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Abstract

Proinflammatory cytokine TWEAK has now emerged as a key mediator of skeletal muscle-

wasting in many catabolic conditions. However, the mechanisms by which TWEAK induces

muscle proteolysis remain poorly understood. Here, we have investigated the role of ubiquitin-

proteasome system, autophagy, and caspases in TWEAK-induced muscle wasting. Addition of

TWEAK to C2C12 myotubes stimulated the ubiquitination of myosin heavy chain (MyHC) and

augmented the expression of E3 ubiquitin ligase MuRF1. Pretreatment of myotubes with

proteasome inhibitors MG132 or lactacystin or knockdown of MuRF1 by RNAi blocked the

TWEAK-induced degradation of MyHC and myotube atrophy. TWEAK increased the expression

of several autophagy-related molecules. Moreover, the inhibitors of autophagy improved the levels

of MyHC in TWEAK-treated myotubes. TWEAK also increased activity of caspases in C2C12

myotubes. Pan-caspase or caspase 3 inhibitory peptide inhibited the TWEAK-induced loss of

MyHC and myotube diameter. Our study demonstrates that nuclear factor-kappa B (NF-κB)

transcription factor is essential for TWEAK-induced expression of MuRF1 and Beclin1.

Furthermore, our results suggest that caspases contribute, at least in part, to the activation of NF-

κB in response to TWEAK treatment. Collectively, the present study provides novel insight into

the mechanisms of action of TWEAK in skeletal muscle.
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INTRODUCTION

Skeletal muscle-wasting or atrophy is a debilitating consequence of many catabolic

conditions such as diabetes, cancer, sepsis, AIDS, heart failure, denervation, immobilization,

and sarcopenia and is associated with reduced quality of life and increased mortality

(Acharyya and Guttridge, 2007; Jackman and Kandarian, 2004; Kandarian and Stevenson,

2002). Earlier reports have suggested that inflammatory cytokines such as tumor necrosis

#Address correspondence to: Ashok Kumar, Ph.D., Associate Professor, Department of Anatomical Sciences and Neurobiology,
University of Louisville School of Medicine, 500 South Preston Street, Louisville, KY 40202. USA, Phone: 502-852-1133, Fax:
502-852-6228, ashok.kumar@louisville.edu.
*These authors contributed equally to this study.

NIH Public Access
Author Manuscript
J Cell Physiol. Author manuscript; available in PMC 2014 September 04.

Published in final edited form as:

J Cell Physiol. 2012 March ; 227(3): 1042–1051. doi:10.1002/jcp.22821.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



factor-alpha (TNF-α) and interleukin-1β (IL-1β) play a pivotal role in loss of skeletal muscle

mass especially in chronic diseases (Argiles et al., 2005; Argiles et al., 2009; Späte and

Schulze, 2004). We have recently reported that proinflammatory cytokine TNF-like weak

inducer of apoptosis (TWEAK) is a major inducer of skeletal muscle-wasting both in vitro

and in vivo (Dogra et al., 2007a). At equimolar concentrations, TWEAK causes more

pronounced degradation of thick filament protein myosin heavy chain (MyHC) in cultured

myotubes compared to TNF-α, a well-known muscle-wasting cytokine and structural

homologue of TWEAK (Dogra et al., 2007a). Furthermore, we have shown that TWEAK is

a major mediator of loss of skeletal muscle mass and function in response to denervation

suggesting its role in physiological atrophy (Mittal et al., 2010). However, the mechanisms

by which TWEAK induces loss of skeletal muscle mass remain poorly understood.

It has been consistently observed that skeletal muscle wasting involves the activation of the

ATP-dependent ubiquitin-proteasome system which accelerates myofibril proteolysis

(Solomon and Goldberg, 1996). Moreover, in almost all muscle-wasting conditions, the

expression of two E3 ubiquitin ligases MuRF1 and MAFbx has been found to be highly up-

regulated which label the target proteins for degradation by 26S proteasome (Bodine et al.,

2001; Cao et al., 2005; Gomes et al., 2001). Their catabolic role in skeletal muscle has been

supported by the findings that targeted deletion of MuRF1 or MAFbx rescues muscle atrophy

in response to distinct stimuli including cancer cachexia, denervation, hind limb suspension,

and inflammatory cytokines (Bodine et al., 2001; Glass, 2010; Gomes et al., 2001).

Moreover, a few substrates which MuRF1 and MAFbx target for ubiquitination in atrophying

skeletal muscle have now been identified (Clarke et al., 2007; Cohen et al., 2009; Kedar et

al., 2004; Tintignac et al., 2005).

In addition to ubiquitin-proteasome system, the autophagy-lysosomal system has also been

suggested to play important role in muscle proteolysis in atrophy conditions (Attaix and

Bechet, 2007; Mammucari et al., 2007; Mammucari et al., 2008). In autophagy, a double

membrane vesicle structure known as autophagosome sequesters a portion of cytoplasm

including insoluble ubiquitinated proteins and fuses with lysosome where the contents of the

vesicles are degraded (Levine and Kroemer, 2008; Mizushima et al., 2008). Autophagosome

formation and elevated expression of several genes of this pathway have been observed in

skeletal muscle of mice in response to starvation and denervation (Mammucari et al., 2007;

Romanello et al., 2010; Zhao et al., 2007). Although the ubiquitin-proteasome and

autophagy were initially considered as independent pathways serving distinct functions,

accumulating evidence suggests that these two proteolytic systems can function in a

cooperative manner to stimulate muscle wasting (Mammucari et al., 2007; Zhao et al.,

2007).

Published reports suggest that skeletal muscle wasting may also require the activation of

other proteolytic systems such as caspases and calpains upstream of ubiquitin-proteasome

and autophagy systems (Lee et al., 2004; Tidball and Spencer, 2002). Caspase3 has been

shown to cleave actinomyosin complexes in vitro, generating monomeric actin and actin

fragments, including a characteristic 14-kDa fragment, which is subsequently degraded by

the 26S proteasome (Du et al., 2004). In animal models of systemic catabolic conditions

such as diabetes, caspase-3 activation and subsequent actin cleavage have been found to be
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initial critical steps in the loss of skeletal muscle mass (Du et al., 2004). Furthermore,

Caspase3-null mice have been found to be somewhat resistant to denervation-induced

skeletal muscle loss (Plant et al., 2009). However, it remains unknown whether TWEAK

affects the activation of specific caspases and whether caspases are involved in TWEAK-

induced muscle-wasting.

