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ABSTRACT

Muscle wasting in catabolic patients is in part mediated by glucocorticoids and is associated with increased expression and activity of the
transcription factor C/EBPB. It is not known, however, if C/EBPB is causally linked to glucocorticoid-induced muscle atrophy. We used
dexamethasone-treated L6 myoblasts and myotubes to test the role of C/EBPB in glucocorticoid-induced expression of the muscle-specific
ubiquitin ligases atrogin-1 and MuRF1, protein degradation, and muscle atrophy by transfecting cells with C/EBPB siRNA. In myoblasts,
silencing C/EBPB expression with siRNA inhibited dexamethasone-induced increase in protein degradation, atrogin-1 and MuRF1
expression, and muscle cell atrophy. Similar effects of C/EBPB siRNA were seen in myotubes except that the dexamethasone-induced
increase in MuRF1 expression was not affected by C/EBPB siRNA in myotubes. In additional experiments, overexpressing C/EBPB did not
influence atrogin-1 or MuRF1 expression in myoblasts or myotubes. Taken together, our observations suggest that glucocorticoid-induced
muscle wasting is at least in part regulated by C/EBP. Increased C/EBP expression alone, however, is not sufficient to upregulate atrogin-1

and MuRF1 expression. J. Cell. Biochem. 112: 1737-1748, 2011.
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L oss of muscle mass is commonly seen in patients with sepsis,
severe injury, and cancer [Hasselgren et al., 2005; Lecker et al.,
2006]. Muscle wasting in these conditions is mainly caused by
accelerated ubiquitin- and proteasome-dependent protein break-
down [Attaix et al., 2008; Murton et al., 2008], although inhibited
protein synthesis may contribute as well [Lang et al., 2007]. Studies
suggest that increased expression of the ubiquitin ligases atrogin-1
and MuRF1 may be particularly important for the development
of muscle atrophy in various catabolic conditions [Bodine et al.,
2001; Gomes et al., 2001; Wray et al., 2003]. Because stimulated
transcription of the genes for atrogin-1 and MuRF1 as well as for
multiple other components of the ubiquitin-proteasome pathway is
essential for loss of muscle mass [Tiao et al., 1994; Khal et al., 2005],
it is likely that factors regulating gene transcription are involved in
muscle wasting. Indeed, there is evidence suggesting that expression
and activity of the transcription factors NF-kB [Penner et al., 2001;
Cai et al., 2004], AP-1 [Penner et al., 2001; Moore-Carrasco et al.,
2006], and FOXO01 and 3a [Kamei et al., 2004; Sandri et al., 2004;
Stitt et al., 2004; Smith et al., 2010], and of the nuclear cofactors
p300 [Yang et al., 2005b, 2007; Alamdari et al., 2010] and PGC-1a
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and B [Sandri et al., 2006; Arany et al., 2007; Menconi et al., 2010],
play important roles in the regulation of muscle mass in various
catabolic conditions.

Previous studies suggest that the transcription factors C/EBPB
and 8 may also be involved in muscle wasting [Penner et al., 2002;
Yang et al., 2005a]. In experiments in our laboratory, sepsis in rats
resulted in increased expression and activity of C/EBPB and 3 in
skeletal muscle and evidence was reported that the promoter regions
of several genes in the ubiquitin-proteasome pathway contain
multiple putative C/EBP-binding sites [Penner et al., 2002]. In
additional experiments in the same study, treatment of rats with the
glucocorticoid receptor (GR) antagonist RU38486 attenuated the
sepsis-induced activation of C/EBPR and 3, suggesting that sepsis-
induced activation of these transcription factors was, at least in part,
glucocorticoid-dependent [Penner et al., 2002].

Further support for a role of glucocorticoids in the upregulation
of C/EBP transcription factors in atrophying skeletal muscle was
found in experiments in which treatment of cultured muscle cells in
vitro or rats in vivo with dexamethasone resulted in increased
expression and DNA-binding activity of C/EBPB and & [Yang et al.,
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2005a]. Those observations are significant because other studies
suggest that glucocorticoids are important regulators of ubiquitin-
and proteasome-dependent muscle proteolysis [Tiao et al., 1996;
Hasselgren, 1999] and that dexamethasone-treated muscle cells can
be used as a valid in vitro model of muscle wasting [Menconi et al.,
2008]. Indeed, in previous reports, dexamethasone-induced atrogin-
1 and MuRF1 expression and protein degradation resulted in
atrophy of cultured muscle cells [Bodine et al., 2001; Gomes et al.,
2001; Menconi et al., 2008].

