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Abstract: Skeletalmyogenesis isamulti-stageprocess that includesthecell cycleexit, myogenic transcriptional
activation, and morphological changes to form multinucleated myofibers. Recent studies have
shown that saturated fatty acids (SFA) and miRNAs play crucial roles in myogenesis and muscle
homeostasis. Nevertheless, the target molecules and myogenic regulatory mechanisms of miRNAs
are largely unknown, particularly when myogenesis is dysregulated by SFA deposition. This study
investigated the critical role played by miR-96-5p on the myogenic differentiation in C2C12
myoblasts. Long-chain SFA palmitic acid (PA) significantly reduced FHL1 expression and inhibited
the myogenic differentiation of C2C12 myoblasts but induced miR-96-5p expression. The knockdown
of FHL1 by siRNA stimulated cell proliferation and inhibited myogenic differentiation of myoblasts.
Interestingly, miR-96-5p suppressed FHL1 expression by directly targeting the 3’UTR of FHL1
mRNA. The transfection of an miR-96-5p mimic upregulated the expressions of cell cycle-related
genes, such as PCNA, CCNB1, and CCND1, and increased myoblast proliferation. Moreover,
the miR-96-5p mimic inhibited the expressions of myogenic factors, such as myoblast determination
protein (MyoD), myogenin (MyoG), myocyte enhancer factor 2C (MEF2C), and myosin heavy chain
(MyHC), and dramatically impeded differentiation and fusion of myoblasts. Overall, this study
highlights the role of miR-96-5p in myogenesis via FHL1 suppression and suggests a novel regulatory
mechanism for myogenesis mediated by miRNA in a background of obesity.
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1. Introduction

Skeletal muscle is the most abundant tissue in the human body and plays an essential role in a
wide range of functions, including metabolism, respiration, and locomotion [1]. The maintenance of
skeletal muscle mass and integrity by myogenesis is essential for whole-body homeostasis and the
proper physical and metabolic functioning of skeletal muscle [2]. On the other hand, dysregulation
of myogenesis is causally linked to the development of sarcopenia, known as the age-related loss
of skeletal muscle, as well as diverse pathological conditions, including metabolic myopathy and
muscular dystrophy [3,4]. Skeletal myogenesis is a highly coordinated, complex process involving
satellite cell activation, myoblast proliferation, cell cycle exit, and myoblast fusion into multinucleated
myofibers [2]. During myogenic progression, the transcriptional activation of muscle-specific
genes is mainly regulated by myogenic regulatory factors (MRFs), such as myogenic factor 5
(Myf5), myogenic differentiation (MyoD), myogenic regulatory factor 4 (MRF4), and myogenin
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(MyoG). In addition, the myocyte-specific enhancer factor 2 (MEF2) family of transcription factors,
which promote the myogenic differentiation of progenitor cells into myotubes, are also important
regulators of skeletal muscle differentiation [5]. Accumulating evidence suggests that excessive intake
of saturated fatty acids (SFA) increases intramuscular fat deposition and results in lipotoxicity linked
to mitochondrial dysfunction, apoptosis, and inflammation, which eventually leads to muscle atrophy
and wasting [6,7]. Furthermore, recent studies have revealed that SFA can inhibit the activation of MRFs
and impede the myogenic differentiation in diverse progenitor cells [8–11]. However, the underlying
mechanisms responsible for the inhibition of myogenic differentiation by SFA in myoblasts remain
substantially unknown.

MicroRNAs (miRNAs) are a large family of endogenously expressed small non-coding RNAs of
approximately 19 to 22 nucleotides that function in gene expression as negative regulators by binding
to the 3’UTRs of target mRNAs [12]. Although the targets and functions of miRNAs have not been fully
understood, evidence suggests that they are widely involved in normal and pathophysiological cellular
processes [12]. Therefore, dysregulation of miRNA expression is closely associated with many diseases,
including cancer, neurodegeneration, and metabolic diseases [13]. In recent decades, a growing body of
research has expanded our understanding of the essential roles miRNAs play in myogenesis and their
impacts on muscle homeostasis, muscle mass maintenance, and the pathogeneses of myopathies [14,15].
Many studies have shown that miRNAs are dysregulated in obesity and suggested that exosomal
miRNAs might represent a new class of endocrine factors [16,17]. However, the mechanism whereby
miRNAs dysregulated by SFA or obesity are causally connected to impaired myogenic differentiation
remains poorly understood.

Four-and-a-half LIM domains protein 1 (FHL1) is encoded by the FHL1 gene and is a member
of the FHL family of proteins involved in nuclear–cytoplasmic networking, muscle development,
and sarcomere assembly [18]. Since FHL1 is highly expressed in skeletal muscle, an increasing number
of studies have focused on the role of FHL1 in skeletal muscle integrity and myopathy [19], and several
recent studies have demonstrated that FHL1 is a crucial regulator of skeletal myogenesis and muscle
maintenance [20–23]. Mutations in the FHL1 gene have been reported to be associated with various
human myopathies, including X-linked myopathy with postural muscle atrophy [24], reducing body
myopathy [25], scapuloperoneal myopathy [26], and Emery–Dreifuss muscular dystrophy [27].
Interestingly, FHL1-transgenic mice displayed skeletal muscle hypertrophy and a fiber-type transition,
resulting in increased whole-body strength and fatigue resistance [20]. Moreover, FHL1 overexpression
increased myotube fusion and caused myotube hypertrophy in C2C12 cells, indicating that it has the
potential to enhance skeletal myogenesis and muscle mass [20,21]. FHL1 knockout in mice, on the other
hand, increased skeletal muscle autophagic activity and induced myopathies with irregular structure
and muscle fiber size, suggesting an important role of FHL1 in myogenesis and muscle integrity [21–23].
However, the association between FHL1 expression and SFA accumulation in myocytes has not been
explored. It is still unclear if FHL1 expression is suppressed by particular miRNAs induced by SFAs
and how they influence myogenic differentiation.

In this study, we revealed the roles of miR-96-5p on the myogenic differentiation in C2C12 myoblasts.
Treatment with palmitic acid (PA), the most enriched SFA in diet, on C2C12 myoblasts suppressed
FHL1 expression and myogenic differentiation, but induced miR-96-5p expression. The depletion of
FHL1 increased cell proliferation and impaired myogenic differentiation of myoblasts. Interestingly,
miR-96-5p mimic reduced FHL1 expression by directly targeting the 3’UTR of FHL1 mRNA. Moreover,
miR-96-5p mimic enhanced the proliferation of myoblasts, inhibited the expressions of myogenic
factors, and consequently inhibited myogenic differentiation in C2C12 myoblasts. Therefore, this study
highlights the crucial role of miR-96-5p in myogenic differentiation through FHL1 suppression and
suggests a novel miRNA-mediated myogenic regulatory mechanism in a background of obesity.
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2. Results

2.1. PA Inhibited Myogenic Differentiation and FHL1 Expression but Induced miR-96-5p Expression

To determine the effect of PA on myogenic differentiation, the cell viability of C2C12 myoblasts
was analyzed at various concentrations of PA, as shown in Supplementary File (Figure S1). Since less
than 100 µM of PA had no cytotoxic effects in C2C12 myoblasts, cells were treated with PA (100 µM)
for 24 h before differentiation. Myogenic differentiation was then assessed until day five based
on the myotube formation and expressions of myogenic factors, such as MyoD, MyoG, MEF2C,
and MyHC. Immunocytochemical analysis showed that PA drastically reduced the MyHC-positive area,
differentiation index, and fusion index (Figure 1A–D), suggesting impaired myogenic differentiation
of progenitor cells by PA. Subsequently, the expressions of myogenic factors were determined by
immunoblotting in control and PA-treated myoblasts. As shown in Figure 1E, the expressions of
MyoD, MyoG, MEF2C, and MyHC were significantly reduced by PA, indicating that inhibition of the
myogenic differentiation by PA was linked to the suppression of myogenic factors, which is known to
play essential roles in the differentiation, fusion, and maturation of progenitor cells.
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Figure 1. Palmitic acid (PA) impairs myogenic differentiation and upregulates miR-96-5p in C2C12
myoblasts. C2C12 myoblasts were pretreated with PA (100 µM) for 24 h and differentiated up to five
days. (A) Immunofluorescence staining with a specific antibody against MyHC (green). Hoechst (blue)
was used to stain nuclei. Scale bar: 100 µm. (B–D) MyHC-positive area, differentiation index, and fusion
index were determined as described in Materials and Methods. (E) Expressions of myogenic factors and
FHL1. (F) Quantitative analysis of FHL1 expression. (G) qRT-PCR of miR-96-5p (24 h after PA treatment)
following normalization with U6 control. Expression levels in immunoblots were normalized with
β-Actin. The values are expressed as the relative ratio, where the intensity of day 0 was set to one.
Results are expressed as means ± SEMs (n > 3). **, p < 0.01; ***, p < 0.001 vs. BSA control.

