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We have investigated the effect of tumor necrosis factor-�
(TNF-�) on the production of extracellular matrix-degrading
proteases in skeletal muscles. Using microarray, quantitative
PCR, Western blotting, and zymography, we found that TNF-�
drastically increases the production of matrix metalloprotein-
ase (MMP)-9 from C2C12 myotubes. In vivo administration of
TNF-� in mice increased the transcript level of MMP-9 in skel-
etal muscle tissues. Although TNF-� activated all the three
MAPKs (i.e.ERK1/2, JNK, andp38), inhibition of ERK1/2 or p38
but not JNK blunted the TNF-�-induced production of MMP-9
from myotubes. Inhibition of Akt also inhibited the TNF-�-in-
duced production ofMMP-9. TNF-� increased the activation of
transcription factorsNF-�BandAP-1but not SP-1 inmyotubes.
Overexpression of a dominant negative inhibitor of NF-�B or
AP-1blocked theTNF-�-induced expressionofMMP-9 inmyo-
tubes. Similarly, point mutations in AP-1- or NF-�B-binding
sites inMMP-9 promoter inhibited the TNF-�-induced expres-
sion of a reporter gene. TNF-� increased the activity of trans-
forming growth factor-�-activating kinase-1 (TAK1). Further-
more, overexpression of a dominant negative mutant of TAK1
blocked the TNF-�-induced expression of MMP-9 and activa-
tion of NF-�B and AP-1. Our results also suggest that TNF-�
induces MMP-9 expression in muscle cells through the recruit-
ment ofTRAF-2, Fas-associated proteinwith death domain, and
TNF receptor-associated protein with death domain but not
NIK or TRAF-6 proteins. We conclude that TAK1-mediated
pathways are involved inTNF-�-inducedMMP-9 production in
skeletal muscle cells.

Skeletal muscle wasting or atrophy is a debilitating compli-
cation of several conditions, including immobilization, zero
gravity space travel, and many chronic diseases such as cancer,
heart failure, diabetes, AIDS, and sepsis (1, 2). In vivo, skeletal
muscle fibers are surrounded by a layer of extracellular matrix
(ECM)2material called the basementmembrane, which is com-
posed of an internal basal lamina directly linked to sarcolemma
and an external fibrillar lamina (3). The main components of
basal lamina are type IV collagen, laminin, and proteoglycans
rich in heparin sulfate. Genetic studies of muscular dystrophy
patients and animal models of muscular dystrophy have pro-
vided strong evidence that the components of ECM are critical
for maintaining structure and normal function of skeletal mus-
cle (4–7). ECM is not only required tomaintain tensile strength
and elasticity in skeletal muscle tissues, it is also important for
the assembly of neuromuscular and myotendinous junctions
and for the regeneration of myofibers after injury or excessive
exercise (3). Thus, the degradation of ECM would result in
structural and functional deterioration and loss of skeletalmus-
cle fibers.
Matrix metalloproteinases (MMPs) are a family of calcium-

and zinc-dependent proteolytic enzymes that function mainly
in the extracellular matrix (8). Genetic and pharmacological
studies have provided compelling evidence that although
MMPs are required for normal development and functioning,
excessive production of MMPs leads to pathology of a wide
range of tissues (9). Accumulating evidence suggests that
increased expression of MMPs could lead to loss of skeletal
muscle mass in different physiological and pathophysiological
conditions (10). Increased expression of MMP-2 and MMP-9
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has been reported in the atrophic soleus and gastrocnemius
muscles with a concomitant decrease in the levels of collagen I
and collagen IV, two major ECM components present in skel-
etal muscle (11, 12). MMP-2 and MMP-9 are strongly up-reg-
ulated in experimental ischemia/reperfusion injury leading to
degradation of basal lamina in skeletal muscle (13). Further-
more, increased expression of MMPs has also been reported in
atrophying skeletal muscle after nerve injury (14), heart failure
(15, 16), and in the pathogenesis of inflammatory myopathies
(17–19).
Several lines of evidence suggest that TNF-� plays a major

role in the development of muscular abnormalities resulting in
a loss of skeletalmusclemass and function (20). Increased levels
of TNF-� have been observed under conditions that lead to
skeletal muscle atrophy such as cachexia induced by bacteria,
human immunodeficiency virus, chronic heart failure, and can-
cer (21). TNF-� transduces its biological activities by binding to
two 55- and 75-kDa receptors (22, 23). Trimeric occupation
of TNF receptors by the ligand results in the recruitment of
receptor-specific proteins and promotes the activation of tran-
scription factors such as nuclear factor-�B (NF-�B) and AP-1
(activator protein-1) through activation of a cascade of
upstream kinases, including I�B kinase (IKK), the MAPKs, and
Akt (22, 24). Recent reports also suggest that transforming
growth factor-�-activated kinase1 (TAK1), a member of the
MAP3K family, is critical for TNF-�-induced activation of
NF-�B and MAPK signaling pathways, especially p38 (25–27).
Although the precise role of various signaling proteins and
transcription factors in TNF-�-induced skeletal muscle
atrophy remains to be established, some of these molecules
may serve as important molecular targets for the prevention
of skeletal muscle loss in future therapies. Indeed, recent
studies have shown that the inhibition of NF-�B, a transcrip-
tion factor that is also activated by TNF-�, can prevent skel-
etal muscle loss in conditions known to exacerbate muscle-
wasting (28–30).
We hypothesize that one of the mechanisms by which

TNF-� can induce loss of skeletal muscle mass and function is
through augmenting the production of ECM-degrading
enzymes from skeletal muscle cells. To test this hypothesis, we
have performed a genome-widemicroarray analysis using RNA
isolated fromcontrol andTNF-�-treated culturedC2C12myo-
tubes. Among others, we have identified MMP-9, a type IV
collagenase, as one of the highly up-regulated ECMproteases in
TNF-�-treated C2C12 myotubes. In this study, for the first
time we demonstrate that TNF-� causes spurious expression
and production of MMP-9 from skeletal muscle cells both in
vitro and in vivo. We have also delineated the molecular path-
ways that lead to enhanced expression of MMP-9 in C2C12
myotubes in response to TNF-� treatment. Our data suggest
that TAK1, ERK1/2, p38 MAPK, NF-�B, and AP-1 transcrip-
tion factors constitute the biochemical signaling pathway(s)
that leads to the enhanced production of MMP-9 in C2C12
myotubes in response to TNF-�.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum were obtained from Invitrogen. Horse

