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Abstract

Atrogin-1 or muscle atrophy F-box (MAFbx) is a major atrophy-related E3 ubiquitin ligase highly expressed in
skeletal muscle during muscle atrophy and other disease states such as sepsis, cancer cachexia, and fasting. In
this paper, we report experiments inhibiting MAFbx activity in fasting mice and in the skeletal myoblast cell line
C2C12 via an adenovirus-mediated small hairpin RNA (shRNA) expression system in order to assess its suit-
ability as a therapeutic target. Our results demonstrated that downregulation of MAFbx by shRNAs attenuated
muscle loss induced by fasting in mice. Furthermore, we showed that when MAFbx expression was blocked
both in cells and in fasting mice, the level of a myogenic factor, MyoD, was upregulated; whereas a muscle
negative regulator, growth differentiation factor (GDF)-8 (myostatin), was suppressed. Our results also sug-
gested that lower levels of MAFbx could also enhance muscle cell differentiation that corresponded to the
reduced expression of GDF-8 and the increased level of MyoD. Taken together, the present study showed that
MAFbx could be a potential molecular target for treating muscle atrophy.

Introduction

Muscle atrophy is characterized by a decrease in pro-
tein synthesis or an increase in protein degradation,

which is a debilitating response found in many disease states
and abnormal physiological conditions including cancer ca-
chexia, starvation, diabetes, sepsis, denervation, muscle dis-
use, and muscular dystrophies (Stein and Wade, 2003). In this
range of situations, muscle atrophy is thought to be due to
increased expression of enzymes in the ubiquitin–proteasome
proteolytic pathway. These include muscle-specific ubiquitin
E3 ligase muscle atrophy F-box (atrogin-1/MAFbx) and
muscle ring-finger protein-1 (MuRF1), important proteins in
protein degradation (Cao et al., 2005; Witt et al., 2005). Studies
have shown that these two proteins are induced dramatically
during almost every kind of atrophy and play a critical role in
mediating the loss of muscle protein (Gomes et al., 2001; Attaix
et al., 2005). MAFbx is induced 8- to 40-fold in muscle atrophy
during fasting, diabetes, cancer, and renal failure; up to 3-fold
in hind limb suspension, immobilization, and denervation;
and 10-fold in cachexia or dexamethasone administration
models (Lecker et al., 2004; Palma et al., 2008). Mice lacking

MAFbx developed normal muscle but showed a significant
attenuation of muscle atrophy (Bodine et al., 2001). All these
findings strongly suggested that MAFbx might be an ideal
target for clinical intervention of muscle atrophy conditions.

A range of transcriptional and growth factors is also
known to be involved in the regulation of muscle develop-
ment. One of these, myostatin (growth differentiation factor
[GDF]-8), is a major protein involved in regulating muscle
growth and may be involved directly or indirectly in muscle-
wasting conditions (Bogdanovich et al., 2002). A secreted
growth factor, GDF-8 acts as a negative regulator of skeletal
muscle mass in mammals and other vertebrates, where it
negatively regulates myocyte differentiation/growth and
determines muscle size (Lee and McPherron, 2001; Dasar-
athy et al., 2004). Mice lacking the GDF-8 gene have 25–30%
greater muscle mass (McPherron et al., 1997). Thus, blockade
of GDF-8 could also hold great promise for the treatment of
skeletal muscle atrophy. Indeed, our previous studies
showed that downregulation of GDF-8 expression by syn-
thetic antisense RNA oligonucleotides could lead to an in-
crease in muscle mass in both normal and cancer cachectic
mice (Liu et al., 2008).
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In this paper, we examine MAFbx as a potential molecular
target for treating muscle atrophy and provide some insight
concerning the mechanism of regulation of muscle develop-
ment and growth by MAFbx. For this, we established an
adenovirus-based MAFbx-specific small hairpin RNA
(shRNA) delivery system that could efficiently express and
deliver shRNAs in fasting mice. Our results demonstrated
that this adenovirally delivered shRNA could decrease the
expression of MAFbx in fasting mice and C2C12 cells. At the
same time, we observed that inhibition of MAFbx could in-
duce cell differentiation in both fasting mouse muscle and
C2C12 cells, leading to an increase in muscle mass and type
II muscle fiber size in fasting mice. In addition, our studies
showed that MAFbx suppression attenuated the down-
regulation of MyoD, a myogenic factor, and decreased the
expression of GDF-8. This study forms the basis for further
understanding of the mechanisms of muscle atrophy in
various diseases and for developing nucleic acid-based
therapeutics for muscle-wasting conditions.

Materials and Methods

Cell culture and animals

Mouse skeletal muscle cell line C2C12 and the packaging
cell line M293 were propagated and maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
antibiotics, and 10% fetal bovine serum at 378C in the pres-
ence of 5% CO2. To induce differentiation, confluent C2C12
cells were propagated in DMEM supplemented with antibi-
otics and 2% horse serum for the indicated period. Cells were
transfected with FuGENE HD transfection reagent (Roche,
Indianapolis, IN) according to the manufacturer’s instruc-
tions. A control plasmid, pDC316–EGFP, was used to de-
termine the transfection efficiency.

Four-week-old female BALB/c mice were purchased from
the Laboratory Animal Center of the Chinese Academy of
Military Medical Sciences (Beijing, People’s Republic of
China). They were housed at a constant temperature under a
12 hr:12 hr light–dark cycle and given free access to water
and food for 1 week before experiments were performed. All
animal experiments were undertaken within the guidelines
of the Chinese Academy of Sciences regulations for the use of
experimental animals.

