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Ubiquitination-mediated proteolysis is a hallmark of skeletal muscle wasting manifested in re-

sponse to negative growth factors, including myostatin. Thus, the characterization of signaling

mechanisms that induce the ubiquitination of intracellular and sarcomeric proteins during skel-

etal muscle wasting is of great importance. We have recently characterized myostatin as a potent

negative regulator of myogenesis and further demonstrated that elevated levels of myostatin in

circulation results in the up-regulation of the muscle-specific E3 ligases, Atrogin-1 and muscle ring

finger protein 1 (MuRF1). However, the exact signaling mechanisms by which myostatin regulates

the expression of Atrogin-1 and MuRF1, as well as the proteins targeted for degradation in

response to excess myostatin, remain to be elucidated. In this report, we have demonstrated that

myostatin signals through Smad3 (mothers against decapentaplegic homolog 3) to activate fork-

head box O1 and Atrogin-1 expression, which further promotes the ubiquitination and subse-

quent proteasome-mediated degradation of critical sarcomeric proteins. Smad3 signaling was

dispensable for myostatin-dependent overexpression of MuRF1. Although down-regulation of

Atrogin-1 expression rescued approximately 80% of sarcomeric protein loss induced by myosta-

tin, only about 20% rescue was seen when MuRF1 was silenced, implicating that Atrogin-1 is

the predominant E3 ligase through which myostatin manifests skeletal muscle wasting. Fur-

thermore, we have highlighted that Atrogin-1 not only associates with myosin heavy and light

chain, but it also ubiquitinates these sarcomeric proteins. Based on presented data we propose

a model whereby myostatin induces skeletal muscle wasting through targeting sarcomeric

proteins via Smad3-mediated up-regulation of Atrogin-1 and forkhead box O1. (Molecular

Endocrinology 25: 1936 –1949, 2011)

Cachexia is a multifactorial syndrome characterized by

the progressive loss of skeletal muscle mass, with or

without loss of fat mass (1, 2). The loss of protein content

during skeletal muscle atrophy can be attributed to a com-

bination of both decreased protein synthesis and in-

creased protein degradation. Reduced genetic expression

of protein synthesis components and the ubiquitin-

proteasome-dependent degradation of such proteins lead

to depressed protein synthesis during cachexia (3, 4). The

degradation targets for the ubiquitin-proteasome path-

way are not only limited to translation machinery, be-

cause the ubiquitination and the subsequent proteolysis

of sarcomeric proteins are salient features of skeletal mus-

cle wasting.
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The muscle-specific ubiquitin E3 ligases, Atrogin-1

(muscle atrophy F-box) and MuRF1 (muscle ring finger

protein 1), are two important mediators of skeletal mus-

cle atrophy (5, 6). Current literature suggests that MuRF1

specifically targets and degrades sarcomeric proteins, in-

cluding myosin heavy chain (Myh) and myosin light chain

(Myl), whereas Atrogin-1 ubiquitinates myogenic differ-

entiation factor (MyoD), a promyogenic factor, and eu-

karyotic translation initiation factor 3 subunit F (eIF3-f),

a critical component in protein translation (7, 8). The

dramatic overexpression of the two E3 ligases is corre-

lated with muscle atrophy due to immobilization, dener-

vation, hindlimb suspension, glucocorticoid (dexametha-

sone) treatment, and addition of cachectic cytokines,

including IL-1, IL-6, and interferon-� (5, 9–14). The ac-

tivators of Atrogin-1 and MuRF1 during skeletal muscle

atrophy are FoxO1 and FoxO3, part of the FoxO family

of forkhead transcription factors (5, 15). During anabolic

conditions, the transcriptional activity of the FoxO pro-

teins is suppressed by the activation of the IGF-I/phospha-

tidylinositol 3-kinase/Akt pathway (16, 17). However, in

atrophic conditions IGF-I signaling is blocked, leading to

decreased Akt activity and elevated levels of dephospho-

rylated, active FoxO proteins (16). Activated FoxO tran-

scription factors induce the expression of Atrogin-1 and

MuRF1, resulting in increased levels of proteasome-me-

diated degradation (15).

Myostatin, a TGF-� superfamily member, is a secreted

growth factor that acts as a potent negative regulator of

muscle growth (18). Whereas the expression of a non-

functional allele of myostatin in cattle (19) and humans

(20), or the targeted disruption of myostatin in mice (21),

results in severe hyperplasia and extreme muscle growth,

overexpression or increased systemic levels of myostatin

lead to skeletal muscle wasting (22). Myostatin-mediated

skeletal muscle atrophy has been demonstrated to reduce

the expression of essential myogenic regulatory factors,

namely MyoD and myogenin (23, 24). In addition, along

with the inhibition of myogenesis, myostatin-mediated

muscle wasting results in the up-regulation of genes in-

volved with the ubiquitin-proteasome proteolytic path-

way, including Atrogin-1, MuRF1, and E214k (24).

Whereas myostatin is known to depress the activity of

the IGF-I/ phosphatidylinositol 3-kinase /Akt cascade (24,

25), myostatin also elicits its catabolic effects through ca-

nonical activin receptor type-IIB (ActRIIB)/Smad (mothers

against decapentaplegic homolog) signaling (26). Acti-

vated ActRIIB induces the phosphorylation of two Smad

transcription factors, Smad2 and Smad3, which facili-

tates the expression of the FoxO transcription factors.

Results from our laboratory have demonstrated that

FoxO1 is required for myostatin-mediated induction of

Atrogin-1 expression (24). However, whether Smad2 or

Smad3 induces the expression of FoxO1 is presently un-

clear. In this report, we describe a mechanism whereby

myostatin promotes skeletal muscle atrophy primarily

through stimulating the overexpression of Atrogin-1 via the

ActRIIB-Smad3-FoxO1 signaling cascade. Our data also

revealed that Atrogin-1 associates with Myh and Myl and

degrades them in response to myostatin treatment. Al-

though MuRF1 was up-regulated after myostatin treatment,

it assumes a secondary role when compared with Atrogin-1

in mediating myostatin-mediated skeletal muscle atrophy.

Moreover, unlike Atrogin-1, MuRF1 induction during

myostatin-mediated atrophy was independent of Smad3.

Results

Myostatin induces the loss of sarcomeric proteins

and protein synthesis machinery during

myotubular atrophy

We used an iTRAQ (isobaric tag for relative and

absolute quantification)-based quantitative proteomic

approach to identify proteins that were specifically de-

graded during myostatin-induced atrophy. The pro-

teomic data revealed a striking reduction in the levels of

several sarcomeric proteins in C2C12 myotubes treated

with recombinant myostatin protein expressed and pu-

rified from Escherichia coli (Table 1). To identify the

sarcomeric proteins that were perturbed by myostatin ex-

posure, we homogenized and separated the insoluble frac-

tion of the myostatin-treated C2C12 myotube protein

lysate by SDS-PAGE. A single obvious difference in the

protein pattern was noted in myostatin-treated myotubes

when compared with untreated control myotubes (Fig.