serum was purchased from Sigma. LY294002, wortmannin,
PD98059, SP600125, and SB203580 were obtained from Cal-
biochem. Poly(dI�dC) was from GE Healthcare. [�-32P]ATP
(specific activity, 3000 (111 TBq) Ci/mmol) was obtained from
MP Biomedicals (Solon, OH). Protein A-Sepharose beads were
obtained from Pierce. Recombinant mouse TNF-� protein was
from BioVision (Mountain View, CA). Effectene transfection
reagent was obtained from Qiagen (Valencia, CA). NF-�B
consensus oligonucleotides and luciferase assay kits were
purchased from Promega (Madison, WI). Phospho-specific
rabbit polyclonal anti-p44/42 (Thr-202/Tyr-204), anti-p38
(Thr-180/Tyr-182), anti-Akt (Ser-473), anti-I�B� (Ser-32),
and anti-TAK1 (Ser-412) were obtained from Cell Signaling
Technology (Beverly, MA). Antibodies against JNK1, p50,
p65, c-Rel, Bcl3, TAK1, and c-Jun proteins and AP-1 and
SP-1 consensus oligonucleotides were from Santa Cruz Bio-
technology (Santa Cruz, CA). Antibodies against mouse
MMP-9 and MMP-2 proteins were obtained from R & D
Systems (Minneapolis, MN).
Mice—C57BL6 mice were purchased from The Jackson Lab-

oratory (Bar Harbor, ME). Mice were housed and fed in stain-
less steel cages on a 10-h on and 14-h off lighting schedule. Prior
approval was obtained from the Institutional Animal Care and
Use Committee of the Jerry L. Pettis Memorial VA Medical
Center, Loma Linda, CA, for conducting experiments with
mice. All procedures were conducted in strict accordance with
the Public Health Service and Department of Veterans Affair
animal welfare policy.
Cell Culture—C2C12 and L6 myoblastic cell lines were

obtained from the American Type Culture Collection (Manas-
sas, VA). These cells were grown inDulbecco’smodified Eagle’s
medium (DMEM) containing 10% fetal bovine serum. C2C12
myoblasts were differentiated into myotubes by incubation in
differentiation medium (DM, 2% horse serum in DMEM) for
96 h as described (31, 32). Myotubes were maintained in DM,
andmediumwas changed every 48 h. L6myoblasts were differ-
entiated into myotubes by incubation in 0.5% fetal bovine
serum for 48–72 h.
Plasmid Constructs—Full-length mouse c-Jun was isolated

from cDNA made from C2C12 myoblasts. Briefly, total RNA
was isolated, and first strand cDNA was generated using oli-
go(dT) primer (from Ambion) and OmniScript reverse tran-
scriptase according to the manufacturer’s instructions (Qia-
gen). c-Jun construct was prepared by amplifying the murine
c-Jun cDNA (GenBankTM accession number NM_010591)
with the following primers: sense 5�-CGT TCT ATG ACT
GCA AAG ATG G-3� (c-Jun forward), and antisense, 5�-CAG
CCC TGA CAG TCT GTT CT-3� (c-Jun reverse). A dominant
negativemutant of c-Jun, calledTAM-67 (33), was generated by
removal of the transactivational domain (amino acids 3–122) of
wild-type c-Jun by PCR using the following primers: sense
5�-ATG ACT AGC CAG AAC ACG CTT CCC A-3� (TAM67
forward) and antisense, 5�-CAG CCC TGA CAG TCT GTT
CT-3� (c-Jun reverse). All PCR amplifications were performed
using Pfu DNA polymerase (Stratagene). PCR products were
cloned into pCR�Blunt II TOPO vector (Invitrogen), and the
authenticity of cDNA was confirmed by automated DNA
sequencing. Finally, c-Jun or TAM67 cDNA was excised from
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pCR�Blunt II TOPO vector using HindIII and XbaI restriction
enzymes and inserted into pcDNA3 plasmid (Invitrogen) at
HindIII and XbaI sites. The expression of proteins from plas-
mid constructs was confirmed using T7 based on the in vitro
translation kit (Promega).
The pcDNA3-FLAG-I�B��Nplasmid has been described in

one of our recent publications (34). Plasmid constructs encod-
ing murine wild-type HA-TAK1 or a dominant negative
mutant (HA-TAK1K63W) and His-MKK6 as described (35)
were kindly provided by Dr. Jun Ninomiya-Tsuji, North Caro-
lina State University. The 0.67-kb fragment of theMMP-9 pro-
moter construct, together with two deletions (�599 and �73)
and three mutation constructs (AP-1 mutant, TGAGTCA to
TTTGTCA; NF-�B mutant, GGAATTCCCC to TTAATTC-
CCC; Sp-1mutant, CCGCCC toCCAACC) ligated to the firefly
luciferase reporter gene (36) were a gift fromDr. ShouWeiHan,
of Emory University School of Medicine. Dominant negative
constructs for TRADD, FADD, TRAF2, TRAF6, and NIK were
kindly provided by Prof. Bharat B. Aggarwal of theUniversity of
Texas M. D. Anderson Cancer Center. pTAL-SEAP and pNF-
�B-SEAP plasmids were purchased from Clontech.
Transient Transfection and Reporter Assays—C2C12 myo-

blasts plated in either 6-well or 24-well tissue culture plates
were transfected with different plasmids using Effectene trans-
fection reagent according to the protocol suggested by theman-
ufacturer (Qiagen). Transfection efficiency was controlled by
cotransfection of myoblasts with pSV-�-galactosidase plasmid.
When �90% confluent, the cells were differentiated by chang-
ing medium to DM. After appropriate treatments, specimens
were processed for luciferase and �-galactosidase expression
using the luciferase and �-galactosidase assay systems with
reporter lysis buffer per the manufacturer’s instructions (Pro-
mega, Madison, WI). Luciferase measurements were made
using a luminometer (model 3010, Analytic Scientific Instru-
mentation). Alkaline phosphatase activity in culture superna-
tants wasmeasured by a standard assay using para-nitrophenyl
phosphate as a substrate.
Gelatin Zymography—C2C12 myoblasts were differentiated

into myotubes by incubation in DM for 96 h. Myotubes were
treated with TNF-� for 14 h in serum-free medium, and the
conditioned medium collected was subjected to gelatin
zymography as described (37). Unconditioned medium was
used as a negative control. In brief, conditioned media sam-
ples were separated on 10% SDS-polyacrylamide gels con-
taining 1 mg/ml gelatin B (Fisher) under nonreducing con-
ditions. Gels were washed in 2.5% Triton X-100 for 1 h at
room temperature followed by incubation in reaction buffer
(50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM CaCl2, and
0.02% sodium azide) for 16 h at 37 °C. To visualize gelatino-
lytic bands, gels were stained with Coomassie Blue at room
temperature followed by extensive washing in destaining
buffer (10% methanol and 10% acetic acid in distilled water).
The gels were dried and scanned under a densitometer for
determination of gelatinolytic activity.
Kinase Assays—The detailed protocol for assaying the JNK1

and IKK has been described previously (31, 38). For measuring
the TAK1 activity, 800 �g of protein was immunoprecipitated
using rabbit polyclonal TAK1 antibody (Santa Cruz Biotech-

nology, Inc.), and the immune complexwas collected using pro-
tein A-Sepharose beads. After washing two times with lysis
buffer and two times with kinase buffer (50 mM HEPES (pH
7.4), 10 mM MgCl2, and 1 mM dithiothreitol), the beads were
suspended in 20 �l of kinase assay mixture containing 50 mM
HEPES (pH 7.4), 20 mM MgCl2, 2 mM dithiothreitol, 10 �Ci
of [�-32P]ATP, 1 �M unlabeled ATP, and 2 �g of His-MKK6
as substrate. After incubation at 37 °C for 15 min, the reac-
tion was terminated by boiling with 20 �l of 2� Laemmli
sample buffer for 3 min. Finally, the protein was resolved on
10% polyacrylamide gel; the gel was dried, and the radioac-
tive bands were visualized by exposing to a PhosphorImager
screen and quantified using ImageQuant software (GE
Healthcare).
Western Blotting—Western blot was performed to measure

the levels of different proteins using a standard protocol as
described previously (32, 39). The dilution for all the primary
antibodies was 1:100.
ElectrophoreticMobility Shift Assay (EMSA)—The activation

of NF-�B, AP-1, and SP-1 transcription factors was measured
by EMSA. The detailed method for preparation of nuclear and
cytoplasmic extracts and EMSA has been described in detail in
our recent publications (31, 40).
Gene Expression Analysis Using Microarray Techniques—

