
Transforming Growth Factor-�-activated Kinase 1 Is an
Essential Regulator of Myogenic Differentiation*

Received for publication, September 8, 2009, and in revised form, December 18, 2009 Published, JBC Papers in Press, December 27, 2009, DOI 10.1074/jbc.M109.064063

Shephali Bhatnagar, Akhilesh Kumar, Denys Y. Makonchuk, Hong Li, and Ashok Kumar1

From the Department of Anatomical Sciences and Neurobiology, University of Louisville School of Medicine,
Louisville, Kentucky 40202

Satellite cells/myoblasts account for the majority of muscle
regenerative potential in response to injury and muscular
adaptation to exercise. Although the ability to influence this
process would provide valuable benefits for treating a variety
of patients suffering from muscle loss, the regulatory mecha-
nisms of myogenesis are not completely understood.We have
tested the hypothesis that transforming growth factor-�-ac-
tivated kinase 1 (TAK1) is an important regulator of skeletal
muscle formation. TAK1 is expressed in proliferating C2C12
myoblasts, and its levels are reduced upon differentiation of
myoblasts into myotubes. In vivo, TAK1 is predominantly
expressed in developing skeletal muscle of young mice. How-
ever, the expression of TAK1 was significantly up-regulated in
regenerating skeletal muscle of adult mice. Overexpression of a
dominant negative mutant of TAK1 or knockdown of TAK1
inhibited the proliferation and differentiation of C2C12 myo-
blasts. TAK1 was required for the expression of myogenic
regulatory factors in differentiating myoblasts. Genetic abla-
tion of TAK1 also inhibited the MyoD-driven transformation
of mouse embryonic fibroblasts into myotubes. Inhibition of
TAK1 suppressed the differentiation-associated activation of
p38 mitogen-activated protein kinase (MAPK) and Akt
kinase. Overexpression of a constitutively active mutant of
MAPK kinase 6 (MKK6, an upstream activator of p38 MAPK)
but not constitutive active Akt restored the myogenic differ-
entiation in TAK1-deficient mouse embryonic fibroblasts.
Insulin growth factor 1-induced myogenic differentiation
was also found to involve TAK1. Collectively, our results sug-
gest that TAK1 is an important upstream regulator of skeletal
muscle cell differentiation.

Skeletal myogenesis is a complex cascade of events that
involves the specification and differentiation of muscle precur-
sor cells ormyoblasts, their fusion to form primary and second-
ary myotubes, and their subsequent maturation into myofibers
(1). This process is required not only for the development of
skeletal muscle but also for postnatal growth and the regener-
ation ofmyofibers after injury (1, 2).Myogenesis is regulated by
the sequential expression of myogenic regulatory factors

(MRFs),2 a group of basic helix-loop-helix transcription factors
that includes Myf-5, MyoD, myogenin, and MRF4 (3, 4). The
commitment of myoblasts to differentiate into myotubes is
influenced by a number of autocrine or paracrine factors. Insu-
lin-like growth factor (IGF) and low serum conditions promote
myogenic differentiation (5). Conversely, the presence of fetal
bovine serum, fibroblast growth factors, transforming growth
factor-� (TGF-�), myostatin, and proinflammatory cytokines
block the process of differentiation of myoblasts into myotubes
(6–9).
Myogenic differentiation requires the coordinated actions of

multiple signaling pathways that regulate cell cycle withdrawal
and specify myogenesis (i.e. activates MRFs). Several growth
factors and hormones bind to their respective cell surface
receptors and, thus, activate various intracellular signaling
pathways leading to either proliferation or differentiation of
myoblasts. Activation of Ras-Raf-MEK-extracellular signal-
regulated kinase (ERK) and nuclear factor �B (NF-�B) path-
ways generally stimulate cell proliferation (10–13) and coordi-
nately inhibit differentiation, in part by inactivation of MyoD
(14, 15). In contrast, the activation of p38 mitogen-activated
protein kinase (MAPK) pathway stimulates myogenesis (16).
The activity of p38MAPK is increased during myogenesis, and
its inhibition blocks the expression of select muscle-specific
genes and formation of multinucleated myotubes (17–23).
During myogenesis, the activation of p38 MAPK promotes cell
cycle exit by inducing the expression of a cyclin-dependent
kinase inhibitor, p21, which facilitates terminal differentiation
ofmuscle precursor cells (16, 20, 24). The p38MAPK-mediated
phosphorylation also plays a critical role in chromatin remod-
eling and the activation of key myogenic transcription factors
during myogenesis (16). Several proteins including the BAF60
subunit of the SWI/SNF chromatin remodeling complex, RNA
decay-promoting factor KH-type splicing regulatory protein,
and different isoforms of myocyte enhancer factor 2 are the
known phosphorylation targets of p38 MAPK during myogen-
esis (25–27).
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In addition to p38MAPK, the activation of phosphoinositide
3-kinase/Akt kinase is also increased during myogenesis. Inhi-
bition or activation of phosphoinositide 3-kinase/Akt demon-
strated that whereas it is not needed for early stages ofmyogen-
esis (elongation and alignment), its activation is required for
myoblast fusion and terminal differentiation (28–30). The
phosphoinositide 3-kinase/Akt is also essential for the myo-
genic actions of IGFs, which acts both upstream and down-
stream of myogenin (10, 31, 32). Akt kinase is a downstream
target of phosphoinositide 3-kinase, the activation of which
increases during myogenesis (33). The importance of func-
tional Akt in myogenesis has been demonstrated using a dom-
inant negative Akt mutant that inhibited myotube formation
(28). However, the upstream signaling mechanisms leading to
the activation of p38 MAPK and/or Akt during myogenesis
remain unknown.
TGF-�-activated kinase 1 (TAK1), a member of the MEK