Although previous experiments provided evidence for an
association between activation of C/EBP transcription factors and
ubiquitin- and proteasome-dependent protein degradation in
dexamethasone-treated muscle cells [Yang et al., 2005a; Menconi
et al., 2008], it is not known from those experiments whether there is
a causative link between C/EBP transcription factors and muscle
wasting. Cells in which a transcription factor is inactivated represent
an important tool to determine the role played by the factor in the
transcriptional control of candidate target genes and in the
metabolic consequences of certain treatments. Here, we used siRNA
technique to test the role of C/EBPB in dexamethasone-induced
upregulation of atrogin-1 and MuRF1 expression, protein degrada-
tion, and atrophy in cultured L6 myoblasts and myotubes. Among
the C/EBP transcription factors, we focused on C/EBP because the
DNA-binding activity, as determined by EMSA and supershift
analysis, was upregulated to a greater extent for C/EBP than for C/
EBPJ [Yang et al., 2005a] and the nuclear cofactor p300 interacted
with C/EBPB but not C/EBP3 in dexamethasone-treated myotubes
[Yang et al., 2005b]. Results in the present study suggest that
dexamethasone-induced atrogin-1 expression, protein degradation,
and atrophy in cultured muscle cells are at least in part regulated by
C/EBPB. Interestingly, C/EBPB siRNA prevented the dexametha-
sone-induced increase in MuRF1 expression only in myoblasts,
suggesting that the role of C/EBPB in glucocorticoid-induced
MuRF1 expression may be different in undifferentiated and
differentiated muscle cells. Because results observed in differen-
tiated myotubes are probably more relevant for skeletal muscle in
vivo than results observed in myoblasts, the present observations
suggest that MuRF1 may not be essential for glucocorticoid-induced
C/EBPB-regulated muscle wasting.

CELL CULTURE

Experiments were performed in cultured L6 myoblasts and
myotubes. L6 muscle cells, a rat skeletal muscle cell line (American
Type Culture Collection, Manassas, VA), were maintained and
cultured as described in detail recently [Menconi et al., 2008]. In
short, cells were grown in Dulbeco’s modified Eagle’s medium
(DMEM; Mediatech Inc., Herndon, VA) supplemented with 10% fetal
bovine serum (FBS; Sigma, St. Louis, MO) in 10% CO, at 37°C. At
approximately 80% confluence, cells were washed with phosphate-
buffered saline (PBS), pH 7.4, and removed with 0.25% trypsin in
PBS. Cells were suspended in DMEM supplemented with 10% FBS
and seeded in 6- or 12-well culture plates. Myoblasts were grown to
approximately 60% confluence whereafter they were transfected
with C/EBPB siRNA or C/EBPRB expression plasmids as described

below. When experiments were performed in myotubes, the
myoblasts were grown in DMEM with 10% FBS until they reached
approximately 80% confluence. The medium was then replaced with
DMEM containing 2% FBS for induction of myotube formation.
Formation of myotubes was observed after 5-9 days and after
treatment with cytosine arabinoside (10 wM) for 24 h to remove any
remaining myoblasts, the myotubes were transfected with C/EBP3
siRNA as described below.

CELL TRANSFECTIONS

L6 myoblasts or myotubes were transfected with C/EBPB siRNA or
non-targeting (scrambled) siRNA (Dharmacon RNA Technologies,
Lake Placid, NY) utilizing the transfection reagent Lipofectamine
RNAIMAX (Invitrogen, Grand Island, NY). The siRNA constructs
were added to the culture medium at a concentration of 165 nM in
combination with Lipofectamine according to the manufacturer’s
instructions. After 5h, the medium was changed to fresh DMEM
containing 10% FBS (when myoblasts were studied) or 2% FBS
(when myotubes were studied). After 48 h, cell cultures were exposed
to dexamethasone (1 wM) or corresponding concentration of solvent
(0.19% ethanol) for 24 h during which time protein degradation was
measured as described below. In other experiments, myoblasts or
myotubes were harvested after 24 h dexamethasone treatment for
measurement of C/EBPB and 8, atrogin-1, and MuRF1 mRNA levels
by real-time PCR and C/EBP, atrogin-1, and MuRF1 protein levels
by Western blotting. In other cell cultures, cell size was assessed as
described below.

In additional experiments, L6 myoblasts were transfected with a
C/EBPB expression plasmid in order to test whether increased
expression of C/EBPB alone may be sufficient to upregulate atrogin-
1 and MuRF1 expression. Transient transfections were performed
using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. L6 myoblasts were seeded in 12-well plates at a
density of 0.5-2 x 10° cells/well in DMEM containing 10% FBS and
incubated at 37°C. Myoblasts were grown up to 70-80% confluence
whereafter pcDNA3.1-C/EBPB vector or pcDNA3.1-empty vector
(1 wg/ml; kindly supplied by Dr. Daniel Tennen, Harvard Medical
School) was added together with Lipofectamine 2000 for 6h,
followed by incubation in DMEM containing 10% FBS for 24 h. In
other experiments, the medium was replaced with DMEM containing
2% FBS for induction of myotube differentiation and myotubes were
studied after 5 days.