Construction of the vectors

The human RNA polymerase (Pol) III H1 promoter and
U6þ27 promoter, the latter containing 27 additional nucle-
otides upstream of the specific hairpin, were used in this
study. A cassette containing the human U6þ27 promoter
and H1 promoter derived from the Super hU6þ27þH1
plasmid by digestion with KpnI and EcoRI was cloned into
the same restriction sites of the pUC18 plasmid, and the
hU6þ27þH1 cassette in pUC18-hU6þ27þH1 was ligated to
the XbaI and EcoRI sites of pDC312 (VGTC, Beijing, China) to
obtain the plasmid pDC312-hU6þ27þH1.

Three shRNAs targeting a homologous 30 region of mouse
MAFbx genes and a control shRNA (designated shHBC) tar-
geting the hepatitis B virus core antigen gene were designed.
To facilitate the formation and processing of shRNAs, a loop
sequence (CTCTTGA) was designed in the middle area of all
shRNAs. The sequences of the three 61-nucleotide-long

mouse-specific shRNAs were as follows: shMAFbx-1 (nucle-
otide positions 538–559, AW051824), 50-GAT CAA AAA CGA
AGG AGC GCC ATG GAT ATT CAA GAG ATA TCC ATG
GCG CTC CTT CGT TTT T-30; shMAFbx-2 (nucleotide posi-
tions 802–823), 50-GAT CAA AAA CCA ACA ACC CAG
AGA GCT GTT CAA GAG ACA GCT CTC TGG GTT GTT
GGT TTT T-30; and shMAFbx-3 (nucleotide positions 1126–
1147), 50-GAT CAA AAA GAC AAA GGG CAG CTG GAT
TTT CAA GAG AAA TCC AGC TGC CCT TTG TCT TTT T-30.
These sequences are homologous to the corresponding se-
quences of the human MAFbx mRNA. The complementary
oligonucleotides were also synthesized to produce DNA
duplexes corresponding to each of the shRNAs. All shRNA
oligonucleotides were annealed and ligated to the BglII
and SalI sites located between the hU6þ27 promoter and
the H1 promoter to produce recombinant vectors pDC312-
hU6þ27þsiMAFbx-1þH1, pDC312-hU6þ27þsiMAFbx-2þH1,
pDC312-hU6þ27þsiMAFbx-3þH1, pDC312-hU6þ27þH1, and
pDC312-hU6þ27þsiHBCþH1, which were confirmed by
DNA sequencing.

Generation of recombinant adenovirus

The AdMax system (VGTC) was used to generate re-
combinant adenoviral vectors. M293 cells were plated at
4�105 per well in six-well plates. On the next day, the cells
were cotransfected with 2 mg of each recombinant vector and
0.2 mg of adenoviral genomic plasmid, by using 8ml of
FuGENE HD transfection reagent to generate the recombinant
adenovirus. Seven days after transfection, the cells and cul-
ture fluid containing the recombinant adenovirus were col-
lected, frozen, and thawed at �808C and 378C, respectively,
three times. The cell lysates were centrifuged at 3000�g for
5 min and the supernatants containing recombinant adeno-
virus were stored at �808C. To verify the constructs, the viral
DNA was purified and amplified by polymerase chain re-
action (PCR) over 35 cycles of denaturation at 948C for 30 sec,
primer annealing at 558C for 30 sec, and extension at 728C for
1 min, using primers 50-TCT AGG TGT TTT CCG CGT TCC
(sense) and 50-TCT TCG AGT CGA GGA TCC G (antisense).
PCR products were identified by electrophoresis on a 1.0%
agarose gel and the fragments were gel purified and se-
quenced by AuGCT (Beijing, China).

Virus propagation and titer determination

M293 cells (1�107) were plated in each 15-cm plate. Six
plates were used to propagate each recombinant adenovirus
according to the manuals provided with the AV precipitation
purification kit (GenMed, Beijing, China). On the next day,
1 ml of each recombinant adenovirus was added to each
plate of M293 cells. The growth medium was replaced with
fresh medium after 24 hr of incubation. Three days later, the
adenovirus was purified, condensed to 1 ml, and stored at
�808C. Viral titers were determined in triplicate by means of
a rapid adenovirus titer detection kit (VGTC), according to
the instruction manual.

Transduction of C2C12 cells
with recombinant adenovirus

C2C12 cells were plated at 2�105 cells per well in six-well
plates. On the next day, when the cells were approximately
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50% confluent, recombinant virus was added to each well.
After 12 hr of transduction, the growth medium was re-
placed with differentiation medium as described previously.
After 24 hr of differentiation, the transduced cells were sub-
jected to further analysis by PCR, Western blotting, cell
staining, and Northern blotting as described subsequently.

Cell staining and fluorescence assays

Transduction of C2C12 cells with recombinant adenovirus
was performed as described previously. Cells were then
washed gently with phosphate-buffered saline (PBS) twice
and fixed in 4% paraformaldehyde for 10 min at 378C,
followed by three washes with PBS. For cell membrane
staining, 1 ml of 1,10-dioctadecyl-3,3,30,30-tetramethylindo-
carbocyanine perchlorate (DiIC18; Biotium, Hayward, CA)
stock solution (2 mg/ml) was added to each well, making
a final concentration about 2 mmol/liter. Cells were stained
for 15 min at 378C, followed by three washes with PBS.
Cell nuclei were stained with 2- (4-amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI; Sigma-Aldrich,
St. Louis, MO) and examined with a Nikon inverted fluo-
rescence microscope, using excitation wavelengths of 549
and 355 nm.

