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Starvation, like many other catabolic conditions, induces loss of skeletal muscle mass by promoting fiber atrophy. In addition to
the canonical processes, the starvation-induced response employs many distinct pathways that make it a unique atrophic pro-
gram. However, in the multiplex of the underlying mechanisms, several components of starvation-induced atrophy have yet to
be fully understood and their roles and interplay remain to be elucidated. Here we unveiled the role of tumor necrosis factor re-
ceptor-associated factor 6 (TRAF6), a unique E3 ubiquitin ligase and adaptor protein, in starvation-induced muscle atrophy.
Targeted ablation of TRAF6 suppresses the expression of key regulators of atrophy, including MAFBx, MuRF1, p62, LC3B,
Beclin1, Atg12, and Fn14. Ablation of TRAF6 also improved the phosphorylation of Akt and FoxO3a and inhibited the activation
of 5= AMP-activated protein kinase in skeletal muscle in response to starvation. In addition, our study provides the first evidence
of the involvement of endoplasmic reticulum stress and unfolding protein response pathways in starvation-induced muscle atro-
phy and its regulation through TRAF6. Finally, our results also identify lysine 63-linked autoubiquitination of TRAF6 as a pro-
cess essential for its regulatory role in starvation-induced muscle atrophy.

Skeletal muscle atrophy is a debilitating consequence of starva-
tion and many other catabolic conditions, such as aging, im-

mobilization, denervation, and chronic disease states (22). Muscle
atrophy that occurs in response to fasting/nutritional deprivation
has several common, as well as distinct, features (29). Like other
atrophic programs, the loss of muscle mass upon starvation in-
volves activation of the ubiquitin-proteasome system (UPS) and
the autophagy-lysosomal system (ALS). However, a degree of dis-
tinction in starvation-induced muscle atrophy is introduced by
the fact that in the case of nutrient deprivation, muscle proteins
are degraded and mobilized for amino acid production, which is
further used for gluconeogenesis. In addition, other evidence sug-
gests the involvement of distinct stimuli in starvation-induced
catabolic changes, such as altered levels of insulin growth factors
and glucocorticoids (13, 49). Recently, activating transcription factor
4 (ATF4) has been reported to be involved in starvation-induced loss
of skeletal muscle mass (15). Furthermore, while muscle wasting in
response to cancer cachexia or disuse conditions (e.g., denervation,
unloading, immobilization, etc.) involves the activation of the tran-
scription factor nuclear factor kappa B (NF-�B), there has been no
evidence regarding the activation or involvement of NF-�B in the loss
of skeletal muscle in response to starvation (1, 32).

TRAFs are a family of conserved adaptor proteins which,
through their association with cytoplasmic domains of different
receptors, mediate the activation of various intracellular signaling
pathways (55). Distinct from other TRAFs, TRAF6 is an E3 ubiq-
uitin ligase, and through association with the dimeric ubiquitin-
conjugating enzyme Ubc13/Uev1A, it catalyzes lysine 63 (K63)-
linked polyubiquitination of several target proteins (26, 43, 55).
Although it remains enigmatic whether the E3 ubiquitin ligase
activity of TRAF6 is essential for its signaling function under all
conditions, recent studies have shown that TRAF6 functions as a
central regulator in multiple signaling pathways, such as NF-�B,
mitogen-activated protein kinase, and phosphatidylinositol 3-ki-
nase/Akt, in response to various cytokines and microbial products

(8, 26, 28, 55, 61, 63). In addition to its association with cytoplas-
mic domains of various cell surface receptors, such as Toll-like
receptors and the interleukin-1 receptor (IL-1R), TRAF6 has also
been found to interact with multiple components of the UPS
and/or the ALS in some cell types (27, 38, 39, 54). We have also
recently reported that TRAF6 regulates skeletal muscle mass and
activation of ALS and UPS in denervated skeletal muscle (42).
However, the role and mechanisms of action of TRAF6 and
whether the E3 ubiquitin ligase activity of TRAF6 is required for
muscle atrophy in response to fasting remain unknown.

Several cellular stress conditions, such as starvation and alter-
ations in glycosylation status, lead to the accumulation of un-
folded and/or misfolded proteins in the endoplasmic reticulum
(ER) lumen and cause ER stress (18, 19). The ER responds by
activation of a range of signaling pathways that are collectively
termed the ER stress response or the unfolded protein response
(UPR), which is essentially a cytoprotective response, but an ex-
cessive or prolonged UPR can produce deleterious effects, includ-
ing cell death (25). The UPR has three distinct arms, which have
their specific transducers. Activation of these arms is mediated by
PERK (protein kinase RNA-like ER kinase), IRE1 (inositol-re-
quiring protein 1), and ATF6 (activating transcription factor 6)
(12, 18, 19). Until recently, there was no evidence that ER stress-
related proteins are involved in skeletal muscle metabolism or that
there is any regulatory mediation of ER chaperones in skeletal

Received 28 September 2011 Returned for modification 9 December 2011
Accepted 12 January 2012

Published ahead of print 30 January 2012

Address correspondence to Ashok Kumar, ashok.kumar@louisville.edu.

Supplemental material for this article may be found at http://mcb.asm.org/.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.06351-11

1248 mcb.asm.org 0270-7306/12/$12.00 Molecular and Cellular Biology p. 1248–1259

http://dx.doi.org/10.1128/MCB.06351-11
http://mcb.asm.org


muscle atrophy. Recently, it has been demonstrated that ATF4, a
transcription factor involved in the cellular responses to starva-
tion, is involved in muscle atrophy through mechanisms indepen-
dent of the induction of muscle-specific E3 ubiquitin ligases
MAFBx (also known as atrogin-1) and MuRF1 (15). It is notable
that the expression of ATF4 is increased through activation of the
PERK arm of the UPR in addition to other activating kinases, such
as general control derepressible 2 kinase and heme-regulated in-
hibitor kinase (23). Intriguingly, ER stress-responsive transcrip-
tion factor ATF6 has been implicated in muscle adaptation in
response to acute exercise (60). However, direct evidence regard-
ing UPR activation in skeletal muscle under atrophic conditions is
still lacking.

Proinflammatory cytokines have been traditionally suggested
as the mediators of skeletal muscle wasting in various chronic
disease conditions. Recently, we discovered that inflammatory cy-
tokine tumor necrosis factor (TNF)-like weak inducer of apopto-
sis (TWEAK) is also a mediator of skeletal muscle atrophy under
disuse conditions (36). The expression of TWEAK receptor Fn14
was found to be increased about 6- to 7-fold in skeletal muscle 4
days after denervation. The role of the TWEAK-Fn14 system in
disuse atrophy was supported by the findings that denervation-
induced loss of skeletal muscle mass, activation of the NF-�B sig-
naling pathway, and expression of MuRF1 were significantly in-
hibited in TWEAK-null mice compared to those in wild-type mice
(36). More recently, Wu et al. have reported the increased expres-
sion of Fn14 in skeletal muscles of mice in a hind limb unloading
model of disuse atrophy (59). However, the role of the TWEAK-
Fn14 dyad in starvation-induced muscle atrophy remains un-
known. Moreover, signaling mechanisms governing the expres-
sion of Fn14 in skeletal muscle under atrophic conditions have not
yet been investigated.