Total RNA was isolated from C2C12 myotubes 18 h after
TNF-� treatment, using the Agilent total RNA isolation kit
(Agilent Technologies, Palo Alto, CA). Each experiment was
performed with a minimum of five replicates. The total RNA
concentration was determined by NanoDrop spectrophotome-
ter, and RNA quality was determined by 18 S/28 S ribosomal
peak intensity on an Agilent Bioanalyzer. For microarray
expression profiling and real time PCR, RNA samples were
used only if they showed little to nodegradation.CustomcDNA
slides were spotted with Oligator “MEEBO” mouse genome
set with 38,467 cDNA probes (Illumina, Inc., San Diego),
which allows interrogation of 25,000 genes. A Q-Array2
robot (Genetix) was used for spotting. The array includes
positive controls, doped sequences, and random sequence to
ensure correct gene expression values were obtained from
each array. A total of 250 ng of RNA was used to synthesize
double-stranded cDNA using the low RNA input fluorescent
linear application kit (Agilent). The microarray slides were
scanned using a GSI Lumonics ScanArray 4200A Genepix
scanner (Axon). The image intensities were analyzed using
the ImaGene 5.6 software (Biodiscovery, Inc., El Segundo,
CA). Expression analysis of microarray experiments was per-
formed with GeneSpring 7.1 (Silicon Genetics, Palo Alto,
CA) using the raw intensity data generated by the ImaGene
software. Local background-subtracted total signal intensi-
ties were used as intensity measures, and the data were nor-
malized using per spot and per chip LOWESS normalization.
The changes in transcript levels were analyzed utilizing
a t test with Benjamini and Hochberg Multiple Testing
Correction.
RNA Isolation and Quantitative Real Time-PCR—RNA iso-

lation and QRT-PCR was performed to measure the mRNA
level of different MMPs and TIMPs following a method
described recently (31, 32). The sequence of the primers was as
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follows: MMP-2, 5�-ACA GCC AGA GAC CTC AGG GT-3�
(forward) and 5�-CAG CAC AGG ACG CAG AGA AC-3�
(reverse); MMP-9, 5�-GCG TGT CTG GAG ATT CGA CTT
G-3� (forward) and CAT GGT CCA CCT TGT TCA CCT C
(reverse); MMP-14, 5�-ATTTGCTGAGGGTTTCCACG-3�
(forward) and 5�-TCG GCA GAA TCA AAG TGG GT-3�
(reverse); TIMP-1, 5�-TTG CAT CTC TGG CAT CTG GCA
T-3� (forward) and 5�-GAT ATC TGC GGC ATT TCC CAC
A-3� (reverse); TIMP-2, 5�-GTGACTTCATTGTGCCCT-
GGG-3� (forward) and 5�-TGG GAC AGC GAG TGA TCT
TGC-3� (reverse); and glyceraldehyde-3-phosphate dehydro-
genase, 5�-ATG ACA ATG AAT ACG GCT ACA GCA A-3�
(forward) and 5�-GCA GCG AAC TTT ATT GAT GGT
ATT-3� (reverse). Data normalization was accomplished using
the endogenous control gene glyceraldehyde-3-phosphate
dehydrogenase, and the normalized values were subjected to a
2���Ct formula to calculate the fold change between the con-
trol and experiment groups. The formula and its derivations
were obtained from the ABI Prism 7900 sequence detection
system user guide.
Statistical Analysis—Results are expressed as mean � S.D.

The Student’s t test or analysis of variance was used to compare
quantitative data populations with normal distributions and
equal variance. A value of p � 0.05 was considered statistically
significant unless otherwise specified.

RESULTS

Here we have investigated the effects of TNF-� on the
expression of ECM-degrading proteases, especially MMPs in
C2C12myotubes.We have also delineated the molecular path-
ways that lead to increased expression ofMMP-9 in response to
TNF-� in C2C12 myotubes. The concentrations of TNF-� and
various pharmacological inhibitors used in this study arewithin
physiological range and have been widely used in different cell
types, including skeletal muscle.
TNF-� Modulates the Expression of MMPs and Their Inhib-

itors in Cultured Myotubes—We employed a microarray
approach to determine how TNF-� affects the expression of
various MMPs and their inhibitors in cultured C2C12 myo-
tubes. C2C12 myoblasts were differentiated into myotubes by
incubation in differentiation medium for 96 h. The myo-
tubes were then treated with recombinant mouse TNF-�
protein (10 ng/ml) for 18 h. The total RNA isolated from
control or TNF-�-treated myotubes was subjected to
microarray analysis for the expression of MMP family genes.
Interestingly, among 40 genes of the MMP family present in
our microarray slides (supplemental Table 1S), the expres-
sion of only a fewMMPs and TIMPs was significantly altered
in TNF-treated myotubes compared with controls (Table 1).
In particular, the expression of MMP-9, MMP-14, and
TIMP-1 was significantly increased, whereas the expression
of TIMP-2 and MMP-2 was reduced.
To validate the microarray data for the expression of MMPs

and TIMPs, we performedQRT-PCR using their specific prim-
ers and RNA samples used in the microarray experiments.
Interestingly, the mRNA level of MMP-9 was found to be dras-
tically higher (�8-fold) in TNF-�-treated myotubes compared
with untreated control myotubes (Fig. 1A). Indeed, in several

other independent experiments, we found that themRNA level
ofMMP-9 was increased up to 50-fold within 24 h of treatment
of myotubes with TNF-� (data not shown). On the other hand,
the increase in the mRNA level of TIMP-1, an inhibitor of
MMP-9, was only�2-fold inQRT-PCR (Fig. 1A). Furthermore,
QRT-PCR analysis also confirmed that the changes in the
mRNA levels of MMP-2, MMP-14, and TIMP-2 were signifi-
cant but not drastic (Fig. 1A). These data provide the first evi-
dence that TNF-� can affect the expression of various MMP-
related genes in C2C12 myotubes.
TNF-� Augments the Production of MMP-9 in Skeletal Mus-