PROMOTER-BINDING SITES

Examination of potential C/EBP-binding sites in the atrogin-1 and
MuRF1 promoters was performed using Explain (Biobase, Beverly,
MA). Promoter regions for rat atrogin-1 and rat MuRF1 were
generated by extracting an interval of [—1,000/+100] nucleotides
around the canonical RefSeq transcription start site (UCSC Genome
Browser, build rn4) [Karolchik et al., 2003]. The transcription factor
binding site search was limited to TRANSFAC motifs [Matys et al.,
2006] matching the generic C/EBP family or the specific C/EBPB-
binding sites, keeping putative-binding sites with core match and
site match scores >0.95.
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PROTEIN DEGRADATION

Protein degradation rates were determined by measuring the release
of trichloroacetic acid (TCA)-soluble radioactivity during 24 h from
proteins prelabeled with [*H]-tyrosine as described in detail
previously [Wang et al., 1998; Menconi et al., 2008]. Proteins in
myoblasts or myotubes that had been transfected with non-
targeting or C/EBP siRNA were labeled for 48 h with 1.0 w.Ci/ml of
L-[3,5-3H]-tyrosine in DMEM containing 10% FBS (when myoblasts
were studied) or 2% FBS (when myotubes were studied). After
labeling of the proteins, the [*H]-tyrosine containing medium was
removed, the cell cultures were rinsed, and fresh DMEM containing
10% or 2% FBS and 2 mM unlabeled tyrosine was added. The cell
cultures were then treated for 24 h with 1 wWM dexamethasone or
corresponding concentration of solvent (0.1% ethanol). Protein
degradation rates during the 24 h dexamethasone treatment were
calculated as described in detail previously [Wang et al., 1998;
Menconi et al., 2008] and expressed as %24 h.

REAL-TIME PCR

Messenger RNA levels for atrogin-1, MuRF1, C/EBPB, and C/EBP3
were determined by real-time PCR performed as described in detail
recently [Yang et al., 2005a; Menconi et al., 2008]. In short, RNA was
extracted by the acid guanidinium thiocyanate-phenol-chloroform
method [Chomczynski and Sacchi, 1987] using TRI REAGENT
(Molecular Research Center, Cincinnati, OH). TagMan analysis using
One Step PCR Master Mix Reagents Kit and subsequent calculations
were performed with an ABI PRISM 7700 Sequence Detection
System (Applied Biosystems). The primers and probes for rat
atrogin-1, MuRF-1, C/EBPR, and C/EBP3 were designed by the use of
Primer Express 1.5 design software (ABI, Foster City, CA) and were
synthesized by Biosearch Technologies, Inc. (Novato, CA). The
sequences for the forward, reverse, and double-labeled primer
oligonucleotides for atrogin-1 were forward, 5’-CTT TCA ACA GAC
TGG ACT TCT CGA-3’, reverse, 5'-CAG CTC CAA CAG CCT TAC TAC
GT-3’, and double-labeled TagMan probe, FAM-5"-TCG CAT CCT
GGA TTC CAG AAG ATT CAA C-3’-TAMRA. The corresponding
sequences for MuRF1 were forward, 5’-CGA CTC CTG CCG AGT GAC
C-3’, reverse, 5'-GCG TCA AAC TTG TGG CTC AG-3’, and double-
labeled Tag-Man probe, FAM-5-AGG AAA ACA GCC ACC AGG
TGA AGG AGG-3’-TAMRA. The corresponding sequences for
C/EBPB were forward, 5-AAG ATG CGC AAC CTG GAG AC-3’,
reverse, 5-CCT TCT TCT GCA GCC GCT C-3’, and double-labeled
TagMan probe, FAM-5’-CAC AAG GTG CTG GAG CTG ACG GC-3’-
TAMRA. The corresponding sequences for C/EBP3 were forward, 5'-
AGA ACG AGA AGC TGC ATC AGC-3’, reverse, 5’-TTG AAG AAC
TGC CGG AGG C-3’, and double-labeled TagMan probe, FAM-5’-
CAG CTC ACC CGG GAC CTG GC-3’-TAMRA.

WESTERN BLOTTING

Western blotting was performed as described in detail recently
[Yang et al., 2005a; Menconi et al., 2008]. For determination of C/
EBPpR levels, a mouse monoclonal anti-rat C/EBPB antibody was
used as primary antibody at a dilution of 1:166 and a goat anti-
mouse IgG horseradish peroxidase-conjugated antibody was used as
secondary antibody at a dilution of 1:10,000 (both antibodies from
Santa Cruz Biotechnology, Santa Cruz, CA). For determination of