In this study, using skeletal-muscle-specific TRAF6 knockout
mice, we have investigated the role of TRAF6 and the mechanisms
by which it regulates starvation-induced muscle atrophy. Our re-
sults show that muscle-specific depletion of TRAF6 inhibits star-
vation-induced activation of the UPS and the ALS and muscle
atrophy in mice. Intriguingly, TRAF6 is essential for the inducible
expression of several ER stress response-related genes, including
ATF4, in response to fasting. Our results also suggest that the
TWEAK-Fn14 system is involved in fasting-induced muscle atro-
phy and that inducible expression of Fn14 in response to starva-
tion requires TRAF6. Finally, our experiments demonstrate that
the E3 ubiquitin ligase activity of TRAF6 is essential for induction
of the atrophic program in skeletal muscle in response to starva-
tion.

MATERIALS AND METHODS
Animals. Floxed TRAF6 (TRAF6f/f) and muscle-specific TRAF6 knock-
out (TRAF6mko) mice have been described previously (42). TWEAK
knockout (TWEAK-KO) mice (described previously [33]) were provided
by Avi Ashkenazi (Genentech, South San Francisco, CA). All of the mice
were in the C57BL/6 background, and their genotype was determined by
PCR assay of tail DNA. For starvation studies, mice were provided water
but kept unfed for 6 h, 12 h, 24 h, or 48 h. All experimental protocols with
mice were approved in advance by the Institutional Animal Care and Use
Committee of the University of Louisville.

Cell culture. C2C12 cells (a myoblastic cell line) were obtained from
the American Type Culture Collection. These cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% fetal bovine se-
rum (FBS). Myoblasts were transfected with different plasmids using Ef-

fectene transfection reagent (Qiagen). To induce differentiation, the cells
were incubated in differentiation medium (2% horse serum in DMEM)
for 96 h as described previously (42). For acute starvation studies, the
medium of the differentiated myotubes was replaced with sterile phos-
phate-buffered saline (PBS) for 3 h or 6 h of incubation and the myotubes
were examined by morphometric or biochemical assays. TRAF6�/� and
TRAF6�/� mouse embryonic fibroblasts (MEF) were grown in DMEM
containing 10% FBS.

Total RNA extraction and QRT-PCR assay. RNA isolation and quan-
titative real-time PCR (QRT-PCR) were performed with gene-specific
primers as described previously (36).

Analysis of spliced form of XBP-1. Total RNA was extracted from the
cells using TRIzol reagent. cDNA was prepared with the SuperScript II
first-strand synthesis system (Invitrogen, Carlsbad, CA). The sequences of
the primers were 5=-TTA CGG GAG AAA ACT CAC GGC-3= (forward)
and 5=-GGG TCC AAC TTG TCC AGA ATG C-3= (reverse). The primer
annealing temperature was 56°C, and reaction mixtures containing 100
ng of cDNA proceeded for 35 cycles. The PCR products were run on a 2%
agarose gel to identify the presence of unspliced and spliced XBP-1 cDNA.

AMPK assay. 5= AMP-activated protein kinase (AMPK) enzymatic
activity in skeletal muscle tissue extracts was measured using a commer-
cially available kit (MBL International) as previously described (42).

In vivo gene delivery. The injection of plasmid DNA into tibial ante-
rior (TA) muscles of mice and electroporation were performed as previ-
ously described (52). In brief, pcDNA3, FLAG-TRAF6 C70A, and
pEGFPC1 were prepared using an endotoxin-free kit (Qiagen) and sus-
pended in sterile saline solution in a 1:10 ratio. Mice were anesthetized,
and a small portion of the TA muscles of both hind limbs was surgically
exposed and injected with 30 �l of 0.5 U/�l hyaluronidase (EMD
Biosciences). After 2 h, plasmid DNA (30 �g in 25 �l saline) was
injected into the TA muscle; 1 min after plasmid DNA injection, a pair
of platinum plate electrodes were placed against the closely shaved skin
on both sides and electric pulses were delivered. Three 20-ms square-
wave pulses of 75 V/cm at a 1-Hz frequency were generated using a
stimulator (model S88; Grass Technologies) and delivered to the mus-
cle. The polarity was then reversed, and a further three pulses were
delivered to the muscle. After electroporation, mice were returned to
their cages and fed a standard diet. Mice were used 10 days after plas-
mid electroporation for starvation studies.

Histology and morphometric analysis. Hind limb (soleus and TA)
muscles of mice were removed, frozen in isopentane cooled in liquid
nitrogen, and sectioned using a microtome cryostat. For the assessment of
tissue morphology, 10-�m-thick transverse sections of muscles were
stained with hematoxylin and eosin (H&E) and staining was visualized
(without any imaging medium) at room temperature on a microscope
(Eclipse TE 2000-U) using a Plan 10� numerical aperture (NA) 0.25 PH1
DL or Plan-Fluor ELWD 20� NA 0.45 Ph1 DM objective lens, a digital
camera (Digital Sight DS-Fi1), and NIS Elements BR 3.00 software (all
from Nikon). The images were stored as JPEG files, and image levels were
equally adjusted using Photoshop CS2 software (Adobe). Fiber cross-sec-
tional area (CSA) was analyzed in H&E-stained soleus or TA muscle sec-
tions. For each muscle, the distribution of fiber CSA was calculated by
analyzing 200 to 250 myofibers using NIS Elements BR 3.00 software
(Nikon) as described previously (36).