cle Cells Both in Vitro and in Vivo—Because MMP-9 is one of
the major ECM-degrading enzymes (8) and its transcript level
was increased on treatment ofmyotubes with TNF-�, we inves-
tigated whether the increased expression of MMP-9 was asso-
ciated with increased secretion of MMP-9 in culture superna-
tants. C2C12 myotubes were incubated in serum-free medium
with increasing amounts of TNF-� for 14 h, and the expression
of MMP-9 was studied by semi-quantitative reverse transcrip-
tion-PCR, and the production of MMP-9 in culture superna-
tants was measured by zymography. Treatment of myotubes
with TNF-� increased the mRNA levels of MMP-9 in a dose-
dependent manner (Fig. 1B). Analysis of culture supernatants
by gelatin zymography showed that the increased expression of
MMP-9 was associated with increased production of MMP-9
protein in culture supernatants (Fig. 1C). Western blot analysis
of culture supernatants of C2C12 myotubes showed that there
was a drastic increase in the levels of MMP-9 protein on treat-
ment with TNF-�. Interestingly, Western blot analysis also
showed that culture supernatants from TNF-treated myotubes
contain predominantly the active form of MMP-9 protein (Fig.
1D). Furthermore, by performing immunohistochemistry in
control and TNF-�-treated myotubes using MMP-9 antibody,
we confirmed that MMP-9 was produced mainly by myotubes
and not by a few undifferentiated myoblasts that were present
in C2C12 cultures even after 96 h of incubation in DM (supple-
mental Fig. 1S).
To understand if the increased production of MMP-9 in

response to TNF-� was specific to C2C12 myotubes or other
types of skeletal muscle cells also respond similarly to TNF-�
with respect to MMP-9 production, we investigated the effect
of TNF-� on the production of MMP-9 in L6 myotubes. As
shown in Fig. 1E, treatment of L6 myotubes with TNF-�
increased the production of MMP-9 in culture supernatants in
a dose-dependent manner. In another experiment, we also
investigated whether TNF-� can induce Mmp-9 gene expres-
sion in vivo. Six-week-old mice were given a single intraperito-
neal injection of TNF-� protein (100 ng/g bodyweight), and the

TABLE 1
List of matrix metalloproteinase-related genes significantly affected
in TNF-treated myotubes

Gene
name

-Fold
change

p
value Description

Timp1 1.6 �0.001 Tissue inhibitor of metalloproteinase 1
Mmp9 1.5 0.006 Matrix metalloproteinase 9
Mmp14 1.1 0.010 Matrix metalloproteinase 14
Mmp2 0.9 0.003 Matrix metalloproteinase 2
Timp2 0.8 0.027 Tissue inhibitor of metalloproteinase 2
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expression of MMP-9 in gastrocnemius muscle was studied by
QRT-PCR. As shown in Fig. 1F, in vivo administration of
TNF-� increased the transcript level of MMP-9 (maximally at
9 h) in skeletal muscle tissues. Collectively, these data suggest
that TNF-� augments the expression and secretion of MMP-9
from muscle cells and tissues.
ERK1/2 and p38 MAPK Are Involved in TNF-�-induced

MMP-9 Production in Myotubes—To understand the molecu-
lar pathways that lead to increased expression/production of
MMP-9 in muscle cells in response to TNF-�, we investigated
the role of MAPKs. C2C12 myotubes were treated with TNF-�

for different time intervals ranging
from 0 to 120min. The activation of
ERK1/2 and p38MAPKwas studied
by immunoblotting with phospho-
specific antibodies, and the activa-
tion of JNK1 was studied by immu-
noprecipitation and in vitro kinase
assay. Treatment of C2C12 myo-
tubes with TNF-� led to a signifi-
cant increase in the activation of
ERK1/2, JNK1, and p38MAPK (Fig.
2A). To understand if the activation
of MAPKs in response to TNF-�
was responsible for TNF-�-in-
duced Mmp-9 gene expression,
C2C12 myotubes were preincu-
bated with PD98059 (MEK1/2
inhibitor), SP600125 (JNK1 inhib-
itor), or SB203580 (p38 kinase
inhibitor) followed by addition of
TNF-�. The secretion of MMP-9
in culture supernatants was stud-
ied by gelatin zymography. As
shown in Fig. 2B, pretreatment of
C2C12 myotubes with PD98059 or
SB203580 blocked the TNF-�-in-
duced production of MMP-9 in
culture supernatants. Similarly,
the mRNA level of MMP-9 in myo-
tubes was also significantly re-
duced in the presence of PD98059
or SB203580 on treatment with
TNF-� (Fig. 2C). On the other
hand, JNK inhibitor SP600125 did
not have any significant effect on
MMP-9 production in TNF-�-
treated C2C12 myotubes (Fig. 2, B
and C). These data indicate that
TNF-� augments the production
of MMP-9 in C2C12 myotubes
through the activation of ERK1/2
and p38 MAPK.
Phosphoinositide 3-Kinase (PI3K)/

Akt Are Involved in TNF-�-induced
MMP-9 Production in C2C12
Myotubes—Accumulating evidence
suggests that the activation of PI3K/

Akt signaling pathway contributes to the production ofMMP-9
in some cell types under specific conditions (36). We investi-
gatedwhetherTNF-� can activate the PI3K/Akt signaling path-
way and if the activation of this pathway contributes to the
increased production of MMP-9 in myotubes. As shown in Fig.
3A, treatment of myotubes with TNF-� resulted in sustained
activation of Akt, a central kinase of the PI3K/Akt pathway. To
investigate the involvement of the PI3K/Akt signaling pathway
in TNF-�-induced production of MMP-9, we used LY294002
and wortmannin, pharmacological inhibitors of the PI3K/Akt
pathway. As shown in Fig. 3B, pretreatment with LY294002 or

FIGURE 1. TNF-� modulates the expression of MMPs and TIMPs in skeletal muscle cells. A, RNA samples
(same as used in microarray experiments) from control and TNF-�-treated C2C12 myotubes were subjected to
quantitative real time PCR for the expression of MMP-2, MMP-9, MMP-14, TIMP-1, and TIMP-2. Data presented
here show that TNF-� drastically increases the expression of MMP-9 in myotubes. B, C2C12 myotubes were
treated with increasing concentrations of TNF-� for 14 h, and the expression of MMP-9 was studied by the
semiquantitative reverse transcription-PCR method. Data presented here show that TNF-� augments the
expression of MMP-9 in myotubes in a dose-dependent manner. C, culture supernatants from TNF-�-treated
myotubes were analyzed for the production of MMP-9 using gelatin zymography. Data presented here dem-
onstrate that TNF-� augments the secretion of MMP-9 in culture supernatants without affecting the produc-
tion of MMP-2. D, culture supernatants of TNF-�-treated C2C12 myotubes were subjected to Western blot
analysis for MMP-9 and MMP-2 proteins. A representative immunoblot presented here shows that TNF-�
increases the amount of MMP-9 protein in culture supernatants in a dose-dependent manner without affecting
MMP-2 levels. E, L6 myotubes were treated with different concentrations of TNF-� protein, and the production
of MMP-9 in culture supernatants was measured by Western blotting. Data presented here show that TNF-�
augments the production of MMP-9 in L6 myotubes as well. F, 6-week-old C57BL6 mice were given intraperi-
toneal injections of recombinant TNF-� protein (100 ng/g body weight), and the expression of Mmp-9 in
gastrocnemius muscle at different time intervals was studied by QRT-PCR. Data presented here show that in
vivo administration of TNF-� increases the expression of MMP-9 in muscle tissues.
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wortmannin significantly inhibited the production of MMP-9
in culture supernatants of TNF-�-treated myotubes. Consist-
ent with the amounts of MMP-9 in culture supernatants, the
transcript levels of MMP-9 were also found to be considerably
lower in LY294002 or wortmannin-treated myotubes in
response to TNF-� (Fig. 3C).
TNF-� Activates NF-�B and AP-1 Transcription Factors in