Nuclear factor-kappa B (NF-κB) is a proinflammatory transcription factor that regulates the

expression of a plethora of genes including those involved in muscle proteolysis and fibrosis

(Kumar et al., 2004). Increased activation of NF-κB has been consistently observed in

skeletal muscle in different types of atrophy (Li et al., 2008). The role of NF-κB in muscle

wasting is well-supported by the observations that constitutive activation of NF-κB causes

severe muscle-wasting in mice (Cai et al., 2004) and specific inhibition of NF-κB has been

found to block muscle atrophy in response to tumor growth, inflammatory cytokines,

denervation, and unloading (Cai et al., 2004; Dogra et al., 2007a; Hunter and Kandarian,

2004; Mourkioti et al., 2006). NF-κB has been found to induce the expression of several

components of ubiquitin-proteasome system including ubiquitin conjugating E2 enzyme

UBcH2/E220k (Li et al., 2003) , MuRF1 (Cai et al., 2004) and the proteasome C3 subunit

(Du et al., 2000). The activation of NF-κB may also promote muscle proteolysis through

enhancing the activity of autophagy-lysosomal system (Criollo et al., 2010).

While the TWEAK has been found to activate NF-κB and ubiquitin-proteasome system

(Dogra et al., 2007a; Mittal et al., 2010), it remains unknown whether TWEAK also affects

the activity of autophagy-lysosomal system and caspases in skeletal muscle. Furthermore, a

direct role for any of these proteolytic systems in TWEAK-induced muscle atrophy has not

been yet determined. It also remains unknown whether there is a cross-talk between

ubiquitin-proteasome, autophagy, and caspases to induce the degradation of muscle protein

and whether NF-κB regulates the expression of some of the components of these proteolytic

systems in TWEAK-treated muscle cells.

In the present study, we have investigated the role of ubiquitin-proteasome, autophagy,

caspases, and NF-κB signaling system in TWEAK-induced muscle-wasting. Our results

show that TWEAK stimulates the activation of ubiquitin-proteasome system, autophagy,

and caspases in cultured myotubes. Specific inhibition of either of these proteolytic systems

is sufficient to considerably reduce TWEAK-induced muscle wasting. Furthermore, our

study demonstrates that NF-κB is required for the expression of MuRF1 and Beclin1, the

critical components of ubiquitin-proteasome and autophagy systems, respectively.

MATERIALS AND METHODS

Materials

Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS), were obtained

from Invitrogen (Carlsbad, CA). Recombinant TWEAK protein, caspase-3 inhibitor (i.e. Ac-

DMQD-CHO), pan-caspase inhibitor (i.e. Z-VAD-FMK), and a control peptide (i.e. Z-FA-

FMK) were purchased from R&D Systems. Protease inhibitor mixture, horse serum, β-actin

antibody, and 3-methyladenine (3-MA) were from Sigma Chemical Co. (St. Louis, MO).

Effectene transfection reagent was obtained from Qiagen (Valencia, CA). Antibodies against
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Beclin1, LC3B, MuRF1, caspase 3, and tubulin were from Cell Signaling Technology, Inc.

(Beverly, MA). MF-20 antibody was obtained from the Developmental Studies Hybridoma

Bank of the University of Iowa. Anti-ubiquitin, MG132, and lactacystin were purchased

from Calbiochem (San Diego, CA). 32P-γ-ATP was from MP Biomedicals (Solon, OH).

Consensus NF-κB oligonucleotides were purchased from Promega.

Cell Culture

C2C12 (a mouse myoblastic cell line) were obtained from American Type Culture

Collection (Rockville, MD). The cells were grown in DMEM containing 10% FBS.

Differentiation in C2C12 myoblast cultures was induced by replacing the medium with

differentiation medium (2% horse serum in DMEM) (Dogra et al., 2006; Dogra et al.,

2007b).

Short hairpin RNA (shRNA)

Validated plasmids encoding short hairpin RNA (shRNA) for murine IKKβ and Beclin1 and

negative control were purchased from Sigma Chemical Company (Saint Louis, MO). All

shRNA plasmids were amplified by transforming in E. Coli and purified using endotoxin-

free maxi plasmid kit (Qiagen). The plasmids were introduced in C2C12 myoblasts using

Effectene transfection reagents. Since shRNA plasmids contained puromycin resistant gene,

the transfected cells were selected in the presence of 1.6 µg/ml puromycin (Sigma) for 72h.

The knockdown of IKKβ and Beclin1 was confirmed by performing Western blot.

Adenoviral Vectors

MuRF1 shRNA adenoviral construct and a control shRNA viral construct targeting no

known RNA sequence used for this study have been previously described (Clarke et al.,

2007). Construction of control adenoviral vector (Ad.Control) and IκBαΔN-expressing

adenoviral vector (Ad.IκBαΔN) has been reported in a previously published article (Dogra

et al., 2007a). The purified viruses were used at a final concentration of 2 × 107 pfu/ml.

Transient Transfection and MuRF1 Reporter Gene Activity

Cells plated in 24-well tissue culture plates were transfected with MuRF1-Luc reporter

plasmid (kindly provided by Dr. Stewart Lecker) using Effectene transfection reagent

according to the protocol suggested by the manufacturer (Qiagen). Transfection efficiency

was controlled by cotransfection of myoblasts with Renilla luciferase encoding plasmid

pRL-TK (Promega). Specimens were processed for luciferase expression using a Dual

luciferase assay system with reporter lysis buffer per the manufacturer’s instructions

(Promega). Luciferase measurements were made using a luminometer (Berthold Detection

Systems).

Stable Transfection

For stable transfection, C2C12 myoblasts were plated in 6-well tissue culture plate at a

density of 2 × 105 cells/well. Next day, the cells were transfected with 0.4 µg/well control or

specific shRNA plasmid along with pBabe-puro plasmid (in 1:10 ratio) using Effectene

transfection reagent following a protocol suggested by the manufacturer (Qiagen). After
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36h, the transfected cells were selected in the presence of 1.6 µg/ml puromycin (Sigma) for

6 days followed by addition of differentiation medium and incubation for additional 96h.

