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Abstract 

Aims: This study aimed to investigate the role of microRNA-499-5p (miR-499-5p) in the 

regulation of skeletal myofiber specification and its underlying mechanisms. 

Main methods: Mouse C2C12 cells were used in this study. Cyclosporin A and siRNA targeting 

Thrap1 (si-Thrap1) were used to inhibit NFATc1/MEF2C pathway and knockdown Thrap1, 

respectively. The expressions of miR-499-5p and genes were evaluated by real-time quantitative 

PCR and western blot analysis. 

Key findings: Overexpression of miR-499-5p promoted oxidative fiber gene expression and 

repressed glycolytic fiber gene expression, affecting several factors associated with fiber 

specification including NFATc1/MEF2C pathway, PGC-1, FoxO1 and Wnt5a. Inhibition of 

NFATc1/MEF2C pathway partly reduced the effect of miR-499-5p overexpression on muscle fiber 

gene expression. MiR-499-5p targeted Thrap1 in proliferating and differentiating C2C12 cells. 

Knockdown of Thrap1 showed a parallel function with miR-499-5p overexpression on muscle 

fiber gene expression and NFATc1/MEF2C pathway, accompanied by an increase of miR-499-5p 

level. The effects of miR-499-5p inhibitor on muscle fiber type specific gene expression and 

NFATc1/MEF2C pathway were effectively reversed by Thrap1 knockdown. 

Significance: MiR-499-5p regulated skeletal myofiber specification and affected several factors 

associated with fiber specification. MiR-499-5p regulated muscle gene expression partly through 

NFATc1/MEF2C pathway. We also showed a clue that miR-499-5p regulates skeletal muscle fiber 

specification in C2C12 cells through targeting Thrap1, thereby, promoting NFATc1/MEF2C 
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pathway and then triggering a series of oxidative muscle fiber gene expression. 

Keywords: MiR-499-5p; skeletal muscle; fiber specification; NFATc1/MEF2C pathway; Thrap1 

 

1. Introduction 

Skeletal muscle is composed of a mixture of different muscle fiber types, occupying 

approximately 30–42% of human body weight and exhibiting the contractile or stretchable 

characteristics. The major contractile protein of skeletal muscle cells is myosin heavy chain 

(MyHC) [1]. The expression of diverse type of MyHC isoform and  muscle fiber type 

composition in skeletal muscle determine the ability of muscle contraction [2]. Skeletal myofibers 

are characterized by the expression of particular MyHC isoforms and classified into type I (slow-

twitch) and type II (fast-twitch) [2, 3]. Type I (MyHC I) fibers are red, mitochondria-rich and high 

endurance, depending primarily on mitochondrial oxidative metabolism for ATP production [3, 4]. 

In contrast, type II (MyHC II) fibers are white, low endurance and contain fewer mitochondria, 

largely relying on glucose as an energy substrate. Type II fibers are subclassified as type IIa, IIx/d, 

or IIb based on the type of MyHC isoform expressed [3, 4]. 

Genetic factors, hormonal signaling and workload largely control the expression of skeletal 

muscle myosin genes and fiber type composition to meet physiological demands [2, 5]. However, 

the type of skeletal muscle fiber is directly determined by a wide range of genetic factors. 

MicroRNAs (miRNAs) are a group of small noncoding RNAs about 22 nucleotides long and 

involve in the post-transcriptional regulation of gene expression. MiRNAs have been shown to 

play critical roles in many aspects of muscle function, including satellite cell activity, muscle 
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development, contractility, energy production and diseases, which occur in fiber types and muscle 

mass in response to phenotypic changes [6, 7]. A number of miRNAs seem to be expressed in a 

muscle-specific manner, which regulate the vast majority of muscle activities, especially muscle 

fiber specification and MyHC expression. MiR-499-5p, highly expressed in cardiac and skeletal 

muscle and encoded by MyHC7b which is a member of the sarcomeric MyHC family [8], has been 

identified to be a key regulator of muscle fiber type switching and biomarker of muscle diseases 

[8-11]. Previous studies reported that miR-499-5p drove a mitochondrial oxidative metabolism 

program and played an important role in mitochondrial dynamics [6, 12]. The seed region of miR-

499-5p overlaps at 6 nt with miR-208b, which was reported to have important roles in muscle 

performance, and they seem to present a parallel function and play redundant roles in the 

specification of muscle fiber identity [8]. Van Rooij et al. have proposed that miR-499-5p 

promoted slow muscle fiber formation and a fast-to-slow-twitch fiber type transition through 

activating slow and inhibiting fast myofiber gene programs [8]. Several transcriptional repressors 

including Purβ and Sox6, which have been determined to inhibit β-MyHC expression, were 

identified as miR-499-5p target genes [8, 10, 13]. 

In this study, we aimed to investigate the role of miR-499-5p in the regulation of skeletal 

myofiber specification and its underlying mechanisms. Our findings showed a clue that miR-499-

5p regulates skeletal muscle fiber type gene expression in C2C12 cells through targeting Thrap1, 

thereby, promoting NFATc1/MEF2C pathway and then triggering a series of oxidative muscle fiber 

gene expression. This clue presents a new mechanism that miR-499-5p regulates muscle fiber gene 
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expression and fiber type specification. 

2. Materials and Methods 

2.1. Cell culture 

C2C12 cells were purchased from American Type Culture Collection (ATCC, Rockville, 

MD, USA). Cells were cultured at 37 °C in a 5% CO2 atmosphere in Dulbecco modified Eagle 

medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum 

(FBS) (Invitrogen) and antibiotics (100 mg/L streptomycin and 100 U/mL penicillin) (ATCC). 

After cells reached about 80% confluence, myogenic differentiation was induced by replacing 10% 

FBS with 2% horse serum (ATCC). Medium was renewed daily during differentiation. 