Cultured Myotubes—Mmp-9 gene promoter contains consen-
sus sequence for NF-�B, AP-1, and SP-1 transcription factors

that are conserved in human andmouse (41, 42).We first inves-
tigated whether TNF-� can cause the activation of NF-�B,
AP-1, and SP-1 in myotubes. C2C12 myotubes were treated
with TNF-� for different time intervals, and the activation of
NF-�B was studied by EMSA. As shown in Fig. 4A, treatment
with TNF-� drastically increased the DNA binding activity of
NF-�B in myotubes.

Because different combinations of Rel/NF-�B proteins can
constitute an active NF-�B dimer that binds to specific
sequences in DNA (43), we performed a supershift assay to
determinewhich subunits ofNF-�B are activated in response to
TNF-� treatment. Incubation of nuclear extracts from TNF-�-
treated myotubes with antibodies against p50, p65, and c-Rel
proteins of NF-�B family shifted the band to higher levels of
molecular weight, indicating that the NF-�B-DNA complex
analyzed by EMSA constitutes these proteins (Fig. 4B).

FIGURE 2. Role of MAPK in TNF-�-induced MMP-9 expression in C2C12
myotubes. A, C2C12 myotubes were treated with TNF-� (10 ng/ml) for the
indicated time intervals, and the activation of ERK1/2 and p38 MAPK was
studied by immunoblotting with phospho-ERK1/2 or phospho-p38 antibody.
JNK1 activity was determined by immunoprecipitation (IP) with JNK1 anti-
body followed by in vitro kinase assay using GST-c-Jun-(1–79) as substrate.
Representative data presented here show that TNF-� activates ERK1/2, JNK1,
and p38 MAPK in myotubes. B, C2C12 myotubes were preincubated in serum-
free medium with either PD98059 (50 �M), SP600125 (50 �M), or SB203580 (20
�M) for 2 h followed by addition of TNF-� (10 ng/ml) and incubation for addi-
tional 14 h. A representative gelatin zymography gel from three independent
experiments presented here show that PD98059 and SB203580 inhibit the
production of MMP-9 in culture supernatants in response to TNF-� treatment.
C, QRT-PCR analyses of the RNA samples isolated from PD98059, SP600125, or
SB203580-treated myotubes showed that PD98059 and SB203580 inhibits
the TNF-�-induced expression of MMP-9 in myotubes. *, p � 0.05, values
significantly different from myotubes incubated in TNF-� alone. GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase.

FIGURE 3. Involvement of PI3K/Akt signaling pathway in TNF-�-induced
MMP-9 expression in C2C12 myotubes. A, C2C12 myotubes were treated
with TNF-� (10 ng/ml) for the indicated time intervals, and the activation of
Akt was studied by immunoblotting with phospho-Akt (Ser-473) antibody. A
representative immunoblot presented here shows that TNF-� augments the
activation of Akt kinase in C2C12 myotubes without affecting the total cellu-
lar level of Akt or the unrelated protein actin. B, C2C12 myotubes were prein-
cubated with either LY294002 (25 �M) or wortmannin (0.1 �M) for 2 h followed
by treatment with TNF-� for an additional 14 h. Production of MMP-9 in cul-
ture supernatants was measured by gelatin zymography. Representative
data from three independent experiments presented here show that both
LY294002 and wortmannin inhibit the TNF-�-induced production of MMP-9
in culture supernatants. C, measurement of mRNA levels by QRT-PCR showed
that LY294002 or wortmannin inhibits the TNF-�-induced expression of
MMP-9 in muscle cells. *, p � 0.05, values significantly different from myo-
tubes incubated with TNF-� alone.
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Because in the canonical NF-�B pathway the activation of
NF-�Bgenerally precedes thephosphorylation anddegradationof
I�B� (43), we also studied the effect of TNF-� on the phosphoryl-
ated and total I�B� protein levels in myotubes. As shown in Fig.
4C, treatment of myotubes with TNF-� augmented both phos-
phorylation and degradation of I�B� protein. Furthermore, the
activation of IKK, an upstream activator of NF-�B pathway that
phosphorylates I�B� protein (43), was also increased in C2C12
myotubes in response to TNF-� (Fig. 4D). BecauseMmp-9 gene
promoter also contains a binding site forAP-1 andSP-1 transcrip-

tion factors, we also measured the
activation of AP-1 and SP-1 in TNF-
�-treated myotubes using EMSA.
The DNA binding activity of AP-1
was enhanced in response to TNF-�
treatment (Fig. 4E, upper panel). On
the other hand, the activation of SP-1
was not affected in TNF-�-treated
myotubes (Fig. 4E, lower panel).
Activation of NF-�B and AP-1 Is

Required for the TNF-�-induced
Production of MMP-9 in C2C12
Myotubes—We next investigated
whether TNF-�-induced activation
of NF-�B and AP-1 was responsible
for the production of MMP-9 in
myotubes.C2C12myoblastsweretran-
siently transfected with pcDNA3-
FLAG-I�B��N (a dominant negative
inhibitor of NF-�B) or pcDNA3-
TAM-67 (a dominant negativemutant
of c-Jun (33)). The myoblasts were dif-
ferentiated into myotubes by incuba-
tion in DM for 96 h followed by
treatment with TNF-�. Interest-
ingly, overexpression of either
FLAG-I�B��N or TAM-67 pro-
tein blocked the TNF-�-induced
production of MMP-9 from myo-
tubes (Fig. 5, A and B).
The role of NF-�B and AP-1 tran-

scription factors in TNF-�-induced
expression of MMP-9 in myotubes
was also studied using a reporter gene
(luciferase) assay in which the con-
served AP-1- or NF-�B-binding sites
in the humanMMP-9 gene promoter
were mutated (36). As shown in
Fig. 5C, the MMP-9-promoter-de-
pendent expression of the luciferase
gene in response to TNF-�was signifi-
cantly inhibited upon mutation of
eitherAP-1- orNF-�B-binding sites.
Involvement of MAPK and PI3K/

Akt Pathways in TNF-�-induced
Activation of NF-�B and AP-1 in
Myotubes—Because inhibition of
ERK1/2, p38, or PI3K/Akt kinases

and AP-1 and NF-�B transcription factors blocked the TNF-�-
induced expression of MMP-9 in myotubes, we investigated
whether ERK1/2, p38, or PI3K/Akt constitute the molecular
pathways that lead to the activation of NF-�B or AP-1 and
hence the expression of Mmp-9 in myotubes in response to
TNF-�. As shown in Fig. 6A, pretreatment of myotubes with
PD98059 (MEK1/2 inhibitor), SB203580 (p38 MAPK inhib-
itor), or LY294002 (PI3K/Akt inhibitor) blocked the TNF-�-
induced activation of NF-�B. Similarly, the TNF-�-induced
activation of AP-1 was also suppressed in the presence of