Development of a suitable fasting model for injection
of mice with recombinant adenoviral vectors

Four-week-old female BALB/c mice weighing 10 to 13 g
were divided into eight groups (n¼ 3). At commencement,
they were deprived of solid food but given free access to
water for 12, 24, 36, 48, 60, and 72 hr, respectively. The mice
were then given 2 g of sterilized feedstuff per mouse each
day to keep them at a nutritionally restricted level. After 7
days of fasting, the leg muscles including the quadriceps
(rectus femoris), gastrocnemius, triceps, and extensor digi-
torum longus (EDL) were dissected and weighed. Gastroc-
nemius muscle were collected and used for protein extraction
and analysis.

Injection of mice with recombinant adenoviral vectors

Mice were divided into four groups, namely A, B, C, and
D (n¼ 6). Group D, unfasted and injected mice, was fed
under normal conditions throughout the experimental pe-
riod. At commencement, each mouse in group A (siMAFbx),
group B (empty vector), and group C (mock) was injected on
days 1 and 3, with each injection (250 ml) containing 1�1010

IU of siMAFbx recombinant adenovirus, 1�1010 IU of
pDC312 recombinant adenovirus, and saline, respectively.
After the first injection, each mouse in groups A, B, and C
was given free access to water and 2 g of sterilized feedstuff
each day and kept at a nutritionally restricted level. The mice
were weighed every day during the treatment period. Seven
days after the last injection, the thigh muscles including the
quadriceps (rectus femoris), gastrocnemius, triceps, and EDL
were dissected and weighed. Gastrocnemius were used fresh
for protein and mRNA extraction and analysis.

Real-time PCR

Total RNA was extracted from cells or tissues with TRIzol
(Invitrogen, Carlsbad, CA). RNA was separated electropho-
retically on agarose gels under denaturing conditions in

order to confirm the integrity of ribosomal RNA bands. RNA
concentration was quantified with a GeneQuant spectropho-
tometer (GE Healthcare Life Sciences, Piscataway, NJ) at
260 nm. Single-stranded cDNA synthesis was carried out
from 2 mg of total RNA by reverse transcription (RT) (Pro-
mega, Madison, WI). Real-time fluorescence quantitative
PCR was performed in an Applied Biosystems Prism 7000
instrument in reactions containing an Applied Biosystems
SYBR green master mix reagent (Applied Biosystems, Foster
City, CA) and oligonucleotide primer pairs corresponding to
the endogenous control b-actin gene and MAFbx, GDF-8,
and MyoD cDNAs. The reagents were denatured at 958C for
10 min, followed by 40 cycles of 15 sec at 958C and 60 sec at
608C. The sequences of the primers were as follows: b-actin—
forward, 50-GAA CCC TAA GGC CAA CCG TGA A-30; re-
verse, 50-CTC AGT AAC AGT CCG CCT AGA A-30; MyoD—
forward, 50-GCA AGA CCA CCA ACG CTG AT-30; reverse,
50-GGT TCG GGT TGC TGG ACG TG-30; GDF-8—forward,
50 CAG ACC CGT CAA GAC TCC TAC A-30; reverse, 50 CAG
TGC CTG GGC TCA TGT CAA G-30; MAFbx—forward,
50-GCA GAG AGT CGG CAA GTC-30; reverse, 50-CAG GTC
GGT GAT CGT GAG-30. The results were expressed as ex-
pression of the gene of interest relative to the expression of the
b-actin internal control gene (Ct of gene of interest minus Ct of
internal control gene). Calculation of relative changes in the
expression level of one specific gene (DDCt) was performed by
subtraction of mean DCt of the control group from DCt of each
sample of the experimental groups. Last, the relative expres-
sion value, normalized to an endogenous reference, was
given by: 2�DDCt with DDCt� SEM, where SEM is the stan-
dard error of the mean of the DDCt value (User Bulletin 2;
Applied Biosystems).

Western blotting

Total proteins of C2C12 cells were extracted with lysis
buffer containing 100 mM Tris-HCl, 0.05% IGEPAL CA-630,
phenylmethylsulfonyl fluoride (100 mg/ml), dithiothreitol
(DTT, 100mg/ml), aprotinin (1 mg/ml), and leupeptin (1mg/
ml). Gastrocnemius muscles were homogenized in radio-
immunoprecipitation assay (RIPA) buffer (BioMed, Beijing,
China), incubated for 30 min on ice, and centrifuged at
15,000�g for 10 min at 48C, and the supernatants were col-
lected. The protein concentration of each sample was mea-
sured by the Bradford method (Bio-Rad, Hercules, CA).
Equal amounts of protein (50mg) were heat-denatured in
sample-loading buffer (50 mM Tris-HCl [pH 6.8], 100 mM
DTT, 2% sodium dodecyl sulfate [SDS], 0.1% bromophenol
blue, and 10% glycerol), separated by SDS–polyacrylamide
gel electrophoresis (10% polyacrylamide, 0.1% SDS), and
electroblotted to a polyvinylidene difluoride membrane. The
membrane was blocked with 5% skim milk in TBST buffer
(50 mM Tris-HCl, 100 mM NaCl, and 0.1% Tween 20, pH 7.4)
and incubated for 90 min at 378C with the following selected
antibodies: polyclonal anti-MAFbx diluted at 1:1000 (ECM
Biosciences, Versailles, KY), monoclonal anti-MyoD diluted
at 1:2000 (BD Biosciences, San Jose, CA), anti-GDF-8 diluted
at 1:500 (Santa Cruz Biotechnology, Santa Cruz, CA),
monoclonal anti-myogenin diluted at 1:200 (BD Biosciences),
monoclonal anti-a-actin diluted at 1:100 (Santa Cruz Bio-
technology), monoclonal anti-myosin diluted at 1:100 (Santa
Cruz Biotechnology), anti-b-actin diluted at 1:2500 (Santa
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Cruz Biotechnology), anti-c-Fos diluted at 1:1000 (Santa Cruz
Biotechnology), anti-NF-kB diluted at 1:1000 (Santa Cruz
Biotechnology), and polyclonal to adenovirus type 5 diluted
at 1:2000 (Abcam, Cambridge, UK). The signals were visu-
alized by subsequent chemiluminescence reaction with the
corresponding horseradish peroxidase-conjugated IgG (1:3000)
in the ECL system (Applygen Technologies, Beijing, China).
The image and data were analyzed with Quantity One
version 4.6.2 software (Bio-Rad). The expression of b-actin
and b-tubulin was used for loading normalization.