2.2. Cell transfection and treatment 

C2C12 cells were transfected with miRNA-499-5p mimics (499M), mimics negative control 

(MNC), miR-499-5p inhibitor (499I), inhibitor negative control (INC), siRNA negative control 

(siNC) or siRNA targeting Thrap1 (si-Thrap1) (GenePharma, Shanghai, China) using 

Lipofectamine 3000 (Invitrogen) according to the manual of the manufacture. The si-Thrap1 was 

designed and synthesized by GenePharm (Shanghai, China). The sense strand of the Thrap1 siRNA 

was 5′-CCUCAUCCUUUCAGAAUCATT-3′ and the antisense strand was 5′-

UGAUUCUGAAAGGAUGAGGTT-3′. The sense strand of the negative control siRNA was 5′-

UUCUCCGAACGUGUCACGUTT-3′ and the antisense strand was 5′-

ACGUGACACGUUCGGAGAATT-3′. We treated C2C12 cells with 5 μM cyclosporin A (CsA) 

(Amresco, USA) resolved in DMSO to inhibit NFAT signaling. 

2.3. Real-time quantitative PCR 

The mRNA level of Thrap1 was quantified using real-time quantitative PCR (RT-qPCR) 

analysis. Briefly, Total RNA was isolated from C2C12 cells using RNAiso Plus reagent (TaKaRa, 
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Dalian, China). cDNA was synthesized using a PrimeScript® RT reagent Kit with gDNA Eraser 

(TaKaRa) following the manufacturer's recommendations. RT-qPCR was performed in triplicate 

using SYBR select Master Mix (Applied Biosystems, Foster, CA, USA) on a 7900HT Real-time 

PCR system (384-cell standard block) (Applied Biosystems). β-actin was used as an internal 

control. For detection of the miRNA-499-5p level, the cDNA template was prepared using 

TaqMan® miRNA Reverse Transcription Kit (Applied Biosystems) and TaqMan® MicroRNA 

Assay kit (Applied Biosystems) was used to examine the expression of mature miR-499-5p. U6 

snRNA (Applied Biosystems) was used as an internal control. 

2.4. Western blot analysis 

Protein samples were extracted using lysis buffer (Beyotime, Shanghai, China) according to   

the manufacturer's recommendations. Western blot analysis was performed as before [14]. Briefly, 

proteins (25 μg/lane) were resolved by electrophoresis on 10% SDS-polyacrylamide gels and then 

transferred to a nitrocellulose membrane. After blocking with Tris-buffered saline Tween-20 

(TBST; 0.14 mol/L NaCl, 0.02 mol/L Tris base, and 0.05% Tween) containing 5% BSA for 1 h at 

room temperature, the membrane was incubated with diverse primary antibodies overnight at 4 

°C, followed by the corresponding secondary antibody (Cell Signaling Technology, Danvers, MA, 

USA). The primary antibodies used were: anti-β-actin (Santa Cruz, Cat. No. sc-1616); anti-MyHC 

I (DSHB, Cat. No. BA-F8); anti-MyHC IIa (DSHB, Cat. No. SC-71); anti-MyHC IIx (Sigma, Cat. 

SAB2104768); anti-MyHC IIb (DSHB, Cat. No. 10F5); anti-Tnni1 (Santa Cruz, Cat. No. SC-

393330); anti-Tnni2 (Santa Cruz, Cat. No. SC-374549); anti-Myoglobin (Santa Cruz, Cat. No. SC-

25607); anti-NFATc1 (Cell Signaling Technology, Cat. No. 8032); anti-MEF2C (Cell Signaling 

Technology, Cat. No. 5030); anti-MCIP1.4 (Santa Cruz, Cat. No. sc-377507); anti-PGC-1 (Cell 

Signaling Technology, Cat. No. 2178); anti-FoxO1 (Cell Signaling Technology, Cat. No. 2880); 
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anti-phospho-FoxO1 (P-FoxO1) (Cell Signaling Technology, Cat. No. 9461); anti-Wnt5a (Cell 

Signaling Technology, Cat. No. 2530); anti-AMPK (Cell Signaling Technology, Cat. No. 5831); 

anti-phospho-AMPK (P-AMPK) (Cell Signaling Technology, Cat. No. 2535) and anti-Thrap1 

(Santa Cruz, Cat. No. SC5369). The primary antibodies from Cell Signaling Technology, DSHB, 

Sigma, and Santa Cruz were used at 1:1000, 1:500, 1:500 and 1:100 dilution, respectively. The 

secondary antibody was used at 1:5000 dilution. The membrane was visualized using a ClarityTM 

Western ECL Substrate (Bio-Rad, Hercules, CA, USA) and a ChemiDoc XRS Imager System 

(Bio-Rad). β-actin protein was used as a control for equal protein loading. 

2.5. Statistical analysis 

Data expressed as mean ± SE (standard error) were analyzed using SAS 8.2 software (SAS 

Inst. Inc., NC). Student’s t test was performed to assess the statistical significance between groups. 

In all analyses, p < 0.05 was considered to be statistical significance. 

3. Result 

3.1. MiR-499-5p regulates muscle fiber type specific gene expression in C2C12 myotubes 

To confirm the role of miR-499-5p in skeletal muscle fiber type specific gene expression, we 

performed both overexpression and loss-of-function studies for miR-499-5p in C2C12 myotubes. 

MiR-499-5p mimics (499M) were used to overexpress miR-499-5p and miR-499-5p inhibitor 

(499I) was used to knock down. The cells transfected with miRNA mimics negative control 

(MNC) or miRNA inhibitor negative control (INC) were used as control. The protein level of 

individual MyHC isoforms (type I, MyHC-I/β-MyHC; type II, MyHC-IIa, MyHC-IIx/d, and 

MyHC-IIb) as well as myoglobin and troponin I (Tnni) were evaluated in C2C12 cells transfected 

499M or 499I. MyHC I, myoglobin and Tnni1 are typical markers of slow fiber genes, while 

MyHC II and Tnni2 are fast type genes. As shown in Fig. 1A, the expression levels of miR-499-
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5p in C2C12 cells transfected with 499M and 499I were significantly higher and lower, 

respectively, than that of controls. Overexpression of miR-499-5p led to increases in MyHC I (Fig. 