FIGURE 4. TNF-� activates NF-�B and AP-1 transcription factors in C2C12 myotubes. A, C2C12 myotubes
were incubated with TNF-� (10 ng/ml) for the indicated time intervals, and the activation of NF-�B was meas-
ured by EMSA. A representative EMSA gel presented here shows that TNF-� activates NF-�B transcription
factor in myotubes. B, supershift analysis of the NF-�B-DNA complex from 30-min treated myotubes showed
that it contains mainly p50, p65, and c-Rel subunits of NF-�B. C, Western blot analysis of cytoplasmic extracts
from TNF-�-treated myotubes revealed that increased activation of NF-�B was associated with the phospho-
rylation (upper panel) and degradation (middle panel) of the I�B� protein. The level of an unrelated actin protein
did not change on treatment of myotubes with TNF-� (bottom panel). D, measurement of IKK activity in cyto-
plasmic extracts revealed that TNF-� augments the activation of IKK in myotubes (top panel). There was no
effect on the cellular level of either IKK� (middle panel) or IKK� (bottom panel) on treatment of myotubes with
TNF-�. E, representative EMSA gels presented here show that TNF-� also increases the activation of the AP-1
transcription factor in myotubes without affecting the activation of the SP-1 transcription factor.
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PD98059 or SB203580 (Fig. 6B) but not LY294002. These
data suggest that ERK1/2, p38, and PI3K/Akt are involved in
TNF-�-induced activation of NF-�B, whereas ERK1/2 and
p38 mediates the TNF-�-induced activation of AP-1 in
myotubes.
TAK1 Is Involved in TNF-�-induced Expression of MMP-9 in

Myotubes—Accumulating evidence suggests that TAK1 plays
the important role of second messenger in the activation of

MAPK and NF-�B in response to
several cytokines and endotoxins (26,
44). To understand the upstream sig-
naling mechanisms, we investigated
whether TNF-� activates TAK1 in
muscle cells and whether the activa-
tion of TAK1 is required for TNF-�-
induced expression ofMMP-9 in cul-
tured myotubes. C2C12 myotubes
were treatedwithTNF-� for different
time intervals, and the TAK1 activity
was measured by immunoprecipita-
tion and in vitro kinase assay using
His-MKK6as substrate. Interestingly,
treatment with TNF-� significantly
enhanced the activation of TAK1 in
myotubes (Fig. 7A, top panel). Fur-
thermore, the level of phosphorylated
TAK1 was also increased in response
toTNF-� (Fig. 7A,2ndpanel).On the
other hand, the total cellular level of
TAK1 or an unrelated protein actin
did not change on treatment with
TNF-� (Fig. 7A, bottom panels).
Taken together, these data indicate
thatTNF-� activatesTAK1 inC2C12
myotubes.
To understand the role of TAK1

in TNF-�-induced activation of MMP-9 promoter, C2C12
myoblasts were transfected with a dominant negative TAK1
mutant (DN-TAK1 i.e. TAK1K63W) along with a human
MMP-9 promoter reporter construct (�670/	34) in a 1:10
ratio. The myoblasts were then differentiated into myotubes
and treated with TNF-�, and the reporter gene (luciferase)
activity was assayed in cell extracts. As shown in Fig. 7B, over-
expression of DN-TAK1 protein significantly inhibited the
TNF-�-induced activation of the MMP-9 promoter in myo-
tubes. Furthermore, we also determined the effect of overex-
pression of DN-TAK1 on themRNA levels ofMMP-9. Consist-
ent with MMP-9 promoter activity, overexpression of
DN-TAK1 protein significantly inhibited the TNF-�-induced
expression of theMmp-9 gene in myotubes (Fig. 7C).
In another experiment, we also investigatedwhetherTAK1 is

involved in TNF-�-induced activation of AP-1 and NF-�B in
myotubes. C2C12 myoblasts were transfected with DN-TAK1
along with either pNF-kB-SEAP or pAP1-SEAP plasmid (in a
1:10 ratio) followed by differentiation into myotubes and treat-
ment with TNF-�. Interestingly, overexpression of DN-TAK1
significantly blocked the TNF-�-induced transcriptional acti-
vation of AP-1 and NF-�B in myotubes (Fig. 7,D and E). These
results indicate that TNF-� induces the expression of the
Mmp-9 gene via TAK1-dependent activation of AP-1 and
NF-�B transcription factors in skeletal muscle cells.
TRAF-2, TRADD, and FADD but Not TRAF-6 or NIK Are

Involved in TNF-�-induced Activation of MMP-9 Promoter in
Myotubes—TNF-� activates downstream signaling pathways
through the sequential recruitment of a number of adaptor pro-
teins such as TNF receptor-associated factors (TRAFs) and the

FIGURE 5. Role of NF-�B and AP-1 transcription factors in TNF-�-induced MMP-9 expression in muscle
cells. C2C12 myoblasts were transiently transfected with endotoxin-free pcDNA3 alone or FLAG-
I�B��N-pcDNA3 or TAM-67-pcDAN3 plasmid followed by the differentiation of myoblasts into myotubes by
incubation in differentiation medium for 96 h. The myotubes were then treated with TNF-� (10 ng/ml) in
serum-free medium for 14 h, and the production of MMP-9 in culture supernatants was measured by gelatin
zymography. Data presented here show that overexpression of I�B��N (A) or TAM-67 (B) inhibits the TNF-�-
induced production of MMP-9 in myotubes. C, C2C12 myoblasts were transfected with either wild-type human
MMP-9 promoter-luciferase reporter construct (�670/	34) or with the promoter in which either AP-1 (�670/
	34 AP-1m) or NF-�B (�670/	34 NF-�Bm)-binding sites were mutated. The transfected myoblasts were
differentiated into myotubes by incubation in DM for 96 h. The myotubes were then treated with TNF-� for
18 h, and the activity of luciferase enzyme in cytoplasmic extracts was measured using a luciferase activity kit.
Data presented here show that mutation in either AP-1- or NF-�B-binding sites inhibit the MMP-9 promoter-
dependent expression of luciferase gene upon treatment with TNF-�. *, p � 0.05, values significantly different
from TNF-treated myotubes transfected with wild-type construct (�670/	34).