atrogin-1 protein levels, a rabbit polyclonal anti-mouse atrogin-1
antibody was used (1:1,000; kindly supplied by Dr. Stewart
Lecker, Harvard Medical School). For determination of MuRF1
protein levels, a rabbit polyclonal anti-mouse MuRF1 antibody
was used (1:1,000; kindly supplied by Regeneron Pharmaceuticals
to Dr. Alfred Goldberg, Harvard Medical School, and used in the
present experiments after permission from Regeneron Pharmaceu-
ticals). In order to confirm equal loading, a-tubulin levels were
determined by using a rabbit monoclonal anti-rat a-tubulin
antibody at a dilution of 1:5,000 (Sigma, St. Louis, MO) and a
goat anti-rabbit IgG horseradish peroxidase-conjugated secondary
antibody at a dilution of 1:5,000 (Santa Cruz Biotechnology).
Immunoreactive protein bands were visualized by chemilumines-
cence using the Western Lighting Kit (Perkin Elmer Life Sciences
Inc., Boston, MA) followed by exposure to Kodak X-Omat blue film
(Eastman Kodak, Rochester, NY). Molecular weights of protein bands
were determined by Dual Precision molecular weight standards
(BioRad, Hercules, CA). The protein bands were quantified by
densitometry.

CELL SIZE

After treating myoblasts for 24 h and myotubes for 48 h with 1 uM
dexamethasone or corresponding concentration of solvent (0.1%
ethanol), the cell cultures were photographed with a Nikon TE-
DH100W phase contrast microscope (Nikon Instrument, Melville,
NY) at 100x magnification. The cell size (area) was measured for at
least 60 myoblasts from 10 random fields from each photograph
using Image J software (NIH, Frederick, MD). Myotube diameters
were measured for at least 60 myotubes from 10 random fields form
each photograph using Image J software (NTH). The measurements
were conducted in a “blinded” fashion with the investigator being
unaware from which experimental group the cultures originated.
Myoblast size was expressed as wm? and myotube diameter as pm
and the distribution of myoblasts with different size was depicted in
histograms.

STATISTICS

Results are reported as means + SEM. All experiments were repeated
two or three times to ensure reproducibility. Statistical analysis was
performed by Student’s #-test or ANOVA followed by Holm-Sidak’s
test. P<0.05 was considered statistically significant.

In initial experiments, we tested the effectiveness of C/EBPB siRNA
to downregulate the expression of C/EBPB in control and
dexamethasone-treated myoblasts. Transfection of the myoblasts
with C/EBP siRNA resulted in an approximately 50% reduction of
basal C/EBP mRNA levels (Fig. 1A) but no reduction of C/EBP8
mRNA levels (Fig. 1B). The effect of C/EBPR siRNA on basal C/EBP
mRNA levels was accompanied by a reduction of C/EBP protein to
almost undetectable levels (Fig. 1C). Treatment of the myoblasts
with 1 uM dexamethasone for 24 h resulted in a 3.5-fold increase in
C/EBPB mRNA levels and a substantial increase in C/EBP protein
levels (Fig. 1A,C). Similar to previous studies in cultured muscle cells
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Fig. 1.

C/EBPB siRNA reduces C/EBP@ expression and inhibits dexamethasone-induced C/EBPB mRNA and protein levels in L6 myoblasts. A: C/EBPB mRNA levels in L6

myoblasts transfected with C/EBP@ siRNA or non-targeting siRNA and treated for 24 h with or without 1 wM dexamethasone. C/EBPB mRNA in myoblasts transfected with non-
targeting siRNA and cultured for 24 h in the absence of dexamethasone was arbitrarily set at 1.0. Results are means &= SEM with n =6 per group. “P< 0.05 versus —Dex;
+P< 0.05 versus corresponding non-targeting group by ANOVA. B: C/EBPS mRNA levels in the same groups of myoblasts as depicted in panel A. Results are means + SEM with
n =6 per group. “P < 0.05 versus —Dex. C: C/EBPB protein levels determined by Western blotting in L6 myoblasts transfected with C/EBPB siRNA or non-targeting siRNA and
treated for 24 h in the absence or presence of 1 wM dexamethasone. a-Tubulin levels were determined as loading control. Molecular weights on the right side of the blots were

based on molecular weight markers used in the Western blots. Almost identical results were observed in three repeated experiments.

[Yang et al., 2005a; Wei et al., 2007], the 35kDa isoform was the
predominant isoform of C/EBPB and treatment of the muscle cells
with dexamethasone increased the expression of both the 35 and
38 kDa C/EBP isoforms. The effects of dexamethasone on C/EBPB
mRNA and protein expression were significantly blunted in
myoblasts treated with C/EBPB siRNA. In contrast, C/EBPS mRNA
levels in dexamethasone-treated myoblasts were not influenced by
C/EBPB siRNA (Fig. 1B). Taken together, the results in Figure 1
suggest that transfecting L6 myoblasts with C/EBPB siRNA resulted
in a robust and specific downregulation of C/EBPB mRNA and
protein expression and blunted the dexamethasone-induced
increase in C/EBPB mRNA and protein levels. Thus, C/EBPRB
siRNA-treated myoblasts provide a tool to study the role of C/EBPB
in glucocorticoid-induced muscle wasting-related changes.

