of nuclei was cal-
culated using ImageJ software (National Institutes of Health).

Flow cytometry

The cell cycle assay was conducted using cell cycle kit reagent 
(C03551; Beckman Coulter). The C2C12 cells were harvested and 
centrifuged at 3,000 rpm at 4°C for 5 min. The supernatants were 
discarded and the pellets were fixed with 70% ethanol at 4°C. 
After one day, the cells were washed three times with PBS buf-
fer, centrifuged, and the cells were resuspended in a cell cycle kit 
reagent (500 μl) for 20 min. Flow cytometry was performed using 
the CytoFLEX unit (Beckman Coulter).

Database and statistical analysis

The tentative binding site of miRNAs on TWF1 3’UTR was 
analyzed using publicly available algorithms (Pictar: pictar.mdc-
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berlin.de, TargetScan: targetscan.org). All data are presented as 
the means ± standard errors of the mean (SEM) from at least 
three independent experiments. The statistical significance of dif-
ferences between means was assessed using the one-way indepen-
dent Student’s t-test for unpaired data.

RESULTS

Expressions of TWF1 and miR-103-3p are inversely 
affected by PA in myoblasts

It has been reported that TWF1 is crucial at the early stage of 
myogenic differentiation [14], and miR-103-3p is upregulated in 
obesity [23-25]. Therefore, we first investigated whether SFA mod-
ulates the expression of TWF1 and miR-103-3p in C2C12 myo-
blasts. According to a previous study [30], to suppress myogenic 
differentiation, C2C12 cells were treated with 100 μM of PA, the 
most abundant dietary SFA, for 24 h and allowed to differentiate 
for five days. As shown by immunocytochemistry (Fig. 1A, B), PA 
resulted in shorter MyHC-positive myotubes with fewer nuclei 
than vehicle-treated controls and markedly reduced the MyHC-
positive area, differentiation index, and fusion index compared 
to controls. Moreover, PA significantly reduced the expression of 
myogenic transcription factors, such as MyoD and MyoG (Fig. 

1C), demonstrating that PA suppressed myotube formation and 
myogenic factors expression. Interestingly, PA markedly reduced 
the protein levels of TWF1 by approximately 60% (Fig. 1C, D). 
In contrast, it dramatically increased the expression of miR-103-
3p by more than five-fold (Fig. 1E). Thus, PA impaired myogenic 
differentiation and inversely regulated TWF1 and miR-103-3p 
expression in C2C12 cells.

MiR-103-3p directly targets TWF1

To investigate whether miR-103-3p might regulate TWF1 
expression, we analyzed the putative target genes of miR-103-3p 
using the target prediction algorithms of miRNAs, such as PicTar 
and TargetScan. Notably, miR-103-3p was predicted to target 
TWF1, whose expression in PA-treated myoblasts was inversely 
related to miR-103-3p expression. The results of comparative se-
quence analysis indicated that TWF1 3’UTR is complementary to 
the miR-103-3p seed sequence, which is evolutionarily conserved 
among mammals, including humans, mice, and rabbits (Fig. 2A). 
These data provide a robust rationale for examining whether 
TWF1 3’UTR has genuine target sites for miR-103-3p. Therefore, 
we cloned the TWF1 3’UTR (wild-type; TWF1wt) region or a 
three-base mutation (TWF1mut) at the tentative miR-103-3p seed 
binding site to a pmirGLO dual-luciferase reporter plasmid (Fig. 
2B). The construct was transfected into C2C12 cells along with ei-