FIGURE 6. Role of MAPK and PI3K/Akt pathway in activation of NF-�B and
AP-1 transcription factors. C2C12 myotubes were preincubated for 2 h with
either PD98059 (50 �M), SB203580 (20 �M), or LY294002 (50 �M) followed by
addition of TNF-� (10 ng/ml) for 15 or 30 min. A, representative EMSA gel from
two independent experiments presented here show that PD98059,
SB203580, and LY294002 inhibits the TNF-�-induced activation of NF-�B in
myotubes. B, activation of AP-1 in response to TNF-� was also inhibited in the
presence of either PD98059 or SB203580 but not LY294002.
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death domain homologues to TNF receptors (23, 24). Accumu-
lating evidence also suggests that TNF-� can activate NF-�B
through NF-�B-inducing kinase (NIK)-dependent or -inde-
pendent mechanisms (43, 45, 46). By overexpressing the dom-
inant negative mutant of TRAF-2 (DN-TRAF2), dominant
negative TRAF-6 (DN-TRAF6), dominant negative TRADD
(DN-TRADD), dominant negative FADD (DN-FADD), and
dominant negative NIK (DN-NIK) in myotubes, we investi-
gated the role of these specific signaling proteins in TNF-�-
induced activation of the MMP-9 promoter. Interestingly,
overexpression of DN-TRAF-2, DN-TRADD, and DN-FADD
but not DN-TRAF-6 or DN-NIK inhibited the TNF-�-induced
activation of theMMP-9 promoter in skeletal muscle cells (Fig.
8). These data thus indicate that TRAF-2, TRADD, and FADD

FIGURE 7. Involvement of TAK1 in TNF-�-induced expression of MMP-9 in
C2C12 myotubes. A, C2C12 myotubes were treated with TNF-� (10 ng/ml)
for indicated time intervals. Measurement of kinase activity (KA) using His-
MKK6 as a substrate showed that TNF-� increases the activation of TAK1 in
myotubes (top panel). Western blot (WB) analysis using phospho-TAK1 anti-
body revealed that TNF-� increases the phosphorylation of TAK1 in myo-
tubes (2nd panel from top). TNF-� did not affect cellular level of either TAK1
(3rd panel from top) or an unrelated protein actin (bottom panel) in C2C12
myotubes during this treatment time. B, C2C12 myoblasts were transfected
with either vector alone or a dominant negative mutant of TAK1 (HA-
TAK1K63W or DN-TAK1) along with MMP-9 reporter plasmid (i.e. �670/	34)
in 1:10 ratio. The cells were differentiated into myotubes and incubated with
TNF-� (10 ng/ml) for 18 h followed by measurement of luciferase activity in
cell extracts. Data presented here show that overexpression of DN-TAK1
inhibits the activation of the MMP-9 promoter in response to TNF-�. C, C2C12
myoblasts were transfected with either vector alone or DN-TAK1 plasmid and
differentiated into myotubes by incubation in differentiation medium for
96 h. The myotubes were then treated with TNF-� (10 ng/ml) for 14 h and the
expression of MMP-9 was studied by QRT-PCR. Data presented here show
that overexpression of DN-TAK1 inhibits the TNF-�-induced expression of

MMP-9 in myotubes. D and E, C2C12 myoblasts were transfected with either
vector alone or DN-TAK1 plasmid along with a AP-1 (pAP-1-SEAP) or NF-�B
(pNF-�B-SEAP) reporter plasmid in a 1:10 ratio followed by their differentia-
tion into myotubes. These myotubes were then treated with TNF-� for addi-
tional 18 h, and the production of SEAP in culture supernatants was meas-
ured. Data presented here show that DN-TAK1 inhibits the TNF-�-induced
transcriptional activation of AP-1 and NF-�B transcription factors in myo-
tubes. *, p � 0.05 values significantly different from corresponding TNF-�-
treated myotubes transfected with vector alone.

FIGURE 8. Role of TRAF-2, TRAF-6, TRADD, FADD, and NIK in TNF-�-in-
duced MMP-9 production in myotubes. C2C12 myoblasts were transfected
with either vector alone or with a dominant negative TRAF-2 (DN-TRAF-2),
TRAF6 (DN-TRAF-6), FADD (DN-FADD), TRADD (DN-TRADD), or NIK (DN-NIK)
plasmid along with the wild-type MMP-9 (�667/	32) reporter construct in a
1:10 ratio. The myoblasts were differentiated into myotubes by incubation in
DM for 96 h. The myotubes were then treated with TNF-� for 18 h, and the
luciferase activity in cell extracts was measured. Data presented here show
that overexpression of DN-TRAF-2, DN-FADD, or DN-TRADD but not
DN-TRAF-6 or DN-NIK significantly inhibits the TNF-�-induced activation of
MMP-9 promoter in myotubes. *, p � 0.05, values significantly different from
vector alone-transfected myotubes.
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are the important components of a signaling pathway that leads
to the expression of MMP-9 in skeletal muscle cells. Further-
more, these data also suggest that NIK is not involved in TNF-
�-induced MMP-9 expression in C2C12 myotubes.

DISCUSSION

MMPs are key modulators of many biological processes dur-
ing pathophysiological events such as angiogenesis, cellular
migration, inflammation, wound healing, coagulation, lung and
cardiovascular diseases, arthritis, and cancer (47). Further-
more, clinical trials and studies in animal models of diseases
have suggested that the inhibition ofMMPs could be a potential
strategy to prevent tissue degradations in various pathological
conditions (48). However, the expression of MMPs and their
tissue inhibitors in skeletal muscle and their potential role in
the structural and physiological deterioration that occurs dur-
ing many pathological conditions remain largely unknown.
Because TNF-� is one of themost important cytokines that has
been implicated in the induction of skeletal muscle atrophy in
many chronic diseases (e.g. cancer, chronic heart failure, etc.),
we investigated whether TNF-� could affect the expression of
variousMMPs and their inhibitors in skeletal muscle cells. Our
microarray data (Table 1) followed by quantitative real time
PCR (Fig. 1A), gelatin zymography (Fig. 1C), Western blotting
(Fig. 1,D and E), and in vivo studies in mice (Fig. 1F) confirmed
that TNF-� drastically increases the expression and release of
MMP-9 from myotubes.
Specific MMPs are expressed during remodeling of ECM in

both muscle development and regeneration (10). Lewis et al.
(49) used zymography to investigate the activity of MMP-2 and
-9 in conditioned media of cells derived from explants of the
human masseter muscle and in the murine myoblast cell line
C2C12. Irrespective of the origin of the cultures, MMP-9 activ-
ity was secreted only by single cell and pre-fusion cultures,
whereas MMP-2 was secreted at all stages as well as by myo-
tubes (49). Another group of investigators has also demon-
strated that under basal conditions skeletal muscles of adult
mice constitutively express MMP-2 (50). In contrast, MMP-9
was not detected either at the protein or the mRNA levels (50).
Consistent with these published reports, our results suggest
that MMP-2 but not MMP-9 is constitutively produced by
C2C12 myotubes (Fig. 1C). On the other hand, the expression
and release of MMP-9 from C2C12 myotubes were consider-
ably augmented on treatment with TNF-� (Fig. 1). Interest-
ingly, TNF-�did not affect the production ofMMP-2 byC2C12
myotubes in cultures (Fig. 1, C andD) or upon in vivo adminis-
tration inmice (data not shown). Because C2C12 is a pure skel-
etal muscle cell line (i.e. devoid of any fibroblasts and leuko-
cytes), our data provide the first evidence that skeletal muscle
cells by themselves can produce a large amount of MMP-9 in
the extracellular environment on stimulationwith TNF-�. Fur-
thermore, because both MMP-2 and MMP-9 target similar
substrates for degradation, enhanced proteolysis of ECM com-
ponents in skeletal muscle tissues during pathological condi-
tions could be attributed mainly to the increased production of
MMP-9 by skeletal muscles.
Although TNF-� drastically increases the production of

