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Upregulation of ubiquitin ligase atrogin1/MAFbx and

muscle wasting are hallmarks of cancer cachexia;

however, the underlying mechanism is undefined. Here,

we describe a novel signalling pathway through which

Lewis lung carcinoma (LLC) induces atrogin1/MAFbx

upregulation and muscle wasting. C2C12 myotubes trea-

ted with LLC-conditioned medium (LCM) rapidly activates

p38 MAPK and AKT while inactivating FoxO1/3, resulting

in atrogin1/MAFbx upregulation, myosin heavy chain

loss, and myotube atrophy. The p38a/b MAPK inhibitor

SB202190 blocks the catabolic effects. Upon activation, p38

associates with C/EBPb resulting in its phosphorylation

and binding to a C/EBPb-responsive cis-element in the

atrogin1/MAFbx gene promoter. The promoter activity

is stimulated by LCM via p38b-mediated activation of

the C/EBPb-responsive cis-element, independent of the

adjacent FoxO1/3-responsive cis-elements in the promoter.

In addition, p38 activation is observed in the muscle

of LLC tumour-bearing mice, and SB202190 adminis-

tration blocks atrogin1/MAFbx upregulation and muscle

protein loss. Furthermore, C/EBPb�/� mice are resistant to

LLC tumour-induced atrogin1/MAFbx upregulation and

muscle wasting. Therefore, activation of the p38b MAPK–

C/EBPb signalling pathway appears a key component of

the pathogenesis of LLC tumour-induced cachexia.
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Introduction

Cachexia, a wasting disease characterized by loss of muscle

mass with or without loss of fat mass, is a complex metabolic

syndrome seen in about 50% of cancer patients. The promi-

nent clinical feature of cachexia is weight loss with anorexia,

inflammation, insulin resistance, and increased muscle pro-

tein breakdown, which cannot be corrected by nutritional

measures (Evans et al, 2008). Patients with gastric, pancrea-

tic, colorectal, or lung cancer often experience significant

weight loss at the time of diagnosis, due largely to loss of

skeletal muscle mass with or without anorexia (Dewys et al,

1980; O’Gorman et al, 1999). Cancer patients with cachexia

respond poorly to chemotherapy with more frequent and

severe toxicity (Dewys et al, 1980; Andreyev et al, 1998).

It is estimated that cachexia is the immediate cause of death

in 20–40% of cancer patients (Bruera, 1997; Tisdale, 2009).

Thus, the development of cachexia predicts poor prognosis

for cancer patients. However, there is no approved medica-

tion for cancer cachexia due to the limited understanding of

the underlying pathogenesis of this disorder.

Excessive protein degradation, particularly the loss of

myofibrillar proteins, has been considered the major cause

of the muscle weakness, fatigue, and muscle mass loss seen

in cachexia. Recent research effort on cancer cachexia has

been focused on the regulation of the ubiquitin/proteasome

pathway (UPP; Acharyya and Guttridge, 2007; Tisdale, 2009),

a common pathway for accelerated muscle protein degrada-

tion induced by various catabolic conditions including

cachexia as well as physiological muscle atrophy due to

fasting, denervation, or disuse (Lecker et al, 2006). The

expression of muscle-specific ubiquitin ligase (E3 protein)

atrogin1/MAFbx and MuRF1 that are rate-limiting for UPP-

mediated muscle mass loss (Bodine et al, 2001; Gomes et al,

2001) is upregulated in diverse animal models of muscle

atrophy including cancer models in mice (Lecker et al,

2004; Baltgalvis et al, 2009; Penna et al, 2009; Zhou et al,

2010). MuRF1 directly targets myofibrillar proteins for degra-

dation (Clarke et al, 2007; Cohen et al, 2009). On the other

hand, atrogin1/MAFbx induce myosin heavy chain (MHC,

a myofibrillar protein) loss via an indirect mechanism

through degrading MyoD (Lagirand-Cantaloube et al, 2009).

Interestingly, the signalling mechanisms through which the

ubiquitin ligases are upregulated in cachexia associated with

certain types of cancer appear different from muscle atrophy

induced by physiological stimuli (fasting, denervation, and

disuse). The upregulation of atrogin1/MAFbx and MuRF1 in

fasting, denervation, and disuse is mediated by a reduction in

the activity of the PI3K/AKT signalling pathway, which

activates FoxO1/3 transcription factors (Sandri et al, 2004;

Stitt et al, 2004; Sacheck et al, 2007). On the other hand,

MuRF1 upregulation in tumour-bearing mice is mediated by

the transcription factor NF-kB that is activated by TNF-a and

other pro-inflammatory cytokines (Cai et al, 2004). The

existing data on cancer-induced atrogin1/MAFbx upregula-

tion are confounding. Activation of AKT and inactivation of

FoxO1/3 were observed in the muscle of mice bearing C26

colon carcinoma, which was supposed to downregulate the

ubiquitin ligases; but the ubiquitin ligases were actually

upregulated (Penna et al, 2009). Furthermore, the pro-inflam-

matory cytokine TNF-a has been shown to activate AKT

and upregulate atrogin1/MAFbx via a mechanism depending

on FoxO4 expression but not AKT/FoxO1/3 signalling
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(Moylan et al, 2008). It is possible that additional signalling

mechanisms independent of AKT/FoxO1/3 signalling may

mediate atrogin1/MAFbx upregulation by some types of

cancer.

Previously, p38 MAPK was shown to mediate atrogin1/

MAFbx upregulation by TNF-a (Li et al, 2005) or lipopoly-

saccharide (Doyle et al, 2011), both of which are reportedly

elevated in the circulation of certain cancer patients

(Nakashima et al, 1995; Han et al, 2007). The present study

is designed to determine whether and how p38 MAPK

mediates atrogin1/MAFbx upregulation and muscle wasting

in a mouse model of cancer. We show that Lewis lung

carcinoma (LLC) induces atrogin1/MAFbx upregulation

and muscle protein loss through a p38b MAPK-regulated

C/EBPb-responsive cis-element in the atrogin1/MAFbx gene

promoter. In addition, experimental therapy of cancer cachexia

has been carried out successfully by targeting this signalling

pathway.