1B), MyHC IIa (Fig. 1D), as well as myoglobin (Fig. 1F) and Tnni1 (Fig. 1E), and decreases in 

MyHC IIx (Fig. 1D), MyHC IIb (Fig. 1B) and Tnni2 (Fig. 1E). Consistently, inhibition of miR-

499-5p resulted in decreases of MyHC I (Fig. 1C), MyHC IIa (Fig. 1D), as well as myoglobin (Fig. 

1F) and Tnni1 (Fig. 1E), and increases in MyHC IIx (Fig. 1D), MyHC IIb (Fig. 1C) and Tnni2 

(Fig. 1E). 

Figure 1. MiR-499-5p regulates muscle fiber gene expression. (A) To measure the transfection 

efficiency, the expression of miR-499-5p was determined by RT-qPCR normalized to U6 small nuclear 
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RNA. Cells were transfected with 100 nM of 499M, 100 nM of MNC, 200 nM of 499I or 200 nM of 

INC. (B) and (C) Effect of miR-499-5p on MyHC I and IIb expression. Cells were transfected with 50 

nM, 100 nM of 499M and 100 nM, 200 nM of 499I, respectively. (D), (E) and (F) Effect of miR-499-

5p on the expression of MyHC IIa, IIx and Tnni1, Tnni2 as well as myoglobin. Cells were 

transfected with 100 nM of 499M and 200 nM of 499I. C2C12 cells were transfected with 499M or 

499I when they reached about 80% confluence and induced to differentiate for 3 days before analysis. 

β-actin served as the loading control. Data were presented as means ± SE (n=3). ***p < 0.001 as 

compared with control. 

3.2. Effect of miR-499-5p on muscle fiber specification associated factors 

To explore the underlying mechanism by which miR-499-5p regulates muscle fiber type 

specific gene expression, we performed western blotting to analyze the protein expression of 

certain signaling factors that have been reported to relate to muscle fiber specification. NFATc1 

(nuclear factor of activated T cells, cytoplasmic 1, dephosphorylated in the nuclear), a known 

nuclear factor that promotes slow fiber type specific gene expression and potentially represses fast 

fiber type gene expression, is a cofactor of MEF2 (myocyte enhancer factor-2) isoforms and can 

interact with MEF2 depending on the promoter context in slow fiber gene expression [2, 15]. 

MEF2C transcription factor is selectively active in slow oxidative fibers and has been shown to 

promote the formation of oxidative muscle fiber [16, 17]. Modulatory calcineurin interacting 

protein 1 exon 4 isoform (MCIP1.4), a direct downstream target of the NFAT signaling pathway 

[18, 19], was reported to increase the number of slow muscle fibers and identified as oxidative 

muscle fiber genes [2, 20]. In this study, we found C2C12 myotubes transfected with 499M 

showed higher protein level of NFATc1, MEF2C and MCIP1.4 compared to cells transfected with 

MNC, whereas inhibition of miR-499-5p repressed NFATc1, MEF2C and MCIP1.4 protein 

expression (Fig. 2A). Peroxisome proliferator activated receptor- coactivator-1 (PGC-1), a 
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nuclear receptor cofactor that activates expression of type I fiber-specific genes and drives the 

formation of type I fibers [21, 22], was shown to be upregulated in cells overexpressing miR-499-

5p while it was reduced by inhibiting miR-499-5p (Fig. 2B). FoxO1, a member of the forkhead 

transcription factor forkhead box protein O (FoxO) family, was established as a negative regulator 

for type I fiber gene expression [16, 23]. Although FoxO1 protein expression was not changed by 

miR-499-5p overexpression, the P-FoxO1 level was pronounced increased (Fig. 2C), indicating 

miR-499-5p may inhibit the FoxO1 activity through phosphorylation. We also found the protein 

expression of Wnt5a, which has the potential to repress the fiber I formation [24, 25], was reduced 

and increased by miR-499-5p overexpression and inhibition, respectively (Fig. 2D). Moreover, 

another muscle fiber specification associated factor [2, 26], AMP activated protein kinase (AMPK) 

and its phosphorylated modality (P-AMPK), were not affected by miR-499-5p overexpression or 

inhibition. 
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Figure 2. Effect of miR-499-5p on muscle fiber specification associated factors. (A) Effect of miR-499-5p 

on NFATc1/MEF2C pathway. (B-E) Effect of miR-499-5p on PGC-1 (B), FoxO1 and P-FoxO1 (C), 

Wnt5a (D), AMPK and P-AMPK (E). Cells were transfected with 100 nM of 499M and 200 nM of 499I, 

when they reached about 80% confluence and induced to differentiate for 3 days before analysis. β-actin 

served as the loading control. 

3.3.  MiR-499-5p mediates muscle fiber type specific gene expression through NFATc1/MEF2C 

pathway 

The data (Fig. 2A) showed miR-499-5p affected NFATc1/MEF2C pathway in C2C12 

myotubes. To confirm whether miR-499-5p regulates the expression of muscle fiber genes via 

NFATc1/MEF2C pathway, cells were treated with the calcineurin inhibitor cyclosporin A (CsA), 
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which is a well-known inhibitor of calcineurin and inhibits NFAT activity by blocking its 

dephosphorylation [27, 28], for 1 hour before transfection with 499M for 3 days in differentiation 

medium. As shown in Fig. 3A, the expression level of miR-499-5p in C2C12 myotubes transfected 

with 499M was significantly overexpressed than that of the control. CsA treatment remarkably 

reduced NFATc1 and MEF2C protein expression, and downregulated the miR-499-5p-induced 

increase of NFATc1 and MEF2C protein level (Fig. 3B). Consistent with the effect of CsA on 

miR-499-5p-induced promotion of NFATc1 and MEF2C protein level, CsA significantly 

eliminated the increase of MyHC I and MyHC IIa expression induced by miR-499-5p 

overexpression (Fig. 3C). In addition, CsA also partly rescued miR-499-5p overexpression-

induced decrease of MyHC IIx and MyHC IIb expression (Fig. 3C). Moreover, the promotion and 

repression of miR-499-5p overexpression on Tnni1 and Tnni2, respectively, were consistently 

abolished by CsA treatment (Fig. 3D). Taken together, these results showed that miR-499-5p-

mediated muscle fiber type specific gene expression is, at least partly, dependent on 