Fig. 1. Palmitic acid (PA) inhibits myoblast differentiation while upregulating miR-103-3p expression. C2C12 cells were pretreated with PA (100 
μM) for 24 h before differentiation. (A) The cells were stained with an anti-MyHC antibody (green) and Hoechst 33342 nuclear dye (blue). Scale bar: 
50 μm. (B) MyHC-positive areas, differentiation indices, and fusion indices were analyzed as described in the Materials and Methods. (C, D) Representa-
tive immunoblots of myogenic factors and TWF1 on day three of differentiation and analyzed densitometry. The immunoblot intensities were normal-
ized to the amount of β-Actin. The values are shown as relative ratios, with the intensity of the normalized vehicle control set to one. (E) The expres-
sions of miR-103-3p (miR-103) were determined after 24 h of PA treatment by qRT-PCR and normalized to the amount of U6. All data are shown as the 
mean ± SEM (n > 3), where the level of significance is represented as *p < 0.05; ***p < 0.001 vs. controls. MyHC, myosin heavy chain; TWF1, Twinfilin-1; 
qRT-PCR, real-time qualitative polymerase chain reaction.
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ther the miR-103-3p mimic or scRNA, and luciferase activity was 
analyzed after 24 h (Fig. 2C). Co-transfection of miR-103 mimic 
with TWF1wt construct suppressed luciferase activity by ap-
proximately 40% when compared to scRNA controls (Fig. 2C). In 
contrast, mutation of critical three nucleotides in the miR-103-3p 
seed binding site of the TWF1 3’UTR resulted in the failure of the 
miR-103 mimic to suppress the luciferase activity of the reporter 
construct (Fig. 2C). To further confirm that TWF1 is indeed a 
valid target of miR-103-3p, we transfected C2C12 myoblasts with 
a miR-103 mimic or scRNA and analyzed TWF1 protein expres-
sion. As expected, the miR-103-3p mimic markedly reduced the 
protein level of TWF1 compared to scRNA (Fig. 2D). In a recipro-
cal experiment, inhibition of miR-103-3p using 2’-O-methyl anti-
sense inhibitors of miR-103-3p (antimiR-103) led to full recovery 
of the endogenous TWF1 protein (Fig. 2D). These observations 
indicate that miR-103-3p functions as a negative regulator of 
TWF1 expression by directly targeting the TWF1 3’UTR.

MiR-103-3p affects myogenic factors’ expression

As TWF1 is essential for myogenic factors’ expression and 
myoblast differentiation [14], we hypothesized that induction of 
miR-103-3p might suppress myogenic factors and inhibit myo-

blast differentiation by targeting TWF1. The expression of myo-
genic factors in C2C12 cells was determined on the third day of 
differentiation after transfection with scRNA, siTWF1, miR-103-
3p mimic, or antimiR-103. Under our experimental conditions, 
the transfection of siTWF1 caused a dramatic reduction in the 
protein levels of TWF1 and myogenic factors, i.e., MyoD, MyoG, 
and MyHC, in C2C12 cells (Fig. 3). As expected, transfection of 
the miR-103-3p mimic resulted in significant decreases in the 
levels of TWF1 and myogenic factors (Fig. 3). Moreover, co-trans-
fection with antimiR-103 and miR-103-3p mimic almost entirely 
rescued the suppressive effect of the miR-103-3p mimic on the 
expressions of TWF1 and myogenic factors (Fig. 3). Because the 
3’UTRs of myogenic factors do not exhibit tentative binding sites 
for the miR-103-3p seed sequence based on bioinformatic analy-
sis, the inhibitory effect of the miR-103-3p mimic on myogenic 
factors was mainly attributed to the reduction of TWF1.

MiR-103-3p impairs myoblast differentiation

We next assessed the function of miR-103-3p in myoblast dif-
ferentiation because miR-103-3p suppressed myogenic factors’ ex-
pression. The C2C12 cells were transfected with scRNA, siTWF1, 
miR-103-3p mimic, or antimiR-103 and differentiated in DM for 