Immunoprecipitation and Western blot assay. Levels of different
proteins in skeletal muscle were determined by performing immunoblot-
ting as described previously (36). In brief, tissues were washed with PBS
and homogenized in Western blot assay lysis buffer A (50 mM Tris-Cl [pH
8.0], 200 mM NaCl, 50 mM NaF, 1 mM dithiothreitol, 1 mM sodium
orthovanadate, 0.3% IGEPAL, protease inhibitors). Approximately 100
�g of protein was resolved per lane by 10 to 12% SDS-PAGE; electrotrans-
ferred onto nitrocellulose membrane; probed using anti-TRAF6 (1:1,000;
Millipore), anti-TRAF3 (1:1,000; Santa Cruz Biotechnology, Inc.), anti-
TRAF5 (1:1,000; Santa Cruz Biotechnology, Inc.), antiubiquitin (1:1,000;
Santa Cruz Biotechnology, Inc.), antiphospho-FoxO3a (1:1,000; Cell Sig-
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naling Technology), anti-FoxO3a (1:1,000; Cell Signaling Technology);
anti-phospho-Akt (1:200; Cell Signaling Technology), anti-Akt (1:1,000;
Cell Signaling Technology), anti-phospho-eukaryotic translation initia-
tion factor-2 (anti-phospho-eIF2; 1:1,000; Cell Signaling Technology),
anti-eIF2 (1:1,000; Cell Signaling Technology), anti-ATF3 (1:1,000; Santa
Cruz Biotechnology), anti-ATF4 (1:1,000; Santa Cruz Biotechnology),
anti-protein disulfide isomerase (anti-PDI; 1:1,000; Santa Cruz Biotech-
nology), anti-CHOP (1:1,000; Santa Cruz Biotechnology), anti-LC3B (1:
1,000; Cell Signaling Technology), anti-p62 (1:1,000; MBL International),
anti-Fn14 (1:1,000; Cell Signaling Technology), and MF-20 (1:1,000; De-
velopment Studies Hybridoma Bank, University of Iowa) antibodies; and
detected by chemiluminescence. The bands were quantified using Im-
ageQuant TL software (GE Healthcare). To study the autoubiquitination
of TRAF6, muscle extract (400 �g protein) was incubated overnight with
1 �g of anti-TRAF6 antibody (MBL) in 600 �l of lysis buffer, protein
A-Sepharose beads were added, and the mixture was incubated at 4°C for
an additional 2 h. The beads were washed four times with lysis buffer and
finally suspended in 2� Laemmli sample buffer. Proteins were resolved
on 10% SDS-PAGE gel and immunoblotted using Lys-63-specific ubiq-
uitin antibody (1:1,000; Millipore).

Statistical analysis. Results are expressed as mean � standard devia-
tion (SD). The Student t test or analysis of variance was used to compare
quantitative data populations with normal distributions and equal vari-
ance. A P value of �0.05 was considered statistically significant unless
otherwise specified.

RESULTS
TRAF6 mediates starvation-induced muscle atrophy in mice.
We have previously reported that the expression of TRAF6 is
increased in skeletal muscle under multiple catabolic condi-
tions, including denervation and cancer cachexia (42). We first
investigated how the expression of TRAF6 is affected in skeletal
muscles of mice in response to fasting. Wild-type mice were
given access to normal water but deprived of food for 24 h.
TRAF6 transcript levels in hind limb muscle were measured by
QRT-PCR assay. As shown in Fig. 1A, mRNA levels of TRAF6
were significantly increased in the TA, gastrocnemius (GA),
and soleus muscles of fasted mice compared to those of con-
trols. We also performed a Western blot assay for a few TRAFs.
In the TA muscles of unstarved mice, the level of TRAF6 pro-
tein was much lower than that of TRAF2, TRAF3, or TRAF5.
However, the levels of TRAF6 protein were considerably in-
creased within 6 h and remained elevated even after 24 h of
fasting. In contrast, fasting did not affect TRAF2, TRAF3, or
TRAF5 protein levels in the TA muscles of mice (Fig. 1B). To
identify the physiological significance of the increased expres-
sion of TRAF6 in fasted mouse muscle, we investigated the
effects of deletion of TRAF6 on muscle atrophy in response to
starvation. Skeletal muscle-specific TRAF6 knockout (here
TRAF6mko) mice and their corresponding littermates (i.e.,
TRAF6f/f; described previously [42]) were fasted for 24 h or 48
h. Isolated hind limb muscles were used for the preparation of
transverse cryosections, followed by H&E staining and quanti-
fication of fiber CSA. Fasting for 24 h or 48 h caused a signifi-
cant reduction in fiber CSA in TA muscles of TRAF6f/f mice
(Fig. 1C). However, fasting-induced loss of fiber CSA was sig-
nificantly inhibited in TA muscles of TRAF6mko mice (Fig. 1C
and D). Furthermore, the proportion of fibers with a larger
CSA was notably higher in TA muscles of TRAF6mko mice than
in those of TRAF6f/f littermates evaluated after 24 h (Fig. 1E) or
48 h (Fig. 1F) of fasting. TA muscles of mice contain predom-
inately fast-type fibers. In contrast, soleus muscles contain al-

most equal proportions of fast- and slow-type fibers (36). We
also performed H&E staining and quantified fiber CSA in so-
leus muscles of TRAF6f/f and TRAF6mko mice. Similar to that in
TA muscles, fasting-induced loss of fiber CSA was significantly
inhibited in the soleus muscles of TRAF6mko mice compared to
that in TRAF6f/f mice (see Fig. S1A and B in the supplemental
material). These results demonstrate that TRAF6 mediates
starvation-induced muscle atrophy in vivo.

TRAF6 is required for the activation of the UPS and the ALS
in skeletal muscle in response to starvation. The UPS is respon-
sible for the breakdown of the majority of the proteins in mam-
malian cells (45, 53). Under distinct catabolic conditions, the dif-
ference between the ubiquitination of all proteins and that of
specific proteins can affect the development of pathology (9). To
understand the mechanisms by which TRAF6 causes muscle atro-
phy and to determine whether TRAF6 is involved in UPS activa-
tion, we first investigated how the conjugation of ubiquitin to
muscle proteins is affected in skeletal muscles of fasted TRAF6f/f

and TRAF6mko mice. GA muscle extracts prepared from TRAF6f/f

and TRAF6mko mice unstarved or starved for 24 h were immuno-
blotted using antibody against ubiquitin. As shown in Fig. 2A,
fasting augmented the conjugation of ubiquitin to muscle pro-
teins. However, the fasting-induced increase in protein ubiquity-
lation was significantly lower in TA muscles of TRAF6mko mice
than in those of TRAF6f/f mice (increases in ubiquitination upon
starvation: 3.41-fold � 1.09-fold [TRAF6f/f] versus 1.64-fold �
0.02-fold [TRAF6mko]; P � 0.05), indicating that TRAF6 is re-
quired for UPS activation in skeletal muscle upon starvation (Fig.
2A). While muscle atrophy involves the enhanced degradation of
several contractile proteins, myosin heavy chain fast type
(MyHCf) is one such protein which undergoes rapid degradation
under many catabolic conditions, potentially through the UPS
(32, 36). To further verify that TRAF6 is involved in the degrada-
tion of muscle proteins, we measured levels of MyHCf protein by
Western blot assay. As shown in Fig. 2A (middle panel), levels of
MyHCf were considerably higher in muscles of fasted TRAF6mko

mice than in those of TRAF6f/f littermates (decreases in MyHCf
levels: 41.90% � 5.01% [TRAF6f/f] versus 17.9% � 2.7%
[TRAF6mko]; P � 0.05).