Northern blotting

C2C12 cells were washed three times with ice-cold PBS
and mouse gastrocnemius muscle, cardiac muscle, liver,
lungs, spleen, and kidney were ground to powder in liquid
nitrogen for Northern blot analysis. The samples were ex-
tracted in TRIzol (Invitrogen); the total RNA obtained was
dissolved in 50% deionized formamide (Amresco, Solon,
OH) and separated electrophoretically on 1% agarose gels
under denaturing conditions to confirm the integrity of ri-
bosomal RNA bands. The RNA concentration of each sample
was measured with a GeneQuant spectrophotometer at
260 nm. Total RNA (100 mg) was separated on polyacryl-
amide gels (17.5% polyacrylamide, 8 M urea, 0.09 M Tris,
0.09 M boric acid, 2 mM Na2EDTA, pH 8.3). Separated RNA
in gel was electroblotted onto Hybond-Nþ membrane (GE
Healthcare) with a Trans-Blot SD semi-dry electrophoretic
transfer cell (Bio-Rad). Oligonucleotides with the same se-

quence as siMAFbx-1 were synthesized to use as probes for
the small interfering RNA (siRNA) (50-TAT CCA TGG CGC
TCC TTC GT-30) and U6 promoter (50-GCA GGG GCC ATG
CTA ATC TTC TCT GTA TCG-30). After ultraviolet cross-
linking, the blotted membrane was prehybridized with hy-
bridization buffer at 378C for 60 min, and then hybridized at
378C overnight with a-32P-labeled antisense probes prepared
using T4 polynucleic kinase (Takara Bio, Dalian, China). The
membrane was washed twice for 20 min at 378C with
2�saline–sodium citrate (SSC) containing 1% SDS and twice
for 15 min with 1� SSC and 1% SDS and exposed to X-ray
film (Kodak, Rochester, NY) at �808C for signal visualiza-
tion.

Histological analysis of muscle fibers

Gastrocnemius muscles were removed from the mice,
fixed in formalin, and embedded in paraffin. Paraffin sec-
tions (2–4 mm) were stained with hematoxylin and eosin for
fiber counting and cross-sectional area measurement.
ATPase staining was performed to differentiate the muscle
fiber types (Green et al., 1982). Quantitative evaluation of
stained sections for myofiber size was performed with Im-
age-Pro 6.0 program software (Media Cybernetics, Silver
Spring, MD), coupled to a Nikon 80I microscope equipped
with a Nikon DS-L1 digital camera, calibrated for spatial
measurement and intensity. Fiber size was determined by
measuring the area of each transverse myofiber per unit
area.

FIG. 1. Construction of an
adenoviral vector-mediated
shRNA delivery system. A
cassette containing the hu-
man U6þ27 promoter and
H1 promoter was inserted
into the multiple cloning site
of the pDC312 plasmid to
generate the recombinant
expression vector pDC312-
hU6þ27þH1. DNA duplexes
corresponding to the de-
signed shRNAs were ligated
to the BglII and SalI sites be-
tween the hU6þ27 promoter
and H1 promoter of this
vector. The final adenoviral
vectors were generated when
the recombinant expression
vectors were cotransfected
with adenoviral genomic
plasmid into M293 cells. (a)
Schematic representation of
the recombinant expression
vector pDC312-hU6þ27þH1.
C, extended packaging signal;
LTR, long-terminal repeat;
MCS, multiple cloning sites;

H1, polymerase III H1 promoter; hU6þ27, polymerase III U6 promoter containing 27 additional nucleotides upstream of the
specific hairpin. (b) The sequence of siMAFbx oligonucleotides inserted into the adenoviral vectors. (c) PCR analysis of inserts
from the adenoviral vectors. siMAFbx and siHBC represent the adenoviruses that were generated from pDC312-
hU6þ27þsiMAFbx-1þH1 and pDC312-hU6þ27þsiHBCþH1 expression vectors, respectively. Control is the virus that was
integrated with the pDC312-hU6þ27þH1 empty vector only; M, marker lane (DL-2000; ShineGene Molecular Biotech,
Shanghai, China). Color images available online at www.liebertonline.com/hum.
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Statistical analysis

Data were subjected to one-way analysis of variance with
factors of treatment and expressed as means plus SD. Com-
parisons between two groups were performed by an un-
paired Student t test. Values were considered significantly
different when p< 0.05.

Results

Optimization of the adenoviral vector system
for shRNA delivery

In this study, a recombinant pDC312 lox shuttle plasmid
for Cre-based Ad vector rescue was constructed to drive high
levels of transient expression of the small hairpin RNA
(shRNA) under the direction of both the RNA Pol III pro-
moter of human U6þ27 and the H1 small nuclear RNA
promoter inserted in reverse orientation to each other (Fig.
1a). The configuration of the constructs and the sequences of
the inserted oligonucleotides siMAFbx-1, siMAFbx-2, and
siMAFbx-3 (Fig. 1b) targeting the mouse MAFbx mRNA
were confirmed by DNA sequencing.