kinase (MAP3K) family, was originally identified as a key regu-
lator of TGF-�-induced activation of MAPK (34). However,
several recent studies have shown that TAK1 is also an impor-
tant component of several cell signaling pathways leading to the
activation of NF-�B and activator protein-1 in response to
diverse cytokines, microbial products, and cellular stress (35–
39). Activated TAK1 complex, which also contains TAB1 and
TAB2proteins, has been shown to phosphorylateMAPKkinase
6 (MKK6), the upstream activator of p38 MAPK (40–42).
TAK1 knock-out mice were embryonically lethal, suggesting
thatTAK1plays a critical role during development (35). Indeed,
several recent studies using tissue-specific knock-outmice have
demonstrated thatTAK1has important functions in innate and
adaptive immune responses (43–45), vasculature development
(46), differentiation and prevention of apoptosis in keratino-
cytes (38, 47), survival of hematopoietic cells in bone marrow
and hepatocytes in liver (48), and morphogenesis, growth, and
maintenance of cartilage (49). However, the role of TAK1 in
skeletal muscle progenitor cell survival, proliferation, and their
differentiation into myofibers has not been yet determined.
In this study we have investigated the role and the mecha-

nisms by which TAK1 regulates myogenic differentiation. Our
study demonstrates that TAK1 is essential for the proliferation
and differentiation but not survival of myoblasts. Furthermore,
our results suggest that TAK1 is an upstream activator of p38
MAPK during myogenic differentiation, and it is also required
for myogenic actions of IGF-I.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium, fetal bo-
vine serum, and Lipofectamine 2000 transfection reagent were
obtained from Invitrogen. Protease inhibitormixture and horse
serum were from Sigma. Effectene transfection reagent was
obtained from Qiagen (Valencia, CA). Antibody against phos-
pho-p38 (Thr180/Tyr182) was purchased from Millipore. Anti-
bodies against phospho-I�B� (Ser32), phospho-Akt (Ser473),
phospho-TAK1 (Ser412), phospho-AMPK (Thr172), and total
TAK1, Akt, p38, AMP-activated protein kinase (AMPK),
TAB1, and TAB2 were obtained from Cell Signaling Technol-
ogy (Beverly, MA). MyoD and myogenin antibodies were pur-
chased from BD Pharmingen. MF-20 antibody was obtained

from the Developmental Studies Hybridoma Bank, University
of Iowa. Cardiotoxin was purchased from Calbiochem. A Cre-
atine kinase (CK) activity assay kit was obtained from Stanbio
Laboratory (Boerne, TX). An Annexin V-EGFP apoptosis
detection kit was purchased from BioVision (Mountain View,
CA).
Animals—Wild-type (strain: C57BL10ScSn and C57BL6)

andmdx (strain: C57BL10ScSnDMDmdx)micewere purchased
from The Jackson Laboratory (Bar Harbor, ME). Mice were
housed in the animal facility of the University of Louisville
School of Medicine under conventional conditions with con-
stant temperature and humidity and fed a standard diet. For
muscle regeneration studies, animals were anesthetized, and a
single dose of cardiotoxin (100�l of a 10�M stock in 0.9% saline
solution) was injected intramuscularly into the right tibial ante-
rior (TA) muscle of 3-month-old C57BL6 mice. As a control,
the contralateral TA muscle was injected with sterile 0.9%
saline in the same animal. After injection, animals were
returned to their cages and allowed food and water ad libitum.
Five days after cardiotoxin injection, the TA muscles were iso-
lated and examined for the expression of TAK1. All experi-
ments with animals were approved by the Institutional Animal
Care and Use Committee of the University of Louisville.
Cell Culture—C2C12 (a mouse myoblastic cell line) were

obtained from the American Type Culture Collection (Rock-
ville, MD). 293T, a human embryonic kidney cell line, was pur-
chased from Stratagene (La Jolla, CA). TAK1�/� andTAK1�/�

mouse embryonic fibroblasts (MEFs) were kindly provided by
Prof. S. Akira (Osaka University, Osaka, Japan). The cells were
grown in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum. Differentiation in C2C12 cultures was
induced by replacing the growth medium with differentiation
medium (2% horse serum in Dulbecco’s modified Eagle’s
medium) as described (50, 51).
PlasmidConstructs—Plasmid constructs encoding dominant

negative (dn) mutant (HA-TAK1 K63W) and TAB1 cDNA
were kind gifts from Dr. J. Ninomiya-Tsuji (North Carolina
State University, Raleigh, NC). Construction of pcDNA3-MyoD
plasmid has been described previously (51). Plasmid encoding
constitutively activeMKK6 (pcDNA3-caMKK6), muscle creatine
kinase (MCK)-luciferase (pMCK-Luc), and pBABE-puro were
purchased from Addgene (Cambridge, MA). pUSEamp plas-
mid encoding Myc-tagged constitutively active Akt cDNA was
purchased fromUpstate Biotechnology (Lake Placid, NY). Skel-
etal �-actin-luciferase (pSK-Luc) plasmid has been previously
described (50, 51).
Short Hairpin RNA (shRNA)—Validated plasmids encoding