Results

LLC-conditioned medium induces atrogin1/MAFbx

upregulation and myofibrillar protein loss via the

activation of p38 MAPK in myotubes

Because patients with certain types of cancer including lung,

pancreatic, colorectal, or gastric cancer are more prone to

cachexia (Dewys et al, 1980; O’Gorman et al, 1999), we

postulate that certain types of cancer cells release factors

that are capable of stimulating muscle proteolysis through

p38 MAPK-regulated cis-element(s) in the atrogin1/MAFbx

gene promoter, and that by targeting this signalling pathway

cancer cachexia can be intervened. To test our hypothesis,

C2C12 myotubes were treated with culture medium of

LLC cells (LLC-conditioned medium, LCM) that are highly

cachectic (Cai et al, 2004; Acharyya et al, 2005). LCM induced

activation of p38 MAPK and AKT within 30 min, which was

followed by inactivation of FoxO1/3 (hyperphosphorylation)

within 1 h (Figure 1A). The atrogin1/MAFbx mRNA and

protein were upregulated within 2 h, peaked around 4 and

8 h, respectively, and returned to basal levels around 24 h

(Figure 1B). On the other hand, MuRF1 expression was not

altered up to 24 h. As an additional control, we observed that

conditioned medium from the non-tumourigenic human lung

epithelial cell line NL20 did not alter the expression of

atrogin1/MAFbx and MuRF1 (data not shown). Atrogin1/

MAFbx upregulation by LCM was significantly attenuated by

a specific inhibitor of the a and b isoforms of p38 MAPK,

SB202190 (Figure 1C). Although atrogin1/MAFbx has not

been shown to directly target muscle contractile proteins

as MuRF1 does, elevated atrogin1/MAFbx can induce MHC

loss via downregulating MHC expression through the degra-

dation of MyoD (Lagirand-Cantaloube et al, 2009). Indeed,

we observed a loss of total MHC proteins in myotubes treated

with LCM for 72 h in a p38a/b MAPK-dependent manner

(Figure 1D). This effect is much delayed considering that

LCM induces atrogin1/MAFbx upregulation in just a few

hours, suggesting an indirect effect of atrogin1/MAFbx on

MHC content. Because the C2C12 cell line was derived from

murine fast-twitch skeletal muscle, we measured the mRNA

levels of the fast isoform of MHC, MHC2B, and found that the

mRNA level of MHC2B was downregulated progressively by

80% in 72 h (Supplementary Figure S1), which suggests that

atrogin1/MAFbx mediates LCM-induced MHC loss through

downregulating its expression. Consistent to MHC loss, myo-

blasts treated with LCM became thinner, which was largely

prevented by SB202190 without affecting the differentiation

state of myotubes (Figure 1E). These observations support a

key role for p38a/b MAPK in mediating LLC-induced atro-

gin1/MAFbx upregulation and muscle catabolism, and sug-

gest that LLC cells release factor(s) that are capable of

upregulating atrogin1/MAFbx expression and inducing mus-

cle mass loss via rapid activation of p38a/b MAPK, indepen-

dent of host-released factors.

The atrogin1/MAFbx gene is upregulated by p38b
MAPK through a C/EBPb-responsive cis-element

in its 50 promoter region

To elucidate the molecular mechanism through which p38a/b
MAPK regulates atrogin1/MAFbx expression, the 50 promoter

region of the mouse, rat, and human atrogin1/MAFbx gene

was examined by using a database (http://www.cbil.upenn.

edu/cgi-bin/tess), and a conserved putative C/EBPb-binding

motif TTGTGCAA in the 50 promoter region within 200 bp

from the transcription start site was identified (Figure 2A).

C/EBPb was shown to be a p38 substrate in vitro, and p38

stimulates the transactivation potential of C/EBPb in 3T3-L1

cells (Engelman et al, 1998). C/EBPb is activated by such

inflammatory mediators as LPS, TNF-a, IL-6, and IL-1 (Ramji

and Foka, 2002) that mediate muscle wasting (Tisdale, 2009),

and its DNA-binding activity is increased in septic muscle

(Penner et al, 2002). Therefore, we hypothesized that

the putative C/EBPb-binding motif is a C/EBPb-responsive

cis-element that mediates p38a/b MAPK upregulation of

the atrogin1/MAFbx gene, and that the activation of this

cis-element is critical to the development of cancer cachexia.

To test our hypothesis, we first evaluated whether C/EBPb is

a p38a/b MAPK substrate in C2C12 myotubes by determining

if p38 MAPK interacts with, phosphorylates, and activates

C/EBPb. To activate p38 MAPK, an adenovirus encoding

a constitutively active mutant of MKK6 which activates all

four isoforms of p38 MAPK, MKK6bE (Huang et al, 1997),

was transduced into myotubes. Expression of MKK6bE and

activation of p38 MAPK in myotubes were verified by western

blot analysis of the cell lysates (Figure 2B), which did not

alter the differentiation state of the myotubes judged

by morphology (data not shown). To evaluate p38 MAPK-

mediated phosphorylation of C/EBPb an antibody specific

for C/EBPb that is phosphorylated at Thr-188, a known site of

p38 and ERK1/2 MAPK-mediated phosphorylation (Piwien-

Pilipuk et al, 2002; Kim et al, 2007), was utilized along with a

pan C/EBPb antibody in western blot analysis. A modest

increase in both Thr-188 phosphorylation and total C/EBPb
level by overexpressed MKK6bE were observed, and the

increases were blunted by SB202190 (Figure 2B). The lysates

were then subjected to immunoprecipitation assay with anti-

bodies against either pan p38 MAPK or pan C/EBPb. Upon

p38 MAPK activation by MKK6bE, the two proteins were co-

precipitated with either antibody and the co-precipitation was

abolished by SB202190 (Figure 2C). Considering that C/EBPb
contains multiple serine and threonine-phosphorylation

sites (Piwien-Pilipuk et al, 2002; Kim et al, 2007), we assessed

p38a/b MAPK-mediated phosphorylation of C/EBPb by

western blot analysis of immunoprecipitated C/EBPb using

antibodies against phospho-serine or phospho-threonine.
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Phosphorylation of serine and threonine residues in

C/EBPb was increased in MKK6bE-expressing myotubes,

and SB202190 blocked the MKK6bE action (Figure 2D).

Because C/EBPb can be activated through a phosphoryla-

tion-dependent increase of its binding activity to its targeted

gene promoters (Tang et al, 2005), we evaluated C/EBPb
binding to the putative binding motif present in the atrogin1/

MAFbx promoter in C2C12 myotubes by using the chromatin

immunoprecipitation (ChIP) assay. We observed that C/EBPb
binding to the atrogin1/MAFbx promoter containing the

putative binding motif increased dramatically when p38

MAPK was activated by MKK6bE (Figure 2E). In addition,

LCM induced C/EBPb phosphorylation at Thr-188 in 2 h and

an increase in C/EBPb level (Figure 2F). These observations

indicate that p38a/b MAPK mediates LCM activation of

C/EBPb in myotubes through activating its phosphorylation

and binding to the atrogin1/MAFbx promoter.