The siRNA construct that is most effective in inhibiting
MAFbx expression was identified by Western blot analysis of
MAFbx protein expression in C2C12 cells before and after
vector transfection. Results showed that before transfection,
the MAFbx expression level was upregulated gradually after
differentiation (data not shown). After transfection, only si-
MAFbx-1 could significantly downregulate the expression of
the target gene (data not shown). Therefore, vector pDC312-
hU6þ27þsiMAFbx-1þH1 was used to generate the recom-

binant adenoviral vector. Sequencing of the siMAFbx-1 PCR
fragment obtained from the recombinant adenovirus (Fig. 1c)
demonstrated that the shRNA fragment was integrated into
the vector with the correct orientation and sequence.

Gene-silencing effect of siMAFbx in C2C12 cells

To examine whether siMAFbx-1 recombinant adenovirus
infection could lead to the downregulation of MAFbx gene
expression in the C2C12 cell line, Western blotting and real-
time PCR were performed to measure the MAFbx expression
level in infected C2C12 cells. Results showed that the MAFbx
protein level was significantly reduced in siMAFbx recombi-
nant adenovirus-infected cells (62.76%) compared with con-
trol (Fig. 2a and b), whereas no inhibiting effect was observed
in cells infected with the siHBC adenoviral vector. RT-PCR
results showed that the reduction of MAFbx mRNA was
57.37% in C2C12 cells infected with siMAFbx adenoviruses
(Fig. 2c), compared with the control. The time course of
MAFbx expression mediated by siMAFbx-1 in C2C12 cells
was also analyzed; results show that with the prolonged time
of siMAFbx-1 recombinant adenovirus infection, MAFbx ex-
pression in C2C12 cells decreased gradually (Fig. 2d). Further
evidence shows that the downregulation of MAFbx expres-
sion in C2C12 cells was dependent on the siMAFbx-1 re-
combinant adenovirus dose (Fig. 2e). Northern blots further
demonstrated that the designed siRNA was highly expressed
in the infected C2C12 cells (Fig. 2f). These data confirmed that
the adenovirus-delivered shRNAs were efficiently expressed
and inhibited the expression of MAFbx in C2C12 cells. To
examine whether there was any nontarget effect of the

FIG. 2. Inhibition of MAFbx
in C2C12 cells by adenovirus-
delivered siMAFbx. C2C12
cells transduced with re-
combinant adenovirus were
analyzed by Western blot,
real-time PCR, and Northern
blot as described in Materials
and Methods to measure the
MAFbx expression level in
recombinant adenovirus-
infected C2C12 cells. Control,
uninfected C2C12 cells; Mock,
cells infected with pDC312-
hU6þ27þH1 recombinant ad-
enovirus; siHBC, cells infected
with siHBC recombinant ade-
novirus. (a) Western blot of
C2C12 cells. (b) Quantitation
of MAFbx expression in
C2C12 cells. **Significant dif-
ference at p< 0.02 compared
with control. (c) Quantitative
RT-PCR analysis of MAFbx in
C2C12 cells. *Significant dif-
ference at p< 0.05 compared
with control. (d) Time course
of MAFbx expression mediated by siMAFbx-1 in the C2C12 cell line; 0, 12, 24, and 36 (hours) represent the time after
siMAFbx-1 transduction. (e) MAFbx expression in C2C12 cells with various siMAFbx-1 recombinant adenovirus doses. 1�103,
1�104, 1�105, and 1�106 (IU) represent the quantity of siMAFbx-1 recombinant adenovirus used in cell transduction. (f)
Northern blot analysis of C2C12 cells; Control(þ), lane loaded with an antisense oligonucleotide of designed siMAFbx. Data
are presented as meansþ SD, based on three independent experiments.
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expressed shRNA, we also analyzed the expression of two
important transcriptional factors, NF-kBp65 and c-Fos, in
C2C12 cells. The results showed that the expression of anti-
MAFbx shRNA did not impact on these genes (Fig. 2a).

Inhibition of MAFbx expression by adenovirus-
delivered shRNAs in fasting mice

A suitable mouse fasting model to mimic the pathological
phenotypes of muscle atrophy was established for studying
the biological effect of shRNA delivered by adenoviral vec-
tors. To validate the model, we first analyzed the expression
profile of MAFbx protein in fasting mice. The results showed
that MAFbx expression was upregulated gradually after
fasting commenced (Fig. 3a and b). MAFbx protein levels in
muscles at 12 hr was about 45% higher compared with the
unfasted control group, and peaked, at 60 hr, at a level that
was three times higher than in the unfasted mice. In fasting
mice, the body and muscle weights, and the ratio of muscle
mass to body weight, were all shown to decrease gradually

(Fig. 3c–e). Notably, this reduction in body and muscle
weights was consistent with the change in MAFbx expres-
sion in muscle, indicating that the model showed some
characteristic features of muscle atrophy.