UPS activation under multiple atrophic conditions involves
the increased expression of two muscle-specific E3 ubiquitin ligase
genes, MuRF1 and MAFBx (6, 7, 16). To further verify the role of
TRAF6 in UPS activation in response to starvation, we measured
MuRF1 and MAFBx transcript levels in skeletal muscles of
TRAF6f/f and TRAF6mko mice. Fasting significantly increased the
expression of both MAFBx and MuRF1 in skeletal muscles of mice
(Fig. 2B). However, the increase in both MAFBx and MuRF1 tran-
script levels in response to fasting was found to be significantly
lower in TRAF6mko mice than in TRAF6f/f mice (Fig. 2B).

It has been previously reported that fasting also induces the
activation of ALS in skeletal muscle (37, 66). Furthermore, there is
evidence that the ALS coordinates with the UPS to stimulate mus-
cle atrophy under diverse conditions, including starvation (34, 50,
66). To evaluate the role of TRAF6 in the activation of autophagy,
we measured mRNA levels of the autophagy-related genes for
LC3B, Beclin1, and Atg12, which have been previously reported to
be upregulated in skeletal muscle in response to fasting (34). As
shown in Fig. 2C, fasting-induced expression of LC3B, Beclin1,
and Atg12 was significantly inhibited in skeletal muscles of
TRAF6mko mice in comparison with that in TRAF6f/f mice. We
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further measured mRNA levels of p62/SQSTM1, a multidomain
adaptor protein, which interacts with and is activated by TRAF6
(38, 39). p62 binds to LC3 through a LiR (LC3-interacting region)
motif and tethers protein to autophagosomes (5). Interestingly,
the starvation-induced increase in the level of p62 mRNA in skel-
etal muscle was also significantly inhibited in TRAF6mko mice in
comparison with that in TRAF6f/f mice (Fig. 2C).

Conversion of LC3BI to the active form LC3BII is a critical
event in autophagy and considered one of the most reliable mark-
ers of autophagosome formation (31). We performed Western
blot assays to determine whether TRAF6 affects the conversion of
LC3BI into LC3BII in skeletal muscle upon starvation. As shown
in Fig. 2D, starvation significantly increased the levels of the
LC3BII form in skeletal muscles of TRAF6f/f mice but not in

TRAF6mko mice (increases in LC3BII levels upon starvation:
15.24-fold � 4.24-fold [TRAF6f/f] versus 4.52-fold � 2.24-fold
[TRAF6mko]; P � 0.01). We also found that the levels of p62 were
increased in skeletal muscles of TRAF6f/f mice in response to star-
vation. However, the starvation-induced increase in p62 protein
levels was not observed in skeletal muscles of TRAF6mko mice
(increases in p62 levels: 1.87-fold � 0.02-fold [TRAF6f/f] versus
1.02-fold � 0.01-fold [TRAF6mko]; P � 0.05) (Fig. 2D). These
results are in concert with previous findings suggesting that
TRAF6 also acts through p62/LC3 binding to activate autophagy
(39).

We next sought to determine whether ablation of TRAF6 in-
tervenes with upstream regulators of the UPS and the ALS such as
p62, FOXO3a, Akt, and AMPK in skeletal muscle. FOXO3a is a

FIG 1 Involvement of TRAF6 in starvation-induced muscle atrophy. (A) TRAF6 transcript levels in TA, GA, and soleus muscles of wild-type control mice and
those fasted for 24 h. Error bars represent SD. n � 3 in each group. *, P � 0.01 (values significantly different from those for unstarved muscle). (B) Western blot
analyses of TA muscle extracts for TRAF2, TRAF3, TRAF5, and TRAF6 proteins at different time points after food deprivation. (C) Twelve-week-old TRAF6f/f

and TRAF6mko mice were starved for 24 h or 48 h. Shown are representative photomicrographs of H&E-stained sections of TA muscles of TRAF6f/f and TRAF6mko

mice 24 h and 48 h after starvation. Scale bars, 20 �m. (D) Average fiber CSA in TA muscle sections from TRAF6f/f and TRAF6mko mice. #, P � 0.05 (values
significantly different from those of TRAF6f/f mice at corresponding times of starvation). Frequency distribution histograms representing CSA of fibers in TA
muscles from TRAF6f/f and TRAF6mko mice after 24 h (E) and 48 h (F) of starvation (n � 8 in each group).
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member of the forkhead family of transcription factors and is
known to induce the expression of MAFBx and MuRF1 in atro-
phying skeletal muscle (51). Akt phosphorylates the FOXO family
of transcription factors, including FOXO3a, which leads to their
inactivation through retention in cytosol (56). Using a constitu-
tively active form of FOXO3 with three mutated Akt phosphory-
lation sites, it has been previously found that FOXO3 induces
atrophy by accelerating proteolysis through activation of au-
tophagy (66). Our results showed that starvation led to a marked
decrease in the basal level of phosphorylation of both Akt and
FOXO3a in TA muscles of TRAF6f/f mice (Fig. 2E). In contrast, no
noticeable decrease in the phosphorylation of Akt or FOXO3a was
observed in TRAF6mko mice upon starvation (Fig. 2E).

AMPK, which is activated in response to an increased AMP/
ATP ratio, is linked to muscle atrophy under multiple conditions,
including fasting (46). As shown in Fig. 2F, fasting induced the
activation of AMPK in GA muscles of mice. Furthermore, fasting-
induced activation of AMPK was significant inhibited in TA mus-
cles of TRAF6mko mice compared to that in TRAF6f/f mice (Fig.
2F). Taken together, these results suggest that under conditions of
starvation, TRAF6 mediates the activation of both the UPS and the
ALS in skeletal muscle potentially through the upstream activa-
tion of p62, Akt, FOXO3a, and AMPK.

TRAF6 augments the expression of ER stress response-re-
lated genes in skeletal muscle. The ER stress and UPR pathways
are employed by cells as a corrective measure to avoid an increase