shRNA formurine TAK1 (accession no. NM_172688) and neg-
ative control were purchased from SABiosciences (Frederick,
MD). Two target sequences of the TAK1 used were TGAGAG
GAA GGC TTT CAT TGT and CTT GGA TGG CGC CTG
AAG TAT. Control shRNA plasmid contained the sequence
GGA ATC TCA TTC GAT GCA TAC. All shRNA plasmids
were amplified by transformation in Escherichia coli and puri-
fied using the endotoxin-free maxi plasmid kit (Qiagen).
Stable Transfection—The plasmids were introduced in

C2C12myoblasts using Effectene or Lipofectamine 2000 trans-
fection reagents. Because shRNA plasmids contained a puro-
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mycin-resistant gene, the transfected cells were selected in the
presence of 1.6 �g/ml puromycin (Sigma) for at least 72 h. The
knockdown of TAK1 was confirmed by performing a Western
blot using TAK1 antibody. For achieving stable transfection of
dnTAK1 plasmid, C2C12 myoblasts were also transfected with
pBabe-puro plasmid in a 1:10 ratio followed by their selection in
growth medium containing puromycin (1.6 �g/ml).
Evaluation of Apoptosis—Annexin V specifically binds to

phosphatidylserine, a plasmamembrane lipid that rapidly relo-
calizes from the inner leaflet to the outer leaflet in cells that are
undergoing apoptosis. C2C12 myoblasts stably transfected
with control shRNA or TAK1 shRNA in six-well tissue culture
plates were harvested using cold phosphate-buffered saline
(PBS) and washed twice in PBS. Double staining with annexin
V-EGFP and propidium iodide was carried out using the
annexin V-EGFP apoptosis kit according to the manufacturer’s
recommendations (Biovision Inc., Mountain View, CA) and
then analyzed by fluorescence-activated cell sorting. The per-
centage cells positive for EGFP-annexin V in each culture was
measured.
Transient Transfection and Reporter Gene Activity—Cells

plated in 24-well tissue culture plates were transfected with
different plasmids using Effectene transfection reagent accord-
ing to the protocol suggested by the manufacturer (Qiagen).
Transfection efficiency was controlled by cotransfection of
myoblasts with Renilla luciferase encoding plasmid pRL-TK
(Promega). Specimens were processed for luciferase expression
using a Dual luciferase assay system with reporter lysis buffer
per the manufacturer’s instructions (Promega). Luciferase
measurements were made using a luminometer (Berthold
Detection Systems).
Construction and Use of Dominant Negative TAK1 Adeno-

virus—Adenoviral vector encoding hemagglutinin-tagged dn
mutant TAK1 (HA-TAK1 K63W) cDNA was constructed
using a method as described (52). Briefly, the TAK1K63W
cDNA was isolated from pCMV-HA-TAK1K63W and cloned
into pAdTrack-CMV vector. The positive clones were linear-
ized by the restriction endonuclease PmeI and cotransformed
with the supercoiled adenoviral vector AdEasy-1 into E. coli
strain BJ5183 (Stratagene). Recombinant adenoviral constructs
were selected and digested with restriction PacI and finally
transfected into packaging cell line 293T. Production of adeno-
virus in 293T cells was observed after 6–7 days and was moni-
tored by expression of green fluorescence protein in viral
plaques. The cells were collected 7–8 days after transfection;
the adenoviruses were released by two freeze-thaw cycles and
amplified by infecting 293T cells in one 100-mm tissue culture
plate. After 3 days the adenoviruses were harvested and further
amplified by infecting 293T cells. The amplified adenoviruses
were harvested 3 days later, purified by centrifugation in CsCl,
and stored at �80 °C in storage buffer (5 mM Tris-Cl (pH 8.0),
50 mM NaCl, 0.05% bovine serum albumin, and 25% glycerol).
The titer of the virus was determined by infecting 293T cells
with serial dilutions of adenoviruses and monitoring the viral
plaques for expression of green fluorescence protein. Construc-
tion of adenoviral vector encoding MyoD has been previously
described (51). All adenoviruses were used at a multiplicity of
infection 50 particles/cell.

Western Blot—A Western blot was performed following a
standard method as described (50, 51). All antibodies were
used at a dilution of 1:1000. The band intensities on immu-
noblots were quantified using ImageQuant TL software (GE
HealthCare).
RNA Isolation and Real-time PCR—Isolation of total RNA

from skeletal muscle tissues or C2C12 cells and real-time PCR
were done following a protocol as previously described (50, 51,
53). The primers were designed using Vector NTi XI software
(Invitrogen) and purchased from Integrated DNA Technolo-
gies (San Diego, CA). The sequences of the primers were as
follows: TAK1, 5�-GTC ATC CAG CCC TAG TGT CAG
AAT-3� (forward) and 5�-TTC TTT GGA GTT TGG GCA
CG-3� (reverse); myocyte enhancer factor 2D, 5�-ACA AAG
TCA TCC CTG CCA AGT CTC-3� (forward) and 5�-CGC
TGG GCA TTG TTC AAA TG-3� (reverse); MyoD, 5�-TGG
GAT ATG GAG CTT CTA TCG C-3� (forward) and 5�-GGT
GAG TCG AAA CAC GGA TCA T-3� (reverse); myogenin,
5�-CAT CCA GTA CAT TGA GCG CCT A-3� (forward) and
5�-GAG CAA ATG ATC TCC TGG GTT G-3� (reverse); glyc-
eraldehyde-3-phosphate dehydrogenase, 5�-ATG ACA ATG
AAT ACG GCT ACA GCA A-3� (forward) and 5�-GCA GCG
AAC TTT ATT GAT GGT ATT-3� (reverse).
CK Assay—CK activity in cell extracts was measured using a