To investigate whether adenovirus-delivered siMAFbx
could downregulate MAFbx expression in vivo and impact
on muscle growth, we injected siMAFbx recombinant ad-
enovirus into fasting mice via the tail vein. Seven days after
the second injection, gastrocnemius muscles were collected
and analyzed for MAFbx protein levels. Our results
showed that the MAFbx protein level in the siMAFbx re-
combinant adenovirus-treated group decreased by 66.8%
compared with the control group (Fig. 4a and b), whereas
no reduction was observed in the mock group. To investi-
gate whether siMAFbx small hairpin RNAs were transcribed
in the injected mice, total RNAs from gastrocnemius muscle
were extracted and Northern blotting analysis was per-
formed. As expected, transcripts of small hairpin RNAs of
siMAFbx in mouse muscle were detected in the siMAFbx-
treated group, but not in the saline and pDC312 empty

FIG. 3. Establishment of a suitable mouse fasting model for adenovirus-mediated delivery of siMAFbx. BALB/c mice were
fasted for various periods of time and then placed on a restricted diet as described in Materials and Methods. (a) Western blot
analysis of MAFbx expression in the gastrocnemius muscle of unfasted mice and mice fasted for injection. (b) Quantitation of
the MAFbx expression level in mouse gastrocnemius muscle as measured with Quantity One software (Bio-Rad). Mice were
fasted for various periods of time as indicated. (c) Changes in mouse body weight in fasted mice. (d) Changes in mouse
muscle mass in fasted mice. (e) The ratio of mouse muscle mass to body weight in fasted mice. Data are presented as
means� SD (n¼ 3 per experiment).
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vector control groups (Fig. 4c). The distribution of hairpin
RNAs of siMAFbx in mouse gastrocnemius muscle, cardiac
muscle, liver, lungs, spleen, and kidney was further ana-
lyzed by Northern blotting; results showed that the tran-
scription of siMAFbx was detected mainly in gastrocnemius

muscle, cardiac muscle, liver, and spleen (Fig. 4d). Further
evidence showed that the transcription of siMAFbx in
mouse muscle could last at least 3 weeks after the last in-
jection (Fig. 4e). Taken together, these results indicate that
the designed siMAFbx was expressed in mouse muscle and
efficiently inhibited the expression of MAFbx in fasted mice.

Adenovirus-delivered shRNAs targeted to MAFbx
attenuate muscle atrophy in fasting mice

To evaluate whether the downregulation of MAFbx could
attenuates the loss of muscle mass in fasting atrophy, fasting
mice were injected with the recombinant adenoviruses and
saline as described previously and muscle tissues were col-
lected and weighed 7 days after the last injection. Results
showed that the muscle weight in the group treated with the
siMAFbx recombinant adenovirus was increased by 28.87%
relative to the saline and empty vector control groups (Fig.
5a). When the ratio of muscle mass to body weight was
measured, a similar increase was observed with siMAFbx
treatment (Fig. 5b). This suggested that the siMAFbx re-
combinant adenovirus targeted to MAFbx inhibited MAFbx
expression in vivo and increased muscle mass in fasted mice
in our muscle atrophy model.

To investigate whether the increase in muscle weight is the
result of an increase in muscle fiber size, we also examined
the cross-sectional area of the gastrocnemius muscle in the
experimental mice. Hematoxylin and eosin stain results
showed that the mean cross-sectional area of fibers of si-
MAFbx recombinant adenovirus-treated fasted mice was
27.45% larger than that of fibers of saline- and empty vector-
treated fasted mice (Fig. 5c and d). ATPase staining dem-
onstrated that the cross-sectional area of type II muscle fibers
of the siMAFbx vector-treated group increased by about
16.5% compared with the saline and empty vector control
groups (Fig. 5e and f), whereas no significant change in type
I muscle fibers was observed. These data provide strong
evidence that downregulation of MAFbx could attenuate
muscle mass loss in fasting mice and that this effect occurs
predominantly in type II muscle fibers.

Inhibition of MAFbx expression reactivates
myogenic differentiation in fasting mice

MAFbx works coordinately with proteasomes and de-
grades a series of proteins during muscle atrophy (Palma
et al., 2008). Low expression levels of MAFbx may limit
protein breakdown in muscle wasting and lead to the re-
generation of muscle fibers. To determine whether the level
of MAFbx expression affects the ability of myogenic cells to
differentiate, we first examined the effect of siMAFbx on
the differentiation of C2C12 cells. After transduction with
siMAFbx, pDC312, and siHBC recombinant adenoviruses,
C2C12 cells were induced to differentiate for 24 hr and then
examined by Western blotting for the specific differentia-
tion markers myogenin, a-actin, and myosin. As shown in
Fig. 6, the ability of siHBC and pDC312 adenovirus-
infected C2C12 cells to differentiate terminally is almost
nonexistent, as shown by the weak expression of specific
differentiation markers (Fig. 6a). By contrast, the siMAFbx
adenovirus-infected cells exhibited an induction of differ-
entiation, as demonstrated by a 13-fold increase in

FIG. 4. Inhibition of MAFbx expression by adenovirus-de-
livered shRNAs in a fasting mouse model. Recombinant
adenoviruses were transduced into mice on days 1 and 3 as
described in Materials and Methods. Control, fasting mice
injected with saline; Mock, fasting mice transduced with
pDC312 recombinant adenovirus (empty vector); UFM, un-
fasted and uninjected mice; siMAFbx, fasting mice trans-
duced with siMAFbx recombinant adenovirus. (a) Western
blot analysis of the effect of siMAFbx on the expression level
of MAFbx in mouse gastrocnemius muscle. (b) Quantitation
of the effect of siMAFbx on the expression level of MAFbx in
mouse gastrocnemius muscle. **Significant difference at
p< 0.02 compared with control. (c) Northern blot analysis of
the expression of siMAFbx in gastrocnemius muscle of fast-
ing mice; Control(þ), lane loaded with an antisense oligo-
nucleotide corresponding to the designed siMAFbx. Data are
presented as means and SD based on three independent
experiments (n¼ 6 per experiment). (d) Northern blot anal-
ysis of the expression of siMAFbx in various mouse tissues.
Lane 1, gastrocnemius muscle; lane 2, liver; lane 3, cardiac
muscle; lane 4, spleen; lane 5, kidney; lane 6, lungs. (e) The
time course of MAFbx expression in mice after siMAFbx-1
recombinant adenovirus transduction.
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myogenin content (Fig. 6b), a 15-fold increase in a-actin
(Fig. 6c), and a 28-fold increase in myosin (Fig. 6d). Some
multinucleated myotube-like structures were also shown to
be developing in the siMAFbx-infected cells after 24 hr of
culture (Fig. 6e). These results indicated that down-
regulation of the MAFbx protein could override the dif-
ferentiation block in C2C12 cells.