FIG 2 Role of TRAF6 in fasting-induced activation of the UPS and autophagy in skeletal muscle. TRAF6f/f and TRAF6mko mice were starved for 24 h, and isolated
GA and TA muscles were analyzed. (A) Representative immunoblots showing levels of ubiquitinated proteins (top), MyHCf (middle), and the unrelated protein
tubulin (bottom) in TA muscle. C, control unstarved; S, starved. (B) MAFBx and MuRF1 transcript levels measured by QRT-PCR assay were significantly lower
in the GA muscles of starved TRAF6mko mice than in those of starved TRAF6f/f mice. (C) Fold changes in transcript levels of autophagy-related genes for LC3B,
Beclin1, Atg12, and p62 in GA muscles of starved TRAF6mko mice compared with those of starved TRAF6f/f mice (n � 4). (D) Immunoblots demonstrating
reduced p62 protein levels and inhibition of conversion of LC3BI protein into LC3BII. The vertical black line indicates that intervening lanes have been spliced
out. (E) Levels of phosphorylation of FOXO3a and Akt in TA muscles of unstarved TRAF6f/f and TRAF6mko mice (U) and mice starved for 24 h (S). (F) Enzymatic
activity of AMPK in TA muscle extracts of TRAF6f/f and TRAF6mko mice. Error bars represent SD. *, P � 0.05 (values significantly different from TA muscles of
starved TRAF6f/f mice).
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in the unfolded-protein load. In general, it has been observed that
the PERK and IRE1 arms of the UPR are involved in mediating
deleterious effects whereas the ATF6 arm mediates adaptive re-
sponses. We investigated whether starvation augments the expres-
sion of various genes involved in UPR pathways and whether
TRAF6 plays a role in their induction in skeletal muscle. Interest-
ingly, a drastic increase in the mRNA levels of several UPR
markers, such as transcription factors ATF4 and CCAAT/enhanc-
er-binding protein homologous protein (CHOP), the ER stress-
inducible enzyme PDI, and the ER-resident chaperons glucose-
regulated protein 94 (GRP94) and growth arrest and DNA
damage-inducible protein (GADD34), was observed in skeletal
muscles of TRAF6f/f mice (Fig. 3A). More importantly, we found
that starvation-induced expression of UPR genes was almost com-
pletely blunted in skeletal muscles of TRAF6mko mice. Western
blot analysis also demonstrated that starvation augments ATF4
and CHOP protein levels in skeletal muscles of TRAF6f/f mice. In
contrast, there was no noticeable increase in ATF4 or CHOP pro-
tein levels in GA muscles of fasted TRAF6mko mice (differences in
ATF4 levels upon starvation, 1.52-fold � 0.07-fold [TRAF6f/f]
versus 0.32-fold � 0.01-fold [TRAF6mko]; differences in CHOP
levels upon starvation, 1.89-fold � 0.21-fold [TRAF6f/f] versus
1.17-fold � 0.04-fold [TRAF6mko]) (Fig. 3B). To further confirm
that TRAF6 s involved in the induction of ER stress, we subjected

cultured TRAF6�/� and TRAF6�/� MEF to serum starvation for
24 h and measured the levels of various ER stress-related genes.
Interestingly, the starvation-induced increases in ATF4, GRP94,
GADD34, and CHOP transcript levels were found to be signifi-
cantly inhibited in TRAF6�/� MEF compared to those in
TRAF6�/� MEF (see Fig. S2A in the supplemental material).
Overexpression of ATF6 in cells causes ER stress response-related
increased expression of various ER chaperons. Interestingly,
ATF6-induced expression of GRP78 and GRP94 was completely
blunted in TRAF6�/� MEF compared to that in TRAF6�/� MEF
(see Fig. S2B in the supplemental material). Taken together, these
data provide the first evidence that TRAF6 is involved in the in-
duction of the ER stress response.

Although fasting induced the expression of ER stress response
genes in skeletal muscle, we could not detect any change in the
level of phosphorylation of eIF2� (a downstream phosphoryla-
tion target and marker of activation of the PERK arm of the UPR)
or splicing of XBP-1 mRNA (a marker of activation of the IRE1
arm of the UPR) in skeletal muscle in vivo. A recently published
study also reported no changes in the level of phosphorylation
of eIF2� in rat skeletal muscles measured after 1, 2, or 3 days of
fasting (40). While there is a possibility that the expression of
many of these genes (i.e., ATF4, CHOP, GADD34, and PDI) is
governed through mechanisms independent of the ER stress re-

FIG 3 Role of TRAF6 in the induction of ER stress-responsive genes in skeletal muscle upon fasting. Three-month-old TRAF6f/f and TRAF6mko mice were fasted
for 24 h, and isolated GA muscles were used for biochemical analysis. (A) ATF4, CHOP, GRP94, GADD34, and PDI transcript levels were found to be significantly
lower in fasted GA muscles of TRAF6mko mice than in those of TRAF6f/f mice. n � 4 in each group. Error bars represent SD. *, P � 0.05 (values significantly
different from those for muscles of starved TRAF6f/f mice). (B) Representative immunoblots demonstrating reduced protein levels of ATF4 and CHOP in TA
muscles of starved TRAF6mko mice compared with those of TRAF6f/f mice. C2C12 myoblasts were differentiated into myotubes and starved for 3 and 6 h in PBS.
U, unstarved; S, starved. (C) Representative immunoblots from two independent experiments performed in triplicate showing increased phosphorylation of
eIF2� protein and elevated levels of ER stress-responsive proteins ATF3, ATF4, PDI, and CHOP in myotubes starved for 3 h or 6 h. Levels of MyHCf were reduced
upon incubation of myotubes in PBS. (D) Splicing of XBP-1 increased upon fasting or the ER stressor tunicamycin in C2C12 myotubes measured by QRT-PCR
assays using primers that detected both unspliced and spliced forms of XBP-1. uXBP-1, unspliced XBP-1; sXBP-1, spliced XBP-1.
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sponse, it is also a possibility that eIF2� is activated transiently
only at specific time point after starvation. To further examine
whether fasting induces the ER stress response in skeletal muscle,
we employed cultured myotubes and studied the phosphorylation
of eIF2� and splicing of XBP-1 mRNA. As a model of acute star-
vation, culture medium of C2C12 myotubes was replaced with
sterile PBS for 3 h or 6 h as described previously (51, 66). Protein
extracts prepared from these myotubes were subjected to Western
blotting. As shown in Fig. 3C, the phosphorylation of eIF2� was
significantly increased at both 3 h and 6 h after the incubation of
myotubes with PBS. Similarly, ATF3, ATF4, PDI, and CHOP pro-
tein levels were considerably increased in starved myotubes (Fig.
3C). Moreover, the levels of MyHCf protein were reduced, indi-
cating that 6 h of starvation was sufficient to cause significant
atrophy in vitro (Fig. 3C). XBP-1 mRNA is induced by ATF6 and
spliced by IRE1 in response to ER stress to produce a highly active
transcription factor causing UPR induction (64). We studied the
splicing of XBP-1 mRNA by performing semi-QRT-PCR using
primers that detect both unspliced and spliced mRNAs. As shown
in Fig. 3D, acute starvation of C2C12 myotubes by incubation
with PBS dramatically increased the levels of the spliced form of
XBP-1 (sXBP-1), indicating that starvation also activates the IRE1
arm of the ER stress response in myotubes.

Although ER stress has been studied in a plethora of homeo-
stasis-rectifying mechanisms, its involvement in skeletal muscle
atrophy has not been explored. To understand the potential role
of ER stress in the induction of the atrophic program, we studied
the effects of pharmacological inducers of ER stress on the expres-
sion of various components of the UPS and the ALS. C2C12
myotubes were treated with the ER stressor tunicamycin or
thapsigargin for 18 h, and then the mRNAs of various genes were
measured by QRT-PCR assay. As shown in Fig. S3A in the supple-
mental material, the expression of MAFBx and MuRF1 (impor-
tant components of the UPS) and LC3B and Beclin1 (important
components of the ALS) was significantly increased in tunica-
mycin- or thapsigargin-treated myotubes compared to that in
myotubes treated with the vehicle alone. Furthermore, myosin
heavy chain II (i.e., MYH4) mRNA levels were found to be signif-
icantly reduced in C2C12 myotubes upon treatment with tunica-
mycin or thapsigargin (see Fig. S3B in the supplemental material).
The increased expression of CHOP, ATF4, and GADD34 in tuni-
camycin- or thapsigargin-treated C2C12 myotubes confirmed
that these agents activated the UPR (see Fig. S3C in the supple-
mental material). Collectively, these results suggest that ER stress-
responsive pathways could be involved in the induction of muscle
atrophy through both acceleration of proteolysis and inhibition of
the expression of specific muscle genes such as that for MYH4.