NFATc1/MEF2C pathway. 
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Figure 3. MiR-499-5p regulates muscle fiber type specific gene expression through NFATc1/MEF2C 

pathway. (A) The expression level of miR-499-5p in C2C12 cells transfected with 499M. MiR-499-5p was 

determined by RT-qPCR normalized to U6 small nuclear RNA. (B) CsA suppressed miR-499-5p 

overexpression-induced upregulation of NFATc/MEF2C pathway. (C) and (D) CsA partly reduced the 

effect of miR-499-5p on MyHCs (C) and Tnni (D) expression. C2C12 cells were treated with 5 μM CsA 

for 1 hour before transfection with 100 nM of 499M, when they reached about 80% confluence and induced 

to differentiate for 3 days before analysis. β-actin served as the loading control. Data were presented as 

means ± SE (n=3). ***p < 0.001 as compared with control. 

3.4. Thrap1 is a target gene of miR-499-5p in proliferating and differentiating C2C12 cells 

Thyroid hormone receptor associated protein-1 (Thrap1), also known as TRAP240 or Med13, 

a component of the TR-associated TRAP complex, modulates activity of the TR (thyroid hormone 

receptor) and has been shown to repress -MHC gene expression in heart [8, 29-31]. Previous 
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researches have reported that miR-499-5p targeted the 3’ UTR of mouse Thrap1 [8, 29, 32]. To 

conform whether miR-499-5p targets Thrap1 in proliferating and differentiating C2C12 cells, we 

performed overexpression and inhibition of miR-499-5p to evaluate Thrap1 mRNA and protein 

level. First, when myoblasts were about 50 - 60% confluence in proliferation medium, 499M and 

499I were transfected for 1 day before analysis. As shown in Fig. 4A, cells transfected with 499M 

and 499I showed significantly higher and lower miR-499-5p expression compared to the controls, 

respectively. Transfection with 499M remarkably reduced both Thrap1 mRNA (Fig. 4B) and 

protein expression (Fig. 4C) in proliferating myoblasts, however, 499I pronouncedly upregulated 

Thrap1 mRNA (Fig. 4B) and protein level (Fig. 4D). Moreover, in order to evaluate whether miR-

499-5p targets Thrap1 in C2C12 myoblast differentiation, we performed overexpression and 

inhibition of miR-499-5p for 3 days during myoblast differentiation. Consistent with the result 

from proliferating myoblasts, Thrap1 mRNA (Fig. 4E) and protein level (Fig. 4F) were 

significantly decreased and increased by miR-499-5p overexpression and inhibition, respectively, 

in differentiating myoblasts. Taken together, these data showed that Thrap1 is a direct target gene 

of miR-499-5p not only in proliferating but also in differentiating C2C12 myoblasts. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

15 
 

Figure 4. MiR-499-5p targets Thrap1 in proliferating and differentiating C2C12 cells. (A) The 

expression level of miR-499-5p in proliferating C2C12 cells transfected with 100 nM of 499M and 

200 nM of 499I. (B) The mRNA level of Thrap1 in proliferating C2C12 cells transfected with 100 nM 

of 499M and 200 nM of 499I. (C) and (D) The protein level of Thrap1 in proliferating C2C12 cells 
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transfected with 50 nM, 100 nM of 499M (C) and 100 nM, 200 nM of 499I (D). In figure A-D, when 

myoblasts were about 50 - 60% confluence in proliferation medium, 499M and 499I were transfected 

for 1 day before analysis. (E) and (F) The mRNA and protein level of Thrap1 in differentiating C2C12 

cells transfected with 100 nM of 499M and 200 nM of 499I. In figure E and F, C2C12 cells were 

transfected with 499M and 499I, when they reached about 80% confluence and induced to differentiate 

for 3 days before analysis. MiR-499-5p and mRNA level of Thrap1 were determined by RT-qPCR 

normalized to U6 small nuclear RNA and β-actin, respectively. Data were presented as means ± SE 

(n=3). **p < 0.01, and ***p < 0.001 as compared with control. 

3.5.  Knockdown of Thrap1 by siRNA promotes oxidative fiber gene and represses glycolytic fiber 

gene expression, accompanied by an increase of miR-499-5p level 

To evaluate the role of Thrap1 in fiber type specification, specific siRNA for Thrap1 (si-

Thrap1) was transfected into C2C12 cells. Firstly, to determine whether the si-Thrap1 sequence 

could target Thrap1 specifically in both proliferating and differentiating C2C12 myoblast, we 

successfully screened the most effective si-Thrap1 and performed transfection with si-Thrap1 into 

proliferating and differentiating C2C12 cells, respectively. RT-qPCR and western blotting analyses 

showed that the mRNA and protein expression of Thrap1 were pronounced reduced not only in 

proliferating (Fig. 5A, B) but also in differentiating (Fig. 5C, D) C2C12 cells by si-Thrap1 

transfection. Then, the expression of muscle fiber type specific genes were analyzed by western 

blotting. Consistent with the results from miR-499-5p overexpression, the results showed that the 

protein expressions of MyHC I and MyHC IIa in cells transfected with si-Thrap1 were higher than 
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that of control, whereas MyHC IIb protein was reduced, and there was no change in MyHC IIx 

expression (Fig. 5E). Moreover, knockdown of Thrap1 repressed Tnni2 protein level and had no 

effect on Tnni1 protein (Fig. 5F) but promoted another slow fiber marker myoglobin expression 

(Fig. 5G). In addition, knockdown of Thrap1 increased the level of miR-499-5p (Fig. 5H), 

suggesting that Thrap1 took part in regulating skeletal muscle fiber gene expression and miR-499-

5p level. 
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Figure 5. Si-Thrap1 promotes oxidative fiber gene and represses glycolytic fiber gene expression. (A) 

and (B) The designed sequence of si-Thrap1 inhibited the mRNA (A) and protein (B) level of Thrap1 

in proliferating C2C12 cells. (C) and (D) The designed sequence of si-Thrap1 inhibited the mRNA (C) 

and protein (D) level of Thrap1 in differentiating C2C12 cells. (E-G) Effect of si-Thrap1 on protein 

expression of MyHCs (E), Tnni (F) and myoglobin (G). (H) Knockdown of Thrap1 increased the level 

of miR-499-5p. C2C12 cells were transfected with 200 nM of si-Thrap1 and the transfection was 

performed as described in Figure 4. The mRNA level of Thrap1 were determined by RT-qPCR 

normalized to β-actin. Data were presented as means ± SE (n=3). **p < 0.01 as compared with control. 