We next used C/EBPB siRNA-treated myoblasts to test the role of
C/EBPB in dexamethasone-induced upregulation of atrogin-1 and
MuRF1. Treatment of L6 myoblasts with 1 wWM dexamethasone for
24 h resulted in a 2.5- to 3-fold increase in atrogin-1 mRNA levels
(Fig. 2A), similar to previous reports from our and other laboratories
[Bodine et al., 2001; Gomes et al., 2001; Menconi et al., 2008]. The
increase in atrogin-1 mRNA levels was associated with a 2.3-fold
increase (determined by densitometry of the Western blot) in

atrogin-1 protein levels (Fig. 2B). Importantly, the dexamethasone-
induced increase in atrogin-1 mRNA and protein levels was
substantially reduced in C/EBPB siRNA-treated myoblasts. Of
note, basal atrogin-1 mRNA levels, that is, atrogin-1 mRNA levels
in myoblasts that had not been treated with dexamethasone, were
reduced by approximately 20% by C/EBPB siRNA (Fig. 2A).

Treatment of the myoblasts with dexamethasone resulted in an
approximately ninefold increase in MuRF1 mRNA levels accom-
panied by a 1.7-fold increase in MuRF1 protein levels (Fig. 2C,D).
These effects of dexamethasone were also inhibited in myoblasts
transfected with C/EBPB siRNA (Fig. 2C,D). Basal levels of MuRF1
mRNA and protein were not influenced by C/EBPB siRNA. Taken
together, the results in Figure 2A-D suggest that C/EBP plays a role
in glucocorticoid-induced upregulation of atrogin-1 and MuRF1 in
muscle cells.

Although the present results provide strong evidence that
glucocorticoid-induced upregulation of atrogin-1 and MuRF1 is
C/EBPB-dependent, it is not known at present whether the role of C/
EBPp reflected a direct or indirect effect. To shed some light on that
question, we analyzed the rat atrogin-1 and rat MuRF1 promoters
for putative C/EBP-binding sites. The analysis showed three binding
sites within the evolutionary conserved binding regions for atrogin-
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1 present on chromosome 7 (genomic coordinates: 9494264-74,
94942856-66, and 94942863-73) and 5 binding sites for MuRF1 on
chromosome 5 (genomic coordinates: 153059398-08, 153059350~
60, 153059351-61, 153059365-75, and 153059398-08). These sites
exhibited high evolutionary conservation in nine vertebrates [Sieple
et al., 2005] suggesting that the predicted target sites may be
functional. Although these observations suggest that C/EBPf may
bind directly to the atrogin-1 and MuRF1 promoters, it is important
to point out that the present results of C/EBPB dependency may also
reflect an indirect effect, for example, regulation by C/EBPR of other
gene(s), the products of which in turn may regulate the atrogin-1
and MuRF1 genes.

Because atrogin-1 and MuRF1 play important roles in regulating
muscle proteolysis, we next tested the role of C/EBPB in
dexamethasone-induced protein degradation in cultured L6 myo-
blasts. Treatment of the myoblasts with dexamethasone resulted in
an approximately 15% increase in protein degradation and this
effect of dexamethasone was abolished in myoblasts that had been
transfected with C/EBPB siRNA (Fig. 2E).

In order to test whether silencing of C/EBPB would influence
dexamethasone-induced changes in muscle cell size, we next
examined the size of cultured L6 myoblasts that had been
transfected with non-targeting or C/EBPB siRNA. Treatment of
non-targeting siRNA-transfected myoblasts with 1 M dexametha-
sone for 24 h resulted in a substantial reduction of cell size (Fig. 3A).
Importantly, the dexamethsone-induced atrophy was abolished in
myoblasts transfected with C/EBPB siRNA (Fig. 3B).

The experiments described above in Figures 1-3 were performed
in L6 myoblasts. We chose to study myoblasts in our initial
experiments because efficient transfection with siRNA constructs
may be more easily achieved in myoblasts than in myotubes [Balci
and Dincer, 2009]. Because the role of C/EBP in the response to
dexamethasone may not be identical in myoblasts and myotubes
and because changes observed in myotubes may be more relevant
for the situation in adult muscle than changes observed in
myoblasts, it was important to test whether the role of C/EBPB in
dexamethasone-induced changes was similar in differentiated
myotubes as described above for myoblasts.