Next, we examined whether PA suppresses FHL1 expression in C2C12 myoblasts since FHL1
was previously reported to be involved in skeletal muscle maintenance and myogenesis [20–23].
As shown in Figure 1E,F, PA reduced FHL1 expression in myoblasts drastically, implying that FHL1
downregulation by PA was associated with the suppression of myogenic factors and myogenic
differentiation. To determine how PA suppressed FHL1 expression, we investigated whether miRNAs
induced by PA might control FHL1 expression and myogenic differentiation in myoblasts. According to
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the miRNA microarray analysis in PA-treated myoblasts, many miRNAs are upregulated by PA
(data not shown). Among those, miR-96-5p was selected for further experiments because, as in
silico analysis predicted, it targets FHL1 3’UTR (Figure 3A). The qRT-PCR analysis confirmed our
microarray findings by showing PA-treated C2C12 myoblasts displayed a more than seven-fold
increase in miR-96-5p expression (Figure 1G). Collectively, PA was found to suppress FHL1 expression,
downregulate myogenic factors, and inhibit the differentiation, but induce miR-96-5p expression in
C2C12 myoblasts.
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Figure 2. Knockdown of FHL1 impairs myogenic differentiation. (A) C2C12 myoblasts were
differentiated up to five days, and the expression of FHL1 was analyzed. Expression of FHL1
in immunoblots was normalized with β-Actin. The values are expressed as the relative ratio, where the
intensity of day 0 was set to one. (B) qRT-PCR analysis of FHL1 expression after 24 h of transfection with
100 nM of scRNA control or FHL1 siRNA (siFHL1). GAPDH was used as a control. (C) Immunoblot
analysis of FHL1 after 24 h of transfection. (D) C2C12 myoblasts were transfected with 100 nM of
scRNA control or siFHL1 and were differentiated for five days. Immunofluorescence staining with a
specific antibody against MyHC (green). Hoechst (blue) was used to stain nuclei. Scale bar: 100µm.
(E–G) MyHC-positive area, differentiation index, and Edu-positive cells were determined as described
in Materials and Methods. Results are expressed as means ± SEMs (n > 3). ***, p < 0.001.

2.2. FHL1 Is Essential for Myogenic Differentiation

Although FHL1 is suggested as an important factor of skeletal muscle maintenance and
myogenesis [20–23], the roles and regulation of FHL1 during myogenic differentiation are
currently unknown. To determine the expression profile of FHL1 during myogenic differentiation,
we differentiated C2C12 myoblasts for up to five days, and then, the expression of FHL1 and
myogenic factors were analyzed. As shown in Figure 2A, the cellular level of MyoD was gradually
decreased during myogenic differentiation, whereas the expressions of MyoG and MyHC were
substantially increased. Interestingly, the level of FHL1 was upregulated significantly as compared to
the level of undifferentiated myoblasts (Figure 2A). Therefore, we examined whether FHL1 reduction
inhibits the myogenic differentiation in C2C12 myoblasts. Transfection of siRNA against FHL1
(siFHL1, 100 nM), which was used to knockdown FHL1, successfully suppressed the mRNA and
protein levels of FHL1 by approximately 80–90% (Figure 2B,C). This effect was sustained during
the differentiation period (Figure S2). Under this condition, the knockdown of FHL1 by siFHL1
drastically inhibited the myotube formation of C2C12 myoblasts (Figure 2D). Quantitative analysis,
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namely MyHC-positive area and differentiation index, clearly suggested that the knockdown of
FHL1 resulted in impaired myogenic differentiation of C2C12 myoblasts (Figure 2E,F). As myoblast
proliferation and differentiation into myotubes exhibit an inverse relationship during myogenesis [2],
we hypothesize that FHL1 may modulate the proliferation of myoblasts, and thus, regulates myogenic
factors and differentiation. To investigate the role of FHL1 in cell proliferation, we investigated ethynyl
deoxyuridine (EdU) incorporation after transfecting C2C12 myoblasts with scRNA or FHL1 siRNA.
Interestingly, FHL1 siRNA significantly increased the percentage of EdU-positive cells compared with
scRNA-transfected cells (Figure 2G), indicating that FHL1 knockdown enhanced myoblast proliferation.
Thus, these results suggest that the expression of FHL1 is indispensable for myogenic differentiation
and myotube formation in C2C12 myoblasts.
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Figure 3. MiR-96-5p directly targets the 3’UTR of FHL1 and reduces FHL1 expression. (A) Sequence
alignment of the 3’UTR fragments of FHL1 with miR-96-5p. (B) Sequences of the wild-type (FHL1
3Uwt) and mutant (FHL1 3Umut) of FHL1 3’UTRs. (C) Luciferase reporter assays using scRNA or
miR-96-5p cotransfected with a segment of wild-type (FHL1 3Uwt) or mutant (FHL1 3Umut) FHL1
3’UTR in pmirGLO vectors. (D) Immunoblot analysis of FHL1 at 24 h after transfection with the 100 nM
of scRNA control or miR-96-5p mimic. (E) RT-PCR (upper) and qRT-PCR (lower) analysis of FHL1
expression at 24 h after transfection with 100 nM of scRNA control or miR-96-5p mimic. The level of
expression was normalized to the amount of β-Actin. The values are expressed as the relative ratio,
where the intensity of normalized scRNA control was set to one. Results are expressed as means ±
SEMs (n > 3). **, p < 0.01; ***, p < 0.001 vs. scRNA.

2.3. MiR-96-5p Directly Targeted the 3’UTR of FHL1

Since the expression of FHL1 was found to be inversely related to the level of miR-96-5p in
PA-treated myoblasts (Figure 1F,G), we next examined whether miR-96-5p directly regulates FHL1
expression. In silico miRNA target prediction analysis, such as TargetScan and miRWalk, showed that
FHL1 is a possible target of miR-96-5p because the 3′UTR of FHL1 includes a tentative binding site for
the seed sequence of miR-96-5p (Figure 3A). To confirm direct targeting of FHL1 3’UTR by miR-96-5p,
the luciferase reporter constructs with a 3’UTR segment of FHL1 containing either a tentative binding
site of miR-96-5p (wild-type; FHL1 3Uwt) or mutated three nucleotides of the seed sequences (FHL1
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3Umut) were cloned into the pmirGLO vector (Figure 3B). Subsequently, C2C12 cells were cotransfected
with the pmirGLO vector and either the mature miR-96-5p mimic or scRNA control. As shown in
Figure 3C, the transfection of the miR-96-5p mimic reduced luciferase activity of the reporter containing
a wild-type (FHL1 3Uwt) compared to the scRNA control. On the other hand, mutations in the tentative
miR-183-5p binding site on the FHL1 3’UTR (FHL1 3Umut) almost completely abolished the inhibitory
effect of miR-96-5p on luciferase activity observed in FHL1 3Uwt. As direct binding of miR-96-5p to
the 3’UTR of FHL1 was confirmed by luciferase reporter analysis, miR-96-5p induction might inhibit
FHL1 expression in myoblasts. To determine this further, we next transfected C2C12 myoblasts with
scRNA or miR-96-5p mimic and then FHL1 expression was analyzed. As expected, the transfection
of miR-96-5p mimic decreased the protein level of FHL1 in C2C12 myoblasts significantly compared
to the scRNA control (Figure 3D). Furthermore, the mRNA levels of FHL1 were also suppressed
by the transfection of the miR-96-5p mimic according to RT-PCR and qRT-PCR analysis (Figure 3E).
These results show that miR-96-5p negatively regulates the expression of FHL1 through direct targeting
to FHL1 3’UTR.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW  3  of  5 
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Figure 4. MiR-96-5p stimulates the proliferation of C2C12 myoblasts. C2C12 myoblasts were transfected
with 100 nM of scRNA control, miR-96-5p mimic, or antimiR-96-5p. (A) After 24 h of transfection,
the cells were labeled with 10 µM of EdU (green) for 4 h, and nuclei were stained with Hoechst
(blue). (B) Percentages of EdU-positive cells were analyzed by ImageJ software. (C–E) qRT-PCR
analysis of PCNA, CCNB1, and CCND1 expression at 24 h after transfection with 100 nM of scRNA
control or miR-96-5p mimic. The level of expression was normalized to the amount of U6. The values
are expressed as the relative ratio, where the intensity of normalized scRNA control was set to one.
Results are expressed as means ± SEMs (n > 3). *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. scRNA.
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2.4. MiR-96-5p Increased the Proliferation of C2C12 Myoblasts