3.6.  Si-Thrap1 decreases the effect of miR-499-5p inhibitor on muscle fiber type specific gene 

expression 

We examined whether knockdown of Thrap1 could inhibit the effect of miR-499-5p inhibitor 
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on muscle fiber type specific gene expression. MiR-499-5p inhibitor and si-Thrap1 were co-

transfected into C2C12 cells. Cells transfected with 499I showed significant decrease of miR-499-

5p level. RT-qPCR and western blotting analysis conformed that transfection of 499I led to 

downregulation of miR-499-5p (Fig. 6A) and upregulation of Thrap1 (Fig. 6B and C). Moreover, 

downregulation of Thrap1 expression by si-Thrap1 could be rescued by transfection with 499I (Fig. 

6B and C). Western blotting analysis showed transfection with 499I pronouncedly repressed 

MyHC I and MyHC IIa and promoted MyHC IIx and MyHC IIb expression, whereas co-

transfection with si-Thrap1 reduced the effect of miR-499-5p inhibitor on MyHCs expression (Fig. 

6D). In addition, the effects of miR-499-5p inhibitor on Tnni were also inhibited by si-Thrap1 co-

transfection (Fig. 6E). Taken together, these data suggested that miR-499-5p may regulate muscle 

fiber gene expression at least partly through Thrap1. 
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Figure 6. Si-Thrap1 decreases the effect of miR-499-5p inhibitor on muscle fiber type specific gene 

expression. (A) The expression level of miR-499-5p. (B) and (C) The decrease of mRNA (B) and 

protein (C) level of Thrap1 expression by si-Thrap1 could be partly rescued by transfection with miR-

499-5p inhibitor. (D) and (E) The effect of miR-499-5p inhibitor on MyHCs (D) and Tnni (E) were 

partly suppressed by si-Thrap1. C2C12 cells were transfected with 200 nM of 499I and 200 nM of si-

Thrap1 when they reached about 80% confluence and induced to differentiate for 3 days before 

analysis. Data were presented as means ± SE (n=3). *p < 0.05, **p < 0.01, and ***p < 0.001 as 

compared with control. 

3.7. MiR-499-5p may regulate NFATc1 and MEF2C expression via Thrap1 

In consideration of the effect of miR-499-5p on NFATc1/MEF2C pathway in C2C12 

myotubes in this study and the inhibitory effect of Thrap1 on MEF2 in heart studied by Paulin et 
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al. [33] and in skeletal muscle studied by Amoasii et al. [15], we hypothesized that, as a target gene 

of miR-499-5p, Thrap1 may provide an important link to miR-499-5p regulating the NFATc1 and 

MEF2C expression and skeletal muscle fiber gene expression. To substantiate this, western 

blotting analysis was performed and showed that the expression level of NFATc1 and MEF2C in 

cells transfected with si-Thrap1 were significantly higher than that of control (Fig.7A). To conform 

whether miR-499-5p regulated NFATc1 and MEF2C through Thrap1, miR-499-5p inhibitor and 

si-Thrap1 were co-transfected into C2C12 cells. The results showed that attenuations of NFATc1 

and MEF2C expression level induced by miR-499-5p inhibition were effectively reversed by si-

Thrap1 (Fig.7B). These data suggested that miR-499-5p may regulate NFATc1 and MEF2C 

expression through Thrap1. 

Figure 7. MiR-499-5p may regulate NFATc1 and MEF2C expression via Thrap1. (A) Si-Thrap1 

repressed the expression of NFATc1 and MEF2C. (B) The attenuations of NFATc1 and MEF2C 

expression level induced by miR-499-5p inhibition were effectively reversed by si-Thrap1. The cell 

transfection was performed as described in Figure 6. 

4. Discussion 

Delineation of the mechanisms involved in the coordinate regulation of muscle fiber 
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composition and structural programs during muscle development has implications for new 

therapeutic approaches for many muscle diseases, including muscular dystrophy and metabolic 

disorders. MiR-499-5p has been identified as a positive regulator of slow muscle fiber formation 

and a negative regulator of fast muscle fiber formation in vivo [8-10], through targeting several 

transcriptional repressors that have been demonstrated to inhibit β-MyHC expression, including 

Purβ and Sox6 [8, 10, 13]. Recent reports have identified that miR-499-5p targets the 3’UTR of 

Thrap1 [8, 29, 32] and Thrap1 suppresses MEF2 to regulate glucose uptake and metabolism in 

skeletal muscle [15] and right ventricular function in heart [33]. Herein, we show a clue that miR-

499-5p regulates skeletal muscle fiber type gene expression through NFATc1/MEF2C pathway and 

Thrap1-MEF2C axis in C2C12 cells. Specifically, miR-499-5p targets Thrap1 in differentiated 

C2C12 cells, increasing the NFATc1 and MEF2C protein expression, thereby, triggering a series 

of oxidative muscle fiber gene expression (Fig. 8). This miR-499-5p/Thrap1/MEF2C clue presents 

a new mechanism that miR-499-5p regulates muscle fiber type specification and switching. 
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Figure 8. A proposed model of the mechanisms by which miR-499-5p regulates skeletal muscle fiber 

specification. In skeletal myocytes, miR-499-5p targets Purβ and Sox6 to control the muscle fiber gene 

expression. In this study, we found miR-499-5p targets Thrap1 in myogenesis, which suppresses the 

expression of MEF2C. MEF2C can active the transcriptional activation of slow fiber genes and 

increase MyHC7b expression, the host gene of miR-499-5p, thereby promoting miR-499-5p level. In 

addition, miR-499-5p and Thrap1 may control MEF2C through NFATc1 signaling. Taken together, 

miR-499-5p may regulate muscle fiber gene expression via NFATc1/MEF2C pathway and Thrap1-

MEF2C axis. This clue composed of miR-499-5p/Thrap1/MEF2C may be a part of regulatory 

network involved in the regulation of skeletal muscle fiber type. 