When L6 myotubes were transfected with C/EBP@ siRNA, C/EBPB
protein expression was reduced in both control and dexamethasone-
treated myotubes (Fig. 4A), similar to the findings in myoblasts
(compare with Fig. 1C). This result suggests that C/EBP@ siRNA
transfection was efficient in both L6 myotubes and myoblasts.
Treatment of the myotubes with dexamethasone resulted in a
2.5- and 3-fold increase in atrogin-1 and MuRF1 expression,
respectively (Fig. 4B,C). Silencing of C/EBPB blocked the effect
of dexamethasone on atrogin-1 expression in myotubes (similar
to the effect of C/EBPB siRNA in myoblasts; Fig. 2A). In contrast,
downregulation of C/EBPB did not influence the dexamethasone-
induced upregulation of MuRF1 in myotubes which differs from the
results observed in myoblasts (Fig. 4C and compare with Fig. 2C).
In order to test whether the lack of effect of C/EBPB siRNA on
MuRF1 expression in myotubes was due to insufficient silencing
of the C/EBPB gene, we performed an additional experiment in
which we increased the length of transfection with C/EBPB siRNA
from 24 to 48h; the dexamethasone-induced increase in MuRF1
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Fig. 3. Silencing of C/EBPB with C/EBPB siRNA prevents dexamethasone-
induced atrophy of cultured L6 myoblasts. Distribution of L6 myoblasts with
different size (cell area) and transfected with (A) non-targeting siRNA or
(B) C/EBPR siRNA and then treated for 24 h with or without 1 uM dexametha-
sone. The dexamethasone-induced decrease in cell size (illustrated by left-
shifted filled bars in panel A) was prevented by C/EBP siRNA (as illustrated in
panel B). The cell areas in panel A were 5,430 + 191 um? and 2,471 + 123 pum?
in control and dexamethasone-treated myoblasts, respectively (P< 0.001 by
Student's t-test). The corresponding figures for panel B were 5,236 + 215 um?
and 4,924 + 183 um? (N.S.).

expression was unaffected by C/EBPB siRNA in that experiment as
well (data not shown). Thus, the role of C/EBPB in glucocorticoid-
induced expression of MuRF1 may be different in undifferentiated
and differentiated muscle cells. Of note, basal atrogin-1 mRNA
levels were reduced in C/EBPB siRNA-treated myotubes (Fig. 4B),
similar to the finding in myoblasts (Fig. 2A). In contrast, basal
MuRF1 mRNA levels were unaffected by C/EBPB siRNA in both
myotubes (Fig. 4C) and myoblasts (Fig. 2C).

Protein degradation was increased by approximately 25% in
dexamethasone-treated myotubes transfected with non-targeting
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C/EBPB siRNA (Fig. 4D). In contrast, dexamethasone did not
significantly affect protein degradation in C/EBPB siRNA-treated
myotubes, similar to the observation in myoblasts.

Similar to the effect of dexamethasone observed in myoblasts,
treatment of myotubes with dexamethasone resulted in cellular
atrophy. The effect of dexamethasone on myotube size, however,
was somewhat less pronounced than in myoblasts and required a
longer time of treatment. Thus, treatment with 1 wM dexamethasone
for 24h did not influence myotube size (not shown), whereas
treatment with dexamethasone for 48 h resulted in myotube atrophy
(Fig. 5A). We recently reported a similar more delayed atrophy
in dexamethasone-treated L6 myotubes [Menconi et al., 2008].
Importantly, the dexamethasone-induced atrophy of L6 myotubes
was prevented by silencing the C/EBPB gene (Fig. 5B). Taken
together, our results suggest that the role of C/EBPB in
dexamethasone-induced protein degradation and atrophy is similar,
but not identical, in L6 myotubes and myoblasts (the main difference
being inhibition of dexamethasone-induced MuRF1 expression in
C/EBPB siRNA-treated myoblasts but not in myotubes).

Although the results described above suggest that increased C/
EBP expression is involved in dexamethasone-induced expression
of atrogin-1 and MuRF1, it is not known if C/EBP( alone is sufficient
to increase the expression of atrogin-1 and MuRF1. In order to
address that question, L6 myoblasts were transfected with a C/EBPB
expression plasmid. The transfection resulted in an approximately
90-fold increase in C/EBPB mRNA levels but did not influence
C/EBP3 mRNA levels, illustrating the effectiveness and specificity
of the transfection (Fig. 6A,B). Atrogin-1 and MuRF1 mRNA levels
were unaffected by the increased expression of C/EBP (Fig. 6C,D).
In an additional experiment, L6 myoblasts that had been transfected
with the C/EBPB expression plasmid were allowed to differentiate
into myotubes. Assessed from microscopic examinations, the
differentiation of the myoblasts to myotubes was not affected by
C/EBP overexpression (not shown). High levels of C/EBP mRNA
were maintained in the myotubes although to a lesser degree than
observed in the myoblasts (approximately 40-fold increase in the
myotubes versus approximately 90-fold increase in the myoblasts).
Similar to the finding in myoblasts, overexpression of C/EBPB did
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and 10+ 0.5 wm in control and dexamethasone-treated myotubes, respec-
tively (P<0.001 by Student's t-test). The corresponding figures for panel B
were 19+ 0.7 wm and 20 +0.8 pm (N.S.).

not influence the expression of C/EBPS, atrogin-1, or MuRF1 in
myotubes (Fig. 7B-D).