The differentiation of myoblasts to myotubes requires proliferation arrest and myogenic factor
activation [28]. Therefore, we examined the role played by miR-96-5p in the regulation of myoblast
proliferation 24 h of transfection with scRNA, miR-96-5p mimic, or antimiR-96-5p (an inhibitor of
miR-96-5p) in C2C12 myoblasts. According to qRT-PCR analysis, transfection of miR-96-5p mimic
(100 nM) markedly increased (>100-fold) the cellular level of miR-96-5p, whereas antimiR-96-5p
transfection (100 nM) suppressed endogenous miR-96-5p level by 40% (data not shown). Under this
experimental condition, the transfection of miR-96-5p mimic significantly increased EdU-positive
myoblasts compared with scRNA-transfected cells, whereas antimiR-96-5p completely blocked the
effect of miR-96-5p on EdU incorporation in myoblasts (Figure 4A,B), indicating that miR-96-5p
mimic enhanced myoblast proliferation. The qRT-PCR analysis showed that proliferating cell nuclear
antigen (PCNA), which is indispensable for cell proliferation, was dramatically upregulated in
myoblasts transfected with miR-96-5p mimic (Figure 4C). To confirm the enhancement of proliferation,
the expressions of cyclins (CCNB1 and CCND1, mediators of cell-cycle progression) were analyzed
as markers of cell proliferation. CCNB1 and CCND1 expressions were significantly upregulated
by miR-96-5p mimic (Figure 5D,E). Taken together, these results suggest that miR-96-5p positively
regulates the proliferation of C2C12 myoblasts.
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Figure 5. MiR-96-5p suppresses the expressions of myogenic factors and FHL1. C2C12 myoblasts
were transfected with 100 nM of scRNA control, siFHL1, miR-96-5p mimic, or antimiR-96-5p.
(A) Representative immunoblots obtained after differentiation for three days. (B) Quantitative analysis
of FHL1 expression. (C–F) Quantitative analysis of MyoD, MyoD, MEF2C, and MyHC expressions.
Expression levels were normalized vs. β-Actin. The values are expressed as the relative ratio, where the
intensity of normalized scRNA control was set to one. Results are expressed as means ± SEMs (n > 3).
***, p < 0.001 vs. scRNA.

2.5. MiR-96-5p Inhibited the Expressions of Myogenic Factors

Because miR-96-5p mimic increased cell proliferation (Figure 4), we next investigated whether
the induction of miR-96-5p also suppresses the expressions of myogenic factors. C2C12 myoblasts
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transfected with scRNA, siFHL1, miR-96-5p mimic, or antimiR-96-5p were cultured in a differentiation
medium for three days, and then the protein levels of MyoD, MyoG, MEF2C, and MyHC were
analyzed. Transfection of siFHL1 reduced the level of FHL1 by about 60–70% vs. scRNA control levels
(Figure 5A,B), and the knockdown of FHL1 by siFHL1 significantly suppressed the expressions of
myogenic factors, such as MyoD, MyoG, and MEF2C in C2C12 myoblasts (Figure 5A,C–F). Interestingly,
the transfection of miR-96-5p mimic decreased the expression of FHL1 drastically and inhibited the
expressions of myogenic factors, such as MyoD, MyoG, and MEF2C, vs. scRNA-transfected controls
(Figure 5A,C–F). MyHC expression as a terminal myogenic differentiation marker was reduced by
either siFHL1 or miR-96-5p, which suggested that FHL1 suppression or miR-96-5p induction are
causally linked to the inhibition of myogenic factor expression. Furthermore, cotransfection with
antimiR-96 almost completely restored the inhibitory effect of miR-96-5p on the expressions of FHL1 and
myogenic factors (Figure 5A–F). Therefore, these findings suggest that the upregulation of miR-96-5p
resulted in the downregulation of FHL1, which is essential for the expression of myogenic factors,
and consequently, this upregulation suppressed the expressions of MyoD, MyoG, MEF2C, and MyHC
in C2C12 myoblasts.

2.6. MiR-96-5p Inhibited the Myogenic Differentiation of C2C12 Myoblasts

Since miR-96-5p was found to increase myoblast proliferation and suppress the expression of
myogenic factors, we examined whether miR-96-5p inhibits myogenic differentiation. C2C12 myoblasts
were transfected with scRNA, siFHL1, miR-96-5p mimic, or antimiR-96-5p, and cultured in a differentiation
medium for five days (Figure 6). Myogenic differentiation was assessed by immunocytochemistry using
MyHC antibody and Hoechst and subsequently subjected to quantitative analysis. The knockdown
of FHL1 using siFHL1 drastically inhibited myotube formation in C2C12 myoblasts assessed by
MyHC immunofluorescence (Figure 6A). MyHC-positive area, differentiation index, fusion index,
and myotube width showed that knockdown of FHL1 was causally linked to the impaired myogenic
differentiation of myoblasts (Figure 6B–E). As expected, the transfection of miR-96-5p mimic instead of
siFHL1 impaired the differentiation of C2C12 myoblasts as determined by immunocytochemistry and
quantitative analysis of differentiation (Figure 6). Moreover, cotransfection with antimiR-96-5p almost
entirely blocked the miR-96-5p mimic-induced inhibitions of differentiation and myotube formation
(Figure 6A–E). Thus, these results suggest that miR-96-5p suppresses the myogenic differentiation and
myotube formation of C2C12 myoblasts.
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Figure 6. MiR-96-5p impairs myogenic differentiation. C2C12 myoblasts were transfected with 100 nM
of scRNA control, siFHL1, miR-96-5p mimic, or antimiR-96-5p. (A) Immunofluorescence staining
with a specific antibody against MyHC (green). Hoechst (blue) was used to stain nuclei. Scale bar:
100µm. MyHC-positive area (B), differentiation index (C), fusion index (D), and myotube width (E)
were determined as described in Materials and Methods. Results are expressed as means ± SEMs
(n > 3). ***, p < 0.001 vs. scRNA.

3. Discussion

Despite growing interest in the roles of miRNAs on myogenesis and muscle homeostasis, the targets
and myogenic regulatory mechanisms of miRNAs are largely unknown. This study unveils the critical
role played by miR-96-5p on the myogenic differentiation in C2C12 myoblasts. The key contributions
made by this study to current knowledge are as follows: (i) PA inhibited FHL1 expression and
suppressed the myogenic differentiation of myoblasts. (ii) PA upregulated miR-96-5p expression
in myoblasts. (iii) The knockdown of FHL1 inhibited the expressions of myogenic factors and
differentiation. (iv) miR-96-5p targeted the 3’UTR of FHL1 directly and thereby downregulated FHL1
expression. (v) Transfection of miR-96-5p mimic increased myoblast proliferation, suppressed the
expressions of myogenic factors, and impaired the myogenic differentiation of myoblasts. Overall,
our findings highlight the potential role of miR-96-5p in myogenesis via the repression of FHL1 and
provide evidence of miRNA-mediated myogenic regulation in an association with SFA.