Next, to evaluate whether the C/EBPb-binding motif

identified above is a functional C/EBPb-responsive

cis-element regulated by p38a/b MAPK, luciferase reporter

gene constructs under the control of the 50-flanking promoter

sequence of the mouse atrogin1/MAFbx gene with (pA) or

without (pB) the C/EBPb-binding motif were generated. As

shown in Figure 3A, a construct with the C/EBPb-binding

motif mutated from TTGTGCAA to AGGGCCCA was also

created (pA-C/EBPb-M). It is noteworthy that two previously

identified FoxO1/3-responsive cis-elements (Sandri et al,

2004) are present in the promoter region adjacent to the

Figure 1 LCM induces atrogin1/MAFbx upregulation and myofibrillar protein loss via p38 MAPK in C2C12 myotubes. (A) LCM activates p38
MAPK and AKT, and inactivates FoxO1/3a. C2C12 myotubes were treated with LCM for indicated time periods as described in Materials and
methods. Myotubes were lysed and phosphorylation of p38 MAPK, AKT, and FoxO1/3a were evaluated by western blot analysis with total p38
MAPK, AKT, and GAPDH as controls. (B) LCM upregulates atrogin1/MAFbx expression. The mRNA levels of atrogin1/MAFbx and MuRF1 in
C2C12 myotubes treated with LCM for indicated periods were determined by using real-time PCR. *Denotes a difference (Po0.05) from 0 h
determined by ANOVA. The protein levels of the ubiquitin ligases were determined by western blot. (C) Upregulation of atrogin1/MAFbx by
LCM is mediated by p38 MAPK. C2C12 myotubes were treated with LCM for 4 h with or without the presence of SB202190 (SB, 10mM). The
mRNA level of atrogin1/MAFbx and MuRF1 was determined by real-time PCR. (D) LCM induces MHC loss via p38 MAPK. C2C12 myotubes
were treated with LCM for 72 h with or without the presence of SB202190 (10mM). Western blot analysis was carried out using an antibody
against total MHC (MF-20). (E) LCM induces myotube atrophy via p38 MAPK. C2C12 myotubes were treated with LCM as described in (D).
Immunofluorescence was performed to stain myotubes with MF-20. Diameter of myotubes was then determined as described previously (Doyle
et al, 2011). Bar represents 100mm. *Denotes a difference (Po0.05) from PBS control (PBS/vehicle) and w denotes a difference from LCM
control (LCM/vehicle) determined by ANOVA.
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C/EBPb-binding motif. Thus, a construct with mutations in

these cis-elements was generated (pA-FoxO-M). As shown in

Figure 3B, 24 h after transfection of the reporter gene con-

structs into C2C12 myoblasts, reporter gene activity gene-

rated by the constructs was detected (control). Because

C/EBPb is not expressed before the differentiation of C2C12

myoblasts (Mancini et al, 2007), this promoter activity is

considered the basal activity that is C/EBPb independent.

Co-transfection of plasmids encoding LAP, the active form of

C/EBPb (Ramji and Foka, 2002), and p38 MAPK activator

MKK6bE stimulated the reporter gene activity by three-fold,

while co-transfection of either LAP or MKK6bE had

little effect. Expression of the recombinant proteins was

verified by western blot analysis (Supplementary Figure S2).

Inclusion of SB202190 in the cell culture medium abolished

LAP/MKK6bE-mediated upregulation of reporter gene expres-

sion. Mutation of the C/EBPb-binding motif (pA-C/EBPb-M) or

deletion of the promoter sequence containing the C/EBPb-

binding motif (pB) abolished the upregulation of reporter gene

activity by LAP and MKK6bE. On the other hand, mutation of

the two FoxO1/3-responsive cis-elements (pA-FoxO-M) did not

alter MKK6bE effect on promoter activity. Therefore, the C/

EBPb-binding motif identified in the atrogin1/MAFbx promo-

ter is a bona fide C/EBPb-responsive cis-element that mediates

the upregulation of the atrogin1/MAFbx gene by p38 MAPK,

and the adjacent FoxO 1/3-responsive cis-elements do not

respond to p38 MAPK.

Because the p38 MAPK family of proteins has four known

isoforms, a, b, g and d, and muscle cells express at least

three of the isoforms (a, b and g) (Enslen et al, 1998), it is

of interest to identify the p38 MAPK isoform(s) that is

responsible for activating the C/EBPb-responsive cis-element.

Figure 2 Activated p38 MAPK interacts with and phosphorylates C/EBPb, activating the binding of C/EBPb to the atrogin1/MAFbx promoter.
(A) The 50 promoter sequence of the mouse, rat, and human atrogin1/MAFbx gene contains a putative C/EBPb-binding motif (TTGTGCAA)
within 200 bp from the transcription start site. *Indicates conserved sequences. (B) Activation of p38 MAPK by adenovirus-mediated
overexpression of MKK6bE. Adenovirus encoding MKK6bE or GFP was used to transduce C2C12 cells as described in Materials and methods.
In 48 h, myotubes were lysed. Expression of HA-tagged MKK6bE and activation of p38 MAPK and C/EBPb level were verified by western blot.
C/EBPb phosphorylation was evaluated by using an antibody specific for Thr-188 phosphorylated C/EBPb (p-C/EBPb). (C) Activated p38
MAPK interacts with C/EBPb. C2C12 myotubes were transduced with adenovirus encoding MKK6bE or GFP. SB202190 (SB, 10mM) was
included in the culture medium as indicated. In 48 h, immunoprecipitation was carried out with antibody against either p38 MAPK or C/EBPb.
Precipitation of the two proteins was analysed by western blot. The input control of the assay is shown in (B). (D) Activation of p38 MAPK
results in C/EBPb phosphorylation. C/EBPb was immunoprecipitated from cell lysate of C2C12 myotubes expressing MKK6bE or GFP and
treated with SB202190 as described above. Phosphorylation of the serine and threonine residues in immunoprecipitated C/EBPb was analysed
by western blot using antibody specific for phosphorylated serine or threonine. (E) Activated p38 MAPK stimulates C/EBPb binding to the
putative C/EBPb-binding motif identified in the atrogin1/MAFbx promoter. C2C12 myotubes were transduced with adenovirus encoding
MKK6bE or GFP as described above. ChIP assay was carried out to evaluate the effect of MKK6bE activation of p38 MAPK on C/EBPb binding to
the putative C/EBPb-binding motif present in the atrogin1/MAFbx promoter as described in Materials and methods. The inverted image is
shown. (F) LCM stimulates the phosphorylation of C/EBPb. C2C12 myotubes were treated with LCM for indicated time periods. Thr-188
phosphorylation of C/EBPb (p-C/EBPb) and total C/EBPb were determined by western blot analysis of the cell lysates.
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To individually activate each of the p38 isoforms, plasmids

encoding the active mutant of each of the p38 MAPK isoforms

(Askari et al, 2009) were individually transfected into C2C12

myoblasts. Expression of the active isoforms and activation

of the p38 substrate ATF-2 by each of the expressed iso-

forms were verified by western blot analysis (Supplementary

Figure S3). By co-transfecting a plasmid encoding the active

mutant of one of the p38 MAPK isoforms with the plasmid

encoding LAP, we observed that only active p38b MAPK, not

the other three isoforms of p38 MAPK, was capable of

upregulating C/EBPb-mediated reporter gene activity of pA

(Figure 3C). Similarly to MKK6bE, p38b MAPK upregulation

of the reporter gene activity was blocked by SB202190 and

mutation or deletion of the C/EBPb-binding motif, but not by

mutation of FoxO1/3-responsive cis-elements (Figure 3D). In

addition, we observed that LCM stimulated atrogin1/MAFbx

promoter activity in a similar manner to MKK6bE and p38b,

and mutation of the FoxO1/3-responsive cis-elements did not

alter its effect (Figure 3E). Therefore, LCM stimulates atro-

gin1/MAFbx promoter activity via the p38b MAPK-regulated

C/EBPb-responsive cis-element, independent of the adjacent

FoxO1/3-responsive cis-elements.