TRAF6 is involved in the increased expression of Fn14 in
skeletal muscle upon starvation. The TWEAK-Fn14 system has
emerged as one of the important regulators of skeletal muscle
atrophy, especially under disuse conditions (36). However, acti-
vation of the TWEAK-Fn14 system does not occur under all atro-
phy conditions (36). We first investigated whether fasting affects
the expression of TWEAK or its receptor Fn14 in skeletal muscle.
The expression of Fn14 (but not TWEAK itself) was dramatically
induced in skeletal muscle in response to fasting. Intriguingly,
fasting-induced expression of Fn14 was significantly inhibited in
skeletal muscles of TRAF6mko mice compared to that in TRAF6f/f

mice. Western blotting using muscle extracts also verified that the
expression of Fn14 is increased in skeletal muscle in response to

fasting and TRAF6 is required for fasting-induced expression of
Fn14 in skeletal muscle (increases in Fn14 protein levels upon
starvation: 5.04-fold � 0.52-fold [TRAF6f/f] versus 1.72-fold �
0.08-fold [TRAF6mko]; P � 0.01) (Fig. 4B). Fasting did not affect
IL-1R, TNF receptor I (TNFRI), or TNFRII expression in skeletal
muscles of either TRAF6f/f or TRAF6mko mice (our unpublished
observation). These results suggest that the conditions of fasting
specifically augment the expression of the Fn14 receptor through
TRAF6-dependent mechanisms.

While it was interesting to learn that TRAF6 regulates the ex-
pression of Fn14 in skeletal muscle, it was not clear whether the
TWEAK-Fn14 system also contributes to muscle atrophy upon
starvation. To answer this question, we employed TWEAK-KO
mice, which have been previously found to be resistant to muscle
atrophy in response to denervation (36). Three-month-old wild-
type and TWEAK-KO mice were provided normal food or fasted
for 24 h and then euthanized, and then their hind limb muscles
were isolated for analyses. Transverse sections prepared from TA
and soleus muscles were subjected to H&E staining, and the
average fiber CSA was quantified by morphometric methods. In-
terestingly, starvation-induced loss of fiber CSA was significantly
inhibited in the TA (Fig. 4C) and soleus (Fig. 4D) muscles of
TWEAK-KO mice compared to that in wild-type mice.

To evaluate the mechanisms, we also studied whether the in-
creased activity of TWEAK-Fn14 augments the expression of the
components of the UPS, ALS, and/or UPR in skeletal muscle. UPS
activation was evaluated by measuring MAFBx and MuRF1
mRNA levels by QRT-PCR. As shown in Fig. 4E, the starvation-
induced increase in MuRF1 was significantly inhibited in GA mus-
cles of TWEAK-KO mice compared to that in wild-type mice. In
contrast, there was no significant difference in MAFBx mRNA
levels between wild-type and TWEAK-KO mice upon starvation
(Fig. 4E). QRT-PCR analysis also revealed that there was no sig-
nificant difference in mRNA levels of LC3B, Beclin1, and Atg12 in
skeletal muscles of wild-type and TWEAK-KO mice in response to
starvation (see Fig. S4 in the supplemental material). Further-
more, there was also no significant difference in the starvation-
induced expression of the ER stress-related genes for ATF4,
GADD34, CHOP, HERPES, PDI, and GRP94 in the muscles of
fasted wild-type and TWEAK-KO mice (see Fig. S5 in the supple-
mental material). Taken together, these results indicate that
TWEAK-Fn14 might be contributing to starvation-induced mus-
cle loss through activation of the components of the UPS pathway
but not those of the ALS or UPR pathway.

E3 ubiquitin ligase activity of TRAF6 is essential for starva-
tion-induced muscle atrophy. TRAF6 functions both as an adap-
tor protein and as an E3 ubiquitin ligase catalyzing K63-linked
autoubiquitination, as well as ubiquitination of target proteins,
which stimulates protein trafficking (26). While the E3 ubiquitin
ligase activity of TRAF6 has been found to be critical for many of
its cellular functions, it has also been reported that the ubiquitin
ligase activity of TRAF6 may be dispensable for the activation of
several downstream signaling pathways in response to specific
stimuli (57). We first studied whether starvation increases TRAF6
autoubiquitination in skeletal muscle in vivo. Protein extracts pre-
pared from skeletal muscles of unstarved or starved wild-type
mice were immunoprecipitated with anti-TRAF6 and then immu-
noblotted with anti-K63 ubiquitin antibody, which recognizes
only K63-linked ubiquitinated proteins. As shown in Fig. 5A,
TRAF6 ubiquitination was significantly increased in fasted mouse

Paul et al.

1254 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


skeletal muscle. Mutation of cystine to alanine (C70A) in the
TRAF6 zinc finger domain renders it unable to interact and bind
with the Ubc13-Uev complex (26). The TRAF6C70A mutant form
has previously been used to study the role of TRAF6 E3 ubiquitin
ligase activity in various cellular responses (26, 28). To understand
whether the E3 ubiquitin ligase activity of TRAF6 is required for
fasting-induced muscle atrophy, TA muscles of wild-type mice
were electroporated with the vector alone or with TRAF6C70A
cDNA. Efficiency of gene delivery was monitored by coelectropo-
ration with an enhanced green fluorescent protein (EGFP)-ex-
pressing vector as described previously (44). After 10 days of plas-
mid electroporation, the mice were given normal food or fasted

for 24 h and isolated TA muscles were used to make sections and
for measurement of fiber CSA. Interestingly, overexpression of the
TRAF6C70A mutant protein significantly inhibited starvation-in-
duced fiber atrophy in the TA muscles of mice (Fig. 5B and C).