CK activity assay kit as described (50, 51).
Immunofluorescence—Immunofluorescence was performed

as previously described (50, 51). In brief, cells grown in 24-well
plates were fixed with 3.7% paraformaldehyde followed by per-
meabilization with 0.1% Triton X-100. After three washings
with PBS, the cells were blockedwith 1% bovine serum albumin
inPBS for 1 h and then incubatedwithMF-20 antibody (specific
for myosin heavy chain fast (MyHCf) type protein) at a 1:100
dilution in PBS for 2 h. The cells were washed again with PBS,
incubated with goat anti-mouse IgG-Alexa 546 (2 �g/ml) for
1 h, and counterstained with 4�,6-diamidino-2-phenylindole
for 2 min. Stained cells were analyzed under a fluorescence
microscope (Nikon). Pictures were captured using a digital
camera and software. The images stainedwithMyHCf and 4�,6-
diamidino-2-phenylindole were finally merged using Nikon
Element software.
Proliferation Assay—C2C12 myoblasts were plated in 96-

well plate and transfected with either TAK1 shRNA or domi-
nant negative TAK1 plasmid vector. After 48 h of transfection,
the proliferation of myoblasts was evaluated using BrdUrd dye
uptakemethod following a protocol suggested bymanufacturer
(Roche Applied Science). Briefly, 20�l of BrdUrd labeling solu-
tion was added to each well for 3 h. The microtiter plates were
then centrifuged, cells were dried with a hair dryer and fixed,
and the DNA was denatured to make the incorporated BrdUrd
more accessible for detection by the antibody. Themonoclonal
anti-BrdUrd peroxidase-conjugated antibody was then added
to the cultures and incubated for 2 h at room temperature. After
three washing steps, the bound peroxidase was detected by
addition of its substrate and quantified by measuring absorb-
ance at a wavelength of 450 nm.
Statistical Analysis—Results are expressed as the mean �

S.D. Student’s t test was used to compare quantitative data. A
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value of p � 0.05 was considered statistically significant unless
otherwise specified.

RESULTS

Using C2C12 myoblasts and mouse embryonic fibroblasts
(MEF) deficient in functional TAK1 protein, here we have
investigated the role of TAK1 in myogenesis.
TAK1 Is Expressed in Proliferating Myoblasts and Skeletal

Muscle of Young Mice—TAK1 is a cytoplasmic protein that
forms a complex with TAB1 and TAB2 proteins for its activa-
tion (35). Before examining the role of TAK1 in skeletal muscle
proliferation and differentiation, we firstmonitored the expres-
sion levels of TAK1, phospho-TAK1 (pTAK1), TAB1, and
TAB2 protein in C2C12myoblasts after incubation in differen-
tiation medium (DM). C2C12 myoblasts expressed high levels
of TAK1, pTAK1, TAB1, and TAB2 proteins. However, the
levels of TAK1 and pTAK1 in C2C12 cultures were reduced to
50.6 � 3.5 and 43.2 � 4.5%, respectively, after 96 h of incuba-
tion in DM (Fig. 1A). Similarly, the protein levels of TAB1 and
TAB2were reduced to 41.6� 4.6 and 33.2� 5.6%, respectively,
after 96 h of induction of differentiation inC2C12 cultures. The
reduction in the protein levels of TAK1, TAB1, or TAB2 coin-
cided with the appearance ofMyHCf, a biochemical marker for
muscle differentiation (50), in C2C12 cultures (Fig. 1A).
We also measured the protein levels of TAK1, TAB1, and

TAB2 in the skeletal muscle at different stages of mouse devel-
opment. Interestingly, 1- or 2-week-old mice expressed high
levels of total TAK1, pTAK1, TAB1, and TAB2 in gastrocne-
mius muscle. However, the expression of these proteins was
diminished in adult mice (i.e. 5 and 8 weeks). The protein levels
of TAK1, pTAK1, TAB1, TAB2 in 8-week-oldmicewere 35.6�

4.1, 22.3 � 2.6, 38.7 � 5.6, and
59.7� 5.3%, respectively, compared
with those of 1-week-old mice.
These results suggest that TAK1
complex may be important for the
development of skeletal muscle in
young animals (Fig. 1B).
TAK1 Expression Is Increased in