Fig. 2. MiR-103-3p suppresses TWF1 
expression by targeting TWF1 3’UTR. 
(A) The tentative miR-103-3p (miR-103) 
target site of the TWF1 3’UTR. (B) Sche-
matic diagram of wild-type TWF1 3’UTR 
segment (TWF1wt) and mutant TWF1 
3’UTR segment (TWF1mut) containing 
miR-103 target sites cloned in pmirGLO 
dual-luciferase reporter plasmids and 
the seed sequence of miR-103 target 
sites on the TWF1wt. (C) C2C12 cells 
were co-transfected with scRNA control 
or miR-103-3p mimic (miR-103) and 
either TWF1wt or TWF1mut. Luciferase 
activities were determined 24 h after 
transfection. (D) The protein levels of 
TWF1 in C2C12 cells were detected by 
immunoblotting after 24 h of transfec-
tion with scRNA control, miR-103-3p 
mimic (miR-103), or antimiR-103. The 
immunoblot intensities were normalized 
to the amount of β-Actin. The values are 
shown as relative ratios, with the inten-
sity of the normalized scRNA control set 
to one. All data are shown as the mean 
± SEM (n > 3), where the level of signifi-
cance is represented as **p < 0.01; ***p < 
0.001 vs. scRNA. TWF1, Twinfilin-1; CDS, 
coding sequence; ns, no significance. 
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five days. Myoblast differentiation was evaluated by immunocy-
tochemistry using the MyHC antibody, followed by quantitative 
image analysis. As shown in Fig. 4, myotube formation was sig-
nificantly reduced in myoblasts when TWF1 was silenced using 
siTWF1. Notably, the miR-103-3p mimic clearly decreased the 
number and size of myotubes (Fig. 4). By calculating the number 
of nuclei within myotubes, we found that the miR-103-3p mimic 
exhibited fewer myotubes with fewer nuclei and had a lower dif-
ferentiation index and fusion index than the scRNA controls. 
To further confirm the function of miR-103-3p in myogenic 
differentiation, C2C12 cells were co-transfected with scRNA or 
antimiR-103. The results showed that antimiR-103 dramatically 
rescued the suppressive effect of the miR-103-3p mimic on myo-
blast differentiation and myotube formation (Fig. 4). These results 
provide evidence that miR-103-3p impairs the differentiation of 
myoblasts into myotubes.

MiR-103-3p increases F-actin and nuclear YAP1 in 
myoblasts

Our previous studies have shown that TWF1 knockdown in 
myoblasts promoted cell proliferation by augmenting F-actin 
and translocating cytoplasmic YAP1 into the nucleus [14]. There-

fore, we investigated whether the miR-103-3p mimic resulted 
in F-actin accumulation and YAP1 activation in C2C12 cells. 
As shown in Fig. 5A and B, the miR-103-3p mimic or siTWF1 
transfection markedly enhanced F-actin levels by approximately 
60% compared with scRNA controls. Considering that the total 
actin amount from each treatment remained equal in immunob-
lotting, the enhanced F-actin staining seems to be attributed to 
the impairment of actin depolymerization, resulting from the 
inhibition of TWF1 by miR-103-3p. Thus, miR-103-3p reduced 
TWF1 expression, consequently stimulating the formation of F-
actin stress fibers in myoblasts. Accumulation of F-actin has been 
reported to inhibit the phosphorylation of YAP1, leading to its 
translocation to the nucleus, which activates transcription fac-
tors involved in cell proliferation [12,31]. Therefore, we examined 
whether miR-103-3p could promote the nuclear translocation of 
YAP1 in myoblasts by evaluating its phosphorylation (Ser127) 
and nuclear levels. As predicted, myoblasts transfected with the 
miR-103-3p mimic exhibited a drastic reduction in cytoplasmic 
phosphorylated YAP1 and increased nuclear YAP1 levels (Fig. 5C, 
D), suggesting that miR-103-3p could activate YAP1 by facilitat-
ing its nuclear translocation from the cytoplasm.