We next examined changes in the differentiation markers
in fasting mice injected with the various adenoviral vectors.
A Western blot (Fig. 6f) of gastrocnemius muscle showed
that there was an induction of differentiation in the siMAFbx
treatment group, as the expression levels of a-actin and
myogenin were increased by 42.73% (Fig. 6g) and 50.69%
(Fig. 6h), respectively, compared with controls. These results

demonstrated that a reduced level of MAFbx could induce
differentiation of muscle fibers in fasted mice.

Effects of adenovirus-delivered shRNA targeted
to MAFbx on MyoD and GDF-8 expression in fasting mice

GDF-8 and MyoD are two of the most important regu-
lators in myoblast differentiation and muscle growth (Liu
et al., 2008). Because studies have shown that MAFbx can
interact with and degrade MyoD (Tintignac et al., 2005), we
suspect that downregulation of MAFbx may affect negative
regulators such as GDF-8 and positive regulators such as
MyoD. To test this hypothesis, we examined the expression
levels of GDF-8 and MyoD in gastrocnemius muscle of

FIG. 5. Effects of adenovirus-delivered siRNA on muscle mass and muscle fiber size in fasting mice. The gastrocnemius
muscle of transduced mice was fixed and stained for fiber analysis as described in Materials and Methods. Control, fasting
mice injected with saline; Mock, fasting mice transduced with pDC312 recombinant adenovirus (empty vector); UFM,
unfasted and uninjected mice. (a) Changes in mouse muscle mass. **Significant difference at p< 0.02 compared with control.
(b) The ratio of muscle mass to body weight. *Significant difference at p< 0.05 compared with control. (c) Representative
micrograph of gastrocnemius muscle fibers. Scale bars: 100mm. (d) Quantitation of gastrocnemius muscle fiber cross-sectional
area determined by image analysis of six fields for each tissue section, totaling 600–800 fibers per treatment. **Significant
difference at p< 0.02 compared with control. (e) Myofibrillar ATPase-stained muscle cross-sections. Fiber types were de-
termined by staining intensity; type I> type II (from dark to light). Scale bars: 100mm. (f) Quantitation of type II fiber areas in
gastrocnemius cross-sections. *Significant difference at p< 0.05 compared with control. Data are presented as means and SD
(n¼ 6).
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FIG. 6. Effects of the inhibition of MAFbx expression on myogenic differentiation of C2C12 cells and fasting mice. (a)
Western blot analysis of myosin, a-actin, and myogenin in C2C12 cells. Control, uninfected C2C12 cells; Mock, cells infected
with pDC312 recombinant adenovirus (empty vector); siHBC, cells infected with siHBC recombinant adenovirus. (b)
Quantitation of myogenin expression level in C2C12 cells.**Significant difference at p< 0.02 compared with control. (c)
Quantitation of a-actin expression level in C2C12 cells. *Significant difference at p< 0.05 compared with control. (d) Quan-
titation of myosin expression level in C2C12 cells. ***Significant difference at p< 0.001 compared with control. (e) DiI and
DAPI staining of C2C12 cells. Panels 1 and 2 represent the DiI and DAPI staining of C2C12 cells after siMAFbx-1 recombinant
adenovirus transduction, respectively; panels 3 and 4 represent the DiI and DAPI staining of C2C12 cells after siHBC
recombinant adenovirus transduction, respectively. (f) Western blotting analysis of myogenin and a-actin in gastrocnemius
muscle of fasting mice. Control, fasting mice injected with saline; Mock, fasting mice transduced with pDC312 recombinant
adenovirus (empty vector); UFM, unfasted, uninjected mice. (g) Quantitation of the a-actin expression level in gastrocnemius
muscle of fasting mice. **Significant difference at p< 0.02 compared with control. (h) Quantitation of the myogenin ex-
pression level in gastrocnemius muscle of fasting mice. **Significant difference at p< 0.02 compared with control. Data are
presented as means and SD based on three independent experiments (n¼ 6).
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siMAFbx recombinant adenovirus-treated mice. Western
blot results (Fig. 7a) revealed that the GDF-8 expression
level was decreased by 54.4% (Fig. 7b) whereas MyoD was
increased by 52.2% compared with the saline and empty
vector control groups (Fig. 7c). These findings demonstrated

that suppression of MAFbx expression by adenovirus-
mediated RNA interference could improve muscle growth
in fasting mice through an attenuation of the decrease in
MyoD and downregulation of GDF-8 expression, in addi-
tion to directly blocking the degradation of muscle pro-