Regenerating Skeletal Muscle of
AdultMice—To further understand
the role of TAK1 in skeletal muscle
formation, wemonitored its expres-
sion in regenerating skeletalmuscle.
The tibial anterior (TA) muscle of
3-month-old C57BL6 mice was
given intramuscular injections of
saline alone or cardiotoxin, a well
establishedmodel of skeletalmuscle
injury and regeneration (17). After 5
days, the TA muscles were isolated,
and the mRNA levels of TAK1 and
muscle regeneration markers myo-
genin and MyoD were determined
by quantitative real-time-PCR. Inter-
estingly,mRNA levels of TAK1were
significantly increased in regenerat-
ing TA muscle compared with con-

tralateral control muscle (Fig. 2A). Similarly, protein levels of
TAK1 were also found to be significantly increased in regener-
ating muscle fibers after injury (Fig. 2B).
Skeletal muscle degeneration and regeneration is a common

feature in mdx (a mouse model of Duchenne muscular dystro-
phy) mice (54). By performingWestern blots, we measured the
protein levels of TAK1 in the skeletal muscle of 8-week-old
control and mdx mice. Interestingly, the level of TAK1 protein
was again found to be increased in gastrocnemius muscle of
mdx mice compared with age-matched control mice (Fig. 2C).
These data further support the inference that TAK1 may play
an important role in the proliferation and/or differentiation of
myogenic cells.
TAK1 Is Required for the Proliferation but Not Survival of

Myoblasts—Because the expression of TAK1 was high in pro-
liferating C2C12myoblasts and in regeneratingmuscle ofmice,
we next investigated whether TAK1 is important for C2C12
myoblast proliferation. C2C12 myoblasts were stably trans-
fected with plasmid vector expressing either TAK1 shRNA or
dominant negative TAK1 (dnTAK1), and proliferation was
measured using the BrdUrd dye uptake method. As shown in
Fig. 3A, stable transfection of C2C12 myoblasts with TAK1
shRNA reduced the levels of TAK1 protein and significantly
inhibited their proliferation. Similarly, stable transfection with
dnTAK1 plasmid also significantly reduced the proliferation of
C2C12 myoblasts (Fig. 3B).
Published reports suggest that TAK1 is important for the

survival of a number of cell types including keratinocytes, hepa-
tocytes, and hematopoietic cells (38, 47, 48).We next sought to
determine whether TAK1 is required for the survival of C2C12
myoblasts. We did not find any significant difference in the

FIGURE 1. Expression of TAK1 in cultured myoblasts and the skeletal muscle of mice. A, C2C12 myoblasts
were incubated in DM (2% horse serum in Dulbecco’s modified Eagle’s medium) for the indicated time periods,
and the levels of TAK1, phospho-TAK1, TAB1, TAB2, and MyHCf were measured by Western blot. Representa-
tive immunoblots and quantification from five independent experiments presented here show that TAK1,
phosphorylated TAK1, TAB1, and TAB2 are highly expressed in C2C12 myoblasts, and their levels are reduced
upon differentiation of myoblasts into myotubes. B, shown are protein levels of TAK1, phospho-TAK1, TAB1,
and TAB2 in gastrocnemius muscle of mice of different ages. n � 4 for each age group.
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number of apoptotic cells between control and TAK1 shRNA-
transfectedmyoblasts assessed using the annexin V-EGFP apo-
ptosis kit and fluorescence-activated cell sorting analysis (Fig.
3C). Furthermore, therewas no significant difference in cellular
viability between control andTAK1 shRNA-transfectedC2C12
myoblasts 24 h after incubation in differentiationmedium (data
not shown), indicating that TAK1 may be important for the
proliferation of myoblasts but not for their survival.
TAK1 Is Required for the Differentiation of C2C12Myoblasts

intoMyotubes—Wenext investigated whether TAK1 has a role
inmyogenic differentiation. C2C12myoblasts were transfected
with increasing amounts of a dominant negative TAK1
(dnTAK1) plasmid along with skeletal �-actin (pSK-Luc) or
muscle creatine kinase (pMCK-Luc) luciferase reporter plas-
mid in a 1:10 ratio. The medium of the cells was replaced by
differentiation medium, and the cells were incubated for an
additional 72 h followed by measurement of luciferase activity
in cell extracts. As shown in Fig. 4A, transfection of C2C12
myoblasts with dnTAK1 plasmid inhibited the activation of
both skeletal �-actin andmuscle creatine kinase promoters in a
dose-dependent manner. We also studied the effect of ectopic
expression of dnTAK1 using adenoviral vector in the differen-
tiation of C2C12 myoblasts. Transduction with Ad.dnTAK1
significantly inhibited the expression ofMyHCf in C2C12myo-
blasts upon incubation in differentiation medium (Fig. 4B).
Because myogenic differentiation is regulated by sequential
expression of MRFs, we also investigated the effects of overex-

pression of dominant negativeTAK1on the expression levels of
variousMRFs. As shown in Fig. 4C, overexpression of dnTAK1
drastically reduced themRNA levels ofMyf-5,MyoD, andmyo-
genin but not myocyte enhancer factor 2D in C2C12 cultures
measured 72 h after the induction of differentiation. Further-
more, knockdown of TAK1 using an RNAi technique also
reduced the expression of muscle differentiation markers CK
and MyHCf in C2C12 cultures (Fig. 4D). Collectively, these
results suggest that functional TAK1 is required for the differ-
entiation of C2C12 myoblasts.
Inactivation of TAK1 Inhibits the MyoD-induced Differenti-

ation of MEF into Myotubes—MyoD is an important muscle-
specific transcription factor that is considered as a “master
switch” gene for skeletal muscle formation (1). Expression of
MyoD can convert several other cell types into skeletal muscle
(55, 56). To further investigate the role of TAK1 inmyogenesis,
we employed TAK1�/� and TAK1�/� MEF. As shown in Fig.
5A, transduction with Ad.MyoD adenoviral vector led to the
formation of multinucleated myotubes in TAK1�/� MEF cul-
tures. However, the myotube formation was significantly
impaired in TAK1�/� MEFs. We also measured MyoD-driven

