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Introduction

Glucocorticoids are a class of corticosteroids secreted from 
the adrenal gland, and they are usually used as therapeutic 
agents owing to their potent anti-inflammatory, anti-shock, 
and immunosuppressive functions (1-3). Dexamethasone 

(Dex) is commonly used in patients with malignant tumors, 
such as lung cancer (4,5). However, high doses and long-
term use of glucocorticoids cause some passive effects 
including hypertension, osteoporosis, depression, skeletal 
muscle atrophy and so on (6-9). The molecular mechanisms 
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of skeletal muscle atrophy have been well studied and two 
proteolytic pathways, the ubiquitin-proteasome system, and 
autophagy, have been found to play an important role in the 
degradation of skeletal muscle proteins. The glucocorticoid 
Dex promotes proliferation, protein synthesis, and 
degradation of C2C12 myogenic cells (8,10), and induces 
proteasome C3 subunit expression in L6 muscle cells (11). 
Therefore, glucocorticoid-treated myotubes have been 
widely used as an in vitro model of muscle atrophy to 
explore potential mechanisms.

Despite the frequent use of Dex-treated myotubes as 
muscle wasting experimental models to investigate possible 
mechanisms, numerous interesting aspects have not 
well elucidated. Tumor necrosis factor (TNF) receptor-
associated factor 6 (TRAF6) is a member of the TRAF 
family of conserved adaptor proteins that have been 
shown to be involved in the activation of various signaling 
pathways, including nuclear factor (NF)-kB, mitogen-
activated protein kinase (MAPK), and phosphatidylinositide 
3-kinase/Akt (12-17). TRAF6 is different from other 
TRAF family members because it has been shown to have 
E3 ubiquitin ligase activity and is upregulated in skeletal 
muscle in response to denervation, starvation, and cancer 
cachexia (15,18,19). Skeletal muscle-specific deletion of 
TRAF6 in mice results in partial sparing of muscle mass 
following denervation, starvation and cancer cachexia. The 
data suggest that TRAF6 inhibition could rescue some 
catabolism-induced muscle atrophy.

Recently, microRNAs (miRNAs) have been shown to 
participate in regulating a variety of signal pathways in the 
skeletal muscle, which suggests a potential association with 
muscle catabolism. MiRNAs act by targeting sequences 
in the 3ʹ untranslated region of mRNAs to increase their 
degradation or inhibit their translation, which eventually 
limits the expression of critical proteins (20). MiRNAs 
specifically expressed in muscles can change diseases 
affecting the muscle. For example, muscle-specific 
microRNA1 is induced during Dex-mediated muscle 
atrophy, whereas heat shock protein 70 (HSP70) levels 
are reduced (21). It appears that the expression of miR-
206 is increased during the differentiation of satellite cells 
while miR-29 improves muscle cell proliferation (22,23). 
Wada et al. (24,25) demonstrated that miR-23a repressed 
the translation of muscle-RING-finger protein-1 (MuRF1) 
and atrogin-1 mRNAs; moreover, miR-23a was suppressed 
during diabetes and Dex-induced muscle atrophy (25).

In this study, we obtained evidence showing that the 
expression of miRNA-351 was downregulated and that 

of TRAF6 was upregulated during Dex-induced C2C12 
myotube atrophy. MicroRNA351 (miR-351) can directly 
target the 3'UTR of Traf6. Overexpression of miRNA-351 
by mimic transfection alleviated Dex-mediated myotube 
atrophy and inhibited the expression of TRAF6, MuRF1, 
and muscle atrophy F-box (MAFbx).

Methods

Cell culture and transfection

Mouse C2C12 myoblasts (Cell Bank, Chinese Academy of 
Sciences, Shanghai, China) were cultured in growth media 
[Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-
BRL, Gaithersburg, MD, USA) plus 10% fetal bovine 
serum (FBS) (Gibco-BRL, Gaithersburg, MD, USA),  
100 U/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA), 
and 100 μg/mL streptomycin (Sigma-Aldrich, St. Louis, 
MO, USA)]. Myoblasts were grown to approximately 
90% confluence in a six-well plate and then differentiated 
into myotubes by replacing the growth media with 
differentiation media (DMEM supplemented with 2% FBS 
and 1% penicillin and streptomycin) for 6 days. Then, the 
formed C2C12 myotubes were treated with 100 nM Dex 
in 0.1% ethanol for 24 and 48 h while C2C12 myotubes 
cultured in the vehicle (0.1% ethanol-containing medium) 
were used as the control.