1A). Specifically, the most abundantly stained protein

(�200 kDa), which is consistent in size with Myh, was

substantially reduced in myostatin-treated myotubes. In

addition, we also detected a slight decrease in levels of the

proteins above the 250-kDa marker; however, at this

stage these proteins have not been identified (Fig. 1A).

Western blot analysis was subsequently performed to val-

idate whether Myh protein expression was reduced in

response to myostatin treatment. According to Fig. 1, B

and C, a pan-specific antibody detecting “fast” Myh iso-

forms (Myh1, Myh2, and Myh4, found in “type II” or

“fast-twitch” fibers) and antibodies specific for fast 2A

and fast 2B Myh revealed a marked reduction in the

expression of fast Myh isoforms in C2C12 myotubes

exposed to myostatin. Similarly, Western blot analysis

detecting the single “slow” isoform of Myh (Myh7, found

in “type I” fibers) and all isoforms of Myl revealed a

comparable decrease after myostatin treatment (Fig. 1, B
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and C). Next, we determined whether the change in Myh

and Myl protein expression during myostatin-induced at-

rophy could be attributed to the alterations of their re-

spective mRNA levels as opposed to an increase in protein

turnover. Real-time quantitative PCR (qPCR) analysis of

mRNA levels of the five distinct Myh and three unique

Myl isoforms indicated that myostatin treatment did not

significantly alter the mRNA expression of the myosin

isoforms, hence confirming that the decreased Myh and

Myl protein levels were due to posttranscriptional events

including protein translation (Fig. 1D). These observa-

tions are also consistent with the iTRAQ data, which

highlighted the reduced levels of several proteins involved

in protein synthesis in C2C12 myotubes treated with myo-

statin (Table 1). Therefore, we next assessed the effect of

myostatin (Mstn) on protein synthesis in C2C12 myotubes.

The results clearly suggest that, treatment with myostatin

reduced protein synthesis in myotubes (Fig. 1G).

The muscle-specific E3 ligases, Atrogin-1 and MuRF1,

are central to skeletal muscle atrophy. During myostatin-

mediated atrophy in C2C12 myotubes, we observed the

elevation of mRNA and protein levels of both Atrogin-1

and MuRF1 (Fig. 1, B, C and F). Treating C2C12 myo-

tubes with conditioned medium from Chinese hamster

ovary (CHO) cells, engineered to overexpress and secrete the

functional myostatin protein (22), manifested a myotubular

wasting phenotype similar to that observed after addition of

recombinant myostatin protein purified from E. coli. Specif-

ically, we observed reduced myotube area (data not shown),

decreased protein levels of Myh and Myl, and increased

expression of Atrogin-1 and MuRF1 (Fig. 1E).

Previously it has been shown that soluble ActRIIB

(sActRIIB) and follistatin (Fstn) inhibit myostatin signal-

ing (27–29). Therefore, we performed real-time qPCR to

monitor the levels of Atrogin-1 and MuRF1 and found

that treatment with sActRIIB and follistatin inhibited

myostatin-mediated induction of Atrogin-1 and MuRF1

expression in C2C12 myotubes (Fig. 1F). These results

taken together suggest that myostatin induces myotubular

atrophy through not only decreasing the protein synthe-

sis, but also by up-regulating the expression of muscle-

specific E3 ligases.

Myostatin treatment results in increased

ubiquitination and proteasome-dependent

degradation of sarcomeric proteins

To confirm whether myostatin-mediated degradation

of sarcomeric proteins occurs via the ubiquitination sys-

TABLE 1. Sarcomeric proteins and protein synthesis machinery were significantly down-regulated upon myostatin
treatment as identified by iTRAQ labeling followed by nano-liquid chromatorgraph tandem mass spectrometry

Function Gene symbol and name Fold inhibition P value

Sarcomeric
proteins

Actn3, �-actinin-3 0.425 0.003
Des, Desmin 0.501 0.000
Mybph, myosin-binding protein H 0.685 0.046
Myh1, myosin-1 0.608 0.019
Myh2, myosin, heavy polypeptide 2, skeletal muscle, adult 0.780 0.006
Myh3, Myosin-3 0.200 0.005
Myh4, Myosin-4 0.235 0.032
Myh7, Myosin-7 0.525 0.035
Myh7b, Myosin-7B 0.235 0.012
Myh8, myosin-8 0.515 0.036
Myh9, myosin-9 0.472 0.051
Myl1, Myl1 protein 0.673 0.051
Myl4, myosin light chain 4 0.457 0.006
Mylpf, myosin regulatory light chain 2, skeletal muscle isoform 0.586 0.010
Tnnc2, troponin C, skeletal muscle 0.056 0.003
Tnni1, troponin I, slow skeletal muscle 0.567 0.012
Ttn, isoform 1 of Titin 0.394 0.000

Protein synthesis
machinery

Eif3f, eukaryotic translation initiation factor 3 subunit F 0.526 0.025
Eef2, elongation factor 2 0.667 0.008
Eif3a, eukaryotic translation initiation factor 3 subunit A 0.278 0.020
Eif3k, isoform 1 of eukaryotic translation initiation factor 3 subunit K 0.759 0.031
Eif4g2, eukaryotic translation initiation factor 4, � 2 isoform 1 0.625 0.036
Eif5b, isoform 1 of eukaryotic translation initiation factor 5B 0.698 0.041
Rps4, �40S ribosomal protein S4, X isoform 0.350 0.008
Rps3, 40S ribosomal protein S3 0.575 0.012
Rpsa, ribosomal protein SA 0.643 0.028
Rps24, isoform 3 of 40S ribosomal protein S24 0.673 0.011
Rps11, 40S ribosomal protein S11 0.643 0.012

The values were normalized to 1 by relative abundance of proteins found in two duplicates from two independent experiments.
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tem, sarcomeric proteins found in the insoluble fraction

of control or myostatin-treated C2C12 myotube protein

lysates were subjected to Western blot analysis with a

pan-ubiquitin-specific antibody (Fig. 2A). The Western

blot and corresponding densitometric analysis indicated

significantly elevated amounts of protein ubiquitination

in myostatin-treated myotubes when compared with the

control (Fig. 2B). These results indicate that excess

myostatin induces extensive ubiquitination of sarco-

meric proteins. Next, we tested whether blocking protea-

some function would rescue myostatin-mediated Myhand

Myl degradation. Two proteasome inhibitors, MG132 and

Epoxomicin (Epox), are known to curtail proteasome-

mediated protein turnover and thereby increase protein

content during muscle atrophy (7, 9, 30). Therefore,

C2C12 myotubes were treated with myostatin in the pres-

ence or absence of either MG132 or Epox, and the levels

of various isoforms of Myh and Myl were analyzed by

immunoblotting (Fig. 2, C and D). Whereas myostatin treat-

ment resulted in the loss of both fast and slow isoforms of

Myh and Myl, the addition of either MG132 or Epox, how-

ever, blocked myostatin-mediated protein degradation (Fig.