The knockdown of specific gene was confirmed by performing Western blot.

Immunocytochemistry and Myotube Diameter Analyses

C2C12 myotubes were treated with TWEAK for 72h followed by immunostaining for

MyHC protein using MF20 antibody as described (Dogra et al., 2007a). The pictures of the

myotubes were taken using a digital camera and diameter of the myotubes was measured

using NIS Elements BR 3.00 software (Nikon). Myotube diameter was quantified as

follows: 10 fields were chosen randomly and 10 myotubes were measured per field. The

average diameter per myotube was calculated as the mean of the five measurements taken

along the length of the myotube.

Immunoprecipitation and Western Blotting

Immunoprecipitation and Western blot were performed following a standard method as

described (Dogra et al., 2006; Dogra et al., 2007b). All antibodies were used at a dilution of

1:1000 for immunoblotting.

Electrophoretic Mobility Shift Assay (EMSA)

The activation of NF-κB transcription factor was measured by EMSA. A detailed procedure

for the preparation of nuclear and cytoplasmic extracts and EMSA has been described

previously (Dogra et al., 2006).

Quantitative Real-Time PCR (QRT-PCR)

Quantitative real time PCR was performed to measure the mRNA levels of different genes

following a method as described (Dogra et al., 2006). The sequences of the primers used are

as follows: Caspase 3: 5’-GGA GGC TGA CTT CCT GTA TGC TTA-3’ (forward), 5’-

AAT TCC GTT GCC ACC TTC CT-3’ (reverse); Caspase 8: 5’-TGC TAT TGC TGA AGA

ACT GGG C-3’ (forward), 5’-TTT CCC GCA GCC TCA GAA AT-3’(reverse). Sequence

of all other primers has been described in our previously published article (Mittal et al.,

2010). Data normalization was done using the endogenous control gene glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) or β-actin, and the normalized values were subjected to

a 2−ΔΔCt formula to calculate the fold change between the control and experimental groups.

The formula and its derivations were obtained from the ABI Prism 7900 sequence detection

system user guide.

Caspase Activity Assay

Pan-caspase activity was determined using a homogeneous caspase assay kit (Roche)

according to supplier’s instructions.

Statistical Analyses

All the experiments were repeated at least three times unless otherwise stated. Results are

expressed as mean ± SD. The Student t test was used to compare quantitative data
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populations with normal distributions and equal variance. A value of p<0.01 was considered

statistically significant unless otherwise specified.

RESULTS

Ubiquitin-proteasome system is involved in TWEAK-induced degradation of myosin heavy
chain (MyHC) and atrophy in C2C12 myotubes

We have previously reported that TWEAK reduces the protein levels of MyHC and induces

atrophy in cultured C2C12 myotubes (Dogra et al., 2007a). We first investigated whether the

loss of MyHC in response to TWEAK occurs through the activation of ubiquitin-proteasome

system. C2C12 myotubes were treated with increasing concentrations of TWEAK for 12h

and cell extracts made were immunoprecipitated with anti-ubiquitin (Ub) followed by

Western blot using anti-MyHC. As shown in Figure 1A, the mature form of MyHC was

readily immunoprecipitated with ubiquitin antibody suggesting the potential role of

ubiquitin-proteasome pathway in the turnover of MyHC. We also detected that levels

associated with the mature form of MyHC are increased in response to TWEAK treatment

(Figure 1A). Moreover, smaller MyHC-reactive fragments, which generally represent

proteolyzed intermediates of this protein, were visible in TWEAK-treated samples

(Acharyya et al., 2004). These results prompted us to investigate whether the inhibition of

proteasome system would block the TWEAK-induced degradation of MyHC in C2C12

myotubes. C2C12 myotubes were pre-incubated with proteasome inhibitor MG132 or

lactacystin for 3h followed by addition of TWEAK. After 72h, the cell extracts made were

analyzed by Western blot using MF-20 (specific for MyHC-fast type) antibody.

Interestingly, TWEAK-induced loss of MyHC was considerably reduced upon treatment of

myotubes with MG132 or lactacystin (Figure 1B). As a measure of myotube atrophy, in a

parallel experiment, we also studied the effects of MG132 and lactacystin on myotube

diameter. Average myotube diameter was significantly higher in TWEAK-treated cultures

containing MG132 or lactacystin compared to corresponding myotubes treated with vehicle

(Figure 1C). These results indicate that TWEAK induced MyHC degradation and myotube

atrophy involves ubiquitin-proteasome system.

E3 ubiquitin ligase MuRF1 is essential for TWEAK-induced MyHC degradation and atrophy
in cultured myotubes

E3 ubiquitin ligase MuRF1, an important component of ubiquitin-proteasome system in

skeletal muscle, has been reported to catalyze the conjugation of ubiquitin to MyHC in

dexamethasone-treated muscle cells (Clarke et al., 2007). We sought to determine whether

TWEAK induces the degradation of MyHC through augmenting the expression of MuRF1.

Consistent with our previously published report (Dogra et al., 2007a), treatment with

TWEAK significantly increased the MuRF1 transcript levels in C2C12 myotubes (Figure

2A). Furthermore, Western blot analysis showed that TWEAK also augments the protein

levels of MuRF1 in C2C12 myotubes (Figure 2A). Using MuRF1 promoter reporter

construct, we also found that TWEAK enhanced the activity of MuRF1 promoter in

myotubes (Figure 2B). To understand the role of MuRF1 in TWEAK-induced degradation

of MyHC, C2C12 myotubes were transduced with adenoviral vector expressing either a

scrambled short hairpin RNA (shRNA) or MuRF1 shRNA (Clarke et al., 2007). Suppression
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of MuRF1 levels upon transduction with MuRF1 shRNA adenoviral vector (Ad.MuRF1

shRNA) was confirmed by performing Western blot (Figure 2C). Interestingly, depletion of

MuRF1 considerably increased the levels of MyHC in TWEAK-treated C2C12 myotubes

(Figure 2C). Furthermore, myotube diameter was also found to be significantly improved in

MuRF1 shRNA-expressing cultures compared to control shRNA-expressing cultures after

72h of addition of TWEAK (Figure 2D). These results suggest that TWEAK induces the

degradation of MyHC and myotube atrophy through augmenting the expression of MuRF1.