FIG. 7. Effects of adenovi-
rus-delivered siRNA targeted
against MAFbx on the ex-
pression of MyoD and GDF-8
in fasting mice and C2C12
cells. (a) Western blot analysis
of MyoD and GDF-8 expres-
sion in gastrocnemius muscle
of siMAFbx recombinant ad-
enovirus-treated mice. Con-
trol, fasting mice injected with
saline; Mock, fasting mice
transduced with pDC312 re-
combinant adenovirus (empty
vector) (all treatments, n¼ 6).
(b) Quantitation of the GDF-8
expression level in gastrocne-
mius muscle of siMAFbx
recombinant adenovirus-
treated mice. **Significant dif-
ference at p< 0.02 compared
with control. (c) Quantitation
of the MyoD expression level
in gastrocnemius muscle of
siMAFbx recombinant ade-
novirus-treated mice. **Sig-
nificant difference at p< 0.02
compared with control. (d)
Quantitative RT-PCR analysis
of the effect of siMAFbx on
the mRNA level of GDF-8 in
C2C12 cells. Control, unin-
fected C2C12 cells; Mock,
cells infected with pDC312
recombinant adenovirus; siHBC,
cells infected with siHBC
recombinant adenovirus. *Sig-
nificant difference at p< 0.05
compared with control.
(e) Quantitative RT-PCR
analysis of the effect of si-
MAFbx on the mRNA level of
MyoD in C2C12 cells.
*p< 0.02 compared with con-
trol. (f) Western blot analysis
of MyoD and GDF-8 expres-
sion in C2C12 cells. (g)
Quantitation of the GDF-8
expression level in C2C12
cells. **Significant difference
at p< 0.02 compared with
control. (h) Quantitation of
the MyoD expression level in
C2C12 cells. *Significant dif-
ference at p< 0.05 compared
with control. Data are pre-
sented as meansþ SD based
on three independent experi-
ments.
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tein by decreasing the activity of ubiquitin–proteasome
pathway.

We would expect to observe this effect in the C2C12 cell
line as well. Indeed, results showed that in siMAFbx-infected
C2C12 cells, GDF-8 expression at the mRNA level was de-
creased by 46.5% whereas the MyoD mRNA level was in-
creased by 34.2% compared with the controls (Fig. 7d and e).
These changes were further confirmed at the protein level
using Western blots (Fig. 7f), where GDF-8 was decreased by
18.3%, whereas MyoD was increased by 42.4% relative to the
controls (Fig. 7g and h). These results suggested that GDF-8
and MyoD could be two of the target genes regulated by
MAFbx during differentiation of C2C12 cells.

Discussion

MAFbx has been recognized as a critical regulator of
muscle atrophy (Palma et al., 2008). Therefore, inhibition of
MAFbx could be one of the approaches to clinically intervene
in various conditions associated with muscle atrophy. This
can be achieved by different means, such as by using anti-
body- and nucleic acid-based agents. RNA interference
(RNAi) approaches based on synthetic siRNA or plasmid-
mediated shRNAs have been widely used, but the high cost
of synthesis, their low transfection efficiencies, and the ad-
verse nature of the transient action have limited the appli-
cation of these agents in clinical settings. Because adenovirus
is relatively safe and is highly infectious, an adenovirus-
based vector could be the better choice to deliver siRNA into
mammalian cells (Shen et al., 2003; Li et al., 2007). In the
present study, we developed an adenovirus-based strategy
in which an adenovirus that expressed shRNA under the
control of two promoters effectively suppressed MAFbx gene
expression. We showed that adenovirally delivered MAFbx
shRNA could lead to amelioration of muscle-wasting con-
ditions and reduction in the loss of muscle mass in fasting
mice. This action is gene specific, without the observed off-
target effect.

It is becoming evident that proteolytic activities mediated
by ubiquitin–proteasome, lysosomal, and calpain pathways
as well as their interactions are involved in muscle prote-
olysis during atrophy. However, the accelerated rate of
protein degradation in atrophying muscle occurs mainly
through activation of the ubiquitin–proteasome pathway
(Cao et al., 2005). During this process, massive changes in
the expression of some atrophy genes and growth factors
have been shown to be involved, leading to muscle protein
loss ( Jackman and Kandarian, 2004). MAFbx is highly ex-
pressed during muscle atrophy and induces muscle protein
degradation (Gomes et al., 2001), but its direct targets re-
main to be determined. Consistent with the observation that
a low level of MyoD expression is crucial for muscle loss
(Rudnicki and Jaenisch, 1995), inhibition of MAFbx-medi-
ated MyoD proteolysis prevents skeletal muscle atrophy
in vivo (Lagirand et al., 2009). Whether MAFbx could par-
ticipate in the muscle-wasting conditions through other
factors is not clear.

In our study, we provide further experimental evidence
both in vitro and in vivo that downregulation of MAFbx
expression could significantly increase the level of MyoD,
suggesting that MyoD is one of the important targets for
MAFbx-mediated protein degradation via the ubiquitin–

proteasome pathway. In addition, blockage of GDF-8 ex-
pression by an anti-GDF-8 antibody was shown to increase
muscle mass in healthy adult mice ( Joulia et al., 2003). GDF-8
could regulate myoblast differentiation by inhibiting MyoD
activity and its gene expression via Smad3, resulting in the
failure of myoblasts to differentiate into myotubes (Langley
et al., 2002). It has been shown that suppression of GDF-8 in
cells and in normal and cachectic mice led to an increase in
skeletal muscle mass of the mice (Liu et al., 2008). There are
also reports showing that GDF-8 could induce cachexia by
activating the ubiquitin–proteasome pathway (McFarlane et
al., 2006). Our results show that the suppression of MAFbx
expression by shRNA was accompanied by a decreased level
of GDF-8 and an increased level of MyoD, which could sug-
gest that MyoD is a negative regulator of GDF-8 in muscles.

Taken together, the present study provides information
that not only betters our understanding of the molecular
mechanisms by which MAFbx functions in muscle cells but
also suggests that targeting a muscle-specific E3 ubiquitin
ligase at an early stage of muscle atrophy could be a pre-
ferred strategy for molecular and clinical intervention in the
muscle-wasting pathological process.
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