The accumulation of SFA in skeletal muscle is known to trigger lipotoxicity, as manifested by
mitochondrial dysfunction, inflammation, and apoptosis, and eventually lead to muscle atrophy and
wasting [6,7]. Moreover, recent studies indicate that PA might inhibit the expressions of myogenic
regulatory factors and the differentiation of various cells, including primary skeletal muscle satellite
cells [11] and C2 myoblasts [10]. In the present study, we found that PA suppressed the myogenic
differentiation of C2C12 myoblasts accompanied by dramatic reductions in myogenic factors, such as
MyoD, MyoG, and MEF2C (Figure 1). Furthermore, we found for the first time that PA inhibited FHL1
expression significantly in C2C12 myoblasts (Figure 1). Defects in the FHL1 gene are known to be
linked to multiple human myopathies [24–27], but little is known of the functions and regulation of
FHL1 in skeletal muscle. Nevertheless, some evidence suggests that FHL1 plays an essential role in
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myogenesis and skeletal muscle homeostasis. In genetically modified mouse models, FHL1 knockout
resulted in muscle fiber abnormalities, reduced muscle strength, and activated autophagy in skeletal
muscle [22,23]. On the other hand, FHL1-transgenic mice exhibited whole-body fatigue resistance
with hypertrophy in skeletal muscle [20]. Mechanistically, knockdown of FHL1 reduced myotube
formation in chicken primary myoblasts by inhibiting myogenic regulatory factors, such as MyoD and
MyoG [29]. In addition, knockdown of FHL1 upregulated the expressions of Atrogin-1 and MuRF1,
which cause muscle atrophy and wasting [29]. In the present study, knockdown of FHL1 with siRNA
decreased the expressions of MyoD, MyoG, MEF2C, and MyHC, and inhibited myotube formation in
C2C12 cells (Figures 5 and 6), which is in-line with observations in primary chicken myoblasts [29].
Given that PA drastically suppressed FHL1 expression and simultaneously inhibited the expressions
of myogenic factors and myotube formation in C2C12 myoblasts, we suggest that the suppression of
FHL1 is a crucial contributor to the impairment of myogenic differentiation by PA.

Increasing evidence suggests that miRNAs are important regulators of myogenesis and muscle
homeostasis [13,14]. This study reveals the novel roles played by miR-96-5p on FHL1 expression
and myogenic differentiation in C2C12 myoblasts and confirms our hypothesis that PA-induced
miRNAs impair myogenic differentiation by targeting FHL1. Hsa-miR-96-5p is a member of the
miR-183 family, which consists of three highly conserved miRNAs (miR-96, miR-182, and miR-183)
in vertebrates [30]. According to recent findings, this family is involved in a wide range of normal
physiological processes, such as cell proliferation, apoptosis, immunity, and metabolism [30–32].
Although miR-96-5p is ubiquitously expressed in various tissues, including muscle, liver, and adipose
tissues [33], previous studies on the role and biological significance of miR-96-5p have focused mainly
on oncogenesis and cancer progression [32,34,35]. As a result, miR-96-5p is considered an oncomiR
that facilitates the development of malignancies by promoting cancer cell growth, proliferation,
and survival [36,37]. However, the roles of miR-96-5p in myogenesis have not been previously
investigated. The results of this study provide evidence of miR-96-5p-mediated myogenic regulation,
and that miR-96-5p inhibits FHL1 expression by directly binding to the 3’UTR of FHL1. Since the
silencing of FHL1 is causally linked to the inhibition of myogenic differentiation and there are no
tentative binding sites for miR-96-5p on the 3’UTRs of other myogenic factors, such as MyoD, MyoG,
MEF2C, and MyHC, the impairment of myogenic differentiation observed in miR-96-5p-transfected
myoblasts can be primarily attributed to the repression of FHL1 by miR-96-5p. Therefore, the induction
of miR-96-5p might be a detrimental factor for myogenesis and muscle mass maintenance by reducing
FHL1 expression.

This study revealed that miR-96-5p mimic increased myoblast proliferation in myoblasts (Figure 4).
Myoblast proliferation and differentiation exhibit an opposite association during myogenesis [2].
Therefore, proliferation arrest and cell cycle exit are typically necessary to differentiate from myoblasts
to myotubes [28]. Previously, FHL1 has been reported to function as a tumor suppressor with inhibitory
effects on cell growth, proliferation, and migration in various cancer cells [38]. FHL1 induced the
expression of tumor suppressor genes by increasing the nuclear translocation of Smad4 in hepatocellular
carcinoma cells [39] and inhibiting the phosphorylation of AKT in human breast cancer cells [40].
Furthermore, FHL1 suppressed the levels of G1 and G2/M phase-related proteins, including cyclin A,
B1, D, and E, resulting in G1 and G2/M cell cycle arrest in lung cancer cells [41]. On the other hand,
the downregulation of FHL1 has been detected in multiple gastric and colon cancer, and the silencing
of FHL1 promoted cell growth, migration, and invasion in gastrointestinal cancer cells [42]. In this
study, we found that miR-96-5p acts as a negative regulator of FHL1 and knockdown of FHL1 by
miR-96-5p caused myoblast proliferation by regulating the expression of PCNA, CCNB1, and CCND1,
which promote cell cycle progression [43–45]. Thus, it is suggested that knockdown of FHL1 by
miR-96-5p in C2C12 myoblasts upregulates cycle progression-related genes, which lead to myoblast
proliferation, and consequently impaired myogenic differentiation.

The underlying regulatory molecular mechanism whereby PA induces miR-96-5p expression
in myoblasts is undetermined in this study. However, certain transcription factors activated by PA
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or obesity may trigger the transcriptional activation of miR-96-5p. According to in silico analysis of
transcription factor binding sites, the promoter regions of miR-96-5p contain putative binding sites
for various transcription factors associated with adipogenesis and obesity, such as SREBPs, PPARγ,
and C/EBPα. SREBPs play critical roles in the regulation of fatty acid metabolism and adipogenesis,
and their activations are linked to a high-fat diet and obesity [46]. Since the promoter of miR-96-5p is
directly targeted by SREBPs [47], the mechanism of miR-96-p induction in myoblasts treated with PA
may be associated with SREBP activation. PPARγ is an important transcription factor in mammalian
adipogenesis and is closely related to obesity [48]. The upregulation of miR-96-5p by PPARγ was
previously reported in differentiating 3T3-L1 adipocytes [49]. Moreover, PPARγ is also coactivated
with C/EBPα, an adipogenic transcription factor [50], which is also activated in high-fat diet-induced
obese mice [51]. Thus, it is proposed that the activation of PPARγ and C/EBPα may contribute to the
upregulation of miR-96-5p by PA. Although the induction of miR-96-5p has been reported in non-muscle
tissues, miR-96-5p was recently suggested to play a role as a plasma-driven exosomal miRNA in
inter-tissue communication [52,53]. Further research is needed to determine how transcriptional factors
regulate miR-96-5p. Nonetheless, results available to date indicate that miR-96-5p may be a novel key
player in the association between obesity and muscle mass reduction.

4. Materials and Methods

4.1. Cell Culture, Differentiation, and PA Treatment

C2C12 myoblasts, a murine-derived muscle cell line (ATCC, Manassas, VA, USA), were maintained
in a growth medium (GM) consisting of Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) in a humidified incubator (Thermo Fisher Scientific) containing 5% CO2 at
37 ◦C. Cells were seeded in 6-well plates at a density of 1.3 × 105 cells/well and incubated for 24 h
before transfection. After reaching 80–90% confluence, the cells were switched from 10% FBS to 2%
horse serum (Gibco) to induce myogenic differentiation. When necessary, cells were treated with
BSA-conjugated PA for 24 h in GM before differentiation. Cytotoxicity at a given concentration of PA
was assessed using a Quanti-Max Cell Viability Assay Kit (Biomax, Seoul, Korea) according to the
manufacturer’s instructions.