TWEAK augments the expression of autophagy-related genes in myotubes

Published reports suggest that muscle-wasting stimuli such as starvation and denervation

induce the expression of several autophagy related genes in skeletal muscle cells

(Mammucari et al., 2007; Sandri, 2010; Zhao et al., 2007). We next investigated whether

TWEAK affects the activity of autophagy-lysosomal system in cultured myotubes. C2C12

myotubes were treated with TWEAK protein and the transcript levels of major autophagy-

related genes were measured by QRT-PCR assay. As shown in Figure 3A, TWEAK

significantly increased the transcript levels of Beclin1, LC3B, Atg5 and Atg12 in C2C12

myotubes. Furthermore, by performing Western blot, we also studied whether TWEAK

induces the conversion of LC3B-I protein into LC3B-II, a critical step in the activation of

autophagy system (Sandri, 2010). We observed that the protein levels of both LC3B-I and

LC3B-II were increased in C2C12 myotubes in a time-dependent manner in response to

TWEAK (Figure 3B). TWEAK also enhanced the protein level of Beclin 1 (~ 2.3 fold at 6h)

in C2C12 myotubes (Figure 3B) suggesting that TWEAK augments the activity of

autophagy-lysosomal pathway.

Autophagy inhibitors rescue TWEAK-induced atrophy in myotubes

To further understand the role of autophagy in TWEAK-induced muscle atrophy, we used 3-

methyladenine (3-MA), a well-known pharmacological inhibitor of macroautophagy (Seglen

and Gordon, 1982). C2C12 myotubes were pretreated with 3-MA for 3h followed by

incubation with TWEAK for additional 72h and staining of myotube cultures with MF20

antibody. As shown in Figure 4A, Figure 3-MA prevented TWEAK-induced atrophy in

C2C12 cultures. Quantitative estimation of myotube diameter confirmed that 3-MA

preserved myotube size in response to TWEAK treatment (Figure 4B). We next studied the

effects of 3-MA on levels of MyHC in TWEAK-treated C2C12 myotubes. A moderate

increase in MyHC levels was noticeable in TWEAK-treated myotubes incubated with 3-MA

(Figure 4C). Interestingly, 3-MA was less effective in preventing the loss of MyHC

compared to proteasome inhibitors (Figure 1C) or knockdown of MuRF1 (Figure 2C).

We also used siRNA technique to investigate the role of autophagy in TWEAK-induced

muscle-wasting. Beclin1 is a critical component of autophagy system and is required for

autophagosome formation in mammalian systems (Liang et al., 1999). C2C12 myoblasts

were stably transfected with plasmid vector expressing a control shRNA or Beclin1 shRNA

followed by their differentiation into myotubes. Knockdown of Beclin1 did not affect the

myotube formation in C2C12 cultures (data not shown). However, we found that

knockdown of Beclin1 significantly improved myotube diameter in TWEAK-treated

cultures (Figure 4D) providing additional evidence regarding potential role of autophagy in
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TWEAK-induced atrophy. We also investigated whether autophagy affects the ubiquitin-

proteasome system and vice versa, in response to TWEAK. As a measure of the activation

of ubiquitin-proteasome system, we quantified the transcript levels of MuRF1 in C2C12

myotubes transfected with control or Beclin1 shRNA. While TWEAK increased the

expression of MuRF1 in both control and Beclin1 shRNA-expressing C2C12 myotubes, the

levels of MuRF1 were comparable between them (Figure 4E). Furthermore, treatment with

proteasome inhibitor lactacystin increased the basal level of Beclin1 in myotubes though no

further increase was observed after TWEAK treatment (Figure 4F). These results indicate

that when ubiquitin-proteasome system is not functional, TWEAK can still induce muscle

proteolysis through the activation of autophagy-lysosomal system.

Caspases are involved in TWEAK-induced myotube atrophy

Since caspases have been previously found to be involved in some types of muscle atrophy

(Du et al., 2004; Plant et al., 2009; Supinski et al., 2010), we investigated whether TWEAK

affects the expression and/or activation of caspases in cultured myotubes. C2C12 myotubes

were treated with TWEAK for 24h and the cell extracts made were analyzed for pan-caspase

activity using a commercially available kit (Roche). As shown in Figure 5A, TWEAK

significantly increased the activation of caspases in cultured myotubes. Published reports

suggest that caspase 8 (an initiator caspase) and caspase 3 (an effector caspase) are some of

the important caspases involved in muscle proteolysis (Du et al., 2004; Supinski et al., 2009;

Supinski et al., 2010). Interestingly, we found that treatment with TWEAK significantly

increased the mRNA levels of both caspase 8 and caspase 3 in myotubes (Figure 5B).

Furthermore, Western blot analysis showed that TWEAK augments the protein levels of

pro-caspase 3 and its conversion into active caspase 3 (Figure 5C).

To investigate the role of caspases in TWEAK-induced myotube atrophy, we employed

specific cell permeable peptide inhibitors of pan-caspases and caspase-3. C2C12 myotubes

were preincubated with control peptide Z-FA-FMK, pan-caspase inhibitor Z-VAD-FMK, or

caspase-3 inhibitor Ac-DMQD-CHO for 3h followed by incubation with TWEAK for 72h

and measurement of MyHC levels by Western blot. Although both Z-VAD-FMK and Ac-

DMQD-CHO were found to be effective in blocking TWEAK-induced loss of MyHC in

C2C12 myotubes, Z-VAD-FMK was found to be more potent compared to Ac-DMQD-

CHO (Fig 5D). Consistent with MyHC levels, incubation with Z-VAD-FMK or Ac-DMQD-

CHO significantly improved myotube diameter in TWEAK-treated C2C12 cultures (Figure

5E). These results suggest that caspase-3 is one of the caspases involved in TWEAK-

induced muscle-wasting.