We further verified whether p38b MAPK and LCM induce

upregulation of endogenous atrogin1/MAFbx gene via

C/EBPb utilizing siRNA-mediated C/EBPb knock down in

C2C12 myotubes (Figure 4A). As shown in Figure 4B,

ectopically expressed active p38b MAPK or MKK6bE,

which did not alter the differentiation state of C2C12 cells

(data not shown), upregulated atrogin1/MAFbx mRNA level

in myotubes that were transfected with control siRNA, but

not in myotubes in which C/EBPb was knocked down by

C/EBPb-specific siRNA. In addition, LCM failed to induce

atrogin1/MAFbx upregulation and MHC loss in myotubes

in which C/EBPb was knocked down (Figure 4C). To verify

the specificity of C/EBPb siRNA-mediated knockdown, we

observed that C/EBPa level was not affected by the siRNA

and ectopically expressed LAP increased atrogin1/MAFbx

levels and restored LCM upregulation of atrogin1/MAFbx in

myotubes where C/EBPb had been knocked down by the

siRNA (Supplementary Figure S4). In addition, C/EBPb
siRNA did not affect the differentiation of myoblasts (data

not shown). Thus, C/EBPb is a crucial mediator of p38b
MAPK- and LCM-induced atrogin1/MAFbx upregulation.

The p38b MAPK–C/EBPb signalling pathway mediates

muscle wasting in LLC tumour-bearing mice

We evaluated whether p38 MAPK is activated in the muscle

of LLC tumour-bearing mice and whether blocking p38b
MAPK is an effective therapeutic strategy for LLC tumour-

induced muscle wasting. In 14 days of LLC implant, when the

LLC tumour-bearing C57BL/6 mice had developed cachexia,

activation of p38 MAPK was detected in tibialis anterior

Figure 3 The C/EBPb-binding motif in the atrogin1/MAFbx promoter is a functional cis-element regulated by p38b MAPK. (A) Generation of
reporter gene constructs controlled by the atrogin1/MAFbx promoter. Reporter constructs were generated by inserting fragments of the
atrogin1/MAFbx promoter into a luciferase reporter vector as described in Materials and methods. The location of the C/EBPb-binding motif
and two previously identified FoxO-responsive cis-elements are as indicated. (B) The C/EBPb-binding motif mediates MKK6bE stimulation of
atrogin1/MAFbx promoter activity. Reporter gene constructs were co-transfected with plasmids encoding the active form of C/EBPb (LAP)
and/or MKK6bE into C2C12 myoblasts as indicated. In 24 h, cells were lysed and luciferase activity was determined. (C) p38b MAPK, but not
other isoforms of p38 MAPK, stimulates atrogin1/MAFbx promoter activity in the presence of C/EBPb. Plasmids encoding an active mutant of
p38 MAPK isoform and/or LAP were co-transfected with the pA reporter gene construct into C2C12 myoblasts as indicated. Luciferase activity
in myotubes was determined in 24 h. (D) The C/EBPb-binding motif mediates p38b stimulation of atrogin1/MAFbx promoter activity. Reporter
gene constructs were co-transfected with plasmids encoding LAP and/or active p38b MAPK into C2C12 myoblasts as indicated. In 24 h, cells
were lysed and luciferase activity was determined. (E) The C/EBPb-binding motif mediates LCM stimulation of atrogin1/MAFbx promoter
activity. Reporter gene constructs were co-transfected with a plasmid encoding LAP into C2C12 myoblasts as indicated. In 24 h, cells were
treated with LCM for 3 h. Luciferase activity in lysed cells was then determined. *Indicates difference (Po0.05) from control based on ANOVA.
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(TA, Figure 5A). To evaluate the effect of LLC tumour on

C/EBPb phosphorylation in muscle, we utilized the existing

antibody specific for C/EBPb with phosphorylated Thr-188

in western blot analysis. TA from LLC tumour-bearing mice

displayed a higher level of phosphorylated C/EBPb along with a

modest increase in total C/EBPb. These increases were inhibited

by the administration of p38a/b MAPK inhibitor SB202190,

in the lack of a p38b MAPK-specific inhibitor (Figure 5B).

SB202190 did not affect tumour growth (Figure 5C). However,

SB202190 blunted LLC tumour-induced atrogin1/MAFbx

upregulation (Figure 5D), loss of net body weight gain

(Figure 5E), muscle mass (TA, Figure 5F; extensor digitorum

longus (EDL), Figure 5G), and tyrosine release from EDL

(Figure 5H). Consequently, SB202190 blocked the shrink-

age of TA fibre cross-sectional area caused by LLC tumour

(Figure 5I). Consistent to data from myotubes, MuRF1

expression was not altered in LLC tumour-bearing mice

(Figure 5D). These in vivo data, consistent to above in vitro

data, support p38b MAPK as a key mediator of LLC tumour-

induced atrogin1/MAFbx upregulation and muscle mass loss,

and prove in principle that p38b MAPK inhibition could be an

effective therapeutic intervention for cancer cachexia.

Finally, whether C/EBPb is a crucial mediator of LLC-

induced muscle wasting was evaluated utilizing C/EBPb�/�

mice (Sterneck et al, 1997). The body weight of C/EBPb�/�

mice (in C57BL/6 background) at the time of LLC implant

(8 weeks of age) was significantly less than WT litter-

mates (18.6±0.6 g versus 23.4±0.9 g), consistent with a

previous report (Staiger et al, 2009). LLC tumour growth

measured by tumour weight at 14 days of implant was

found to be comparable in WT and C/EBPb�/� mice

(Figure 6A). Atrogin1/MAFbx was upregulated in the TA of

LLC tumour-bearing WT mice, however, not in LLC tumour-

bearing C/EBPb�/� mice (Figure 6B). LLC tumour-bearing

WT mice developed cachexia as indicated by a dramatic loss

in net body weight gain as compared with mice received pho-

sphate-buffered saline (PBS) injection, whereas C/EBPb�/�

mice were resistant to cachexia as indicated by essentially

normal net body weight gain (Figure 6C). In addition, muscle

wasting was apparent in WT mice as indicated by shrinkage

in muscle mass (TA, Figure 6D; EDL, Figure 6E), increased

tyrosine release in EDL (Figure 6F), and smaller fibre cross-

sectional area in TA (Figure 6G). In contrast, C/EBPb�/�mice

did not develop muscle wasting as indicated by preserved

muscle mass, essentially unaltered tyrosine release and fibre

cross-sectional area. These data indicate that C/EBPb med-

iates LLC-induced atrogin1/MAFbx upregulation and muscle

catabolism.