4.2. Transfection of Oligonucleotides

C2C12 myoblasts in 6-well dishes or 35 mm dishes were transfected with 100 nM of
scrambled control RNA (scRNA), FHL1 siRNA (siFHL1), miR-96-5p mimic, or antimiR-96-5p (an
inhibitor of miR-96-5p; a 2′-O-methyl-modified antisense oligonucleotide against mature miR-96-5p)
(Genolution, Seoul, Korea) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. The sequences of oligonucleotides are listed in Table 1.

4.3. RNA Preparation and Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from C2C12 cells using Qiazol (Qiagen, Hilden, Germany) and
further purified with a miRNeasy Mini Kit (Qiagen), following the manufacturer’s instructions.
cDNAs were synthesized using a miScript II RT Kit (Qiagen) according to the manufacturer’s protocol.
To determine mRNA and miRNA expressions, qRT-PCR was carried out using SYBR Green I and iTaq
polymerase (Promega, Madison, WI, USA) in a LightCycler 480 (Roche Applied Science, Penzberg,
Germany). The primers used for RT-PCR or qRT-PCR and reaction conditions are listed in Table 1.
Relative expression levels of indicated genes were calculated using the 2−∆∆Ct method. Results were
normalized to GAPDH or U6 expression.
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4.4. Dual-Luciferase Reporter Assay

Using the primer sets described in Table 1, murine FHL1 3’UTR (252 nt) was amplified by RT-PCR
and subcloned into pmirGLO (Promega). MiR-96-5p binding sites on the FHL1 3’UTR were mutated
by site-directed mutagenesis according to the manufacturer’s protocol (Promega). Cells (5 × 104) were
seeded into 12-well dishes. The day after, cells were cotransfected with scRNA or miR-96-5p mimic
and pmirGLO luciferase vector containing either the FHL1 3’UTR wild-type or mutant sequence using
Lipofectamine 2000. Dual-luciferase reporter gene assays were performed 24 h after transfection, as
described previously [54].

4.5. Immunoblot Analysis

C2C12 cells were homogenized using a lysis buffer containing a phosphatase inhibitor cocktail,
and lysates were dissolved in Laemmli solution, as previously described [55]. Total protein concentration
was measured with a BSA standard line. Proteins were separated by SDS-PAGE and transferred
to nitrocellulose membranes. The membranes were blocked with 5% skim milk (Becton, France)
for 1 h. Afterward, immunoblotting was conducted using specific antibodies described in Table 2.
All immunoblots were visualized using a Femto reagent (Thermo Fisher Scientific) and quantified by
densitometry using an analytical scanning system (Fusion Solo, Paris, France).
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Table 1. Primer lists and PCR conditions.

(A) Mouse primer lists for qRT-PCR and RT-PCR

Gene Primer Sequence (5′-3′) Product Size Annealing Temp. (◦C) Cycle

miR-96
F.P TTTGGCACTAGCACATTTTTGCT

90

55

40 (qRT-PCR)
30 (RT-PCR)

R.P AGCAAAAATGTGCTAGTGCCAAA

miRNA universal Primer R.P miScript universal primer (Qiagen)

U6
F.P CTCGCTTCGGCAGCACA

94
R.P AACGCTTCACGAATTTGCGT

FHL1
F.P CTGAAGTGCTTTGACAAGTTC

102 58
R.P GTGCCAGTAGCGATTCTTAT

GAPDH
F.P AACATCAAATGGGGTGAGGCC

252 58
R.P GTTGTCATGGATGACCTTGGC

CCND1
F.P ACCAATCTCCTCAACGACCG

228 58
R.P ACGGAAGGGAAGAGAAGGG

CCNB1
F.P GAGCTATCCTCATTGACTGG

125 58
R.P CATCTTCTTGGGCACACAAC

PCNA
F.P GAACCTGCAGAGCATGGACTC

201 58
R.P GGTGTCTGCATTATCTTCAGCCC

(B) Primer lists for the cloning of FHL1 3’UTRs

3’UTRs Primer Sequence (5′-3′) Product Size Annealing Temperature Cycle

wild-type FHL1 3’UTR
F.P ATCTGGCCAACAAGCGCT

303

58 35

R.P AATTGCAGCCGGACAGAAA

mutant FHL1 3’UTR

F.P ATCTGGCCAACAAGCGCT
65

R.P CTTTTTGCGTCAGTCGGGA

F.P TCCCGACTGACGCAAAAAG
257

R.P AAATTGCAGCCGGACAGAAA
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Table 2. Antibodies list.

Antibody Manufacturer Cat. No.

FHL1 Santa Cruz Biotechnology, Dallas, TX, USA sc-374246

MyHC DSHB, Iowa city, IA, USA MF20

MyoD Santa Cruz Biotechnology, Dallas, TX, USA sc-377460

MyoG Santa Cruz Biotechnology, Dallas, TX, USA sc-12732

MEF2C Thermo Fisher Scientific, Waltham, MA, USA PA5-28247

β-actin Sigma-Aldrich Chemicals, St. Louis, MO, USA A2066

Antibodies HRP-linked anti-rabbit IgG Cell Signaling Technology, Danvers, MA, USA #7074

Goat anti-mouse(H + L) Thermo Fisher Scientific, Waltham, MA, USA #32430

All blots were visualized using a Femto reagent (Thermofisher Scientific).

4.6. Immunofluorescence Analysis

Five days after transfection with scRNA, siFHL1, miR-96-5p mimic, or antimiR-96-5p, C2C12 cells
were washed three times with phosphate-buffered saline solution (PBS), fixed in 4% paraformaldehyde
for 10 min, permeabilized with 0.3% Triton X-100 at 37 ◦C for 15 min, and blocked with 3% bovine
serum albumin (BSA) (GenDEPOT, Barker, TX, USA) solution for 2 h in PBS. All steps were performed
at room temperature. Cells were then incubated with primary antibodies (MyHC, 1: 100 dilution) at
4 ◦C overnight, and this was followed by incubation with Alexa 488-conjugated secondary antibody
(Thermo Fisher Scientific) at room temperature for another 1.5 h. Nuclei were stained with Hoechst for
15 min. Finally, cells were photographed under a fluorescence microscope (Leica, Wetzlar, Germany).
For quantitative analysis, differentiation indices were calculated by expressing numbers of nuclei in
MyHC-positive myotubes as percentages of total numbers of nuclei, and fusion indices were calculated
by expressing numbers of myotubes with three or more nuclei as percentages of the total numbers of
nuclei. The number of myotubes, myotube widths, and MyHC-positive areas were measured using
Image J Software. All of the data were collected from at least three independent cultures using at least
five randomly selected areas/culture.

4.7. Ethynyl Deoxyuridine (EdU) Assay

EdU assays were performed to measure cell proliferation using a Click-iT EdU Cell Proliferation Kit
(Invitrogen). Briefly, after 24 h of transfection, C2C12 myoblasts were labeled with 10 µM of EdU for 4 h,
fixed with 4% paraformaldehyde for 10 min, and permeabilized with 0.3% Triton X-100 in PBS for 30 min.
Cells were then incubated with 0.3 mL of Click-iT reaction cocktail for 20 min, and nuclei were stained
with Hoechst for 15 min. All images were taken using an optical microscope (Leica). Percentages of
EdU-positive cells and total numbers of nuclei were then determined. Images were collected from at
least three independent experiments using at least five randomly selected areas/experiment.

4.8. Database and Statistical Analysis

The target genes and binding sites of the miRNAs were analyzed computationally using
publicly available algorithms (TargetScan: www.targetscan.org, Pictar: pictar.mdc-berlin.de).
Results are presented as the means ± standard errors of at least three independent experiments.
Statistical significances were determined using the Student’s t-test for unpaired data.