NF-κB is involved in TWEAK-induced expression of MuRF1 and Beclin1 in cultured
myotubes

NF-κB is a major transcription factor involved in different types of muscle atrophy (Li et al.,

2008). We have previously reported that the inhibition of NF-κB prevents the TWEAK-

induced degradation of MyHC in cultured myotubes (Dogra et al., 2007a). Recent studies

have also indicated that NF-κB controls the expression of MuRF1 in skeletal muscle in

atrophic conditions (Cai et al., 2004; Mourkioti et al., 2006). We investigated whether NF-

κB plays a role in TWEAK-induced expression of MuRF1 and Beclin1, the major
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components of ubiquitin-proteasome and autophagy systems, respectively. C2C12

myoblasts were stably transfected with plasmid vectors expressing either control or IKKβ

(an upstream activator of classical NF-κB pathway (Li et al., 2008)) shRNA followed by

their differentiation into myotubes. The cells were then treated with TWEAK for 6h and

relative mRNA levels of MuRF1 and Beclin1 were measured by QRT-PCR assay.

Interestingly, knockdown of IKKβ significantly reduced the transcript levels of both MuRF1

(Figure 6A) and Beclin1 (Figure 6B) in TWEAK-treated myotubes. To further validate the

role of NF-κB in TWEAK-induced expression of MuRF1 and Beclin1, we studied the

effects of adenoviral-mediated overexpression of a degradation-resistant mutant of IκBα

protein (i.e. IκBαΔN), an inhibitor of NF-κB (Dogra et al., 2007a; Li et al., 2008) in C2C12

myotubes. Our results showed that TWEAK-induced expression of MuRF1 or Beclin1 was

significantly reduced in IκBαΔN-expressing myotubes (Figure 6C and Figure 6D). Taken

together, these findings suggest that TWEAK augments the expression of both MuRF1 and

Beclin1 through activation of NF-κB transcription factor.

Role of caspases in the activation of NF-κB and expression of MuRF1 in myotubes in
response to TWEAK

Recent reports also indicate that caspases may also be involved in the activation of NF-κB in

response to specific stimuli (Lamkanfi et al., 2007). We sought to investigate the role of

caspases in TWEAK-induced activation of NF-κB in cultured myotubes. C2C12 myotubes

were preincubated with Z-FA-FMK, Ac-DMQD-CHO, or Z-VAD-FMK for 3h followed by

treatment with TWEAK for 1h. The activation of NF-κB was measured by EMSA. As

shown in Figure 7A, treatment with Caspase 3 inhibitor Ac-DMQD-CHO did not affect the

activation of NF-κB in TWEAK-treated myotubes. Though moderately, pan-caspase

inhibitor Z-VAD-FMK reduced the levels of NF-κB (~45%) in TWEAK-treated myotubes

(Figure 7A).

We also investigated whether caspases mediate muscle atrophy through up-regulation of the

components of ubiquitin-proteasome or autophagy system in TWEAK-treated myotubes.

C2C12 myotubes were preincubated with Z-FA-FMK (control peptide), Ac-DMQD-CHO

(caspase 3 inhibitor), or Z-VAD-FMK (pan-caspase inhibitor) for 3h followed by addition of

TWEAK. After 6h, mRNA level of MuRF1 was measured by QRT-PCR technique. As

shown in Figure 7B, inhibitor of pan caspases but not caspase 3 significantly reduced the

TWEAK-induced expression of MuRF1 in C2C12 myotubes. Consistent with mRNA levels,

we also found that pan caspases inhibitor was effective in reducing the protein levels of

MuRF1 in TWEAK-treated myotubes (Figure 7C). However, treatment of myotubes with

pan-caspase or caspase 3 peptide inhibitor did not have any significant effect on TWEAK-

induced expression of Beclin1 in C2C12 myotubes (Figure 7D). These results indicate that

though not major, caspases may have a role in the activation of NF-κB and induction of

MuRF1 in TWEAK-treated myotubes.

DISCUSSION

TWEAK is a multifunctional cytokine involved in regulation of inflammatory and immune

responses (Maecker et al., 2005; Winkles, 2008). In our search for novel mediators of
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muscle-wasting, we previously identified TWEAK as a potent muscle-wasting cytokine

(Dogra et al., 2007a). The present study was undertaken to understand the role of various

proteolytic systems in TWEAK-induced muscle atrophy. Our results demonstrate that

TWEAK stimulates the activity of ubiquitin-proteasome system, autophagy and caspases

and inhibition of any one of these proteolytic systems is sufficient to significantly rescue

muscle atrophy in response to TWEAK. A schematic representation of the roles that various

proteolytic systems play in TWEAK-induced muscle atrophy, supported by our experiments

in this study, is depicted in Figure 8.

The ubiquitin-proteasome system has been suggested to degrade many contractile proteins

and plays a major role in skeletal muscle-wasting (Solomon and Goldberg, 1996). Different

and multiple events in the ubiquitination, deubiquitination, and proteolytic machineries are

responsible for the activation of the system and subsequent muscle-wasting (Cao et al.,

2005). Though skeletal muscle-wasting involves the degradation of several muscle proteins,

MyHC is one of the most important proteins rapidly degraded in response to different

catabolic stimuli including cancer cachexia, inflammatory cytokine cocktail, and

dexamethasone (Acharyya et al., 2004; Clarke et al., 2007; Ladner et al., 2003). Our

previously published report (Dogra et al., 2007a) and experiments in this study suggest that

TWEAK alone is sufficient to stimulate proteolysis leading to significant loss of MyHC with

concomitant myotube atrophy. The present study also suggests that the activation of

ubiquitin-proteasome system is a prominent mechanism by which TWEAK causes muscle-

wasting in cultured myotubes. The ubiquitylation of MyHC was rapidly increased and

proteasome inhibitors considerably preserved levels of MyHC and spared myotube size in

response to TWEAK (Figure 1).

In catabolic states where proteolysis is increased, two genes specific to muscle atrophy,

MuRF1 and MAFbx, are highly upregulated (Cao et al., 2005; Glass, 2010). Recently, it was

reported that MuRF1 associates and catalyzes the ubiquitylation of thick filament protein

MyHC in skeletal muscle in response to dexamethasone (Clarke et al., 2007). The results of

the present study suggest that MuRF1 contributes to the TWEAK-induced loss of MyHC

and myotube atrophy (Figure 2). Our experiments also demonstrate that TWEAK induces

the expression of several genes involved in autophagy-lysosomal pathway and

macroautophagy inhibitor 3-MA prevents TWEAK-induced loss of myotube diameter (Figs.