The myotubes were transfected with 40 nM miR-
351 mimic, negative control, or 100 nM miR-351 
inhibitor using Lipofectamine 2000 (Invitrogen). After  
6 h, the medium of the transfected myotubes was switched 
to atrophy medium for 24 or 48 h as described above. 
After treatments, the transfected C2C12 myotubes were 
photographed under a phase contrast microscope (Leica 
Microsystems, Wetzlar, Germany). The diameter of C2C12 
myotubes was determined at three points along the length 
of each myotube in a blinded fashion, and the average 
diameter per myotube was expressed as the mean of three 
measurements. At least 50 myotubes were measured using 
the Image-Pro Plus software (Media Cybernetics, Silver 
Springs, MD, USA).

Real-time reverse transcription-polymerase chain reaction 
(RT-qPCR)

The RNA samples were reverse transcribed using the 
QuantiNova Reverse Transcription (RT) kit (QIAGEN, 
205411) while the miR-351 expression was measured 
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using the miScript II RT kit (QIAGEN, 218161). The 
following primers used in this study were prepared by the 
Shanghai Generay Biotech Co., Ltd., (Shanghai, China): 
Traf6: forward (F), GCAGAGGAATCACTTGGCACG 
and reverse (R), CACGGACGCAAAGCAAGGTT; 
hypoxanthine phosphoribosyltransferase 1 (HPRT1): 
F,  A G T C C C A G C G T C G T G AT TA G C  a n d  R , 
G T G AT G G C C T C C C AT C T C C T T;  m i R - 3 5 1 -
5PI :  F,  ACACTCCAGCTGGGTCCCTGAGGA
G C C C T T T G  a n d  R ,  C T C A A C T G G T G T C G T
G G A G T C G G C A AT T C A G T T G A G T C A G G C
TC; TRP sequence:  TGGTGTCGTGGAGTCG; 
and  U6 :  F,  CTCGCTTCGGCAGCACA and  R , 
AACGCTTCACGAATTTGCGT. Samples were measured 
in triplicate and normalized to U6, which has frequently 
been used as control RNA for miRNA in C2C12 cells. To 
quantify TRAF6 levels, HPRT1 was used as a normalization 
control. All RT-qPCR experiments were performed using 
the QuantiNova SYBR Green PCR kit (QIAGEN, 208054) 
on the following cycling schedule: 95 ℃ for 2 min and 40 
cycles of 95 ℃ for 15 sec and 60 ℃ for 1 min. The relative 
expression was measured using the 2−ΔΔCt method.

Western blot analysis

For the western blot analysis,  cells  were lysed in 
radioimmunoprecipitation assay (RIPA) lysis buffer 
(Beyotime Biotechnology, Haimen, China). Then, the total 
proteins were separated using electrophoresis, transferred to 
a polyvinylidene fluoride (PVDF), which was blocked in 5% 
skim milk, and then incubated at 4 ℃ overnight with the 
following primary antibodies: rabbit anti-TRAF6 polyclonal 
(1:1,000, ABGENT, San Diego, CA, USA), goat anti-
MuRF1 polyclonal (1:1,000, R&D Systems, Minneapolis, 
MN, USA), anti-MAFbx polyclonal (1:1,000, LifeSpan 
Biosciences, Seattle, WA, USA), and rabbit anti-beta 
tubulin polyclonal (1:2000, Abcam, Cambridge, MA, USA). 
The next day, the PVDF membranes were washed with 
Tris-buffered saline with Tween (TBST), incubated with 
the corresponding secondary antibody at room temperature 
for 1 h, washed with TBST three times, and exposed to 
visualization reagents followed by quantification using the 
ImageJ software program.

Statistical analysis

All the data were expressed as means ± standard error of the 
mean (SEM) as specifically indicated. A one-way analysis of 

variance (ANOVA) followed by Dunnett’s test was used to 
compare differences among groups.