Discussion

Although atrogin1/MAFbx-mediated proteolysis by the UPP

has been known for several years as a key contributor to

muscle mass loss induced by cancer, the molecular mecha-

nism through which cancer induces atrogin1/MAFbx upregu-

lation was undefined. Combining in vitro and in vivo

approaches, the current study demonstrates for the first

time that LLC cells induce atrogin1/MAFbx upregulation

and muscle mass loss by activating C/EBPb binding to a

cis-element in the atrogin1/MAFbx gene promoter via the

activation of p38b MAPK. Our in vitro results suggest that the

initiation of this chain of events does not require the input of

immune cells. In addition, the rapid activation of p38 MAPK

and upregulation of atrogin1/MAFbx in myotubes by LCM

Figure 4 C/EBPb mediates upregulation of endogenous atrogin1/MAFbx by p38b MAPK and LCM in C2C12 myotubes. (A) C/EBPb
knockdown by C/EBPb-specific siRNA. C2C12 myoblasts were transfected with either control or C/EBPb-specific siRNA. After differentiation
for 72 h, C/EBPb protein level in myotubes was determined by western blot analysis. (B) C/EBPb mediates p38b MAPK upregulation of the
atrogin1/MAFbx gene. In C/EBPb knockdown myotubes that were co-transfected with a plasmid encoding a constitutively active p38b or
transduced with an adenovirus encoding MKK6bE, atrogin1/MAFbx mRNA level was determined by real-time PCR. *Denotes a difference
(Po0.05) from control/control siRNA and w denotes a difference from p38b/control siRNA or MKK6bE/control siRNA, correspondently, based
on ANOVA. (C) C/EBPb mediates LLC-induced atrogin1/MAFbx upregulation and MHC loss. Myotubes in which C/EBPb was knocked down as
shown in (A) were treated with control medium or LCM. Atrogin1/MAFbx and MHC levels were determined by western blot in 8 and 72 h,
respectively. *Denotes a difference (Po0.05) from control/control siRNA and w denotes a difference from LCM/control siRNA or MKK6bE/
control siRNA, correspondently, based on ANOVA.
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indicate that no synthesis of host factors by muscle cells is

needed for this action either. Our in vivo studies demon-

strated that the p38 MAPK–C/EBPb signalling is essential

for atrogin1/MAFbx upregulation and the development of

muscle wasting in LLC tumour-bearing mice. Based on our

data, we propose a signalling mechanism that mediates

LLC tumour-induced muscle wasting as depicted in Figure 7.

We recognize that the in vivo effect of LLC tumour on muscle

metabolism is more complicated than the in vitro effect of

LCM and is likely to involve some host response. For exam-

ple, a recent study showed that adipose triglyceride lipase

plays a role in the cachexia induced by LLC tumour (Das et al,

2011). Whether there is a connection between adipose trigly-

ceride lipase-mediated adipolysis and p38b MAPK-mediated

muscle catabolism is an interesting question for future studies.

Although both atrogin1/MAFbx and MuRF1 are upregu-

lated in the muscle of cachectic animals bearing Yoshida

hepatoma (Lecker et al, 2004) or C26 colon carcinoma

tumour (Zhou et al, 2010), our data indicate that only one

of the ubiquitin ligases, atrogin1/MAFbx, is upregulated by

LLC in vitro and in vivo. Similarly, Baltgalvis et al (2009)

showed previously that atrogin1/MAFbx but not MuRF1 is

Figure 5 Inhibition of p38a/b MAPK blocks LLC tumour-induced muscle catabolism. LLC cells or PBS (control) was injected subcutaneously
into the right flank of C57BL/6 male mice (8 weeks of age) as described in Materials and methods. SB202190 was i.p. injected daily (5 mg/kg)
from day 5 of LLC implant with equal volume of vehicle as control. In 14 days, mice were weighed and euthanized. Tumour and muscle
samples were immediately collected and analysed. (A) p38 MAPK is activated in the muscle of LLC tumour-bearing mice. Phosphorylation
state of p38 MAPK in TA was analysed by western blot. *Indicates difference (Po0.05) from control based on Student’s t-test. (B) C/EBPb
undergoes a p38a/b MAPK-dependent phosphorylation in LLC tumour-bearing mice. C/EBPb phosphorylation at Thr-188 and total C/EBPb in
the TA of LLC tumour-bearing mice was evaluated by western blot analysis. (C) LLC tumour growth (tumour volume) is not affected by
SB202190. Net body weight gain is the difference of body weight between the time of LLC implant and the time of euthanization minus tumour
weight. (D) LLC-induced atrogin1/MAFbx upregulation is blocked by SB202190. Atrogin1/MAFbx mRNA isolated from TA was determined by
real-time PCR and atrogin1/MAFbx protein levels were determined by western blot analysis. (E) LLC-induced loss of net body weight gain is
blocked by SB202190. (F) LLC-induced loss of TA mass is attenuated by SB202190. (G) SB202190 attenuates LLC-induced loss of EDL mass.
(H) LLC-induced tyrosine release from EDL is blocked by SB202190. Tyrosine release was determined as described previously (Doyle et al,
2011). *Denotes a difference (Po0.05) from PBS control (PBS/vehicle) and w denotes a difference from LLC control (LLC/vehicle) determined
by ANOVA. (I) SB202190 blocks LLC-induced shrinkage in TA fibre cross-sectional area (CSA). CSA of H&E stained TA cross-sections was
measured as described in Materials and methods. Bar represents 50mm.
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upregulated in the muscle of Apcmin/þ mice that develop

cachexia chronically due to spontaneous development of

intestinal adenomas. The lack of MuRF1 upregulation in

response to LLC is not surprising. Previous studies revealed

that in humans suffering loss of muscle mass and MHC

due to certain diseases only atrogin1/MAFbx, but not

MuRF1, was upregulated (Leger et al, 2006; Ottenheijm

et al, 2006). Although MuRF1, but not atrogin1/MAFbx,

is known to target MHC for degradation in response to

denervation (Cohen et al, 2009) or dexamethasone treatment

Figure 6 C/EBPb is crucial to the development of muscle wasting in LLC tumour-bearing mice. LLC cells or PBS (control) was
injected subcutaneously into the right flank of male C/EBPb�/� and WT mice. In 14 days, mice were weighed and euthanized. Tumour and
muscle samples were immediately collected and analysed. (A) LLC tumour growth (tumour volume) in C/EBPb�/� and WT mice is
comparable. (B) LLC tumour-induced atrogin1/MAFbx upregulation is blocked in C/EBPb�/� mice. Atrogin1/MAFbx levels in TA were
determined by real-time PCR and western blot. (C) LLC-induced loss of net body weight gain is attenuated in C/EBPb�/�mice. Net body weight
gain is the difference of body weight between the time of LLC implant and the time of euthanization minus tumour weight. (D) LLC-induced
loss of TA mass is abolished in C/EBPb�/� mice. (E) LLC does not induce loss of EDL mass in C/EBPb�/� mice. (F) LLC-induced tyrosine
release from EDL is blocked in C/EBPb�/� mice. Tyrosine release was determined as described previously (Doyle et al, 2011). *Denotes
a difference (Po0.05) from PBS control (PBS/vehicle) and w denotes a difference from LLC control (LLC/vehicle) determined by ANOVA.
(G) LLC-induced shrinkage in TA fibre cross-sectional area (CSA) is blocked in C/EBPb�/� mice. CSA of H&E stained TA cross-sections was
measured as described in Materials and methods. Bar represents 50 mm.
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(Clarke et al, 2007), our data confirmed that atrogin1/MAFbx

upregulation induces MHC loss via suppressing the expres-

sion of MHC, particularly, the fast MHC. Thus, atrogin1/

MAFbx upregulation alone can result in MHC loss. On the

other hand, we cannot rule out the possibility that an

unidentified ubiquitin ligase directly targets MHC for degra-

dation in our system.