5. Conclusions

In conclusion, this study reveals that miR-96-5p plays a crucial role during myogenic differentiation
and myotube formation in C2C12 myoblasts. PA inhibited the expressions of myogenic factors and
differentiation in myoblasts, and these inhibitions were accompanied by FHL1 reduction and miR-96-5p
induction. Interestingly, miR-96-5p inversely regulated FHL1 expression by targeting the 3’UTR of

www.targetscan.org
pictar.mdc-berlin.de
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FHL1 mRNA. Furthermore, the transfection of miR-96-5p mimic increased myoblast proliferation,
reduced the expressions of myogenic factors, and impaired myogenic differentiation. Since there are
no putative binding sites for miR-96-5p on the mRNAs of myogenic factors, we ascribe the inhibition
of myogenic differentiation by miR-96-5p to direct FHL1 suppression in C2C12 myoblasts.
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Author Contributions: W.L. and M.T.N. conceived and designed the experiments. M.T.N. and K.-H.M. performed
the experiments and analyzed the data. W.L. wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by the National Research Foundation of Korea (NRF) funded by the
Korean government (Grant nos. NRF-2017M2B2A4049415 and NRF-2019R1F1A1040858) and by the Outstanding
Researchers Program of Dongguk University (Grant no. K-2018-G0002-00016).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dumont, N.A.; Bentzinger, C.F.; Sincennes, M.C.; Rudnicki, M.A. Satellite Cells and Skeletal Muscle
Regeneration. Compr. Physiol. 2015, 5, 1027–1059. [PubMed]

2. Chal, J.; Pourquie, O. Making muscle: Skeletal myogenesis in vivo and in vitro. Development 2017, 144, 2104–2122.
[CrossRef] [PubMed]

3. Ma, J.F.; Hall, D.T.; Gallouzi, I.-E. The impact of mRNA turnover and translation on age-related muscle loss.
Ageing Res. Rev. 2012, 11, 432–441. [CrossRef] [PubMed]

4. Benarroch, L.; Bonne, G.; Rivier, F.; Hamroun, D. The 2020 version of the gene table of neuromuscular
disorders (nuclear genome). Neuromuscul. Disord. 2019, 29, 980–1018. [CrossRef]

5. Asfour, H.A.; Allouh, M.Z.; Said, R.S. Myogenic regulatory factors: The orchestrators of myogenesis after
30 years of discovery. Exp. Biol. Med. 2018, 243, 118–128. [CrossRef]

6. Akhmedov, D.; Berdeaux, R. The effects of obesity on skeletal muscle regeneration. Front. Physiol. 2013,
4, 371. [CrossRef]

7. Teng, S.; Huang, P. The effect of type 2 diabetes mellitus and obesity on muscle progenitor cell function.
Stem Cell Res. Ther. 2019, 10, 103. [CrossRef]

8. Chang, Y.C.; Liu, H.W.; Chen, Y.T.; Chen, Y.A.; Chen, Y.J.; Chang, S.J. Resveratrol protects muscle cells against
palmitate-induced cellular senescence and insulin resistance through ameliorating autophagic flux. J. Food
Drug Anal. 2018, 26, 1066–1074. [CrossRef]

9. Zhang, G.; Chen, X.; Lin, L.; Wen, C.; Rao, S. Effects of fatty acids on proliferation and differentiation of
myoblast. Wei Sheng Yan Jiu 2012, 41, 883–888.

10. Saini, A.; Sharples, A.P.; Al-Shanti, N.; Stewart, C.E. Omega-3 fatty acid EPA improves regenerative capacity
of mouse skeletal muscle cells exposed to saturated fat and inflammation. Biogerontology 2017, 18, 109–129.
[CrossRef]

11. Xu, D.; Jiang, Z.; Sun, Z.; Wang, L.; Zhao, G.; Hassan, H.M.; Fan, S.; Zhou, W.; Han, S.; Zhang, L.; et al.
Mitochondrial dysfunction and inhibition of myoblast differentiation in mice with high-fat-diet-induced
pre-diabetes. J. Cell Physiol. 2019, 234, 7510–7523. [CrossRef] [PubMed]

12. Krol, J.; Loedige, I.; Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay.
Nat. Rev. Genet. 2010, 11, 597–610. [CrossRef] [PubMed]

13. Saliminejad, K.; Khorram Khorshid, H.R.; Soleymani Fard, S.; Ghaffari, S.H. An overview of microRNAs:
Biology, functions, therapeutics, and analysis methods. J. Cell Physiol. 2019, 234, 5451–5465. [CrossRef]
[PubMed]

14. Zhao, Y.; Chen, M.; Lian, D.; Li, Y.; Li, Y.; Wang, J.; Deng, S.; Yu, K.; Lian, Z. Non-Coding RNA Regulates the
Myogenesis of Skeletal Muscle Satellite Cells, Injury Repair and Diseases. Cells 2019, 8, 988. [CrossRef]

15. Mok, G.F.; Lozano-Velasco, E.; Munsterberg, A. microRNAs in skeletal muscle development. Semin. Cell
Dev. Biol. 2017, 72, 67–76. [CrossRef]

16. Ji, C.; Guo, X. The clinical potential of circulating microRNAs in obesity. Nat. Rev. Endocrinol. 2019, 15, 731–743.
[CrossRef]

http://www.mdpi.com/1422-0067/21/24/9445/s1
http://www.ncbi.nlm.nih.gov/pubmed/26140708
http://dx.doi.org/10.1242/dev.151035
http://www.ncbi.nlm.nih.gov/pubmed/28634270
http://dx.doi.org/10.1016/j.arr.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22687959
http://dx.doi.org/10.1016/j.nmd.2019.10.010
http://dx.doi.org/10.1177/1535370217749494
http://dx.doi.org/10.3389/fphys.2013.00371
http://dx.doi.org/10.1186/s13287-019-1186-0
http://dx.doi.org/10.1016/j.jfda.2018.01.006
http://dx.doi.org/10.1007/s10522-016-9667-3
http://dx.doi.org/10.1002/jcp.27512
http://www.ncbi.nlm.nih.gov/pubmed/30362548
http://dx.doi.org/10.1038/nrg2843
http://www.ncbi.nlm.nih.gov/pubmed/20661255
http://dx.doi.org/10.1002/jcp.27486
http://www.ncbi.nlm.nih.gov/pubmed/30471116
http://dx.doi.org/10.3390/cells8090988
http://dx.doi.org/10.1016/j.semcdb.2017.10.032
http://dx.doi.org/10.1038/s41574-019-0260-0


Int. J. Mol. Sci. 2020, 21, 9445 16 of 18

17. Ortiz-Dosal, A.; Rodil-Garcia, P.; Salazar-Olivo, L.A. Circulating microRNAs in human obesity: A systematic
review. Biomarkers 2019, 24, 499–509. [CrossRef]

18. Kadrmas, J.L.; Beckerle, M.C. The LIM domain: From the cytoskeleton to the nucleus. Nat. Rev. Mol. Cell Biol.
2004, 5, 920–931. [CrossRef]

19. Schessl, J.; Feldkirchner, S.; Kubny, C.; Schoser, B. Reducing body myopathy and other FHL1-related muscular
disorders. Semin. Pediatr. Neurol. 2011, 18, 257–263. [CrossRef]

20. Cowling, B.S.; McGrath, M.J.; Nguyen, M.A.; Cottle, D.L.; Kee, A.J.; Brown, S.; Schessl, J.; Zou, Y.; Joya, J.;
Bonnemann, C.G.; et al. Identification of FHL1 as a regulator of skeletal muscle mass: Implications for
human myopathy. J. Cell Biol. 2008, 183, 1033–1048. [CrossRef]

21. Lee, J.Y.; Chien, I.C.; Lin, W.Y.; Wu, S.M.; Wei, B.H.; Lee, Y.E.; Lee, H.H. Fhl1 as a downstream target of Wnt
signaling to promote myogenesis of C2C12 cells. Mol. Cell Biochem. 2012, 365, 251–262. [CrossRef] [PubMed]

22. Domenighetti, A.A.; Chu, P.H.; Wu, T.; Sheikh, F.; Gokhin, D.S.; Guo, L.T.; Cui, Z.; Peter, A.K.;
Christodoulou, D.C.; Parfenov, M.G.; et al. Loss of FHL1 induces an age-dependent skeletal muscle
myopathy associated with myofibrillar and intermyofibrillar disorganization in mice. Hum. Mol. Genet.
2014, 23, 209–225. [CrossRef] [PubMed]