Skeletal muscle is composed of different types of muscle fibers that express distinct sets of 

metabolic enzymes and structural proteins. It is normally divided into four different types based 

on four different specific MyHC isoforms [3]. In this study, we found miR-499-5p promoted the 

oxidative muscle fiber gene expression and inhibited glycolic muscle fiber gene expression in 

C2C12 cells, accompanied by influencing several factors associated with muscle fiber 

specification, including NFATc1/MEF2C pathway, PGC-1, FoxO1 and Wnt5a, each of which 

was reported to involve in different type of muscle fiber formation and transition. Specifically, 

miR-499-5p promoted the expression of NFATc1/MEF2C pathway and PGC-1, which functioned 

as positive regulators of oxidative muscle fiber formation [2, 21, 28], and suppressed Wnt5a which 

has the potential to repress the type I fiber formation [24, 25]. Although FoxO1, a negative 

regulator for type I fiber gene expression [16, 23], was not changed by miR-499-5p overexpression, 
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the P-FoxO1 that disabled the inhibitory function to slow gene was pronouncedly increased, 

suggesting miR-499-5p may inhibit the FoxO1 activity through phosphorylation. MiR-499-5p did 

not change the AMPK or its phosphorylated modality level in C2C12 cells, which has been 

reported as a key regulator of myocyte energy metabolism and muscle mitochondrial oxidative 

metabolism and has been demonstrated to involve in regulation of exercise-induced fiber type 

transformation and mitochondrial biogenesis in skeletal muscle [34-36]. This data was not 

consistent with the report of Liu et al. that phosphorylated AMPK level was significantly increased 

in gastrocnemius muscle of miR-499-5p transgenic mice [6]. That may be due to difference 

between experiment model in vivo and in vitro. Taken together, our data suggested that miR-499-

5p may regulate muscle fiber type specification through a series of muscle fiber specification 

associated factors. 

NFATc1, a known nuclear factor that promotes slow fiber type-specific gene expression and 

potentially represses fast fiber type gene expression, is a cofactor of MEF2 isoforms and can 

interact with MEF2 depending on the promoter context in slow fiber gene expression [2]. MEF2C 

transcription factor is selectively active in slow oxidative fibers and has been shown to promote 

the formation of oxidative muscle fiber [16, 17]. Our previous study reported that miR-139-5p 

suppressed MyHC I and MyHC IIa expression via inhibition of NFATc1/MEF2C pathway in 

C2C12 cells [37]. In the present study, we found that overexpression of miR-499-5p activated 

NFATc1/MEF2C pathway and miR-499-5p may regulate MyHC isoforms expression through 

NFATc1/MEF2C pathway by treatment with CsA in C2C12 cells, which can inhibit NFATc1 
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activity by blocking its dephosphorylation [27, 28]. 

Previous studies reported that 3’ UTR of mouse Thrap1 is a target of miR-499-5p [8, 29, 32]. 

Thrap1 is a component of the TR-associated TRAP complex and modulates activity of the TR and 

has been shown to repress -MHC gene expression in cardiac muscle [8, 29]. Here, we found miR-

499-5p targeted Thrap1 both in proliferating and in differentiating C2C12 cells, suggesting that 

Thrap1 may be involved in miR-499-5p regulation of skeletal myogenesis and diverse fiber 

formation. Amoasii and the cooperators reported that Thrap1 has an important role in systemic 

glucose homeostasis in skeletal muscle [15]. Thrap1 suppressed the expression of genes involved 

in glucose uptake and metabolism in skeletal muscle via inhibiting MEF2 [15]. Taken together, we 

hypothesized miR-499-5p may regulate skeletal myofiber specification through Thrap1-MEF2C 

axis in C2C12 cells. In fact, our data showed that overexpression of miR-499-5p promoted 

oxidative fiber genes including MyHC I, MyHC IIa, Tnni1 and myoglobin expression, whereas it 

suppressed glycolytic fiber genes including MyHC IIx, MyHC IIb and Tnni2, accompanied with 

an increase of NFATc1/MEF2C signaling and a decrease of Thrap1 expression. We also found that 

knockdown of Thrap1 by siRNA promoted oxidative fiber gene and repressed glycolytic fiber gene 

expression, accompanied by upregulation of NFATc1/MEF2C pathway and an increase of miR-

499-5p level, exhibiting a parallel result with miR-499-5p overexpression. Notably, MEF2 has 

been reported to promote expression of MyHC7b, the host gene of miR-499-5p, thereby resulting 

in an increase of miR-499-5p [38, 39]. The finding that knockdown of Thrap1 upregulated the 

level of miR-499-5p may be due to si-Thrap1-induced an increase of MEF2C expression, then 
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promoting the miR-499-5p level. Moreover, attenuations of NFATc1 and MEF2C expression 

induced by inhibition of miR-499-5p were effectively reversed by knockdown of Thrap1, 

indicating that miR-499-5p may regulate NFATc1 and MEF2C expression at least partly through 

targeting Thrap1. Taken together, a clue that miR-499-5p regulates skeletal muscle fiber type gene 

expression through Thrap1 and MEF2C axis in C2C12 cells was discovered. 

5. Conclusion 

In summary, we found that overexpression of miR-499-5p promoted oxidative fiber 

specification and suppressed glycolytic fiber specification, accompanied with upregulation of 

NFATc1/MEF2C pathway and downregulation of Thrap1 expression. The factors associated with 

fiber type specification were affected by miR-499-5p overexpression and inhibition. We also found 

that miR-499-5p might regulate skeletal myofiber specification partly through NFATc1/MEF2C 

pathway and Thrap1-MEF2C axis in C2C12 cells. We showed a clue that miR-499-5p regulates 

skeletal muscle fiber type gene expression in C2C12 cells through targeting Thrap1, thereby, 

promoting NFATc1/MEF2C pathway and then triggering a series of oxidative muscle fiber gene 

expression. This clue (Fig. 8) consisting of miR-499-5p/Thrap1/MEF2C may be a part of 

regulatory network involved in the regulation of skeletal muscle fiber type. 