We demonstrate in the present study that while both p38

MAPK and AKT are activated in myotubes by LCM, it is p38

MAPK activity that determines the level of atrogin1/MAFbx

expression and muscle catabolism. A diverse array of stimuli

can activate p38 MAPK, and unsurprisingly p38 mediates a

wide range of cellular events (New and Han, 1998).

Paradoxically, p38 MAPK responds to both catabolic and

anabolic stimuli in skeletal muscle cells. On one hand, LPS,

catabolic cytokines, and oxidative stress can activate p38

MAPK, upregulate atrogin1/MAFbx, and synergistically

stimulate muscle protein breakdown (Li et al, 2003, 2005;

Baltgalvis et al, 2009; McClung et al, 2010; Doyle et al, 2011).

On the other hand, p38 MAPK is also activated by exercise

and muscle contraction (Long et al, 2004), and p38 MAPK

activation is crucial to satellite cell-mediated myogenesis

(Lluis et al, 2006), which are of anabolic nature. The presence

of isoforms of p38 MAPK family contributes to its ability to

transduce a variety of extracellular signals into distinct

nuclear responses (Enslen et al, 1998; Loesch and Chen,

2008; Remy et al, 2010). The a isoform of p38 MAPK has

been shown to mediate myogenic differentiation (Perdiguero

et al, 2007; Palacios et al, 2010), and the g isoform of

p38 MAPK has been shown to regulate the expansion of

myogenic precursor cells (Gillespie et al, 2009), endurance

exercise-induced mitochondrial biogenesis and angiogenesis

(Pogozelski et al, 2009), and glucose uptake (Ho et al, 2004).

However, the function of the b isoform of p38 MAPK

was previously unknown. Our data presented here not only

identify for the first time that p38b MAPK is the only member

of the p38 MAPK family that mediates atrogin1/MAFbx

upregulation and muscle catabolism, but also resolves the

issue why the p38 MAPK family of kinases is capable of

exerting the paradoxical effects on muscle protein homeo-

stasis. In addition, this finding provides a relatively specific

therapeutic target for the intervention of cancer cachexia, as

previous studies indicated that p38a activity but not p38b

activity mediates acute or chronic inflammatory responses

(O’Keefe et al, 2007) and ischaemic myocardial injury

(Sicard et al, 2010).

Because p38 MAPK is activated by inflammatory mediators

and reactive oxygen species in muscle (Li et al, 2005; Jin and

Li, 2007; McClung et al, 2010; Doyle et al, 2011), and

increased p38 MAPK activity in muscle has been reported

in several pro-catabolic states in humans and laboratory

animals, including type 2 diabetes (Koistinen et al, 2003),

acute quadriplegic myopathy (Di Giovanni et al, 2004),

neurogenic atrophy (Di Giovanni et al, 2004), and sarcopenia

(Williamson et al, 2003), p38b MAPK activation may be

responsible for the muscle catabolism seen in multiple

pro-catabolic states. Therefore, safe inhibitors of p38

MAPK, preferably, p38b MAPK-specific inhibitors may be

developed to combat muscle wasting associated with cancer

and other catabolic conditions.

C/EBPb is phosphorylated at various sites by several

protein kinases, which has a key role in the regulation of

C/EBPb activity (Ramji and Foka, 2002). The present study

reveals that C/EBPb phosphorylation by p38 MAPK in muscle

cells enhances its transactivation of the atrogin1/MAFbx gene

primarily through increasing its DNA-binding activity.

Although we also observed that p38 MAPK and LLC increase

the level of C/EBPb, previous studies indicate that the DNA-

binding activity of C/EBPb is dependent on its phosphory-

lation state not on expression level (Tang et al, 2005). In deed,

a most recent study by Gonnella et al (2011) demonstrated in

L6 myotubes that silencing C/EBPb blocks dexamethasone-

induced increase in atrogin1/MAFbx expression; however,

overexpressing C/EBPb does not increase atrogin1/MAFbx

expression. Therefore, we conclude that p38b MAPK-medi-

ated activation of C/EBPb accounts for the rapid increase of

atrogin1/MAFbx expression within 2 h shown in Figure 1B.

It is noteworthy that although we used the existing antibody

against C/EBPb with phosphorylated Thr-188 to assess the

phosphorylation state of C/EBPb, this site is likely only one of

the potentially multiple p38 MAPK-mediated phosphoryla-

tion sites in C/EBPb as suggested by Figure 2D. Our promoter

assays indicate that LCM upregulation of atrogin1/MAFbx

gene expression is mediated by the C/EBPb-responsive

cis-element but not the FoxO1/3-responsive elements in the

promoter. These findings explain the seemingly paradoxical

observation that LCM upregulates atrogin1/MAFbx while

activating AKT (Figure 1A).

Utilizing C/EBPb�/� mice we confirmed that C/EBPb is a

key mediator of atrogin1/MAFbx upregulation and muscle

protein degradation induced by LLC tumour. Although it was

reported previously that tumourigenicity by MC-38 colon

adenocarcinoma cells was reduced in C/EBPb�/� mice

(Staiger et al, 2009), we observed unaltered LLC tumour

growth in C/EBPb�/� mice (Figure 6A), such difference is

possibly due to the difference in tumour type. C/EBPb has

been shown to contribute to endocrine expression of IGF-1

and insulin, and lower serum levels of IGF-1 and insulin are

measured in C/EBPb�/� mice (Staiger et al, 2009). Lower

serum IGF-1 and insulin levels would reduce muscle mass

due to decreased protein synthesis and increased protein

degradation. The latter may result from FoxO1/3 activation

in response to lower PI3K/AKT activity. Consistently,

we observed lower net weight gain, smaller muscle mass,

and higher muscle proteolysis in C/EBPb�/� mice (Figure 6).

Figure 7 A working model of the signalling mechanism through
which LLC induces muscle mass loss.
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Notwithstanding, C/EBPb�/� mice are resistant to LLC tu-

mour-induced muscle proteolysis, which further supports the

notion that p38b-mediated C/EBPb activation has a predomi-

nant role in LLC tumour-induced upregulation of atrogin1/

MAFbx and muscle catabolism. C/EBPb is activated by such

inflammatory mediators as LPS, TNF-a, IL-6, and IL-1 (Ramji

and Foka, 2002) that mediate muscle wasting; thus, it is likely

to mediate atrogin1/MAFbx upregulation by these inflamma-

tory mediators. Interestingly, insulin that induces anabolic

responses has been reported to inhibit transactivation by

C/EBPb via the PI3K pathway (Guo et al, 2001). Thus,

C/EBPb appears to be a key regulatory molecule upon

which catabolic and anabolic signals converge.