To further evaluate the role of the ubiquitin ligase activity of
TRAF6 in starvation-induced muscle atrophy, we investigated
whether overexpression of the TRAF6C70A mutant protein can
affect the activation of the atrophic program in cultured myo-
tubes. C2C12 myoblasts were stably transfected with the vector
alone or TRAF6C70A; this was followed by their differentiation
into myotubes. To induce starvation, the myotubes were incu-
bated in PBS for different length of time. As shown in Fig. S6 in the

FIG 4 Activation of the TWEAK-Fn14 system by TRAF6 in skeletal muscles of mice. TRAF6f/f and TRAF6mko mice were fasted for 24 h, and isolated GA muscles
were analyzed for expression of Fn14. (A) Fn14 transcript levels were significantly reduced in GA muscles of starved TRAF6mko mice compared with those of
TRAF6f/f mice. (B) Representative immunoblot demonstrating reduced levels of Fn14 protein but not the unrelated protein tubulin in TA muscles of starved
TRAF6mko mice compared to those of TRAF6f/f mice. Three-month-old wild-type TWEAK-KO mice were starved for 24 h. Quantification of mean fiber CSA in
H&E-stained sections of TA (C) and soleus (D) muscles of wild-type and TWEAK-KO mice (n � 8 in each group). (E) MuRF1 but not MAFBx transcript levels
were found to be significantly reduced in muscles of fasted TWEAK-KO mice compared to those in wild-type mice. Error bars represent SD. #, P � 0.01 (values
significantly different from those of GA muscles of unstarved TRAF6f/f mice); *, P � 0.05 (values significantly different from those of GA muscles of starved
TRAF6f/f mice).
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supplemental material, overexpression of TRAF6C70A inhibited
starvation-induced atrophy in cultured myotubes. Quantitative
estimation of myotube diameters also revealed that the
TRAF6C70A mutant protein inhibits atrophy in cultured myo-
tubes (see Fig. S7 in the supplemental material). Finally, we inves-
tigated whether overexpression of the TRAF6C70A mutant pro-
tein can block the expression of the markers of the UPS, the ALS,
and the ER stress response in myotubes. Interestingly, fasting-
induced increases in MAFBx, MuRF1, LC3B, and CHOP mRNA
levels was found to be significantly inhibited in TRAF6C70A-
transfected myotubes compared to that in myotubes transfected
with the vector alone (Fig. 5D). Together, these experiments pro-
vide convincing evidence that the E3 ubiquitin ligase activity of
TRAF6 is essential for starvation-induced skeletal muscle atrophy.

DISCUSSION

This study identified TRAF6 as a novel regulator of a complex
array of intracellular mechanisms that underlie the starvation-
induced atrophic response in skeletal muscle. This investigation is
also the first one to recognize potential roles for the TWEAK-Fn14
system and UPR pathways in the development of skeletal muscle
atrophy in response to starvation.

It has been consistently observed that under almost all atrophic
conditions, the activation of the UPS and the ALS is a common

denominator of the loss of skeletal muscle mass. Rapid muscle
atrophy might stem from the degradation of thick and thin fila-
ment proteins, some of which are targeted by muscle-specific E3
ubiquitin ligases MuRF1 and MAFBx (6, 10, 11, 16). As also no-
ticed under other atrophic conditions (42), one of the mecha-
nisms by which TRAF6 mediates starvation-induced muscle atro-
phy is activation of the UPS because fasting-induced overall
protein ubiquitination and the expression of both MAFBx and
MuRF1 were significantly lower in skeletal muscles of TRAF6mko

mice than in those of control littermates (Fig. 2A and B).
The contribution of ALS to the regulation of skeletal muscle

mass under both physiological and pathological conditions has
gained increasing attention. It has also been found that along with
the UPS, activation of the ALS also induces myofiber degradation
in atrophying skeletal muscle (4, 50, 66). Although autophagy is a
homeostasis maintenance mechanism and physiological au-
tophagy is necessary for the removal of protein aggregates and
defunct cellular compartments (35, 50), the hyperactivated ALS
can contribute to muscle proteolysis under various conditions,
including fasting (50). Consistent with previously published re-
ports (34, 66), our results indicate that fasting causes increased
expression of several autophagy genes (Fig. 2C and D) and activa-
tion of the FOXO3a transcription factor (Fig. 2E) and AMPK (Fig.
2F). While AMPK is known to stimulate the expression of LC3B,

FIG 5 TRAF6 E3 ubiquitin ligase activity is required for starvation-induced muscle atrophy. Three-month-old mice were fasted for 24 h. (A) TA muscle extracts
prepared from unstarved (U) and starved (S) mice were immunoprecipitated with TRAF6 antibody and then Western blotted using an antibody that recognizes
only K63-linked ubiquitinated (Ub) substrates (top). Western blotting of total muscle extracts using anti-TRAF6 antibody (middle) and anti-�-tubulin
(bottom). (B) TA muscles of C57BL6 mice were electroporated with plasmids expressing EGFP and FLAG-TRAF6C70A mutant protein. Ten days later, mice
were fasted for 24 h and myofibers expressing EGFP in combination with pCDNA3 or FLAG-TRAF6C70A were analyzed by fluorescence microscopy. (C)
Quantification of fiber CSA of transfected TA muscles of TRAF6f/f and TRAF6mko mice. (D) Cultured C2C12 myoblasts were transfected with the vector alone
or the TRAF6C70A mutant protein, differentiated into myotubes, and starved for 6 h in PBS. The starvation-induced increase in MAFBx, MuRF1, LC3B, and
CHOP mRNA levels was significantly inhibited in TRAF6C70A-transfected cultures compared to that in cultures treated with the vector alone. Error bars
represent SD. *, P � 0.05 (values significantly different from starved myotubes transfected with the vector alone).
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the FOXO3a transcription factor is purported to upregulate
MAFBx and MuRF1 and regulates the ALS in skeletal muscle (34,
66). All of these markers and effectors of macroautophagy were
found to be significantly inhibited in TRAF6mko mice compared to
those in TRAF6f/f mice (Fig. 2), providing further evidence of the
role of TRAF6 and autophagy in starvation-induced atrophy.
TRAF6 interacts with LC3B through p62 (39) and ubiquitinylates
(Lys-63-linked) Beclin-1 and thus further regulates autophago-
some formation in response to Toll-like receptor 4 signaling (54).
Our results also indicate a similar interaction in starvation-in-
duced muscle atrophy because levels of p62, LC3B, and Beclin-1
were found to be induced by fasting in TRAF6f/f mice and were
rescued in TRAF6mko mice (Fig. 2C and D). Though it has been
suggested that proteasomal degradation dominates over lyso-
somal breakdown of proteins during muscle atrophy (34, 66), our
results indicate that, irrespective of their relative contributions,
TRAF6 recruits both the UPS and ALS in starvation-induced mus-
cle atrophy.