3 and 4). Although it is still unclear whether autophagy promotes or prevents cell damage

and leads to improvement or worsening of disease outcome, the presence of autophagic

vacuoles is a prominent and characteristic structural feature in different types of atrophying

muscle (Sandri, 2010). For example, autophagy is highly up-regulated in response to fasting

and denervation. Previous studies have shown that overexpression of constitutively active

Foxo3 stimulates proteolysis and initially both proteasomal and lysosomal systems

contribute equally to the proteolysis of myofibrillar proteins but at later time points

lysosomal pathway account for ~70% of the total proteolysis (Zhao et al., 2007). It has also

been shown that the phosphatidylinositol 3-kinase (PI3K)-Akt signaling inhibits atrophy by

suppressing the activity of FOXO family transcription factors which regulates the expression

of several genes involved in ubiquitin-proteasome and autophagy systems (Mammucari et

al., 2007). Interestingly, we have previously reported that TWEAK down-regulates the
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activity of Akt and reduces the phosphorylation of FOXO resulting in their increased

activation and nuclear localization (Dogra et al., 2007a). Therefore, one of the mechanisms

by which TWEAK augments the activity of ubiquitin-proteasome system and autophagy in

myotubes could be through the inhibition of Akt-mTOR pathway. Until recently, autophagy

was considered mostly as proteolytic mechanism responsible for degradation of bulk of

muscle protein in atrophying conditions (Sandri, 2010). However, a recent study has shown

that muscle-specific inhibition of autophagy induces myopathy and exaggerates muscle loss

in response to denervation and starvation raising an interesting possibility that basal level of

autophagy may be essential for clearance of already damaged and/or ubiquitinated proteins

in atrophying muscle (Masiero et al., 2009). This notion is also supported by autophagy-

deficient Pompe mice where a larger accumulation of ubiquitinated protein was noticeable

(Raben et al., 2008). Although their precise mechanisms of action remain unclear, our

experiments indicate that both proteasomal and autophagy systems are involved in TWEAK-

induced atrophy. Our study also suggests a possible link between these two proteolytic

systems because inhibitors of proteasome increased the expression of Beclin1 in myotubes

(Figure 4F).

Accumulating evidence suggests that other proteolytic enzymes such a caspases may be

required for initial cleavage of the myofibrillar components, thereby accelerating

disassembly and degradation by the ubiquitin-proteasome system (Cohen et al., 2009; Du et

al., 2004). Activation of caspase 3 during atrophy is at least one of the mechanisms involved

in the initial steps of myofibrillar degradation. Although the ubiquitin proteasome system

can degrade monomeric actin or myosin, it does not break down actomyosin complexes or

myofibrils (Cohen et al., 2009; Solomon and Goldberg, 1996). The role of caspase 3 in actin

fragmentation during atrophy is supported by the observation that recombinant caspase-3

could increase actin fragmentation of purified actomyosin, and protein extracts prepared

from whole muscle or L6 myotubes (Du et al., 2004). More recently, it has been found that

activation of caspase 8, an immediate upstream activator of caspase 3, is increased in

skeletal muscle in response to many catabolic stimuli such as cytokine cocktail, endotoxin,

and during sarcopenia further supporting the role of caspases in muscle proteolysis (Baker

and Hepple, 2006; Supinski et al., 2009; Supinski et al., 2010).

Our results showed that while TWEAK does not cause any noticeable cell death in

myotubes (data not shown), it augments the expression and activation of caspases in C2C12

myotubes (Figure 5A). Our results also provide initial evidence that caspases are involved in

TWEAK-induced loss of MyHC. Since pan caspase inhibitor was more effective compared

to caspase 3 inhibitor in preventing the loss of MyHC and myotube diameter, it appears that

in addition to caspase 3, some other caspases are also involved in TWEAK-induced muscle

atrophy. While MuRF1 E3 ligase has been found to ubiquitinate MyHC leading to its

degradation by 26S proteasome, knockdown of MuRF1 did not completely prevent loss of

MyHC in response to TWEAK (Figure 2C) or dexamethasone (Clarke et al., 2007)

indicating that other proteolytic systems especially caspases may also contribute to loss of

MyHC in atrophy conditions. Furthermore, it is also possible that the activation of non-

mitochondrial caspase pathways is an initial event leading to the disassembly of

myofilamnents and subsequent degradation of soluble MyHC by MuRF1-dependent

mechanisms (Cohen et al., 2009).
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It has been consistently observed that the activation of NF-κB in skeletal muscle is increased

in many catabolic conditions (Li et al., 2008). Inhibition of NF-κB has been found to

prevent loss of MyHC in TWEAK-treated myotubes (Li et al., 2008). Our results

demonstrate that one of the mechanisms by which NF-κB mediates TWEAK-induced

muscle atrophy is through augmenting the expression of MuRF1 (Figure 6) which is

consistent with a previously published report (Mourkioti et al., 2006) and data in this study

(Figure 6) that NF-κB is essential for MuRF1 expression in atrophying skeletal muscle. We

also found that NF-κB induces the expression of Beclin1 in myotubes in response to

TWEAK. Although the exact mechanisms by which TWEAK up-regulates Beclin1

expression remain unknown, a recently published report has suggested that NF-κB promotes

autophagy in some other cell-types (Criollo et al., 2010). Furthermore, activation of caspases

seems to contribute, at least in part, to the activation of NF-κB in response to TWEAK

supported by our results that pan-caspase inhibitor diminished the activation of NF-κB in

response to TWEAK treatment (Figure 7A). Since pan-caspase inhibitor was also able to

reduce the expression of MuRF1, these results indicate a possible cross-talk between

caspases and ubiquitin-proteasome system through NF-κB.