23. Ding, J.; Cong, Y.F.; Liu, B.; Miao, J.; Wang, L. Aberrant Protein Turn-Over Associated With Myofibrillar
Disorganization in FHL1 Knockout Mice. Front. Genet. 2018, 9, 273. [CrossRef] [PubMed]

24. Windpassinger, C.; Schoser, B.; Straub, V.; Hochmeister, S.; Noor, A.; Lohberger, B.; Farra, N.; Petek, E.;
Schwarzbraun, T.; Ofner, L.; et al. An X-linked myopathy with postural muscle atrophy and generalized
hypertrophy, termed XMPMA, is caused by mutations in FHL1. Am. J. Hum. Genet. 2008, 82, 88–99.
[CrossRef] [PubMed]

25. Hu, Z.; Zhu, Y.; Liu, X.; Zhang, W.; Liu, J.; Wu, S.; Xiao, J.; Yuan, Y.; Wang, Z. FHL1-related clinical, muscle MRI
and genetic features in six Chinese patients with reducing body myopathy. J. Hum. Genet. 2019, 64, 919–926.
[CrossRef] [PubMed]

26. Chen, D.H.; Raskind, W.H.; Parson, W.W.; Sonnen, J.A.; Vu, T.; Zheng, Y.; Matsushita, M.; Wolff, J.;
Lipe, H.; Bird, T.D. A novel mutation in FHL1 in a family with X-linked scapuloperoneal myopathy:
Phenotypic spectrum and structural study of FHL1 mutations. J. Neurol. Sci. 2010, 296, 22–29. [CrossRef]

27. Gueneau, L.; Bertrand, A.T.; Jais, J.P.; Salih, M.A.; Stojkovic, T.; Wehnert, M.; Hoeltzenbein, M.; Spuler, S.;
Saitoh, S.; Verschueren, A.; et al. Mutations of the FHL1 gene cause Emery-Dreifuss muscular dystrophy.
Am. J. Hum. Genet. 2009, 85, 338–353. [CrossRef]

28. Bruyere, C.; Versaevel, M.; Mohammed, D.; Alaimo, L.; Luciano, M.; Vercruysse, E.; Gabriele, S. Actomyosin
contractility scales with myoblast elongation and enhances differentiation through YAP nuclear export.
Sci. Rep. 2019, 9, 15565. [CrossRef]

29. Han, S.; Cui, C.; He, H.; Shen, X.; Chen, Y.; Wang, Y.; Li, D.; Zhu, Q.; Yin, H. FHL1 regulates myoblast
differentiation and autophagy through its interaction with LC3. J. Cell Physiol. 2020, 235, 4667–4678.
[CrossRef]

30. Dambal, S.; Shah, M.; Mihelich, B.; Nonn, L. The microRNA-183 cluster: The family that plays together stays
together. Nucleic Acids Res. 2015, 43, 7173–7188. [CrossRef]

31. Li, G.; Luna, C.; Qiu, J.; Epstein, D.L.; Gonzalez, P. Alterations in microRNA expression in stress-induced
cellular senescence. Mech. Ageing Dev. 2009, 130, 731–741. [CrossRef] [PubMed]

32. Lin, H.; Dai, T.; Xiong, H.; Zhao, X.; Chen, X.; Yu, C.; Li, J.; Wang, X.; Song, L. Unregulated miR-96 induces
cell proliferation in human breast cancer by downregulating transcriptional factor FOXO3a. PLoS ONE 2010,
5, e15797. [CrossRef] [PubMed]

33. Ludwig, N.; Leidinger, P.; Becker, K.; Backes, C.; Fehlmann, T.; Pallasch, C.; Rheinheimer, S.; Meder, B.;
Stähler, C.; Meese, E.; et al. Distribution of miRNA expression across human tissues. Nucleic Acids Res. 2016,
44, 3865–3877. [CrossRef] [PubMed]

34. Xu, D.; He, X.; Chang, Y.; Xu, C.; Jiang, X.; Sun, S.; Lin, J. Inhibition of miR-96 expression reduces cell
proliferation and clonogenicity of HepG2 hepatoma cells. Oncol. Rep. 2013, 29, 653–661. [CrossRef] [PubMed]

35. Tang, X.; Zheng, D.; Hu, P.; Zeng, Z.; Li, M.; Tucker, L.; Monahan, R.; Resnick, M.B.; Liu, M.; Ramratnam, B.
Glycogen synthase kinase 3 beta inhibits microRNA-183-96-182 cluster via the beta-Catenin/TCF/LEF-1
pathway in gastric cancer cells. Nucleic Acids Res. 2014, 42, 2988–2998. [CrossRef]

http://dx.doi.org/10.1080/1354750X.2019.1606279
http://dx.doi.org/10.1038/nrm1499
http://dx.doi.org/10.1016/j.spen.2011.10.007
http://dx.doi.org/10.1083/jcb.200804077
http://dx.doi.org/10.1007/s11010-012-1266-2
http://www.ncbi.nlm.nih.gov/pubmed/22367176
http://dx.doi.org/10.1093/hmg/ddt412
http://www.ncbi.nlm.nih.gov/pubmed/23975679
http://dx.doi.org/10.3389/fgene.2018.00273
http://www.ncbi.nlm.nih.gov/pubmed/30083183
http://dx.doi.org/10.1016/j.ajhg.2007.09.004
http://www.ncbi.nlm.nih.gov/pubmed/18179888
http://dx.doi.org/10.1038/s10038-019-0627-z
http://www.ncbi.nlm.nih.gov/pubmed/31273321
http://dx.doi.org/10.1016/j.jns.2010.06.017
http://dx.doi.org/10.1016/j.ajhg.2009.07.015
http://dx.doi.org/10.1038/s41598-019-52129-1
http://dx.doi.org/10.1002/jcp.29345
http://dx.doi.org/10.1093/nar/gkv703
http://dx.doi.org/10.1016/j.mad.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19782699
http://dx.doi.org/10.1371/journal.pone.0015797
http://www.ncbi.nlm.nih.gov/pubmed/21203424
http://dx.doi.org/10.1093/nar/gkw116
http://www.ncbi.nlm.nih.gov/pubmed/26921406
http://dx.doi.org/10.3892/or.2012.2138
http://www.ncbi.nlm.nih.gov/pubmed/23151657
http://dx.doi.org/10.1093/nar/gkt1275


Int. J. Mol. Sci. 2020, 21, 9445 17 of 18

36. Ress, A.L.; Stiegelbauer, V.; Winter, E.; Schwarzenbacher, D.; Kiesslich, T.; Lax, S.; Jahn, S.; Deutsch, A.;
Bauernhofer, T.; Ling, H.; et al. MiR-96-5p influences cellular growth and is associated with poor survival in
colorectal cancer patients. Mol. Carcinog. 2015, 54, 1442–1450. [CrossRef]

37. Zhang, Q.; Ren, W.; Huang, B.; Yi, L.; Zhu, H. MicroRNA-183/182/96 cooperatively regulates the proliferation
of colon cancer cells. Mol. Med. Rep. 2015, 12, 668–674. [CrossRef]

38. Wei, X.; Zhang, H. Four and a half LIM domains protein 1 can be as a double-edged sword in cancer
progression. Cancer Biol. Med. 2020, 17, 270–281.

39. Ding, L.; Wang, Z.; Yan, J.; Yang, X.; Liu, A.; Qiu, W.; Zhu, J.; Han, J.; Zhang, H.; Lin, J.; et al. Human four-
and-a-half LIM family members suppress tumor cell growth through a TGF-beta-like signaling pathway.
J. Clin. Investig. 2009, 119, 349–361.