Cancer is a highly diverse group of diseases and the

mechanism by which cancer provokes the loss of host’s

muscle mass is highly complex and likely cancer-type depen-

dent. Therefore, the signalling mechanism described here

may not mediate cachexia in all types of cachectic cancer.

For example, ERK, but not p38, was reportedly to mediate

muscle wasting in C26 tumour-bearing mice (Penna et al,

2010). Activin appears to mediate cancer cachexia via

the upregulation of atrogin1/MAFbx and MuRF1 through

the Smad–AKT–FoxO1/3 pathway (Zhou et al, 2010).

Previously, an MAC16 tumour cell-released factor known as

proteolysis-inducing factor (PIF) was shown to induce mus-

cle protein degradation via the activation of the UPP (Lorite

et al, 1998). PIF activation of transcription factor NF-kB is

crucial to its catabolic action; and although PIF upregulates

the mRNA levels for several components of the UPP, PIF does

not upregulate atrogin1/MAFbx (Tisdale, 2008). Thus, LLC-

induced atrogin1/MAFbx upregulation and muscle wasting

observed here are unlikely to involve PIF. Cancer cells may

release such cytokines as TNF-a, IL-1, and IL-6 that are

capable of activating p38 MAPK and inducing muscle cata-

bolism (Malik, 1992; Tisdale, 2009). Nevertheless, the lack of

MuRF1 upregulation in LLC-bearing mice argues against

a significant role of cytokines, because they would have

induced NF-kB-mediated MuRF1 expression. The identifica-

tion of LLC cell-released factor(s) responsible for the activa-

tion of p38b MAPK and the ensuing atrogin1/MAFbx

upregulation and muscle wasting will be pursued in our

future projects.

Materials and methods

Myogenic cell culture
Murine C2C12 myoblasts (American Type Culture Collection) were
cultured in growth medium (DMEM supplemented with 10% fetal
bovine serum) at 371C under 5% CO2. At 85–90% confluence,
myoblast differentiation was induced by incubation for 96 h in
differentiation medium (DMEM supplemented with 4% heat-
inactivated horse serum) to form myotubes. Preconditioned
medium from cultures of LLC cells (obtained from National Institute
of Cancer) or non-tumourigenic human lung epithelial cell line
NL20 (obtained from ATCC) that were cultured for 48 h were
centrifuged and the supernatant was added to C2C12 cultures (25%
final volume in fresh medium) when indicated. The conditioned
medium was replaced with fresh one every 24 h. Normal culture
medium was used as the control. Pretreatment of SB202190 (10 mM,
dissolved in DMSO of 0.1% volume of culture medium which did
not alter the parameters we measured) was carried out at 30 min
prior to the experiment.

Animal use
Experimental protocols were approved in advance by the institu-
tional Animal Welfare Committee at the University of Texas Health

Science Center at Houston. For LLC-induced cancer cachexia model,
100 ml LLC cells (5�106) or an equal volume of PBS (control) was
injected subcutaneously into the right flanks of 8-week-old male
mice (C57BL/6). C/EBPb�/� mice in C57BL/6 background were
bred from C/EBPb�/þ mice generated by Peter Johnson’s group of
NCI (Sterneck et al, 1997). When indicated, SB202190 (5 mg/kg) or
an equal volume of vehicle (PBS containing 50% DMSO) was
intraperitoneally (i.p.) injected daily from day 5 after LLC implant
when the tumour became palpable. Mice were weighed daily and
those with tumour size between 1 and 1.5 cm were sacrificed on day
14 of LLC implant. TA and EDL muscles were then collected
immediately for analyses.

Adenovirus transduction
Ad5 cytomegalovirus encoding MKK6bE (Huang et al, 1997), a
constitutively active form of mitogen-activated protein kinase
kinase (MKK6), or green fluorescence protein (GFP) (prepared by
The Vector Development Core of Baylor College of Medicine) was
used at 800 MOI to transduce C2C12 cells that had been
differentiated for 48 h. Cells were further incubated in differentia-
tion medium for 48 h to form myotubes before experimenting.

Fluorescence microscopy and histology study
C2C12 myotubes were stained with anti-MHC antibody (MF-20,
Development Studies Hybridoma Bank at the University of Iowa,
Iowa City, IA) and FITC-conjugated secondary antibody, and
examined using a Zeiss Axioskop 40 microscope and a Zeiss
Axiocam MRM camera system controlled by Axiovision Release 4.6
imaging software. Acquired images were edited using the Photo-
shop software. Myotube diameter was measured in MHC-stained
myotubes as previously described (Doyle et al, 2011). Cross-
sectional area of H&E stained muscle sections was quantified by
using the ImageJ software (NIH). Five view-fields with B100
myofibres per field in each section were measured. Data are
expressed as frequency histogram.

Immunoprecipitation
Cells were washed three times with ice-cold PBS and lysed in RIPA
buffer (50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1%
NP-40, 0.1% SDS, 2 mM phenylmethylsulphonylfluoride (PMSF),
0.5% sodium deoxycholate, 1 mM NaF, 1/100 protease inhibitor
cocktail, and 1/100 phosphatase inhibitor cocktail (Sigma-
Aldrich)). The lysate was centrifuged for 10 min at 41C at 16 000 g
and protein concentration was determined using the Bio-Rad
protein assay with bovine serum albumin (BSA) as standard.
Lysate (2 mg protein) was precleared with protein A/G agarose
beads (Thermo Scientific) and then incubated with an antibody
against C/EBPb (H-7, Santa Cruz Biotechnology, Santa Cruz, CA) or
p38 MAPK (Cell Signaling Technology, Beverly, MA) overnight at
41C, followed by incubation with 20 ml protein A/G agarose beads
for 2 h at 41C. The beads were centrifuged down, washed five times
with 1% NP-40–PBS, and boiled in SDS sample buffer. After brief
centrifugation, the supernatant was analysed by western blot.

Western blot analysis
Western blot analysis was carried out as described previously
(Li et al, 2005). Antibodies to total and/or phosphorylated p38
MAPK (T181/Y182), AKT (S473), FoxO1 (T24)/FoxO3a (T32),
atrogin1/MAFbx, and ATF2 were from Cell Signaling Technology.
Antibodies to C/EBPb (H-7), C/EBPb with phosphorylated Thr-188,
C/EBPa, and MuRF1 were from Santa Cruz Biotechnology.
Antibodies specific for phospho-serine and phospho-threonine were
from Invitrogen. Data were normalized to GAPDH.