The ER is a site for and an important regulator of protein
folding, trafficking, targeting, and quality control. Under the con-
ditions of increased unfolded protein load/stress, ER stimulates an
elaborate corrective response known as the UPR (47), which is
mediated by three ER membrane-associated proteins, PERK,
IRE1, and ATF6. UPR pathways have been found to be involved in
several pathological and metabolic disorders, such as impaired
glucose metabolism (3, 41), adipocyte stress (17, 48), and inflam-
matory response and metabolic abnormalities (20, 62, 65). How-
ever, there has been no published evidence yet suggesting direct
involvement of the UPR in skeletal muscle atrophy. In an attempt
to study the involvement of ER stress in disuse atrophy, it was
previously reported that while the genes that maintain sarcoplas-
mic reticulum calcium levels are induced in disuse atrophy, there
is no such increase in the markers of ER stress or the UPR (21).
However, a recent report suggests that in response to starvation,
the expression of ATF4 is increased, which promotes myofiber
atrophy (15). Interestingly, it was found that ATF4 affects the
expression of a few genes involved in muscle growth; however, it
does not affect the expression of MAFBx or MuRF1, suggesting
that ATF4 can induce muscle atrophy through mechanisms inde-
pendent of activation of the UPS (15). Although ATF4 can be
activated by multiple mechanisms under fasting conditions, it be-
longs to the PERK/eIF2� branch of the UPR and thus there is
a possibility that UPR pathways are activated and mediate starva-
tion-induced muscle atrophy.

Recent investigations have highlighted the role the ER stress
and UPR pathways play in energy and glucose metabolism and
have shown ER sensitivity to glucose availability. Transcriptional
networks activated by ER stress regulate the expression of several
genes involved in glucose metabolism. GADD34, XBP-1, and
ATF6 have been found to be involved in glucose output, glycogen
synthesis and gluconeogenesis (2, 30, 41, 58), implying that all
three of the arms of the UPR play roles in energy and glucose
metabolism. Muscles, being the largest reservoir of proteins, are
the first ones to be mobilized as a source of amino acids for glu-
coneogenesis. Although UPR activation and its role in glucose
metabolism in atrophying muscle have not yet been elucidated,
there is a possibility that fasting activates the UPR, which in turn
induces secondary mechanisms regulating muscle atrophy. Our
results provide initial evidence that the UPR is activated in skeletal
muscle both in vitro and in vivo (Fig. 3) and underline the possi-

bility that through transcriptional activation of downstream effec-
tors, UPR pathways could be instrumental in the regulation of
skeletal muscle mass. This inference is also supported by our find-
ing that treatment of myotubes with the ER stressor tunicamycin
or thapsigargin augmented the expression of components of the
UPS and the ALS (see Fig. S3 in the supplemental material). In-
terestingly, all of the markers of the UPR were significantly inhib-
ited in TRAF6mko mice (Fig. 3), suggesting that TRAF6 plays a
critical role in the induction of the UPR in starvation-induced
skeletal muscle atrophy. Previously published reports bolster this
observation by implicating TRAF2 in the activation of the UPR
and proteolytic degradation and cell death (24). TRAF2 is another
E3 ubiquitin ligase of the TRAF family and has many features in
common with TRAF6 (55). Therefore, it is possible that func-
tional redundancy exists between TRAF2 and TRAF6 in the acti-
vation of UPR pathways in response to different stimuli. Future
research will reveal an interaction and/or mechanisms through
which TRAF6 regulates the ER stress response in fasted mouse
muscle.

The TWEAK-Fn14 axis is another recently discovered regula-
tor of skeletal muscle atrophy (14, 36). Increased expression of the
Fn14 receptor appears to be a key determinant in TWEAK-medi-
ated skeletal muscle wasting, especially under disuse conditions
(36). In the present study, we observed that the levels of Fn14 were
dramatically induced in fasted mouse skeletal muscle and that the
TWEAK-Fn14 system contributed to starvation-induced muscle
atrophy in mice (Fig. 4). It is noteworthy that although Fn14 is a
cell surface receptor and TRAF6 is an intracellular protein, signal-
ing through TRAF6 induces the expression of Fn14 in fasted
mouse muscles. Our previous investigations showed that TRAF6
does not play a role in the inducible expression of Fn14 in dener-
vated muscle (42), further suggesting that TRAF6 mediates differ-
ent types of muscle atrophy through the activation of distinct
mechanisms. The observation that Fn14 is one of the downstream
targets of TRAF6 in starvation-induced atrophy is also supported
by our finding that inhibition of the TWEAK-Fn14 system did not
affect the activation of either the ALS (see Fig. S4 in the supple-
mental material) or the UPR (see Fig. S5 in the supplemental
material) in skeletal muscle, whereas ablation of TRAF6 inhibited
both of these pathways in response to starvation (Fig. 2). On the
similar lines, we found that while MAFBx mRNA levels in
TRAF6mko mice were lower than those in TRAF6f/f mice (Fig. 2B),
there was no significant difference in the levels of expression of
MAFBx in the skeletal muscles of TWEAK-KO and wild-type mice
in response to starvation (Fig. 4E).

In the recent years, significant progress has been made in un-
derstanding the mechanisms by which TRAF6 propagates down-
stream signaling. The most accepted model suggests that upon
activation, the RING finger ubiquitin E3 ligase domain makes
complexes with E2 conjugating enzyme Ubc13/Uev1a to mediate
the conjugation of K63-linked ubiquitin chains to TRAF6 sub-
strates, including TRAF6 itself. These chains recruit several fac-
tors, including adaptor proteins TAB2/3, which contain atypical
zinc finger domains with an affinity for K63-linked ubiquitin
chain binding, resulting in activation of the transforming growth
factor beta-activated kinase 1 (TAK1) complex. However, Walsh
et al. have previously reported that while the RING finger domain
of TRAF6 is essential for the activation of TAK1, it is not required
for interaction between TRAF6 and the TAK1 complex in vitro
(57). Furthermore, this study suggested that TRAF6 autoubiq-
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uitination is dispensable for both its interaction with and activa-
tion of the TAK1 complex and also for RANKL-induced osteoclas-
togenesis (57). In contrast, our experiments demonstrate that
TRAF6 undergoes K63-linked autoubiquitination in skeletal mus-
cle in response to starvation (Fig. 5A). Furthermore, using mutant
TRAF6 lacking ubiquitin ligase activity (i.e., TRAF6C70A) (26),
we found that the ligase activity of TRAF6 is essential for orches-
trating the activation of the ALS, UPS, and UPR upon acute star-
vation (Fig. 5D). The requirement of E3 ubiquitin ligase for mus-
cle atrophy in response to starvation (Fig. 5; see Fig. S6 and S7 in
the supplemental material) but not during osteoclastogenesis (57)
suggests that TRAF6 induces the activation of different signaling
complexes in a context-dependent manner. It is also notable that
starvation-induced muscle atrophy may not even involve activa-
tion of the TAK1–IKK–NF-�B pathway, for which the autoubiq-
uitination of TRAF6 or its E3 ligase activity has been found to be
dispensable during osteoclastogenesis (57).

In conclusion, the results of the present study identify TRAF6
as a novel regulator of starvation-induced atrophy. Since molec-
ular pathways regulated by TRAF6 are also implicated in many
other cell types and physiological responses, a better understand-
ing of its regulatory role will be of significant clinical importance
for developing new therapeutic strategies for the treatment of
muscle disorders and other diseases.
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