Acknowledgments: 

This work was supported by the National Key R&D Program of China (No. 

2018YFD0500403) and the National Natural Science Foundation of China (No. 31472110). 

 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

27 
 

Conflicts of Interest 

The authors declare no conflict of interest. 

 

 

Reference 

[1] K.M. Baldwin, F. Haddad, Skeletal muscle plasticity: cellular and molecular responses to 

altered physical activity paradigms, Am. J. Phys. Med. Rehabil. 81 (2002) 40-51. 

[2] R. BasselDuby, E.N. Olson, Signaling Pathways in Skeletal Muscle Remodeling, Annu. Rev. 

Biochem. 75 (2006) 19-37. 

[3] D. Pette, R.S. Staron, Myosin isoforms, muscle fiber types, and transitions, Microsc. Res. Tech. 

50 (2000) 500-509. 

[4] S. Schiaffino, C. Reggiani, Fiber Types in Mammalian Skeletal Muscles, Physiol. Rev. 91 

(2011) 1447-1531. 

[5] P.D. Neufer, M.M. Bamman, D.M. Muoio, C. Bouchard, D.M. Cooper, B.H. Goodpaster, F.W. 

Booth, Understanding the Cellular and Molecular Mechanisms of Physical Activity-Induced 

Health Benefits, Cell Metab. 22 (2015) 4-11. 

[6] J. Liu, X. Liang, D. Zhou, L. Lai, L. Xiao, L. Liu, T. Fu, Y. Kong, Q. Zhou, R.B. Vega, Coupling 

of mitochondrial function and skeletal muscle fiber type by a miR-499/Fnip1/AMPK circuit, 

EMBO Mol. Med. 8 (2016) 1212-1228. 

[7] T.H. Cheung, N.L. Quach, G.W. Charville, L. Liu, L. Park, A. Edalati, B. Yoo, P. Hoang, T.A. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

28 
 

Rando, Maintenance of muscle stem-cell quiescence by microRNA-489, Nature 482 (2012) 524-

528. 

[8] E. van Rooij, D. Quiat, B.A. Johnson, L.B. Sutherland, X. Qi, J.A. Richardson, R.J. Kelm, E.N. 

Olson, A family of microRNAs encoded by myosin genes governs myosin expression and muscle 

performance, Dev. Cell. 17 (2009) 662-673. 

[9] S.S. Bhuiyan, S. Kinoshita, C. Wongwarangkana, M. Asaduzzaman, S. Asakawa, S. Watabe, 

Evolution of the myosin heavy chain gene MYH14 and its intronic microRNA miR-499: muscle-

specific miR-499 expression persists in the absence of the ancestral host gene, BMC Evol. Biol. 

13 (2013) 142-152. 

[10] X. Wang, Y. Ono, S.C. Tan, R.J. Chai, C. Parkin, P.W. Ingham, Prdm1a and miR-499 act 

sequentially to restrict Sox6 activity to the fast-twitch muscle lineage in the zebrafish embryo, 

Development 138 (2011) 4399-4404. 

[11] S.A. Da, D.A. Jng, K.M. de Oliveira, N. Aem, M.B. Lopes, D.S. Jcv, F. Aaa, A.D. Luchessi, 

A.A. de Rezende, M.H. Hirata, Circulating miRNAs in acute new-onset atrial fibrillation and their 

target mRNA network, J. Cardiovasc. Electrophysiol https:// DOI: 10.1111/jce.13612. 

[12] J.X. Wang, J.Q. Jiao, Q. Li, B. Long, K. Wang, J.P. Liu, Y.R. Li, P.F. Li, miR-499 regulates 

mitochondrial dynamics by targeting calcineurin and dynamin-related protein-1, Nat. Med. 17 

(2011) 71-78. 

[13] X.Y. Wang, X.L. Chen, Z.Q. Huang, D.W. Chen, B. Yu, J. He, J.Q. Luo, Y.H. Luo, H. Chen, 

P. Zheng, MicroRNA-499-5p regulates porcine myofiber specification by controlling Sox6 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

29 
 

expression, Animal (2017) 1-7. 

[14] M. Xu, X. Chen, Z. Huang, W. Wen, S. Chang, X. Wang, D. Chen, B. Yu, J. Luo, G. Liu, 

Prokaryotic expression, purification, polyclonal antibody preparation, and tissue distribution of 

porcine Six1, Turk J Biol 39 (2015) 335-342. 

[15] L. Amoasii, W. Holland, E. Sanchez-Ortiz, K.K. Baskin, M. Pearson, S.C. Burgess, B.R. 

Nelson, R. Bassel-Duby, E.N. Olson, A MED13-dependent skeletal muscle gene program controls 

systemic glucose homeostasis and hepatic metabolism, Genes Dev. 30 (2016) 434-446. 

[16] M. Xu, X. Chen, D. Chen, Y. Bing, Z. Huang, FoxO1: a novel insight into its molecular 

mechanisms in the regulation of skeletal muscle differentiation and fiber type specification, 

Oncotarget 8 (2017) 10662-10674. 

[17] H. Wu, E.N. Olson, Activation of the MEF2 transcription factor in skeletal muscles from 

myotonic mice, J. Clin. Invest. 109 (2002) 1327-1333. 

[18] R. Fenyvesi, G. Rácz, F. Wuytack, E. Zádor, The calcineurin activity and MCIP1.4 mRNA 

levels are increased by innervation in regenerating soleus muscle, Biochem. Biophys. Res. 

Commun. 320 (2004) 599-605. 

[19] K.J. Davies, G. Ermak, B.A. Rothermel, M. Pritchard, J. Heitman, J. Ahnn, F. Henriquesilva, 

D. Crawford, S. Canaider, P. Strippoli, Renaming the DSCR1/Adapt78 gene family as RCAN: 

regulators of calcineurin, FASEB J. 21 (2007) 3023-3028. 