2, C and D). Importantly, the levels of Myh and Myl in

C2C12 myotubes exposed to myostatin remained compara-

ble to untreated control, in the presence of the proteasome

inhibitors, despite increased expression of Atrogin-1 and

MuRF1 (Fig. 2, C and D). In addition, analysis of protein

degradation, as measured by the percentage of [3H]tyrosine

lost after myostatin treatment, demonstrated elevated levels

of protein turnover when compared with the control (Fig.

2E). Moreover, the increased level of proteolysis was

blocked by addition of MG132 (Fig. 2E).

Myostatin-induced sarcomeric protein degradation

occurs preferentially through Atrogin-1

The results thus far indicate that myostatin treatment

induces the expression of two major ubiquitin E3 ligases,

FIG. 1. Myostatin induces the loss of sarcomeric proteins and protein synthesis machinery during myotubular atrophy. A, A micrograph showing

a Coomassie blue-stained SDS-PAGE. The molecular weight marker is indicated in lane-3 (from left). Protein lysates from myostatin treated (�) or

untreated myotubes (�) are shown. The arrow indicates an approximately 200 kDa protein which is reduced after myostatin treatment. The

molecular mass (kDa) of the protein is similar to that of Myh. B, Analysis of Myh and Myl isoforms by immunoblotting (IB). First panel, Myh fast

type 2 isoforms; Second panel, Myh fast 2A; Third panel, Myh fast 2B, fourth panel, Myh slow; and fifth panel, Myl (all isoforms). The sixth and

seventh panels refer to MuRF1 and Atrogin-1, respectively. The levels of �-tubulin were assessed to ensure equal loading. C, Densitometric analysis

of Myh (all isoforms), Myl (all isoforms), MuRF1, and Atrogin-1. P � 0.01 (**) and P � 0.001 (***) and error bars represent the mean � SD from

three replicate experiments. D, Real time-qPCR analysis of individual isoforms of Myh and Myl from untreated (Ctrl) and myostatin-treated (Mstn)

myotubes. E, Differentiated C2C12 myotubes were treated with conditioned media containing eukaryotic produced CHO-cell secreted myostatin

(10 and 20 ng, as estimated by ELISA) with the protein extracts subjected to IB analysis with Myh fast antibody (first panel), Myh slow antibody

(second panel), and an antibody that detects all isoforms of Myl (third panel). The fourth and fifth panels depict Atrogin-1 and MuRF1 protein

levels, respectively. The levels of �-tubulin were assessed to ensure equal loading. F, Real time-qPCR analysis of mRNA expression of Atrogin-1 and

MuRF1 in the presence or absence of recombinant myostatin (Mstn), soluble ActRIIB (ActRIIB) and follistatin (Fstn). The graph depicts the mean

fold change in gene expression and is representative of triplicate experiments. P � 0.001 (***) and error bars represent the mean � SD. G,

Mstn suppresses protein synthesis in differentiated myotubes. After 24 h of treatment with Mstn, myotubes were incubated with

[3H]tyrosine for 2 h. The radioactivity incorporated was measured and normalized to total protein lysate. P � 0.01 (**), and error bars

represent the mean � SD. Ctrl, Control.
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Atrogin-1 and MuRF1, to promote protein degradation.

However, the individual contribution of Atrogin-1 and

MuRF1 in myostatin-mediated skeletal muscle atrophy

has yet to be studied. To address this question in further

detail, C2C12 myotubes stably overexpressing short hair-

pin RNA (shRNA) designed to specifically target and inhibit

either Atrogin-1 (shAtrogin-1) or MuRF1 (shMuRF1) were

generated. Using real time qPCR, we identified that

shRNA overexpression resulted in the down-regulation

of Atrogin-1 and MuRF1 mRNA expression levels to

80% of that observed in control myotubes, confirming

that the shRNA was effective in reducing the levels of the

target mRNA (Fig. 3, A and B). The real time qPCR anal-

ysis also validated that the reduction in mRNA is specific

to the respective shRNA expressed, because we did not

observe a decrease in the levels of Atrogin-1 mRNA in

myotubes that expressed MuRF1 shRNA and vice versa

(Fig. 3, A and B).

Given the specificity and efficiency of the Atrogin-1 and

MuRF1 shRNA, the protein level of Myh and Myl in

C2C12 extracts treated myostatin was then examined (Fig.

3C). Western blot and densitometric analysis revealed that

Atrogin-1 knockdown resulted in the loss of approximately

20–30% of Myh and Myl expression upon myostatin treat-

ment. Conversely, about 70–80% loss of Myh and Myl

expression was noted when MuRF1 was silenced (Fig. 3,

C and D). As expected, in the presence of scrambled shRNA

(shCon), myostatin treatment yielded an increase in the ex-

pression of both Atrogin-1 and MuRF1, and a decrease in

both Myh and Myl protein levels (Fig. 3, C and D). In con-

trast, shRNA-mediated knockdown of either Atrogin-1 or

MuRF1 prevented myostatin-dependent up-regulation of

Atrogin-1 and MuRF1, respectively (Fig. 3C).