In the present study, silencing of the C/EBPB gene by siRNA
inhibited dexamethasone-induced ubiquitin ligase expression,
protein degradation, and atrophy in cultured L6 myoblasts and
myotubes. The results are consistent with the concept that
glucocorticoid-induced muscle wasting is, at least in part, regulated
by C/EBPR. In previous studies, we found that the expression and
activity of C/EBPB were increased in skeletal muscle of septic
and dexamethasone-treated rats [Penner et al., 2002; Yang et al.,
2005a], suggesting a close correlation between upregulated C/EBPR

expression and loss of muscle mass. The present study is important
because it provides the first evidence of a link between C/EBPB and
the catabolic response to glucocorticoids in skeletal muscle.

Of note, the effects of C/EBPB siRNA on dexamethasone-induced
changes were similar in myoblasts and myotubes with the exception
of upregulation of MuRF1 expression that was inhibited by C/EBPB
siRNA in myoblasts but not in myotubes. Importantly, the
differential role of C/EBPR in dexamethasone-induced upregulation
of MuRF1 expression in myoblasts and myotubes suggests that C/
EBPB may not be involved in glucocorticoid-induced upregulation
of MuRF1 in adult skeletal muscle. The present finding that the
dexamethasone-induced expression of atrogin-1, but not MuRF1,
was regulated by C/EBPB in myotubes is in line with other studies
suggesting that atrogin-1 and MuRF1 may be differentially
regulated by other transcription factors as well. For example,
atrogin-1 gene expression is mainly regulated by FOXO transcrip-
tion factors in atrophying muscle [Sandri et al., 2004] whereas
MuRF1 is mainly regulated by NF-kB [Cai et al., 2004].

Of note, a recent study by Waddell et al. [2008] provided a
detailed analysis of potential transcription factor binding sites in the
MuRF1 promoter and the response to dexamethasone. Interestingly,
a 5,000 bp sequence of the MuRF1 promoter contained four C/EBP
putative-binding sites in addition to 1 GR-, 4 FOXO-, and 3 NF-kB-
binding sites. The GR-binding site and 2 of the FOX0-binding sites
were located within a 500 bp sequence immediately upstream of the
MuRF1 transcription start site and this sequence was used for
determination of the functional roles of FOXO transcription factors
and the GR in dexamethasone-induced transcription of the MuRF1
gene. The functional roles of C/EBP transcription factors and NF-kB
were not examined. When cultured HepG2 cells were transfected
with expression plasmids for the GR or FOXO transcription
factors, evidence was found that both FOXO transcription factors
and the GR regulate MuRF1 gene transcription. Interestingly,
FOXO01 (but not FOX03a or FOX04) showed a strong (20- to 40-fold)
synergistic activation with the GR of the 500 bp MuRF1 promoter
construct.

In additional experiments, Waddell et al. [2008] used the GRYm™
mouse strain that expresses a GR with a point mutation in the DNA-
binding domain preventing binding of the GR to GR response
elements [Reichardt et al., 1998] to further examine the role of
MuRF1 in glucocorticoid-induced muscle atrophy. As expected, the
upregulation of MuRF1 in skeletal muscle of dexamethasone-treated
wild-type mice was reduced (but not abolished) in the GRY™ mice.
Despite this, however, the dexamethasone-induced muscle atrophy
was identical in wild-type and GR™ mice. This observation was
interpreted as indicating that the residual level of MuRF 1 expression
in the GRY™ mice was sufficient to support full dexamethasone-
induced muscle atrophy. An alternative interpretation that was also
proposed was that MuRF1 may not be essential for dexamethasone-
induced muscle atrophy. This interpretation is supported by the
observation in the present study that silencing of C/EBP prevented
dexamethasone-induced atrophy of differentiated myotubes despite
the fact that MuRF1 expression was not reduced. In addition, a study
by Hirner et al. [2008] showed that transgenic overexpression
of MuRF1 was not sufficient to induce muscle atrophy. These
observations, of course, do not rule out the possibility that MuRF1 is
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essential for the regulation of muscle mass in certain conditions
resulting in atrophy, such as denervation [Bodine et al., 2001].
The lack of atrogin-1 and MuRF1 upregulation in myoblasts and
myotubes in which C/EBPB was overexpressed does not necessarily
contradict involvement of C/EBPB in glucocorticoid-induced
muscle atrophy but merely suggests that high levels of C/EBPB
alone are not sufficient to increase the expression of atrogin-1 and
MuRF1. The transcriptional activation of most genes is regulated by
multiple transcription factors that can interact with each other and
with other nuclear proteins, including nuclear cofactors. It is
possible that the involvement of C/EBPR in dexamethasone-induced
upregulation of atrogin-1 and MuRF1 reflects an interaction
between C/EBPB and other regulatory proteins. Interestingly,
previous studies suggest that C/EBPB can interact with the nuclear
cofactor p300 [Mink et al., 1997; Schwartz et al., 2003]. In recent
studies from our laboratory, treatment of cultured myotubes with
dexamethasone increased the expression and activity of p300 and its
protein-protein interaction with C/EBPB [Yang et al., 2005b, 2007].