Based on the findings in this report, a putative sequence of events that is initiated in

response to TWEAK and leads to muscle atrophy is presented in Figure 8. While more

investigations are required to understanding the mechanisms of action of TWEAK in

skeletal muscle, the present study provides initial evidence that TWEAK-induced muscle

atrophy involves coordinated activation of multiple proteolytic systems and NF-κB. Similar

mechanisms might be involved in skeletal muscle-wasting in response to other stimuli.
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FIGURE 1. Role of the ubiquitin-proteasome system in TWEAK-induced proteolysis and
atrophy
A) C2C12 myotubes were incubated with increasing amounts of TWEAK protein for 12h.

Protein extracts were made and an equal amount of protein (400 µg/sample) was

immunoprecipitated (IP) with ubiquitin antibody (4 µg/sample) overnight followed by

Western blot (WB) for MyHC. Data presented here show that treatment of myotubes with

TWEAK increases the ubiquitination of MyHC. The immunoblot for MyHC was

intentionally overexposed to highlight differences in MyHC protein products coupled to

ubiquitin (bracketed). Levels of an unrelated protein tubulin remained unchanged after

treatment with TWEAK (lower panel). B). C2C12 myotubes were incubated with

proteasome inhibitor MG132 (2µg/ml) or lactacystin (2µg/ml) for 3h followed by addition of

TWEAK for 72h. The cell extracts made were analyzed by Western blot using MyHC

antibody. Representative immunoblots from two independent experiments presented here

show that MG132 and lactacystin reduces the TWEAK-induced degradation of MyHC in

myotubes (upper panel). These treatments did not affect the levels of an unrelated protein β-

actin (lower panel). C). C2C12 myotubes were preincubated with MG132 (2µg/ml) or

lactacystin (2µg/ml) for 3h followed by treatment with TWEAK for 72h. The cultures were

then immunostained using MF-20 antibody and average myotube diameter was calculated.

Data from two independents experiments each done in triplicate presented here show that

MG132 and lactacystin significantly prevented the loss of myotube diameter in TWEAK-

treated myotubes. *p<0.01, values significantly different from corresponding myotubes

treated with vehicle alone.
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FIGURE 2. Involvement of MuRF1 in TWEAK-induced myotube atrophy
A). C2C12 myotubes were treated with 100 ng/ml TWEAK for 6h. The mRNA and protein

levels of MuRF1 were measured by QRT-PCR and Western blot, respectively. Data

presented here show that TWEAK increases transcript and protein levels of MuRF1 in

myotubes. The levels of unrelated protein tubulin remained unaffected upon treatment with

TWEAK. B). C2C12 myoblasts were transiently transfected with MuRF1-Luc reporter

construct and Renilla plasmid (1:50 ratio) followed incubation in DM for 96h. The cells

were then treated with indicated concentrations of TWEAK for 18h and luciferase activity in

cell extracts was measured using Dual luciferase activity assay kit (Promega). Data

presented here demonstrate that TWEAK significantly (*p<0.05) increases MuRF1

promoter activity in C2C12 myotubes. C). C2C12 myotubes were transduced with

Ad.Control (Ad.Con) or Ad.MuRF1 shRNA expressing vectors (MOI, 1:200) for 48h. The
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cells were then treated with indicated concentrations of TWEAK. Representative

immunoblots from two independent experiments presented here show that overexpression of

MuRF1 shRNA drastically reduces the levels of MuRF1 (upper panel) and inhibited

TWEAK-induced loss of MyHC (middle panel) without affecting the levels of tubulin

(lower panel). Black line indicates that intervening lanes have been spliced out. D).
Measurement of myotube diameter in control or MuRF1-expressing shRNA cultures 72h

after TWEAK (100 ng/ml) treatment showed that knockdown of MuRF1 preserves myotube

size. *p<0.05, values significantly different from TWEAK-treated control shRNA-

expressing cultures.
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FIGURE 3. Effects of TWEAK on expression of autophagy-related genes in myotubes
A). C2C12 myotubes were treated with indicated amounts of TWEAK. After 6h, the

transcript levels of Beclin1, LC3B, Atg5, and Atg12 were measured by QRT-PCR

technique. Data from three independent experiments each done in triplicate presented here

demonstrate that TWEAK up-regulates the expression of Beclin1, LC3B, Atg5, and Atg12

in C2C12 myotubes. *p<0.05, values significantly different from TWEAK-untreated

myotubes. B). C2C12 myotubes were incubated with 100 ng/ml TWEAK for indicated time

intervals and protein extracts made were analyzed by Western blot. Representative

Bhatnagar et al. Page 19

J Cell Physiol. Author manuscript; available in PMC 2014 September 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



immunoblots from two independent experiments presented here show that TWEAK

increases the protein levels of LC3B (upper panel) and Beclin1 (middle panel) without

affecting the levels of an unrelated protein β-actin (lower panel) in C2C12 myotubes.

TWEAK also increased the conversion of LC3B-I into LC3B-II protein (upper panel).
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FIGURE 4. Role of autophagy in TWEAK-induced myotube atrophy
A). C2C12 myotubes were pre incubated with 10 µM 3-methyladenine (3-MA) followed by

addition of indicated amounts of TWEAK. After 72h, the cells were immunostained with

MyHC antibody. Representative photomicrographs from two independent experiments

presented here demonstrate that 3-MA preserves myotube size in TWEAK-treated cultures.

B). Quantification of average myotube diameter in control and TWEAK-treated cultures

incubated with vehicle or 3-MA. *p<0.01, values significantly different from TWEAK-

untreated myotubes incubated with vehicle alone. #p<0.01, values significantly different

from TWEAK-treated myotubes incubated with vehicle alone. C). C2C12 myotubes were

pre-incubated with autophagy inhibitor 3-MA for 3h followed by addition of TWEAK for

72h and measurement of MyHC levels by Western blot. Representative immunoblot

presented here shows that 3-MA attenuates TWEAK-induced degradation of MyHC in

myotubes (upper panel). The levels of tubulin remained unchanged after treatment with 3-

MA and/or TWEAK. D). C2C12 myoblasts were stably transfected with control shRNA or