[20] Y. Liu, T. Shen, W.R. Randall, M.F. Schneider, Signaling pathways in activity-dependent fiber 

type plasticity in adult skeletal muscle, J. Muscle Res. Cell Motil. 26 (2005) 13-21. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

30 
 

[21] J. Lin, H. Wu, P.T. Tarr, C.Y. Zhang, Z. Wu, O. Boss, L.F. Michael, P. Puigserver, E. Isotani, 

E.N. Olson, Transcriptional co-activator PGC-1 alpha drives the formation of slow-twitch muscle 

fibres, Nature 418 (2002) 797-801. 

[22] W. Di, J. Lv, S. Jiang, C. Lu, Z. Yang, Z. Ma, W. Hu, Y. Yang, B. Xu, PGC-1: The Energetic 

Regulator in Cardiac Metabolism, Curr. Issues Mol. Biol. 28 (2018) 29-46. 

[23] Y. Kamei, S. Miura, M. Suzuki, Y. Kai, J. Mizukami, T. Taniguchi, K. Mochida, T. Hata, J. 

Matsuda, H. Aburatani, Skeletal muscle FOXO1 (FKHR) transgenic mice have less skeletal 

muscle mass, down-regulated Type I (slow twitch/red muscle) fiber genes, and impaired glycemic 

control, J. Biol. Chem. 279 (2004) 41114-41121. 

[24] A. Kikuchi, H. Yamamoto, A. Sato, Selective activation mechanisms of Wnt signaling 

pathways, Trends Cell Biol. 19 (2009) 119-129. 

[25] K. Anakwe, L. Robson, J. Hadley, P. Buxton, V. Church, S. Allen, C. Hartmann, B. Harfe, T. 

Nohno, A.M. Brown, Wnt signalling regulates myogenic differentiation in the developing avian 

wing, Development 130 (2003) 3503-3514. 

[26] S. Guo, C. Chen, F. Ji, L. Mao, Y. Xie, PP2A catalytic subunit silence by microRNA-429 

activates AMPK and protects osteoblastic cells from dexamethasone, Biochem. Biophys. Res. 

Commun. 487 (2017) 660-665. 

[27] J. Park, N.R. Yaseen, P.G. Hogan, A. Rao, S. Sharma, Phosphorylation of the transcription 

factor NFATp inhibits its DNA binding activity in cyclosporin A-treated human B and T cells, J. 

Biol. Chem. 270 (1995) 20653-20659. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

31 
 

[28] Y. Liu, T. Shen, W.R. Randall, M.F. Schneider, Signaling pathways in activity-dependent fiber 

type plasticity in adult skeletal muscle, J. Muscle Res. Cell Motil. 26 (2005) 13-21. 

[29] E.V. Rooij, L.B. Sutherland, X. Qi, J.A. Richardson, J. Hill, E.N. Olson, Control of Stress-

Dependent Cardiac Growth and Gene Expression by a MicroRNA, Science 316 (2007) 575-579. 

[30] N. Yousefzadeh, S. Jeddi, R. Ghiasi, M.R. Alipour, Effect of fetal hypothyroidism on MyomiR 

network and its target gene expression profiles in heart of offspring rats, Mol. Cell. Biochem. 436 

(2017) 1-9. 

[31] T. Fernandes, D.L. Barretti, M.I. Phillips, E.M. de Oliveira, Exercise training prevents 

obesity-associated disorders: Role of miRNA-208a and MED13, Mol. Cell. Endocrinol. 

https://DOI 10.1016/j.mce.2018.05.004. 

[32] M.L. Bell, M. Buvoli, L.A. Leinwand, Uncoupling of expression of an intronic microRNA 

and its myosin host gene by exon skipping, Mol. Cell. Biol. 30 (2010) 1937-1945. 

[33] R. Paulin, G. Sutendra, V. Gurtu, P. Dromparis, A.S. Haromy, S. Provencher, S. Bonnet, E.D. 

Michelakis, A miR-208-Mef2 Axis Drives the De-Compensation of Right Ventricular Function in 

Pulmonary Hypertension, Circ. Res. 116 (2015) 56-59. 

[34] Z. Yan, M. Okutsu, Y.N. Akhtar, V.A. Lira, Regulation of exercise-induced fiber type 

transformation, mitochondrial biogenesis, and angiogenesis in skeletal muscle, J. Appl. Physiol. 

110 (2011) 264-274. 

[35] R.M. Murphy, Enhanced technique to measure proteins in single segments of human skeletal 

muscle fibers: fiber-type dependence of AMPK-alpha1 and -beta1, J. Appl. Physiol. 110 (2011) 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

32 
 

820-825. 

[36] I.S. Tobias, K.K. Lazauskas, J.A. Arevalo, J.R. Bagley, L.E. Brown, A.J. Galpin, Fiber type-

specific analysis of AMPK isoforms in human skeletal muscle: advancement in methods via 

capillary nano-immunoassay, J. Appl. Physiol. 124 (2017) 840-849. 

[37] M. Xu, X. Chen, Z. Huang, D. Chen, B. Yu, H. Chen, J. He, P. Zheng, J. Luo, J. Yu, 

MicroRNA-139-5p suppresses myosin heavy chain I and IIa expression via inhibition of the 

calcineurin/NFAT signaling pathway, Biochem. Biophys. Res. Commun. 500 (2018) 930-936. 

[38] A.S. Warkman, S.A. Whitman, M.K. Miller, R.J. Garriock, C.M. Schwach, C.C. Gregorio, 

P.A. Krieg, Developmental expression and cardiac transcriptional regulation of Myh7b, a third 

myosin heavy chain in the vertebrate heart, Cell Motil. Cytoskeleton 69 (2012) 1086-1086. 

[39] J.J. Mccarthy, K.A. Esser, C.A. Peterson, E.E. Dupont-Versteegden, Evidence of MyomiR 

network regulation of beta-myosin heavy chain gene expression during skeletal muscle atrophy, 

Physiological Genomics 39 (2009) 219-226. 

ACCEPTED MANUSCRIPT