Results

TRAF6 and miR-351 were inversely related in Dex-
treated C2C12 myotubes

We investigated the expression of miRNA-351 and TRAF6 
during Dex-induced myotube atrophy using C2C12 cells. 
Results showed that the myotube morphology became 
irregular and the diameter of the C2C12 myotubes decreased 
24 and 48 h after Dex treatment (Figure 1A,B,C,D). The 
expression of TRAF6 mRNA and protein was significantly 
increased compared to that of the negative control group at 
different time points (Figure 2A,B,C), whereas the expression 
of miR-351 was reduced (Figure 2D). These data indicate 
that the expression of miR-351 and TRAF6 was inversely 
related during Dex-induced myotube atrophy.

miR-351 interacted with 3'UTR of TRAF6

We sought to determine whether miR-351 could be directly 
involved in suppressing the predicted target gene, TRAF6, 
by cloning its 3'UTR into a luciferase reporter construct, 
which was transfected into 293T cells with plasmid 
constructs overexpressing either miR-351 or scrambled 
miRNA control. The 3'UTR of TRAF6 was predicted to 
have a single miR-351 target site essential for miRNA/
mRNA binding (Figure 3A). The luciferase reporter analysis 
showed that the miR-351 mimic control did not affect 
luciferase activity in both the TRAF6 3'UTR and mutated 
TRAF6 3'UTR (TRAF6-M 3'UTR) groups. Interestingly, 
the miR-351 mimic suppressed luciferase activity in the 
TRAF6 3'UTR group but not the TRAF6-M 3'UTR group 
(Figure 3B). These data showed an interaction between 
miR-351 and 3'UTR of TRAF6.

miR-351 alleviated C2C12 myotube atrophy by targeting 
TRAF6

We investigated the effects of Dex on miR-351 mimics in 
the presence of inhibitors on transfected C2C12 myotubes. 
Results showed that compared with the negative control 
group, the diameter of C2C12 myotubes in the miR-
351 mimic transfection group was significantly increased. 
However, the diameter of C2C12 myotubes in the miR-
351 inhibitor group was significantly reduced (Figure 4). 
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Figure 1 Effect of dexamethasone (Dex) on C2C12 myotubes. (A-C) Morphology of C2C12 myotube groups and treatments: (A) normal 
control (NC), not treated with Dex; and (B) Dex24h and (C) Dex48h, treated with Dex for 24 and 48 h, respectively. Scale bar 100 μm. (D) 
Diameter of C2C12 myotubes was measured 24 and 48 h after Dex treatment; *P<0.05 and **P<0.01 vs. NC. Dex concentration, 100 μM.

This result suggests that miR-351 relieved the Dex-induced 
muscle atrophy. The results of the western blot analysis 
showed that the expression of TRAF6 was significantly 
decreased and accompanied by a decline in the expression 
of MuRF1 and MAFbx in the miR-351 mimic transfection 
group (Figure 5). This finding demonstrates that miR-351 
inhibited the expression of TRAF6, MuRF1, and MAFbx in 
Dex-treated C2C12 myotubes. At the same time, TRAF6, 
MuRF1, and MAFbx were all upregulated in the miR-351 
inhibitor transfection group, but the difference was not 
significant, except for that of MuRF1.

Discussion

Glucocorticoids, a class of steroid hormones secreted by the 
adrenal cortex, exert immunosuppressive, anti-inflammatory, 
and anti-shock effects (26). They are commonly used to 
clinically treat many diseases. However, long-term use of 
glucocorticoids produces certain adverse effects such as 
muscle atrophy (23,27). Glucocorticoids had been known 
to activate muscle atrophy through the transcriptional 

induction of two E3 ubiquitin ligases, MuRF1 and MAFbx, 
as well as activation of proteasome degradation (8,19,28). 
Moreover, the expression of TRAF6 was upregulated and 
induced muscle atrophy by activating MuRF1 and MAFbx 
under denervation conditions (6,8,29). 

In this study, C2C12 myotubes were used for Dex-
induced muscle atrophy model. We found that the 
expression of TRAF6 was increased, which was in 
agreement with our previous results (8). In addition, we 
found that the expression of miR-351 was downregulated 
in the Dex-treated C2C12 myotubes. Our previous study 
showed that miR-351 was downregulated in denervation-
induced skeletal muscle atrophy (6), which was consistent 
with and confirmed current results. Based on the Targetscan 
analysis, a number of miRNAs may target TRAF6 including 
miR-351. Furthermore, our results showed that the 
expression of miR-351 and TRAF6 was inversely related 
during Dex-induced C2C12 myotube atrophy. Therefore, 
miR-351 was chosen for detailed investigation, and the 
results showed that miR-351 directly targeted TRAF6 
3'UTR.
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Figure 2 Tumor necrosis factor receptor-associated factor 6 (TRAF6) and micro RNA-351 (miR-351) were inversely related in C2C12 
myotubes treated with dexamethasone (Dex). (A) Representative western blots of TRAF6 in C2C12 myotubes treated with Dex for 24 and 
48 h. The histogram shows relative expression of TRAF6 (B) protein and (C) mRNA. (D) Real-time quantitative polymerase chain reaction 
(qPCR) analysis of miR-351 primary transcript expression in C2C12 myotubes treated with Dex for 24 and 48 h. Relative gene expression 
analysis was performed using the ΔΔCT method and was normalized to U6 RNA expression. Graphs depict fold differences relative to normal 
control (NC) at each time point. C2C12 myotube groups and treatments: (A) normal control (NC), not treated with Dex; and (B) Dex24 h 
and (C) Dex48h, treated with Dex for 24 and 48 h, respectively. P<0.05 and **P<0.01.