Thus, it is possible that C/EBPB participates in glucocortiocid-
induced muscle wasting at least in part secondary to its interaction
with p300 (and perhaps other nuclear proteins as well) and that both
C/EBPB and interacting proteins need to be upregulated for C/EBPB
to play a role in the regulation of atrogin-1 and MuRF1.
Dexamethasone-treated cultured muscle cells have been used in
several previous studies both from our and other laboratories as an
in vitro model of muscle wasting [Hong and Forsberg, 1995; Wang
et al., 1998; Bodine et al., 2001; Gomes et al., 2001; Menconi et al.,
2008]. The model is particularly relevant for sepsis-induced muscle
wasting since the catabolic response to sepsis is to a great extent
mediated by glucocorticoids [Tiao et al., 1996; Hasselgren, 1999;
Hasselgren et al., 2010]. It should be noted, however, that other
mediators as well are probably involved in muscle wasting during
sepsis, in particular the proinflammatory cytokines TNFa and IL-1
[Li et al., 2005; Pajak et al.,, 2008]. C/EBPB is involved in the
response to TNF and IL-1 in other cell types [Poli, 1998; Gorgoni
et al., 2001; Ramji and Foka, 2002; Ranjan and Boss, 2006] but it
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remains to be determined if these mediators regulate muscle mass
via C/EBPB.

Although the present results suggest that C/EBPB plays an
essential role in glucocorticoid-induced, and possibly sepsis-
induced muscle wasting, there is evidence that other transcription
factors as well are important for the loss of muscle mass in various
catabolic conditions. Thus, previous studies suggest that NF-kB
[Penner et al., 2001; Cai et al., 2004; Van Gammeren et al., 2009] and
FOXO transcription factors [Kamei et al., 2004; Sandri et al., 2004;
Stitt et al., 2004; Smith et al., 2010] are involved in the regulation of
muscle mass. This, of course, is not surprising since most genes
are regulated by multiple transcription factors and the different
transcription factors may interact with each other in a complex
fashion. For example, C/EBPB can form heterodimers with other
members of the C/EBP family or with other transcription factors,

including NF-kB [Kunsch et al., 1994; Poli, 1998; Ramji and Foka,
2002; Wang et al., 2007].

It should be emphasized again that although our results strongly
suggest that dexamethasone-induced upregulation of atrogin-1 and
MuRF1 was C/EBPB-dependent in myoblasts and that dexametha-
sone-induced atrogin-1 expression was C/EBPB-dependent in
myotubes, the results do not necessarily imply that C/EBPB
regulates the atrogin-1 and MuRF1 genes through a direct effect
(by binding to the atrogin-1 and MuRF1 promoters) but may
regulate the atrogin-1 and MuRF1 genes indirectly, for example, by
stimulating other gene(s) the products of which then in turn regulate
the atrogin-1 and MuRF1 genes. Although the atrogin-1 and MuRF1
promoters contain several putative C/EBP-binding sites, additional
experiments will be needed to determine whether C/EBP binds to
the atrogin-1 and MuRF1 promoters under basal and dexametha-
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sone-stimulated conditions. It should also be noted that it is possible
that the inhibition of dexamethasone-induced protein degradation
in C/EBP siRNA-treated muscle cells reflected a role of C/EBPR in
the regulation of genes in additional proteolytic pathways, other
than the ubiquitin-proteasome pathway, involved in muscle
wasting. For example, there is evidence that cathepsin L and
autophagosome-dependent protein degradation is involved in loss
of muscle mass [Deval et al., 2001; Mammucari et al., 2007; Zhao
et al., 2007]. The potential role of C/EBPR in the regulation of genes
in these proteolyitc pathways remains to be determined.

Although the present results suggest that glucocorticoid-induced
muscle wasting can be prevented or reduced by decreasing the
abundance of C/EBP, it should be pointed out that the activity of C/
EBPB is regulated not only by its abundance but by post-
translational modifications as well, in particular phosphorylation
[Piwien-Pilipuk et al., 2001, 2002] and acetylation [Cesena et al.,
2007]. Our recent observation that C/EBPR interacts with the nuclear
cofactor p300 in dexamethasone-treated myotubes suggests that C/
EBPB may be acetylated in glucocorticoid-induced muscle atrophy
[Yang et al., 2005b]. The role of C/EBPB acetylation (and
phosphorylation) in glucocorticoid-regulated muscle wasting
remains to be examined. It is possible that modulating both the
overall abundance (as in the present study) and post-translational
modifications of C/EBPB may prove important in the prevention of
muscle wasting.
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