Beclin1 shRNA-expressing plasmid followed by addition of DM for 96h. Immunoblot

(inset) shows protein level of Beclin1 in control and Beclin1 shRNA-transfected untreated

myotubes. Cells were treated with 100 ng/ml of TWEAK for 72h followed by staining with
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MF-20 antibody and measurement of myotube diameter. Data presented here demonstrate

that knockdown of Beclin1 significantly improved mean myotube diameter in TWEAK-

treated cultures. *p<0.05, values significantly different from TWEAK-treated control

shRNA expressing cultures. E). Control or Beclin1 shRNA-expressing myotubes were

treated with 100 ng/ml TWEAK for 6h and relative mRNA levels of MuRF1 were measured

by QRT-PCR. No significant difference in MuRF1 mRNA level was noticeable after

knockdown of Beclin1 in TWEAK-treated cultures. F). C2C12 myotubes were incubated

with lactacystin (2µg/ml) for 3h followed by addition of TWEAK for 72h. The cell extracts

made were analyzed by Western blot using Beclin1 and tubulin antibody. Black line

indicates that intervening lanes have been spliced out
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FIGURE 5. Caspases are involved in TWEAK-induced atrophy in cultured myotubes
A). C2C12 myotubes were treated with indicated concentration of TWEAK for 24h

followed by preparation of cell extracts and measurement of homogenous caspase activity

using a kit. Data presented here demonstrate that TWEAK significantly (*p<0.05) increases

the activation of caspases in C2C12 myotubes. B). C2C12 myotubes were treated with

indicated amounts of TWEAK. After 9h, the mRNA levels of caspase 3 and caspase 8 were

measured by QRT-PCR. Data presented here demonstrate that TWEAK up-regulates the

transcript levels of both Caspase 3 and caspase 8 in myotubes. *p<0.05, values significantly

different from TWEAK-untreated myotubes. C). Western blot analysis showed that

TWEAK increases the amount of pro-caspase 3 protein and its cleavage to active caspase 3

without affecting the levels of unrelated protein β-actin in myotubes. D). C2C12 myotubes

were incubated with 10 µM of Z-FA-FMK, Z-VAD-FMK or Ac-DMQD-CHO peptide for

3h followed by addition of indicated amounts of TWEAK for 72. The cell extracts made

were analyzed by Western blot using MyHC antibody. The representative immunoblot

presented here shows that Z-VAD-FMK or Ac-DMQD-CHO reduces the TWEAK-induced

degradation of MyHC (upper panel) without affecting the levels of β-actin (lower panel) in

myotubes. E). C2C12 myotubes were incubated with 10 µM of Z-FA-FMK, Z-VAD-FMK

or Ac-DMQD-CHO peptide for 3h followed by addition of 100 ng/ml TWEAK for 72h. The

cultures were then immunostained with MyHC antibody and myotube diameter was
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measured. Data from three independent experiments presented here show that Z-VAD-FMK

or Ac-DMQD-CHO improves average myotube diameter in TWEAK-treated cultures.

*p<0.01, values significantly different from TWEAK-treated myotubes incubated with Z-

FA-FMK.
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FIGURE 6. NF-κB activation is essential for TWEAK-induced expression of MuRF1 and Beclin1
in myotubes
C2C12 myoblasts were stably transfected with control shRNA or IKKβ shRNA-expressing

plasmid followed by incubation in DM for additional 96h. The cells were then treated with

TWEAK (100 ng/ml) for 6h and the mRNA levels of MuRF1 and Beclin1 were measured by

QRT-PCR. Data from two independent experiments each done in triplicate presented here

demonstrate that knockdown of IKKβ inhibited the TWEAK-induced expression of A)
MuRF1 and B) Beclin1 in myotubes. *p<0.05, values significantly different from TWEAK-

treated myotubes transfected with control shRNA. C2C12 myotubes were transduced with

control (Ad.Con) or IκBαΔN-expressing adenovirus (Ad. IκBαΔN), the cells were treated

with 100 ng/ml TWEAK for 6h, and the mRNA levels of MuRF1 and Beclin1 were

measured by QRT-PCR. Data presented here show that overexpression of IκBαΔN protein
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significantly inhibits the TWEAK-induced expression of C) MuRF1 and D) Beclin1 in

myotubes. *p<0.05, values significantly different from TWEAK-treated myotubes

transduced with Ad.Con.
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FIGURE 7. Role of caspases in TWEAK-induced activation of NF-κB and MuRF1 expression
A). C2C12 myotubes were incubated with 10 µM of Z-FA-FMK, Z-VAD-FMK or Ac-

DMQD-CHO peptide for 3h followed by addition of 100 ng/ml TWEAK for 1h and

measurement of NF-κB DNA-binding activity by EMSA. Representative EMSA gel

presented here from three independent experiments presented here demonstrates that

treatment with Z-VAD-FMK partially inhibits the TWEAK-induced activation of NF-κB in

myotubes. B). C2C12 myotubes were incubated with 10 µM of Z-FA-FMK, Z-VAD-FMK

or Ac-DMQD-CHO peptide for 3h followed by treatment with TWEAK (100 ng/ml) for 6h

and measurement of MuRF1 mRNA levels by QRT-PCR. Data presented here show that Z-

VAD-FMK significantly inhibits the TWEAK-induced expression of MuRF1 in myotubes.

*p<0.05, values significantly different from TWEAK-treated myotubes incubated with Z-

FA-FMK. C). Representative immunoblots presented here demonstrate that Z-VAD-FMK

reduces the protein levels of MuRF1 in C2C12 myotubes in response to TWEAK. The levels

of tubulin were not affected by either of these treatments. D). C2C12 myotubes were
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incubated with 10 µM of Z-FA-FMK, Z-VAD-FMK, or Ac-DMQD-CHO peptide for 3h,

treated with TWEAK (100 ng/ml) for 6h, and mRNA levels of Beclin1 were measured by

QRT-PCR. Data from three independent experiments presented here show that neither Z-

VAD-FMK nor Ac-DMQD-CHO had any significantly effect on TWEAK-induced

expression of Beclin1 in myotubes.
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FIGURE 8. Schematic representation of the mechanisms of action of TWEAK in skeletal muscle
The role of NF-κB and various proteolytic systems and a potential cross-talk between them

in TWEAK-treated myotubes leading to myotube atrophy is depicted in this figure. Broken

line indicates relatively weaker connection.
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