MMP-9 from muscle cells, it is possible that the increased

expression of MMP-9 alone might not be sufficient for signifi-
cant proteolysis of collagen in skeletal muscle. This is because
the major components of skeletal muscle ECM are fibrillar col-
lagen types I and III for which MMP-9 has minimum activity
(51). However, increased production of MMP-9 may enhance
the degradation of the skeletal muscle basement membrane
that constitutes type IV collagen, a physiological substrate of
MMP-9. Increased production of MMP-9 may also facilitate
lymphocyte adhesion and enhance T-cell-mediated cytotoxic-
ity by degradation of certain extracellular matrix proteins (52).
Accumulating evidence also indicates that there is cooperative
interaction between various MMPs to promote effective tissue
degradation (8–10). Thus, MMP-9 might represent one of
the many proteinases that facilitate the degradation of diverse
matrix substrates leading to skeletal muscle tissue loss in vari-
ous pathological conditions.
Several groups of investigators have reported that MAPKs

constitute the signaling pathways that lead to the production of
MMP-9. However, the role of individual MAPK (i.e. ERK1/2,
JNK, and p38MAPK) in the production of MMP-9 in response
to TNF-� appears to be cell-specific. For example, ERK1/2 but
not JNK or p38 MAPK was found to be involved in TNF-�-
inducedMMP-9 expression in a humanmonocyte cell line (53).
In human trophoblastic cells, TNF-�-induced MMP-9 expres-
sion, secretion, and activity were completely blocked by JNK
and ERK1/2 inhibitors but not by p38 MAPK inhibitors (54).
On the other hand, the inhibition of ERK1/2 or p38MAPKwas
sufficient to block the TNF-�-induced expression ofMMP-9 in
vascular smooth muscle cells (55). However, in neutrophils,
TNF-� activated both ERK1/2 and p38, but neither of these
pathways was critical forMMP-9 release (56). Our data suggest
that complete inhibition of either ERK1/2 or p38 alone is able to
totally down-regulateMMP-9 expression inmyotubes (Fig. 2,B
and C). This means that when there is a complete inhibition of
one pathway, activation of the other pathway is not sufficient to
induce theMmp-9 gene. Presumably, each pathway contributes
to different transcription factors necessary for activation of the
Mmp-9 promoter. This can explain why the absence of signal
from either pathway would result in the complete inhibition of
MMP-9. Similar to ERK1/2 and p38 MAPK, we observed that
the activation of the PI3K/Akt pathway is also required for
expression of MMP-9 in C2C12 myotubes (Fig. 3). These
results are consistent with published reports indicating a pos-
sible role for PI3K/Akt signaling pathway in the production of
MMP-9 in other cell types in response to specific signals (57).
MMP-9 is highly regulated at three different levels as follows:

transcriptional regulation, activation of latent MMP-9, and
inhibition of MMP-9 activity by TIMPs (8). At the transcrip-
tional level, the expression of the Mmp-9 gene is tightly con-
trolled by the activation of specific transcription factors. Both
mouse and human Mmp-9 promoters contain conserved con-
sensus binding sequences for a number of nuclear transcription
factors including AP-1, NF-�B, SP-1, Ets, and retinoblastoma-
binding elements (41, 42). These sites have been shown to be
differentially responsive to various stimuli (58, 59). Although
the increased activation of NF-�B in response to TNF-� has
been reported previously in skeletal muscle cells, including
C2C12 myotubes (60, 61), our study demonstrates that along
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with NF-�B TNF-� can also augment the activation of AP-1
transcription factor in myotubes (Fig. 4E and Fig. 7D). Further-
more, our results indicate that like ERK1/2, p38, and PI3K/Akt,
transcriptional activation of both AP-1 and NF-�B is required
for TNF-�-induced Mmp-9 gene expression in C2C12 myo-
tubes. This contention is further supported by our experiments
demonstrating that point mutations in either AP-1 or NF-�B
sites were able to completely block the TNF-�-induced activa-
tion of the MMP-9 promoter (Fig. 5C). In addition, we estab-
lished that ERK1/2, p38 MAPK, and Akt kinase are involved in
TNF-�-induced activation of NF-�B and AP-1 transcription
factors (Fig. 6) thus providing an important link between acti-
vation of upstream signaling pathways and expression of
Mmp-9 gene in myotubes (Fig. 9).
TAK1 was first identified as transforming growth factor-�-

activating kinase, but later studies have shown that TAK1 is
critical for both interleukin-1� and TNF-� signaling (62). Acti-
vation of TAK1 complex, which also contains TAB1 and TAB2
protein, leads to the phosphorylation of IKK� within the acti-
vation loop resulting in the activation of IKK complex (63).
Furthermore, activated TAK1 complex can also phosphorylate
another kinase of theMKK family such asMKK6, leading to the
activation of JNK1 and p38 kinase (64).We investigated the role
of TAK1 in TNF-�-induced Mmp-9 gene expression in myo-
tubes. We observed that TNF-� rapidly activates TAK1 in
C2C12 myotubes, and the activation of TAK1 was required for

the TNF-�-induced activation of NF-�B and AP-1 transcrip-
tion factors and the expression of Mmp-9 genes in myotubes
(Fig. 7). This suggests that TAK1 can serve as an important
molecular target to regulating the activation of proinflamma-
tory transcription factors (e.g. AP-1 and NF-�B) and gene
expression (e.g. MMP-9) in skeletal muscle (Fig. 9). Our study
also suggests that TNF-� induces the production of MMP-9 in
C2C12 myotubes mainly through the activation of the canoni-
cal NF-�B signaling pathway. This is because overexpression of
a dominant negative mutant of NIK, which is involved in the
activation of the alternativeNF-�Bpathway (involves p100/p52
subunit of NF-�B) (65), did not affect the TNF-�-induced acti-
vation of the MMP-9 promoter in myotubes (Fig. 8). Further-
more, our experiments provide the evidence that TRADD,
FADD, and ubiquitin ligase TRAF-2 constitute the signaling
pathway that leads to enhanced production of MMP-9 in myo-
tubes (Fig. 8). Based on the results in this study, we proposed a
model that describes the role of various signaling proteins and
transcription factors in TNF-�-induced expression of MMP-9
in C2C12 myotubes (Fig. 9).
In summary, we provide the first evidence that TNF-� can

induce the production of MMP-9 in skeletal muscle cells.
Although more investigations are required to establish the in
vivo cause-and-effect relationship between the production of
MMP-9 and muscle structure and function, our study suggests
that one of the mechanisms by which TNF-� may cause dete-
rioration of skeletal muscle in vivo is through the increased
production ofMMP-9 bymyofibers themselves. In future stud-
ies, it will also be important to identify the specific substrates
thatMMP-9 degrades in the skeletalmusclemicroenvironment
in vivo.
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