Promoter assays
Luciferase reporter gene constructs under the control of the
50-flanking promoter sequence of the mouse atrogin1/MAFbx gene
with (pA) or without (pB) the conserved putative C/EBPb-binding
motif TTGTGCAA were constructed by inserting DNA fragment
generated by PCR using mouse genomic DNA as the template into
the pGL4.10 vector (Promega, Madison, WI). A construct with
mutations within the C/EBPb-binding motif from 50-TTGTGCAA-30

to 50-AGGGCCCA-30 was created (pA-C/EBPb-M) by using a site-
directed mutagenesis kit (Stratagene). Similarly, a construct with
mutations within the two FoxO-binding motives (pA-FoxO-M) was
created according to Sandri et al (2004). Primers used for generating
these constructs were as follows: pB sense: 50-GGGGTACCGGCGA
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GCCTATAAACAAAGCC-30, antisense: 50-GGAAGATCTTGGTACAGA
GCGCGGACGCG-30; pA sense: 50-gtcggtacccgagggtcagcgggacatc-30,
antisense: 50-GGAAGATCTTGGTACAGAGCGCGGACGCG-30; pA-C/
EBPb-M sense: 50-CTGGTCCTTCCTGGAAGGGCCCAACCTGTGACTC
TTG-30, antisense: 50-CAAGAGTCACAGGTTGGGCCCTTCCAGGAAG
GACCAG-30; pA-FoxO-M sense-1: 50-GGG CAG CGG CCC GGG TAC
CGT ACA GTG CTC GGG CAG-30, antisense-1: 50-CTG CCC GAG CAC
TGT ACG GTA CCC GGG CCG CTG CCC-30, sense-2: 50-GCC TCG
GAA AAC AAG GCT AGC CTA TAA GCT CAG CCA CGT GGC CTC-30,
antisense-2: 50-GAG GCC ACG TGG CTG AGC TTA TAG GCT AGC
CTT GTT TTC CGA GGC-30. Plasmids were transfected into C2C12
myoblasts at B50% confluence by using deacylated polyethyleni-
mine (PEI) 2200, a gift from Dr Guangwei Du, University of Texas
Health Science Center at Houston. Briefly, C2C12 myoblasts were
cultured in 6-well plates for 24 h and were co-transfected with 0.5mg
of a luciferase reporter construct, plasmid encoding the LAP form of
C/EBPb (provided by Peter Johnson of NCI via Addgene), MKK6bE
(a gift from J Han of the Scripps Research Institute), or isoforms of
p38 MAPK (gifts from David Engelberg of Hebrew University),
along with 0.2 mg of a plasmid encoding Renilla luciferase (phRL-
TK-luc, Promega). After culturing in growth medium for 24 h,
luciferase activity in cell lysate was measured using the Dual-
Luciferase Reporter Assay system (Promega) in Synergy 2 Multi-
Mode Microplate Reader (Biotek Instruments).

ChIP assay
C2C12 myotubes were crosslinked with 1% formaldehyde for
15 min at room temperature and washed three times with ice-cold
PBS containing 1 mM PMSF and 1/100 protease inhibitor cocktail.
The cells were lysed in lysis buffer (50 mM HEPES (pH 8.0), 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 1 mM PMSF, and 1/100 protease inhibitor cocktail). The
lysate was vortexed and sonicated 10 times for 10 pulses at power
setting 3 (VibraCell Sonicator) with a 30-s interval on ice. The
average length of DNA fragments yielded ranged between 300 and
800 bp. The lysate was then clarified by centrifugation and diluted
five-fold in ChIP buffer (15 mM Tris (pH 8.0), 1% Triton X-100,
0.01% SDS, 1 mM EDTA, 150 mM NaCl, 1 mM PMSF, and 1/100
protease inhibitor cocktail). The samples were precleared using
1 mg/ml sonicated salmon sperm DNA and protein A/G Agarose
beads for 1 h at 41C. One hundred microlitre of each sample was
used for input control. The samples were then immunoprecipitated
with anti-C/EBPb antibody or control Rabbit IgG (Santa Cruz
Biotechnology), and the immune complexes were washed with low-
salt buffer (20 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.1%
SDS, 1% Triton X-100, 0.5 mM PMSF, and 1/100 protease inhibitor
cocktail), high-salt buffer (50 mM HEPES (pH 8.0), 500 mM NaCl,
1 mM EDTA, 0.1% SDS, 1% Triton X-100, 0.1% Na-deoxycholate,
0.5 mM PMSF, and 1/100 protease inhibitor cocktail), LiCl buffer
(20 mM Tris (pH 8.0), 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5%
Na-deoxycholate, 1.0 mM PMSF, and 1/100 protease inhibitor
cocktail), and TE buffer (10 mM Tris–HCl (pH 8) and 1 mM EDTA).
DNA was then eluted from the immune complex with elution buffer
(50 mM Tris–HCl (pH 8), 1.0 mM EDTA, 1% SDS, and 50 mM
NaHCO3). Immunoprecipitated DNA was reverse crosslinked
at 651C for 4 h in the presence of 0.2 M NaCl and purified
using phenol/chloroform/isoamylalcohol. A total of 5ml of the
purified DNA was subjected to PCR amplification of a 190-bp
fragment using the specific primers derived from the promoter
region of the atrogin1/MAFbx gene containing the C/EBP-binding
motif (sense primer: 50-TCTTTGTTGCCGGAAGAGC-30; antisense

primer: 50-CGAGGGTCAGCGGGACATC-30). PCR products were
analysed by agarose gel electrophoresis. Ethidium bromide-stained
gels were photographed under ultraviolet illumination using a
Kodak Gel Logic 200 imaging system.

Real-time PCR
Real-time PCR was performed as described previously (Doyle et al,
2011). Sequences of specific primers are atrogin1/MAFbx (sense:
50-CACATTCTCT-CCTGGAAGGGC-30, antisense: 50-TTGATAAAGTCT
TGAGGGGAAAGTG-30); MuRF1 (sense: 50-CACGAAGACGAGAAGAT
CAACATC-30, antisense: 50-AGCCCCAAACACCTTGCA-30); MHC2B
(sense: 50-AGTCCCAGGTCAACAAGCTG-30, antisense: 50-TTTCTCC
TGTCACCTCTCAACA-30); and GAPDH (sense: 50-CATGGCCTTCCGT
GTTCCTA-30, antisense: 50-GCGGCACGTCAGATCCA-30). Data were
normalized to GAPDH.

Transfection of siRNA
The on-target smart pool siRNA specific for C/EBPb and control
siRNA was purchased from Dharmacon (Denver, CO, USA) and
Ambion (Austin, TX, USA), respectively, and were introduced into
C2C12 myoblasts by electroporation (5mg) with the Nucleofector
system (Lonza, Walkersville, MD, USA), according to the manu-
facturer’s protocol. In 24 h, myoblasts were differentiated and
experiment was started in 72 h when myotubes were formed.

Tyrosine release assay
Tyrosine release was measured using a protocol modified from
(Fulks et al, 1975) as described previously (Doyle et al, 2011).

Statistical analysis
Data were analysed with one-way ANOVA or Student’s t-test using
the SigmaStat software as indicated. When applicable, control
samples from independent experiments were normalized to a value
of 1 without showing variations (actual variations were within a
normal range). A P-value o0.05 was considered to be statistically
significant. Data are presented as the mean±s.e.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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