FIG. 2. Myostatin treatment results in increased ubiquitination and proteasome-dependent degradation of sarcomeric proteins. C2C12 myotubes

were differentiated and treated with myostatin. A, Sarcomeric protein-enriched fraction was analyzed by immunoblotting using specific anti-

ubiquitin (Ubi) antibodies. The top panel displays total ubiquitinated proteins in myostatin treated (�) and untreated (�) protein lysates. The levels

of �-tubulin were assessed to ensure equal loading. B, Densitometric analysis of ubiquitinated proteins, displayed as mean relative protein level

from two replicate experiments. P � 0.001 (***) and the error bars represent mean of � SD. C, Immunoblotting (IB) analysis of Myh isoforms (fast

and slow), Myl (all isoforms), MuRF1, and Atrogin-1 after treatment with (�) or without (�) myostatin in the presence (�) or absence (�) of either

Epox or MG132. The levels of �-tubulin were assessed to ensure equal loading. D, Densitometry analysis of IB for Myh (fast and slow), Myl (all

isoforms), Atrogin-1, and MuRF1, normalized to �-tubulin. The error bars represent mean � SD from three independent experiments. E, Myostatin

increases proteolysis in differentiated myotubes. Differentiated myotubes were incubated with [3H]tyrosine for 36 h and then treated with Mstn or

MG132 or a combination of both. Media were collected at 12 and 24 h, and the amount of degraded [3H]tyrosine-labeled protein was expressed

as a percentage of the initial amount of [3H]tyrosine added. Statistical significance was assessed. P � 0.01 (**) and P � 0.001 (***). Ctrl, Control.
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To confirm that the changes in sarcomeric protein

levels were not due to alterations in the mRNA, the

expression of Myh and Myl isoforms was determined

by real time qPCR using RNA from Atrogin-1 and

MuRF1 knockdown myotubes (Supplemental Fig. 1,

published on The Endocrine Society’s Journals Online

web site at http://mend.endojournals.org). The mRNA

expression level of Myh1, Myh2, Myh4, Myh7, Myh8

Myl1, Myl2, and Myl3 did not change significantly

with Atrogin-1 and MuRF1 shRNA transfection when

compared with shCon-transfected myotubes (Supple-

mental Fig. 1), further suggesting that the depression of

sarcomeric proteins can be attributed to posttranscrip-

tional events.

To further verify the central role of Atrogin-1 in myo-

statin-mediated degradation of sarcomeric proteins, pri-

mary myotubes from Atrogin-1 knockout mice (Atrogin-

1�/�) and wild-type (Atrogin-1�/�) mice were cultured

and treated with myostatin, and protein extracts were

subjected to Western blotting. According to Fig. 4A, there

was no significant degradation of Myh (Fast and Slow)

and Myl isoforms in Atrogin-1�/� myotubes after myo-

statin treatment, even though a significant up-regulation

of MuRF1 was observed (Fig. 4A). Consistent with this

result, myostatin treatment of Atrogin-1�/� myotube cul-

tures did not result in any significant myotubular wasting,

as measured by myotube area (Fig. 4B). Furthermore, we

measured the levels of MyoD in Atrogin-1�/� primary

myotubes and found that MyoD protein expression did

not change significantly in Atrogin-1�/� myotubes when

compared with wild-type myotubes challenged with myo-

statin (data not shown).

FIG. 3. Myostatin-induced sarcomeric protein degradation occurs preferentially through Atrogin-1. Myoblasts were transfected with control

shRNA (shCon) or shAtrogin-1 or shMuRF1 expressing pSilencer constructs. Stable knockdown myotube cultures were differentiated for 3 d and

treated with (�) or without (�) myostatin. A, Real time-qPCR analysis of Atrogin-1 and MuRF1 expression in Atrogin-1 knockdown cells after

myostatin treatment. B, Real time-qPCR analysis of Atrogin-1, and MuRF1 expression in MuRF1 knockdown cells after myostatin treatment. Graphs

display mean fold changes and are representative of three replicate plates. Each mRNA expression level was determined relative to the mean

expression level of mRNA in control cells. P � 0.01 (**), P � 0.001 (***), and error bars represent � SD. C, Immunoblotting (IB) analysis of

Atrogin-1, MuRF1, Myh (fast and slow) and Myl expression in Atrogin-1 and MuRF1 shRNA knockdown cells after treatment with (�) or without

(�) myostatin. The levels of �-tubulin were assessed to ensure equal loading. D, Densitometric analysis of IB for Myh and Myl isoforms after

treatment with or without myostatin (Mstn) in shCon-, shAtrogin-1-, and shMuRF1-transfected myotubes. The relative protein level (%) was

calculated by normalizing the control (shCon) to 100%. The data have been generated from four independent experiments. Error bars represent

mean � SD. Ctrl, Control.
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Atrogin-1 physically associates and ubiquitinates

sarcomeric proteins in vitro

Although MuRF1 ubiquitinates and targets sarcomeric

proteins for degradation, it is currently unclear whether or

not Atrogin-1 performs a similar function during

myostatin-induced skeletal muscle wasting. Thus, we de-

termined whether myostatin treatment increases the

physical association between Atrogin-1 and sarcomeric pro-

teins by performing tandem affinity purification (TAP) (Fig.

5A and B). According to Fig. 5, A and B, myostatin treat-

ment on C2C12 myotubes expressing the empty vector

(control) resulted in reduced levels of both Myh and Myl.

Whereas similar sarcomeric protein loss was observed when

C2C12 myotubes expressing Atrogin-1-CTAP vector were

exposed to myostatin, the coimmunoprecipitated complex

revealed that myostatin treatment increased Myh/Myl-

Atrogin-1 association (Fig. 5, A and B). It is noteworthy to

mention that Myh and Myl also associated with Atrogin-1

in the untreated samples, which is most likely due to the

constitutive expression of Atrogin-1 under normal physio-

logical conditions (Fig. 5, A and B). Next we performed an in

vitro ubiquitination assay to confirm whether or not sarco-

meric proteins are substrates for Atrogin-1 ubiquitin ligase

activity. Results demonstrated that increasing concentra-

tions of glutathione-S-transferase (GST)-hAtrogin-1 cor-

responded to increased levels of ubiquitinated Myh

FIG. 4. Myostatin-induced myotubular atrophy and degradation of

sarcomeric proteins is abrogated in Atrogin-1 knockout primary

myotubes. A, Immunoblotting (IB) analysis of Myh isoforms (fast and

slow), Myl, Atrogin-1, and MuRF1 in Atrogin-1�/� and Atrogin-1�/�

myotubes treated with (�) or without (�) myostatin (Mstn). The levels

of �-tubulin were assessed to ensure equal loading. B, Quantification

of average myotube area (�m2) in wild-type (Atrogin-1�/�) and

Atrogin-1-null mice (Atrogin�/�) after treatment with myostatin.

Graph represents the average myotube area (�m2) analyzed per

genotype, across 20 images from two coverslips from two

independent experiments. P � 0.001(***) and error bars represent

mean � SD. Ctrl, Control.

FIG. 5. Myosin heavy and light chain proteins are physically

associated with Atrogin-1 and are ubiquitinated by Atrogin-1 in vitro.