Figure 3 Tumor necrosis factor receptor-associated factor 6 (TRAF6) 3'-untranslated region (3'UTR) is a target of micro RNA-351 (miR-
351). (A) Schematic representation of miR-351 target sequence with the 3'-UTR of TRAF6; (B) graph shows relative luciferase activity in 
HEK-293 cells transfected with pmiR-RB-ReportTM TRAF6 3'UTR or pmiR-RB-ReportTM TRAF6 3'UTR mutation and miR-351 or 
scrambled miRNA control, **P<0.01.
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Figure 4 Micro RNA-351 (miR-351) alleviates dexamethasone (Dex)-induced C2C12 myotube atrophy. Representative images of C2C12 
myotubes transfected with miR-351 mimics, negative control, and miR-351 inhibitor, followed by Dex treatment for 24 or 48 h (A). Scale 
bar =100 μm. Graph represents average diameter of C2C12 myotubes (B), **P<0.01 and *P<0.05.
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Next, we found that transfection with miR-351 prevented 
the Dex-induced upregulation of TRAF6 that was crucial 
for increasing the activity of the proteolysis systems (UPS 
and ALS) in C2C12 myotubes (30). These data were 
consistent with those of previous studies indicating that 
miR-351 was downregulated in denervated skeletal muscle 
(6,8). MuRF1 and MAFBx are well-known downstream 
signaling molecules of TRAF6 (18) and, therefore, their 
expression was determined and found to be upregulated 
in Dex-induced C2C12 myotube atrophy. Transfection of 
miR-351 abrogated the reduction of the C2C12 myotube 
diameter induced by Dex, and the increased expression of 
MuRF1 and MAFBx, which are required to enhance the 
activity of the ubiquitin-proteasome system. These data 
were in line with the in vivo results (6,8) and suggested 
that miR-351 inhibited the expression of TRAF6, MuRF1, 
and MAFbx in Dex-treated C2C12 myotubes. Du et al. 
have found that miR-351-5p overexpression promoted the 
proliferation and inhibited the differentiation of C2C12 
myoblast, as well as mediated the regulation of muscle fiber 
type transition in vivo (31). A recent study has demonstrated 
that miR-351 aggravates intestinal ischaemia/reperfusion 
injury through the targeting of MAPK13 and Sirtuin-6 (32). 
Intriguingly, it has been showed that TRAF6, an adaptor 
protein which functions as an E3 ubiquitin ligase, is an 
important regulator of satellite cell homeostasis in adult 
skeletal muscle (33). Lack of TRAF6 has some influences 
in the expression levels of miR-1, miR-133, miR-206 in 

cultured myogenic cells. It has been indeed identified that 
a network of myomiRs regulates the expression of genes 
involved in regulating muscle structures and functions 
during myogenesis or atrophy (34). In our study, we 
provided further evidence for the involvement of miR-
351 targeting TRAF6 in muscle atrophy and contributed 
to the growing evidence that miRNAs, including miR-
351, regulate muscle atrophy through posttranscriptional 
mechanism under a variety of catabolic conditions.

In summary, this study showed that the expression of 
miR-351 and TRAF6 was inversely related during Dex-
induced C2C12 myotube atrophy. We also noted that 
treatment with miR-351 significantly inhibited the Dex-
induced C2C12 myotube atrophy by suppressing the 
expression of TRAF6, MuRF1, and MAFbx. Collectively, 
our results provided further evidence for the involvement 
of miR-351 targeting TRAF6 in muscle atrophy and 
contributed to the growing evidence that miRNAs, 
including miR-351, regulate muscle atrophy through 
posttranscriptional mechanism under a variety of catabolic 
conditions.
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