Fig. 3. MiR-103-3p inhibits the expressions of myogenic factors. C2C12 cells were transfected with scRNA, siTWF1, miR-103-3p mimic (miR-103), or 
antimiR-103 and differentiated for three days. (A) Representative immunoblots from three independent experiments on day three of differentiation. 
(B) The immunoblot intensities were normalized to the amount of β-Actin. The values are shown as relative ratios, with the intensity of the normalized 
scRNA control set to one. All data are shown as the mean ± SEM (n > 3), where the level of significance is represented as **p < 0.01; ***p < 0.001 vs. 
scRNA. TWF1, Twinfilin-1; ns, no significance.
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MiR-103-3p facilitates cell cycle progression and 
proliferation

Because YAP1 plays a vital role in controlling cell cycle and 
proliferation, we determined whether the induction of miR-103-
3p could be involved in cell cycle progression and proliferation. 
According to proliferation analysis using the EdU assay (Fig. 6A, 
B), siTWF1 transfection significantly increased EdU incorpora-
tion into myoblasts about 2.2-fold compared to scRNA controls. 
As expected, miR-103-3p transfection also substantially elevated 
EdU incorporation by 1.7-fold. However, co-transfection with an-
timiR-103 and miR-103-3p mimic completely abolished the effect 
of miR-103-3p on EdU incorporation, suggesting that miR-103-
3p stimulates myoblast proliferation. Next, we analyzed the cell 
cycle in myoblasts to determine whether transfection with miR-
103-3p enhances cell cycle progression. Flow cytometry analysis 
showed that miR-103-3p increased the proportion of cells in the S 
and G2/M phases and reduced the proportion of cells in the G0/
G1 phase (Fig. 6C, D). Additionally, we further analyzed the ex-
pression levels of CCNB1, CCND1, and PCNA, which are known 
to induce cell proliferation and cell cycle progression [32], using 
qRT-PCR to confirm the effect of miR-103-3p on cell prolifera-
tion. As shown in Fig. 6E, the expression of these genes was dra-

matically upregulated in cells transfected with miR-103-3p mimic 
compared to that in the scRNA controls. Collectively, these re-
sults suggest that miR-103-3p increases myoblast proliferation by 
facilitating cell cycle progression.

DISCUSSION
Despite increasing evidence that miRNAs play a crucial role in 

skeletal myogenesis and regeneration [17,33], the mechanism by 
which miRNAs induced by SFA or obesity intervene in myogenic 
differentiation remains largely unknown. Recent advances in the 
understanding of cytoskeletal dynamics and mechanotransduc-
tion have enabled us to explore the significance of miRNA in-
volved in actin remodeling and skeletal myogenesis. In this study, 
we demonstrated the role of SFA-inducible miR-103-3p in TWF1 
expression and myogenic differentiation. Our findings provide 
the following key contributions to the current understanding: 
(i) PA reduces TWF1 expression while elevating miR-103-3p in 
C2C12 myoblasts; (ii) MiR-103-3p directly targets the 3’UTR of 
TWF1; and (iii) more importantly, the induction of miR-103-3p 
impaired myogenic differentiation of progenitor cells by activat-
ing YAP1 via F-actin accumulation, subsequently enhancing cell 

Fig. 4. MiR-103-3p impairs myogenic differentiation and myotube formation. C2C12 cells were transfected with scRNA, siTWF1, miR-103-3p 
mimic (miR-103), or antimiR-103 and differentiated for five days. (A) The cells were stained with an anti-MyHC antibody (green) and Hoechst 33342 
nuclear dye (blue). Scale bar: 50 μm. (B) MyHC-positive areas, differentiation indices, fusion indices, and myotube widths were analyzed as described 
in the Materials and Methods. All data are shown as the mean ± SEM (n > 3), where the level of significance is represented as ***p < 0.001 vs. scRNA. 
MyHC, myosin heavy chain; TWF1, Twinfilin-1; ns, no significance.
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cycle progression and proliferation. Therefore, our study suggests 
that epigenetic regulation of TWF1 modulated by SFA-inducible 
miR-103-3p contributes to muscle wasting through the F-actin/
YAP1 axis.