A and B, Coimmunoprecipitation (Co-IP) analysis of CTAP-labeled

Atrogin-1 (Atrogin-1-CTAP) in the presence (�) or absence (�) of

recombinant myostatin protein. Myh and Myl were detected using the

antibodies against Myh (all isoforms) and Myl (all isoforms). C, To study

in vitro ubiquitination, Myh (1 �M) was incubated with increasing

concentrations (0 nM, 20 nM, 30 nM, and 50 nM) of GST-hAtrogin-1 for

1 h. Immunoblotting (IB) analysis with an anti-ubiquitin (Ubi) antibody

is shown. Ubiquitinated Myh band is indicated within the brackets.
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(Fig. 5C). However, no ubiquitinated Myh band was

observed in the absence of Atrogin-1 (Fig. 5C). Collec-

tively, these results confirm that Atrogin-1 can directly

associate and ubiquitinate Myh.

Myostatin induces atrophy by up-regulating

FoxO1 and Atrogin-1 through a Smad3-dependent

signaling mechanism

Treatment with myostatin increased Smad3 phosphor-

ylation in myotubes (Fig. 6A). To analyze whether the

Smad3-signaling pathway plays a dominant role during

myostatin-mediated skeletal muscle atrophy, we cultured

and differentiated primary myotubes from wild-type

(Smad3�/�) and Smad3 null (Smad3�/�) mice, and

treated with myostatin. Expression of mutant Smad3 al-

lele in the myotubes isolated from Smad3 null muscles is

shown in Fig. 6B. Total proteins were

then extracted, and immunoblotting

was performed to analyze the expres-

sion of Myh (all isoforms), Myl (all iso-

forms), Atrogin-1, MuRF1, FoxO1,

and p-FoxO1. As expected, treatment

with myostatin resulted in the significant

up-regulation of Atrogin-1, MuRF1,

and FoxO1 protein expression in

Smad3�/� myotubes (Fig. 6C). Impor-

tantly, although MuRF1 was also up-

regulated in Smad3�/� myotubes after

addition of myostatin, myostatin failed

to induce the expression of Atrogin-1

and FoxO1 in the absence of Smad3

(Fig. 6C). In addition to the primary

cultures, we have repeated this

experiment in C2C12 myotubes overex-

pressing shRNA designed to specifically

target and repress Smad3 levels (Fig. 6, D

and E). By real time qPCR analysis, we

found that whereas there is a significant

increase in the expression of Atrogin-1

and FoxO1 upon myostatin treatment in

control C2C12 cells, down-regulation of

Smad3 results in the abrogation of myo-

statin-mediated induction of Atrogin-1

and FoxO1 (Fig. 6D). In contrast, ex-

pression of MuRF1 continued to be

up-regulated by myostatin despite

Smad3 silencing (Fig. 6D). Consistent

with gene expression data, Western blot

analysis confirmed that myostatin re-

quires Smad3 protein for the up-reg-

ulation of Atrogin-1 (Fig. 6E). This

observation was consistent with the

primary culture data mentioned

above and clearly suggests that even though myostatin

requires Smad3 signaling to regulate Atrogin-1 and

FoxO1 gene expression, Smad3 signaling is dispens-

able for myostatin-mediated up-regulation of MuRF1.

Discussion

An increase in circulating levels of myostatin results in

cachectic-like muscle wasting (22, 24, 31). The up-

regulation of myostatin ablates the expression of several

contractile proteins in skeletal muscle (23, 32). Using the

murine myoblast system and recombinant myostatin pro-

tein, we have recently demonstrated that myostatin in-

duces skeletal muscle wasting by elevating the expression

FIG. 6. Myostatin induces skeletal muscle atrophy by up-regulating FoxO1 and Atrogin-1

(but not MuRF1) through a Smad3-dependent signaling mechanism. A, Immunoblotting (IB)

analysis of Smad3 and pSmad3 after treatment with (�) or without (�) myostatin in

C2C12 myotubes. The levels of �-tubulin were assessed to ensure equal loading. B, real-

time qPCR analysis was used to detect the truncated allele (Exon8) of Smad3 in Smad3�/�

and Smad3�/� primary myoblasts. The expression of Gapdh was assessed to ensure that

equal amount of template was used in PCR. C, IB analysis of Myh (all isoforms), Myl (all

isoforms), FoxO1, p-FoxO1, MuRF1, and Atrogin-1 in primary myotube cultures from Smad3-

null (Smad3�/�) and wild-type (Smad3�/�) mice, after treatment with (�) or without (�)

recombinant myostatin protein (Mstn). The levels of �-tubulin were assessed to ensure equal

loading. D, The real time-qPCR analysis of Atrogin-1, FoxO1, MuRF1, and Smad3 expression

after shRNA-mediated Smad3 knockdown (shSmad3) and myostatin (Mstn) treatment. Graph

represents mean relative fold changes and is indicative of three replicate experiments. Each

mRNA expression level was determined relative to the mean expression level of that mRNA in

shCon cells. P � 0.001 (***) and the error bars represent � SD. E, IB analysis of Smad3,

Atrogin-1, FoxO1, and MuRF1 proteins in Smad3 knockdown (shSmad3) C2C12 myotubes

treated with or without myostatin. The levels of �-tubulin were assessed to ensure equal

loading of protein.
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of numerous components of the ubiquitin-proteasome

pathway, including the muscle-specific E3 ligases,

Atrogin-1 and MuRF1 (24, 33). In this report, we have

presented several lines of evidence to conclude that

myostatin induces muscle wasting by not only inhibit-

ing protein synthesis but also by inducing the ubiquitin-

proteasome-dependent degradation of C2C12 myo-

tube sarcomeric proteins. We have

highlighted that Atrogin-1 is the fore-

most muscle-specific E3 ligase that

facilitates myostatin-mediated muscle

wasting, and that regulation of the

Atrogin-1 is controlled by the ActRIIB-

Smad3-FoxO1 signaling axis (Fig. 7).

Proteomic data demonstrated that

several proteins involved in transla-

tion, thick and thin filament proteins,

were degraded when myotubes were

treated with myostatin (Table 1). A

Coomassie-stained gel comparing pro-

tein lysates enriched with sarcomeric

proteins from control and myostatin-

treated myotubes further highlighted

that a single protein, consistent in

molecular weight with Myh, was

highly abundant in control myotubes

but reduced in lysates from myostatin-

treated myotubes (Fig. 1A). Subse-

quent immunoblot analysis confirmed

that this particular protein was Myh

(Fig. 1B). Furthermore, myostatin

treatment of C2C12 myotubes resulted

in the indiscriminate proteolysis of

both slow and fast Myh (2A, 2B) iso-

forms (Fig. 1, B and C). Because there

was no change in mRNA levels of Myh

and Myl isoforms (Fig. 1D), we con-

cluded that the reduced levels of the

various myofibrillar proteins (Fig. 1B)

could be due to posttranscriptional

events including protein translation.