40. Zhang, F.; Feng, F.; Yang, P.; Li, Z.; You, J.; Xie, W.; Gao, X.; Yang, J. Four-and-a-half-LIM protein 1
down-regulates estrogen receptor alpha activity through repression of AKT phosphorylation in human
breast cancer cell. Int. J. Biochem. Cell Biol. 2012, 44, 320–326. [CrossRef]

41. Niu, C.; Liang, C.; Guo, J.; Cheng, L.; Zhang, H.; Qin, X.; Zhang, Q.; Ding, L.; Yuan, B.; Xu, X.; et al.
Downregulation and growth inhibitory role of FHL1 in lung cancer. Int. J. Cancer 2012, 130, 2549–2556.
[CrossRef] [PubMed]

42. Asada, K.; Ando, T.; Niwa, T.; Nanjo, S.; Watanabe, N.; Okochi-Takada, E.; Yoshida, T.; Miyamoto, K.;
Enomoto, S.; Ichinose, M.; et al. FHL1 on chromosome X is a single-hit gastrointestinal tumor-suppressor
gene and contributes to the formation of an epigenetic field defect. Oncogene 2013, 32, 2140–2149. [CrossRef]
[PubMed]

43. Jurikova, M.; Danihel, L.; Polak, S.; Varga, I. Ki67, PCNA, and MCM proteins: Markers of proliferation in the
diagnosis of breast cancer. Acta Histochem. 2016, 118, 544–552. [CrossRef] [PubMed]

44. Petrachkova, T.; Wortinger, L.A.; Bard, A.J.; Singh, J.; Warga, R.M.; Kane, D.A. Lack of Cyclin B1 in zebrafish
causes lengthening of G2 and M phases. Dev. Biol. 2019, 451, 167–179. [CrossRef] [PubMed]

45. Belso, N.; Guban, B.; Manczinger, M.; Kormos, B.; Bebes, A.; Nemeth, I.; Vereb, Z.; Szell, M.; Kemeny, L.;
Bata-Csorgo, Z. Differential role of D cyclins in the regulation of cell cycle by influencing Ki67 expression in
HaCaT cells. Exp. Cell Res. 2019, 374, 290–303. [CrossRef] [PubMed]

46. Moon, Y.A.; Liang, G.; Xie, X.; Frank-Kamenetsky, M.; Fitzgerald, K.; Koteliansky, V.; Brown, M.S.;
Goldstein, J.L.; Horton, J.D. The Scap/SREBP pathway is essential for developing diabetic fatty liver
and carbohydrate-induced hypertriglyceridemia in animals. Cell Metab. 2012, 15, 240–246. [CrossRef]
[PubMed]

47. Jeon, T.I.; Esquejo, R.M.; Roqueta-Rivera, M.; Phelan, P.E.; Moon, Y.A.; Govindarajan, S.S.; Esau, C.C.;
Osborne, T.F. An SREBP-responsive microRNA operon contributes to a regulatory loop for intracellular lipid
homeostasis. Cell Metab. 2013, 18, 51–61. [CrossRef]

48. Shao, X.; Wang, M.; Wei, X.; Deng, S.; Fu, N.; Peng, Q.; Jiang, Y.; Ye, L.; Xie, J.; Lin, Y. Peroxisome
Proliferator-Activated Receptor-gamma: Master Regulator of Adipogenesis and Obesity. Curr. Stem Cell
Res. Ther. 2016, 11, 282–289. [CrossRef]

49. John, E.; Wienecke-Baldacchino, A.; Liivrand, M.; Heinaniemi, M.; Carlberg, C.; Sinkkonen, L. Dataset
integration identifies transcriptional regulation of microRNA genes by PPARgamma in differentiating mouse
3T3-L1 adipocytes. Nucleic Acids Res. 2012, 40, 4446–4460. [CrossRef]

50. Lefterova, M.I.; Zhang, Y.; Steger, D.J.; Schupp, M.; Schug, J.; Cristancho, A.; Feng, D.; Zhuo, D.;
Stoeckert, C.J., Jr.; Liu, X.S.; et al. PPARgamma and C/EBP factors orchestrate adipocyte biology via
adjacent binding on a genome-wide scale. Genes Dev. 2008, 22, 2941–2952. [CrossRef]

51. Um, M.Y.; Moon, M.K.; Ahn, J.; Youl Ha, T. Coumarin attenuates hepatic steatosis by down-regulating
lipogenic gene expression in mice fed a high-fat diet. Br. J. Nutr. 2013, 109, 1590–1597. [CrossRef] [PubMed]

52. Wu, H.; Zhou, J.; Mei, S.; Wu, D.; Mu, Z.; Chen, B.; Xie, Y.; Ye, Y.; Liu, J. Circulating exosomal microRNA-96
promotes cell proliferation, migration and drug resistance by targeting LMO7. J. Cell Mol. Med. 2017,
21, 1228–1236. [CrossRef] [PubMed]

53. Jin, G.; Liu, Y.; Zhang, J.; Bian, Z.; Yao, S.; Fei, B.; Zhou, L.; Yin, Y.; Huang, Z. A panel of
serum exosomal microRNAs as predictive markers for chemoresistance in advanced colorectal cancer.
Cancer Chemother. Pharmacol. 2019, 84, 315–325. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/mc.22218
http://dx.doi.org/10.3892/mmr.2015.3376
http://dx.doi.org/10.1016/j.biocel.2011.11.002
http://dx.doi.org/10.1002/ijc.26259
http://www.ncbi.nlm.nih.gov/pubmed/21702045
http://dx.doi.org/10.1038/onc.2012.228
http://www.ncbi.nlm.nih.gov/pubmed/22689052
http://dx.doi.org/10.1016/j.acthis.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27246286
http://dx.doi.org/10.1016/j.ydbio.2019.03.014
http://www.ncbi.nlm.nih.gov/pubmed/30930047
http://dx.doi.org/10.1016/j.yexcr.2018.11.030
http://www.ncbi.nlm.nih.gov/pubmed/30529407
http://dx.doi.org/10.1016/j.cmet.2011.12.017
http://www.ncbi.nlm.nih.gov/pubmed/22326225
http://dx.doi.org/10.1016/j.cmet.2013.06.010
http://dx.doi.org/10.2174/1574888X10666150528144905
http://dx.doi.org/10.1093/nar/gks025
http://dx.doi.org/10.1101/gad.1709008
http://dx.doi.org/10.1017/S0007114512005260
http://www.ncbi.nlm.nih.gov/pubmed/23597175
http://dx.doi.org/10.1111/jcmm.13056
http://www.ncbi.nlm.nih.gov/pubmed/28026121
http://dx.doi.org/10.1007/s00280-019-03867-6
http://www.ncbi.nlm.nih.gov/pubmed/31089750


Int. J. Mol. Sci. 2020, 21, 9445 18 of 18

54. Yang, W.M.; Jeong, H.J.; Park, S.W.; Lee, W. Obesity-induced miR-15b is linked causally to the development
of insulin resistance through the repression of the insulin receptor in hepatocytes. Mol. Nutr. Food Res. 2015,
59, 2303–2314. [CrossRef] [PubMed]

55. Ryu, H.S.; Park, S.Y.; Ma, D.; Zhang, J.; Lee, W. The induction of microRNA targeting IRS-1 is involved in the
development of insulin resistance under conditions of mitochondrial dysfunction in hepatocytes. PLoS ONE
2011, 6, e17343. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/mnfr.201500107
http://www.ncbi.nlm.nih.gov/pubmed/26179126
http://dx.doi.org/10.1371/annotation/2faafaa7-e359-4711-af5b-3597c705388d
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	PA Inhibited Myogenic Differentiation and FHL1 Expression but Induced miR-96-5p Expression 
	FHL1 Is Essential for Myogenic Differentiation 
	MiR-96-5p Directly Targeted the 3’UTR of FHL1 
	MiR-96-5p Increased the Proliferation of C2C12 Myoblasts 
	MiR-96-5p Inhibited the Expressions of Myogenic Factors 
	MiR-96-5p Inhibited the Myogenic Differentiation of C2C12 Myoblasts 

	Discussion 
	Materials and Methods 
	Cell Culture, Differentiation, and PA Treatment 
	Transfection of Oligonucleotides 
	RNA Preparation and Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) 
	Dual-Luciferase Reporter Assay 
	Immunoblot Analysis 
	Immunofluorescence Analysis 
	Ethynyl Deoxyuridine (EdU) Assay 
	Database and Statistical Analysis 

	Conclusions 
	References