SFA has a detrimental effect on the differentiation of various 
progenitor cells; however, the underlying mechanisms by which 
SFA inhibits myogenic differentiation are not well understood. 
The present study is the first to show the suppression of TWF1 
expression by PA, suggesting that dysregulation of actin-binding 
proteins by SFA could lead to impaired myogenesis. TWF1 has 
recently been discovered to be a highly conserved cytoplasmic 
actin-binding protein that belongs to the actin-depolymerizing 
factor homology family [34]. TWF1 plays a crucial role in actin 
cytoskeletal dynamics by capping the barbed ends on F-actin and 
sequestering G-actin monomer [35]. Therefore, the knockdown 
of TWF1 increases F-actin and cytoskeletal alteration [36], while 
overexpression of TWF1 diminishes F-actin by enhancing fila-
ment depolymerization [37]. Corresponding to a previous study 
[14], we demonstrated that the depletion of TWF1 using siTWF1 

in myogenic progenitor cells promoted cell proliferation by facili-
tating the nuclear translocation of YAP1. Moreover, TWF1 silenc-
ing inhibited the expression of myogenic transcription factors 
and the differentiation of myoblasts. Given that PA suppressed 
TWF1 expression and provoked impaired myogenic differentia-
tion, the reduction in TWF1 is considered a contributing factor 
in impaired myogenic differentiation by SFA, implying that dys-
regulation of TWF1 could cause sarcopenic obesity by linking fat 
accumulation to muscle wasting.

What is the mechanism by which TWF1 expression is sup-
pressed in myoblasts in response to SFA? The present study fo-
cused on the epigenetic regulation of TWF1 expression, as several 
studies have indicated that miR-103-3p is upregulated in obesity 
and metabolic diseases [23-27], and bioinformatic analysis sug-
gested that the 3’UTR of TWF1 is a tentative target of miR-103-
3p (Fig. 2). Previous studies have shown an association between 
the upregulation of miR-103-3p and obesity [23-26]. In contrast, 
overexpression of miR-103-3p enhances the expression of adipo-
genic genes, which stimulates triglyceride accumulation in pre-

Fig. 5. MiR-103-3p facilitates F-actin accumulation and nuclear YAP1 localization. C2C12 cells were transfected with scRNA, siTWF1, or miR-103-
3p mimic (miR-103) and cultured for 24 h. (A) The transfected cells were labeled with FITC-phalloidin (green) for F-actin staining and Hoechst 33342 
(blue) for nucleus staining. Representative images from three independent experiments are shown. Scale bar: 25 μm. (B) Phalloidin intensities were 
analyzed by the ImageJ program and presented as relative ratios, with the intensity of the scRNA control set to one. (C) Representative immunob-
lots of YAP1 and phosphorylated YAP1 (pYAP1) protein in the cytoplasmic and nuclear fractions are shown. α-Tubulin and Lamin B were used as the 
cytoplasm and nucleus markers, respectively. β-Actin was used for loading control. (D) The immunoblot intensities were normalized to the amount 
of β-Actin or α-Tubulin, and the values are shown as relative ratios, with the intensity of the normalized scRNA control set to one. All data are shown 
as the mean ± SEM (n > 3), where the level of significance is represented as **p < 0.01; ***p < 0.001 vs. scRNA. F-actin, filamentous actin; YAP1, Yes-
associated protein 1; TWF1, Twinfilin-1; ns, no significance.
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adipocytes [38]. Our current study showed that PA alone could 
enhance miR-103-3p expression in myoblasts, although further 
studies are necessary to determine how SFA induces miR-103-
3p expression. Above all, miR-103-3p suppressed TWF1 protein 
expression by directly targeting the TWF1 3’UTR. This is the first 
report demonstrating miRNA-mediated epigenetic regulation 
of the actin-binding protein TWF1. To date, only a few studies 
have implicated miRNAs in cytoskeletal dynamics and myogenic 
differentiation. In this aspect, the role of miR-103-3p in TWF1 
expression suggests that the molecular mechanism of myogenic 

differentiation is regulated by miRNA that targets the molecules 
involved in actin dynamics.