Accordingly, we assessed the effect of

myostatin on protein synthesis and

proteosomal mediated degradation of

intracellular proteins.

The increased levels of ubiquiti-

nated sarcomeric proteins enriched in

the insoluble fraction of myostatin-

treated C2C12 protein lysates (Fig. 2,

A and B), and the abrogation of myo-

statin-dependent decrease in Myh con-

tent in the presence of proteasome in-

hibitors (Fig. 2, C–E), substantiated the central role of the

ubiquitin-proteasome pathway in the selective targeting

and removal of sarcomeric proteins during myostatin-

mediated atrophy (Fig. 2, C–E). Studies have established

that two muscle-specific E3 ligases, Atrogin-1 and

MuRF1, facilitate muscle atrophy by ubiquitinating

structural and intracellular proteins for degradation (3, 4,

FIG. 7. Mechanism of myostatin-induced skeletal muscle atrophy. Proposed mechanism

behind myostatin-induced skeletal muscle wasting. Myostatin up-regulates components of

ubiquitin proteolysis system, including Atrogin-1, through a FoxO1- and Smad3-dependent

signaling mechanism. Enhanced activation of the ubiquitination system leads to degradation

of the majority of sarcomeric proteins, which are required for normal muscle growth and

development. Myostatin also inhibits protein synthesis by decreasing the phosphorylation of

Akt and reduced protein synthesis machinery, leading to enhanced progression of skeletal

muscle atrophy. Importantly, myostatin-induced skeletal muscle atrophy is reversible, as

shown through the action of its known antagonists, including soluble ActRIIB and follistatin

(Fstn). Arrows (3) represent activation, whereas blunt-ended (�) lines represent inhibition.
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7, 8, 34). During myostatin-mediated C2C12 atrophy, we

observed the striking up-regulation of both Atrogin-1 and

MuRF1, further implicating the ubiquitin-proteasome

pathway in manifesting this particular form of skeletal

muscle wasting. The individual contribution of these two

E3 ligases toward myostatin-mediated muscular atrophy,

however, is currently unclear. Targeted shRNA-mediated

inhibition of either Atrogin-1 or MuRF1 in C2C12 myo-

tubes exposed to myostatin yielded two significant obser-

vations. First, Atrogin-1 is the principal E3 ligase that

induces the majority of sarcomeric protein degradation

during myostatin-mediated muscle atrophy, because the

silencing of Atrogin-1 resulted in approximately 80% res-

cue of sarcomeric protein (Myh and Myl) expression after

treatment with myostatin (Fig. 3D). Furthermore, myo-

statin treatment of primary myotube cultures generated

from Atrogin-1 knockout mice failed to induce a signifi-

cant loss of both Myh and Myl, further validating the

importance of Atrogin-1 in facilitating myostatin-medi-

ated atrophy (Fig. 4A). Second, although MuRF1 is acti-

vated in response to myostatin signaling, it does not play

a major role in myostatin-induced skeletal muscle atro-

phy, because only about 20% of sarcomeric protein ex-

pression was rescued in the presence of MuRF1-specific

shRNA (Fig. 3D).

Considering the extensive rescue of myostatin-medi-

ated sarcomeric protein loss in the absence of Atrogin-1,

we examined whether Atrogin-1 itself could target the

degradation of Myh and Myl through the ubiquitin-pro-

teasome pathway. Indeed, coimmunoprecipitation of

Atrogin-1 using TAP revealed a previously unappreciated

association of Myh and Myl with Atrogin-1 (Fig. 5, A and

B). During myostatin-mediated atrophy, the amount of

Myh and Myl associated with Atrogin-1 was markedly

greater than the untreated C2C12 myotube extracts (Fig.

5, A and B), suggesting that Atrogin-1, much like MuRF1,

may target sarcomeric proteins for degradation. More-

over, an in vitro ubiquitination assay further confirmed

that Myh is directly ubiquitinated by Atrogin-1 (Fig.

5C). Taken together, these data reveal that sarcomeric

proteins associate with Atrogin-1, are ubiquitinated,

and finally targeted for degradation in response to

myostatin treatment.

To date, Atrogin-1 has only been shown to degrade

MyoD and eIF3-f in skeletal muscles (3, 35). iTRAQ pro-

teomic data specifically confirmed the degradation of sev-

eral proteins involved in protein synthesis, including

eIF3-f, due to myostatin exposure (Table 1). Consistent

with this we observed a decrease in protein synthesis in

myotubes treated with myostatin. Trendelenburg et al.

(25) also recently observed that myostatin treatment

restricts protein synthesis, however, not by inducing

Atrogin-1 but by impairing Akt/mTOR/p70S6K signal-

ing. However, the near-complete rescue of myostatin-

mediated sarcomeric protein loss during Atrogin-1

deficiency would suggest that myostatin-dependent inhi-

bition of the Akt/mTOR/p70S6K pathway assumes a

nominal role in skeletal muscle atrophy (Fig. 4A). Thus,

taking into account that Atrogin-1 targets both eIF3-f and

Myh for ubiquitin-mediated proteolysis, myostatin-medi-

ated muscle atrophy is principally due to the removal of

sarcomeric proteins, and decreased protein synthesis is

due to the proteolysis of translation machinery (3, 4).

Whether depressed Myh protein expression during myo-

statin-mediated atrophy is primarily due to Atrogin-1-

mediated degradation of sarcomeric proteins or through

Atrogin-1 promoting the degradation of protein synthesis

components, like eIF3-f, is unknown.

After establishing the prominence of Atrogin-1 in fa-

cilitating myostatin-mediated muscle atrophy, we next

examined the upstream signals that induce Atrogin-1 ex-

pression. Myostatin binds to ActRIIB, which in turn re-

sults in the phosphorylation of Smad2 and Smad3 (Fig.

6A) (25, 36, 37). The activated Smad transcription factors

themselves induce FoxO1 and FoxO3 expression, which

in turn leads to the expression of the muscle-specific E3

ligases. In this report, we show that either selective inhi-

bition or genetic inactivation of Smad3 prevents myosta-

tin-mediated increase in FoxO1 and corresponding

Atrogin-1 expression (Fig. 6, C–E). Thus, Smad3 is an

indispensable link tethering myostatin signal transduc-

tion to Atrogin-1 expression during myostatin-mediated

skeletal muscle wasting (Fig. 6, C–E). These results fur-

ther corroborate a recent publication by Sartori et al. (36),

who showed that Smad3 signaling is required for the up-

regulation of Atrogin-1 promoter by myostatin. MuRF1

expression, like Atrogin-1, was consistently up-regulated

during myostatin-mediated muscle atrophy. However, in

contrast to the data presented by Trendelenburg et al. (25)

and Sartori et al. (36), the absence of Smad3 did not

impair myostatin-dependent MuRF1 induction during

skeletal muscle atrophy. Bearing in mind that myostatin

signaling through ActRIIB activates both Smad2 and

Smad3, the former, i.e. Smad2, may be responsible for

overexpression of MuRF1 (29, 36). Nonetheless, the role

of MuRF1 in promoting myostatin-mediated skeletal

muscle wasting remains to be fully understood, because

only about 20% of sarcomeric protein loss could be at-

tributed to MuRF1 activity in C2C12 myotubes treated

with myostatin (Fig. 3D). It is noteworthy to mention that

dexamethasone, an effective synthetic glucocorticoid,

promotes wasting in skeletal muscle exclusively through

inducing MuRF1-dependent degradation of thick fila-

ments (7), indicating that the mechanism(s) through

Mol Endocrinol, November 2011, 25(11):1936–1949 mend.endojournals.org 1945

R
E
T
R
A
C
T
IO
N

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/2
5
/1

1
/1

9
3
6
/2

6
1
4
7
9
4
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



which procachectic molecules promote muscle wasting

are numerous.

Based on the observations in this study, we propose a

novel model whereby myostatin induces muscle wasting

(Fig. 7). Myostatin binding to ActRIIB results in the acti-

vation of the canonical Smad3-signaling pathway. Acti-

vated Smad3 will induce the expression of FoxO1, which,

upon dephosphorylation, translocates into the nucleus to

regulate Atrogin-1 expression. Although MuRF1 is also

overexpressed in response to myostatin, it is Atrogin-1

that induces the degradation of sarcomeric proteins. De-

creased protein synthesis in myotubes challenged with

myostatin could be due to the decreased activity of Akt.

Evidence presented in this report also suggests that the

loss of translation machinery accounts for depressed pro-

tein synthesis during myostatin-mediated muscle wasting.

Materials and Methods

Animal care

Mstn�/�, Atrogin-1�/�, Smad3�/� (C57BL/6) mice were

gifts from Se-Jin Lee (The Johns Hopkins University, Baltimore,

MD), Esther Latres (Regeneron Pharmaceuticals, Tarrytown,

NY) and Walter Wahli (University of Lausanne, Lausanne,

Switzerland) respectively. WT mice (C57BL/6) were obtained

from the Centre for Animal Resources (National University of

Singapore, Singapore). All experiments were performed accord-

ing to the approved protocols of the institutional animal ethics

committee (IACUC), Singapore. For primary myoblast culture,

mice were killed just before the commencement of the experi-

ment by CO2 asphyxiation, according to IACUC rules and

regulations.

Expression and purification of myostatin, soluble

ActRIIB, and follistatin

Recombinant Myostatin was expressed in both prokaryotic

and eukaryotic cells. Myostatin protein was expressed and pu-

rified from E. coli according to McFarlane et al. (24). Myosta-

tin-expressing CHO cells were kindly gifted by Se-Jin Lee (Johns

Hopkins University) and were grown as previously described

(22). Myostatin expression was induced by adding 50 �M of

ZnSO4 to serum free DMEM-F12 media and incubated for an

additional 24 h (22, 24). Media from control CHO cells and

myostatin-expressing cells were collected and centrifuged at

5000 � g for 10 min, followed by filtration using a 0.2-�m

membrane filter.

The cDNA of soluble ActRIIB (38) or Follistatin (Fstn) (39)

was cloned into the pET-16b expression vector (Novagen, Mad-

ison, WI), according to standard molecular biology protocols.

Soluble ActRIIB and follistatin were expressed and purified as

previously described (24). Activity of recombinant myostatin,

Soluble ActRIIB, and follistatin was assessed using a myoblast

assay (40).

Cell culture and treatments
Primary myoblasts were isolated exactly as previously de-

scribed (41). C2C12 myoblasts (American Type Culture Collec-
tion, Manassas, VA) were cultured and differentiated for 72 h,
as described previously (41). Differentiated myotubes were
treated with myostatin, expressed in either CHO cells or E. coli.
The conditioned media from CHO cells, induced to express
myostatin, were used at a concentration of 1 ml (10 ng) or 2 ml
(20 ng) of conditioned media per 10 ml of differentiation media
(DMEM � 2% horse serum) to treat myotubes. The concentra-
tion of myostatin in conditioned media was estimated by ELISA
(Diagnostik, Bensheim, Germany). Recombinant myostatin pu-
rified from E. coli was used at a concentration of 5 �g/ml to
induce myotubular atrophy. To antagonize myostatin signal-
ing, soluble ActRIIB and Fstn were added at a 1:1 ratio together
with recombinant myostatin. To block proteasome activity the
inhibitors MG132 (Sigma, St. Louis, MO) and Epox (Sigma)
were added at 10 �M and 100 nM, respectively, 10 h before
harvesting the cells.

Extraction of RNA and real time qPCR
RNA was isolated from muscle and myotubes using TRIZOL

reagent (Invitrogen, Carlsbad, CA), and cDNA was synthesized
using the iScript system (Bio-Rad Laboratories, Inc., Hercules,
CA), according to the manufacturer’s instructions. Real-time
PCR was performed using the CFX96 Real-Time system (Bio-
Rad). Each real-time PCR (20 �l) contained 2 �l of 5 times
diluted cDNA, 10 �l of 2� SsoFast Evagreen (Bio-Rad) and
primers at a final concentration of 200 nM. All reactions were
performed using the following thermal cycle conditions: 98 C
for 3 min followed by 45 cycles of a three-step reaction, dena-
turation at 98 C for 3 sec, annealing at 60 C for 20 sec, followed
by a melting curve from 60 to 95 C in 5-sec increments of 0.5 C
to ensure amplification specificity. Transcript levels of target
gene were normalized with Gapdh. Relative fold change in ex-
pression was calculated using the ��CT method. The sequence
of the primers used in this manuscript is available upon request.
All oligos pertaining to this study was purchased from Sigma
Aldrich (Singapore).