During myogenesis, myoblast proliferation and differentiation 
into myotubes are inversely related; thus, cell cycle exit is a prereq-
uisite for the onset of myoblast differentiation [2]. Impaired myo-
genic differentiation by SFA-inducible miR-103-3p was ascribed 
to the enhanced proliferation of progenitor cells. How miR-103-
3p promotes cell cycle progression and proliferation in myoblasts? 
As a mechanotransduction mechanism, the actin cytoskeleton 
plays a critical role in regulating YAP1 in the Hippo pathway [39]. 

Fig. 6. MiR-103-3p enhances myoblasts proliferation. C2C12 cells were transfected with scRNA, siTWF1, miR-103-3p mimic (miR-103), or anti-
miR-103 and cultured for 24 h. (A) The cells undergoing DNA replication were labeled with EdU (green), and Hoechst 33342 (blue) was used for nuclei 
staining. Scale bar: 50 μm. (B) The proportion of EdU-positive cells was measured using ImageJ software. (C, D) Flow cytometry with a scatter plot of 
cell cycle analysis after transfection with scRNA or miR-103-3p mimic (miR-103). (E) Relative expression levels of PCNA, CCNB1, and CCND1 were ana-
lyzed by qRT-PCR and normalized to U6 levels. The values are shown as relative ratios, with the intensity of the scRNA control set to one. All data are 
shown as the mean ± SEM (n > 3), where the level of significance is represented as *p < 0.05; **p < 0.01; ***p < 0.001 vs. scRNA. TWF1, Twinfilin-1; EdU, 
ethynyl deoxyuridine; qRT-PCR, real-time qualitative polymerase chain reaction; ns, no significance.
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Phosphorylation of YAP1 by Hippo kinase increases the protea-
somal degradation of YAP1 in the cytoplasm and reduces its nu-
clear translocation [40]. Hence, F-actin accumulation is known to 
inhibit Hippo kinase, thereby leading to the nuclear translocation 
of YAP1, which promotes cell proliferation and accelerates the cell 
cycle [31]. Accordingly, TWF1 siRNA markedly facilitated F-actin 
formation and nuclear YAP1 localization, thereby significantly 
promoting cell proliferation and cell cycle progression [11]. In this 
perspective, the most important finding of this study was that 
miR-103-3p increased F-actin by suppressing TWF1 expression 
(Fig. 5) and consequently facilitated the nuclear translocation of 
YAP1, resulting in myoblast proliferation through the transcrip-
tional activation of proliferation-related genes (Fig. 6).

The present study is the first to show the suppression of TWF1 
expression by SFA, implying that this could be a contributing 
factor to sarcopenic obesity by linking muscle wasting and fat ac-
cumulation. Furthermore, by demonstrating the role of miR-103-
3p in TWF1 expression and myogenic differentiation, we revealed 
how SFA regulates TWF1 expression, mechanotransduction, 
cell proliferation, and myogenic differentiation. In conclusion, 
SFA-inducible miR-103-3p leads to the epigenetic suppression of 
TWF1 and inhibits myogenic differentiation by enhancing cell 
proliferation triggered by F-actin/YAP1. Therefore, our findings 
suggest that the underlying mechanisms of actin remodeling and 
skeletal muscle homeostasis might be epigenetically regulated 
in the context of obesity. Despite the many merits of this study, 
further improvements are still necessary to achieve even better 
results. Several other targets regulated by miR-103-3p should be 
investigated to better understand myogenesis. Furthermore, it is 
important to examine the potential diagnostic and therapeutic 
implications of miR-103-3p in animal models of muscle wasting.
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