Immunoblotting
Myoblasts and myotubes were resuspended in protein lysis

buffer [50 mM Tris, (pH 7.5), 250 mM NaCl, 5 mM EDTA, 0.1%
NP-40, Complete protease inhibitor cocktail (Roche, Indianap-
olis, MN), 2 mM NaF, 1 mM Na3V04, and 1 mM phenylmethyl-
sulfoxide (PMSF)], incubated for 15 min and then centrifuged at
12,000 rpm for 10 min. Supernatant was considered as the
soluble fraction, and the pellet was referred to as the “insoluble”
fraction, rich in sarcomeric proteins. The insoluble fraction was
further processed according to protocol from Clarke et al. (7).
Proteins were quantified using Bradford reagent (Bio-Rad). A
total of 15 �g of each protein lysate was subjected to SDS-
PAGE, using a 4–12% precast gel (Invitrogen), and the proteins
were transferred to nitrocellulose membrane. The membrane
was then blocked overnight at 4 C in 5% milk in 1� Tris-
buffered saline-Tween 20 (TBST), and then incubated with
primary antibodies for 3 h with 5% milk in 1� TBST. The
membrane was washed in 1� TBST for 5 min (five times), and
then incubated with either goat antimouse IgG-horseradish per-
oxidase (HRP) conjugate or goat antirabbit IgG-HRP conjugate
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in blocking buffer for 1 h at room temperature. The washes were
repeated, before HRP activity was detected using Western
Lightning Chemiluminescence Reagent Plus (PerkinElmer, Bos-
ton, MA). The developed films were scanned and analyzed using
Quantity One imaging software (Bio-Rad). Information per-
taining to the antibodies is available in Supplemental Table 1.

Tandem affinity purification (TAP),

coimmunoprecipitation
The Atrogin-1 (muscle atrophy F-box) cDNA was PCR am-

plified and cloned into pZome1C and pZome1N (Euroscraf,
Germany) using standard molecular biological techniques with
the following primers. C-terminal Atrogin-1: Forward primer,
GGATCCATGCCGTTCCTT; reverse, GGATCCGAACTTGA
ACAAATTGA; N-terminal-Atrogin-1: Forward, GAATTCAT
GCCGTTCCTTG; reverse, GAATTCTCAGAACTTGAACA
AATTGA. The recombinant plasmid was stably transfected into
C2C12 myoblasts as described previously (24). C2C12 stably
expressing Atrogin-1 were differentiated into myotubes and
treated with 5 �g/ml myostatin (vehicle or control) for 24 h
before protein extraction. Protein (5 mg) was subjected to tan-
dem affinity purification according to protocol described previ-
ously (42–44). For coimmunoprecipitation studies, protein ex-
tracts from myostatin-treated C2C12 myotubes that stably
express Atrogin-1 (as described above) were incubated with
IgG-Agarose (Sigma) and the complex was purified as described
previously (43). The immunoprecipitated complex was sepa-
rated on 4–12% NuPAGE gels (Invitrogen) and transferred on
to nitrocellulose membrane. Immunoblot was performed using
a pan-Myh-specific antibody (24).

Measuring protein synthesis in C2C12 myotubes
Total protein synthesis was assessed through quantifying the

amount of [3H]tyrosine incorporation in C2C12 myotube cul-
tures as described previously (45). C2C12 myotubes were
treated with or without Mstn for 24 h. The myotubes were
incubated with media containing 5 �Ci/ml [3H]tyrosine for 2 h.
These samples were analyzed for total radioactivity incorpora-
tion and protein concentration using a scintillation counter
(PerkinElmer) and Bradford assay, respectively. Results were
expressed as disintegrations per minute per milligram of pro-
tein, normalized to the control. The experiment was repeated
four times in duplicate.

Measuring protein degradation in C2C12

myotubes
C2C12 myotubes were incubated with 5 �Ci/ml [3H]ty-

rosine for 36 h to label cellular proteins (46). The media were
then switched to the chase media containing 2 mM of unlabeled
tyrosine and incubated for 2 h. Myotubes were then incubated
with fresh chase media containing recombinant myostatin or
MG132 or a combination thereof for 12 and 24 h. The media
were collected at different intervals and precipitated with 10%
trichoroacetic acid and centrifuged at 12,000 rpm for 10 min at
4 C. The acid-soluble radioactivity was measured using a scin-
tillation counter (PerkinElmer). Radioactivity reflects the
amount of prelabeled protein that was degraded, and it was
expressed as a percentage of the total radioactivity initially in-
corporated. This experiment was repeated four times with du-
plicates, and values are represented as mean � SD.

In vitro ubiquitination
In vitro ubiquitination was performed according to the pre-

viously described protocol (7). Briefly, 125 nM E1 (Boston
Biochem, Inc); 4 �M UbcH5c (Boston Biochem, Inc.); 5 mM

His6-biotin-hUB (Boston Biochem); 20, 30 or 50 nM GST-hA-
trogin-1 (Abnova, Inc, Taipei, Taiwan); and 1 �M Myh or Myh
complex (Sigma) was added to the reaction buffer [50 mM

HEPES (pH 7.5)] containing 5 mM Mg-ATP solution (Sigma)
and 0.6 mM dithiothreitol. All reactions were carried out for 1 h
at room temperature and stopped by the addition of NuPAGE
LDS sample buffer (Invitrogen). Proteins were then denatured
by heating at 95 C and resolved on 4–12% Bis-Tris gels with 1�

2-(N-morpholino)ethanesulfonic acid SDS running buffer (In-
vitrogen) and transferred to nitrocellulose membranes for im-
munoblotting with anti-Ub antibody.

shRNA cloning, transfection, and stable cell line

selection
Two different short-hairpin sequences were designed for

each gene Atrogin-1, MuRF1 and Smad3 with high specificity,
using the online software, RNAi finder and Converter, available
at the Applied Biosystems website (http://www.ambion.com/
techlib/misc/siRNA_finder.html, and http://www.ambion.com/
techlib/misc/psilencer_converter.html). The sequences of the
shRNA oligos are available in Supplemental Table 2. Oligos
were ligated into the pSilencer vector according to protocol
recommended by the manufacturer (Applied Biosystems, Foster
City, CA). Vectors containing correctly orientated, mutation-
free short hairpin oligos were selected by sequencing. Vectors
were transfected into C2C12 myoblasts using the previously
described protocol (41). Negative control cells (with nonspecific
shRNA expression) were generated simultaneously under the
same conditions as mentioned above.

Measurement of myotube area
Myotubes were stained with hematoxylin and eosin and im-

ages were acquired using the Leica DM60000 B microscope
(Leica Corp., Deerfield, IL). Myotubes containing more than or
equal to three nuclei were considered for myotube area measure-
ment. The myotube area was measured using the Image pro plus
software and represented as �m2. The graph was plotted by
taking the average myotube area, and values are represented as
mean � SD.

Statistical analysis
One-way ANOVA and Student’s t test were used for statis-

tical significance measurement. The P values of P � 0.05 (*),
P � 0.01 (**), and P � 0.001 (***) were considered as signif-
icant. Error bar represents mean of �SD.
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