FIGURE 2. Expression of TAK1 in regenerating TA muscle in vivo. A, TA
muscle of 3-month-old C57BL6 mice was injected with saline alone or cardio-
toxin as described under “Experimental Procedures.” After 5 days the TA mus-
cle was isolated and processed for RNA isolation and measurement of mRNA
levels for TAK1, myogenin, and MyoD by real-time-PCR. Data presented here
show that the mRNA levels of TAK1 as well as myogenin and MyoD are signif-
icantly increased in cardiotoxin-injected regenerating TA muscle compared
with contralateral saline-injected TA muscle (n � 3). *, p � 0.01, value signif-
icantly different from controls. B, representative immunoblots from two inde-
pendent experiments presented here show that the protein levels of TAK1 are
significantly increased in TA muscle 5 days after cardiotoxin injection.
C, shown are protein levels of TAK1 in gastrocnemius muscle of 8-week-old
wild-type and mdx mice measured by Western blot. The levels of TAK1 are
noticeably higher in mdx mice compared with wild-type mice. There was no
difference in the levels of unrelated protein actin.

FIGURE 3. Role of TAK1 in proliferation of C2C12 myoblasts. A, C2C12 myo-
blasts (10,000 cells/well) were plated in 24-well plate and transfected with
vector alone or TAK1 shRNA plasmid. Cells were selected in the presence of
puromycin (1.5 �g/ml), and the proliferation of myoblasts was measured
using the BrdUrd uptake method as described under “Experimental Proce-
dures.” Data presented here show that transfection of C2C12 myoblasts with
TAK1 shRNA significantly reduced its protein levels and inhibited prolifera-
tion. *, p � 0.01, values significantly different from control shRNA transfected
cells. B, stable transfection of C2C12 myoblasts with a dominant negative
TAK1 (dnTAK1) plasmid also inhibited the proliferation of C2C12 myoblasts. #,
p � 0.01, values significantly different from control shRNA transfected myo-
blasts. C, knockdown of TAK1 using RNAi technique did not affect the per-
centage of apoptotic cells in C2C12 myoblasts assayed using the annexin
V-EGFP apoptosis detection kit and fluorescence-activated cell sorting
method.
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myogenic differentiation in TAK1�/� and TAK1�/� MEF by
biochemical methods. The expression of MyHCf was signifi-
cantly reduced in TAK1�/� MEF compared with TAK1�/�

MEF (Fig. 5B). Similarly, the levels of CK were also found to be
significantly reduced in TAK1�/� MEF compared with
TAK1�/� MEF (Fig. 5C). Furthermore, we also evaluated myo-
genic differentiation inMyoD-expressingMEFs by studying the
transcriptional activation of skeletal �-actin promoter, which
controls the expression of several structural genes in skeletal
muscle (1). As shown in Fig. 5D, the activation of skeletal �-ac-
tin promoter was significantly reduced in TAK1�/� MEF com-
pared with TAK1�/� MEF.
TAK1 Is Required for the Activation of p38 MAPK during

Myogenic Differentiation—After establishing that TAK1 is
essential for myogenic differentiation, we next investigated the
mechanisms of action of TAK1 during muscle formation. Pub-
lished reports suggest that depending on the type of stimuli,
TAK1 can cause the activation of several downstream signaling

pathways including p38 MAPK,
AMPK, and NF-�B (35–39). We
studied the activation of p38MAPK,
AMPK, and NF-�B in MyoD-ex-
pressing TAK1�/� and TAK1�/�

MEFs at different time points after
induction of differentiation. As
shown in Fig. 6A, the phosphoryla-
tion of p38 MAPK was significantly
increased in MyoD-expressing
TAK1�/� MEFs after incubation in
DM. In contrast, the phosphoryla-
tion of p38 MAPK was significantly
blocked in TAK1�/� MEF (Fig. 6A).
There was no significant difference
in the levels of total p38MAPK
between Ad.MyoD-transduced
TAK1�/� and TAK1�/� MEFs.
Furthermore, there was also no dif-
ference in the levels of phosphory-
lated AMPK or total or phosphor-
ylated I�B� protein between
TAK1�/�MEF andTAK1�/�MEF.
These data suggest that TAK1 func-
tions through the activation of p38
MAPK but not AMPK or NF-�B
during myogenesis.
We also investigated the role of

TAK1 in the phosphorylation of p38
MAPK in C2C12 myoblasts. As
shown in Fig. 6B, overexpression of
dnTAK1 or knockdown of TAK1
using RNAi considerably reduced
the phosphorylation of p38 MAPK
in C2C12 myoblasts upon their
incubation in DM.
To further validate whether TAK1

functions through the activation of
the p38MAPK pathway duringmyo-
genic differentiation, we next investi-

gated whether forced activation of p38 MAPK can restore myo-
genic differentiation in TAK1�/� MEF. TAK1�/� and TAK1�/�

MEFwere cotransfectedwithMyoDplasmid alongwith a plasmid
expressing a constitutively active mutant of MKK6 (caMKK6, i.e.
MKK6S207E, T211E also known as MKK6EE), a kinase that
directly phosphorylates and activates p38 MAPK (57). Overex-
pression of caMKK6 protein restored the MyoD-induced myo-
tube formation in TAK1�/� MEF (Fig. 6C), which was also con-
firmed by measuring the differentiation index (% of nuclei in
MyHCf-stained cells) in these cultures (Fig. 6D). Similarly, the lev-
els of CK, MyHCf, and phosphorylated p38 MAPK were also
found to be significantly increased in caMKK6-transfected
TAK1�/�MEFs (Fig. 6E).Thesedata suggest thatTAK1 is anessen-
tial component of a signaling pathway that leads to the activation of
p38MAPKand the formation ofmultinucleatedmyotubes.
Functional TAK1 Is Needed for the Activation of Akt during

Myogenic Differentiation—Next, we sought to investigate
whether TAK1 is involved in the activation of Akt kinase. We

FIGURE 4. Involvement of TAK1 in differentiation of C2C12 myoblasts. A, C2C12 myoblasts were transiently
transfected with increasing amounts of dominant negative TAK1 (dnTAK1) plasmid along with either pSK-Luc
or pMCK-Luc plasmid in a 1:10 ratio. After 24 h the cells were incubated in DM, and the luciferase activity in cell
extracts was measured. Representative data from two independent experiments (each done in triplicate)
presented here show that dnTAK1 inhibits the activation of both skeletal � actin and muscle creatine kinase
promoters in a dose-dependent manner. *, p � 0.05, values significantly different from corresponding C2C12
cultures transfected with vector only. B, C2C12 myoblasts were transduced (multiplicity of infection 1:50) with
control (Ad.Control) or dominant negative TAK1 (Ad.TAK1) adenoviral vectors for 24 h. The cells were then
incubated in DM for indicated time intervals, and the expression of MyHCf was measured by Western blot.
Representative immunoblots presented here show that dnTAK1 inhibits the expression of MyHCf without
affecting the levels of an unrelated protein actin in C2C12 cultures. C, -fold difference is shown in the mRNA
levels of Myf-5, MyoD, myogenin, and myocyte enhancer factor 2D (Mef2D) in Ad.control and Ad.dnTAK1-
transduced C2C12 myoblasts 72 h after incubation in DM measured by real-time PCR technique. *, p � 0.01,
values significantly different from C2C12 myoblasts transduced with Ad.control vector. D, C2C12 myoblasts
were transfected with control or either of the two TAK1 shRNA plasmids, each containing a different target
sequence for TAK1 knockdown. The cells were selected in the presence of puromycin (1.6 �g/ml) for 72–96 h
followed by incubation in differentiation medium for 72h. CK activity in cell extracts was measured using the CK
activity assay kit. The levels of MyHCf and TAK1 were measured by Western blot. Data presented here show that
knockdown of TAK1 inhibits the expression of CK and MyHCf in C2C12 cultures. *, p � 0.01, values significantly
different from control shRNA transfected C2C12 myoblasts.
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observed that the phosphorylation of Akt was also reduced in
MyoD-expressing TAK1�/� MEFs compared with TAK1�/�

MEFs after incubation in differentiationmedium (Fig. 7A). The
phosphorylation of Akt was also lower in cultured C2C12myo-
blasts transfected with dnTAK1 plasmid (Fig. 7B), suggesting
that TAK1may also be involved in the activation of Akt during
myogenesis.
We next sought to determine whether ectopic expression of

constitutively active Akt (caAkt) can rescuemyogenic differen-
tiation in TAK1�/� MEFs expressingMyoD. The expression of
caAkt did not affect the differentiation of TAK1�/�MEF upon
expression ofMyoD. Therewas no change in the levels of either
CK or MyHCf after transfection of TAK1�/� MEF with MyoD
and caAkt (Fig. 7C).
A recent study has demonstrated that p38MAPK induces the

phosphorylation of Akt kinase in differentiatingmyoblasts (58).
To understand whether the reduced phosphorylation of Akt in
TAK1�/� MEF was a result of inhibition of p38 MAPK or
TAK1 regulates the activation of p38 MAPK and Akt indepen-
dently during myogenic differentiation, we investigated the
effects of overexpression of a caMKK6 on the phosphorylation
of Akt kinase. Interestingly, caMKK6 considerably increased

the phosphorylation of Akt kinase
not only in TAK1�/� but also in
TAK1�/� MEF (Fig. 7D).
IGF-I-inducedMyogenicDifferen-

tiation IsMediated byTAK1—IGF-I
is a potent stimulator of skeletal
muscle cell proliferation and differ-
entiation (1). We also investigated
whether IGF-I induces myogenic
differentiation through the ac-
tivation of TAK1. TAK1�/� and
TAK1�/� MEF were transduced
with Ad.MyoD followed by their
incubation in DM with or without
IGF-I. Differentiation of MEF into
myotubes was monitored by mea-
suring the levels of CK in cell
extracts. As shown in Fig. 8A, treat-
ment with IGF-I significantly
increased CK levels in TAK1�/�

MEF. However, there was no signif-
icant difference in the levels of CK
between untreated and IGF-I-
treated TAK1�/� MEF (Fig. 8A).
Similarly, treatment with IGF-I did
not induce the expression of muscle
protein MyHCf and myogenin in
TAK1�/� MEFs, further confirm-
ing that TAK1 is required for the
stimulatory effects of IGF-I in myo-
genesis (Fig. 8B).
Although TAK1 is implicated in

the activation of multiple signal
transduction pathways, the direct
role of TAK1 in the activation of p38
MAPK or Akt in IGF-activated sig-

naling pathways has not been previously identified. We
employedTAK1�/� andTAK1�/�MEF (without expression of
MyoD) to investigate the involvement of TAK1 in IGF-induced
activation of Akt and p38 MAPK. Interestingly, there was no
difference in the levels of phosphorylation of Akt between
TAK1�/� and TAK1�/� MEF upon treatment with IGF-I.
However, IGF-induced phosphorylation of p38MAPKwas sig-
nificantly impaired in TAK1�/� MEF (Fig. 8C).

DISCUSSION

TAK1 is an important component of diverse cellular
responses including innate and adaptive immune responses,
survival of hematopoietic cells and hepatocytes, and growth
and differentiation of epidermis (38, 43–45, 47, 48). TAK1 was
originally identified as a key regulator of MAPK activation in
TGF-� and bone morphogenetic protein signaling pathways
(34). However, accumulating evidence suggests that TAK1 is
activated in response to a number of stimuli such as proinflam-
matory cytokines, biomedical stress, bacterial products, and
several members of TGF-� family proteins (35–39). Interest-
ingly, many of these known activators of TAK1 also inhibit
myogenic differentiation (50, 53, 59, 60), suggesting that TAK1

FIGURE 5. Deletion of TAK1 inhibits MyoD-induced differentiation in fibroblasts. TAK1�/� and TAK1�/�

MEF were transduced with Ad.MyoD for 24 h at multiplicity of infection 50. The cells were then incubated in DM
for different time intervals. A, myotube formation was measured after 48 h of incubation in DM by performing
immunofluorescence using MF20 antibody. Nuclei were stained with 4�,6-diamidino-2-phenylindole. The top
photomicrographs (green fluorescence protein) show equal transduction of TAK1�/� and TAK1�/� MEF by
Ad.MyoD vector. The bottom photomicrographs show that myotube formation (red color) is significantly
reduced in TAK1�/� MEF cultures compared with TAK1�/�. B, Western blot showed that the levels of MyHCf
were reduced in TAK1�/� MEF compared with TAK1�/� after incubation in DM. Immunoblots also show equal
levels of MyoD protein in both TAK1�/� and TAK1�/� MEF and the presence of truncated TAK1 protein in
TAK1�/� MEF. Wt, wild type. C, levels of CK were also found to be significantly reduced in TAK1�/� MEF
compared with TAK1�/� MEF after 24 and 48 h of incubation in DM. *, p � 0.01, values significantly different
from TAK1�/� MEF at corresponding time point. D, TAK1�/� and TAK1�/� MEFs were transfected with
pcDNA3-MyoD plasmid along with pSK-Luc plasmid in a 1:10 ratio for 24 h. Cells were then incubated in DM for
48 h, and the activation of skeletal �-actin promoter was monitored by measuring luciferase activity. Data
presented here show a significant reduction in the activation of skeletal � actin promoter in TAK1�/� MEF
compared with TAK1�/� MEF. #, p � 0.01, value significantly different from TAK1�/� MEF.
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could be a negative regulator ofmyogenic differentiation. How-
ever, contrary to this assumption, we found that TAK1 is essen-
tial for both proliferation and differentiation of myogenic cells.
The important role of TAK1 in proliferation of myogenic

cells is supported by our findings that TAK1 and its associated
proteins TAB1 and TAB2 are highly expressed in proliferat-
ing C2C12 myoblasts (Fig. 1A), and the inhibition of TAK1
activity by RNAi or through overexpression of a dominant
negative mutant of TAK1 significantly reduced proliferation
of myoblasts (Fig. 3, A and B). Similar to cultured myoblasts,
the expression of TAK1 was also significantly high in the
skeletal muscle of neonatal mice, and the levels of TAK1
were reduced in adult mice (Fig. 1B). It is also noteworthy
that the levels of TAK1 are increased in the models of muscle
regeneration, further supporting the inference that TAK1
plays an important role in skeletal muscle homeostasis (Fig.
2). A significant number of differentiation-incompetent
myoblasts undergo apoptosis after incubation in differenti-
ation medium (1, 2). Although there are reports indicating
that TAK1 is required for the survival of certain cell types
(38, 47, 49), our results suggest that it does not have any role
in the survival of proliferating myoblasts or after induction
of differentiation (Fig. 3C).

Myogenesis involves not only the proliferation of myoblasts
but also their terminal differentiation into myotubes (1, 2).
Although the proliferation and differentiation are two antago-
nistic processes, the results of the present study suggest that in
addition to stimulating proliferation, TAK1 also acts as an
important molecular switch for the induction of differentiation
in myoblasts. This is evident from our results that the ectopic
expression of dominant negative TAK1 protein (Fig. 4,A andB)
or knockdown of endogenous TAK1 using RNAi (Fig. 4D)
inhibited the differentiation of C2C12 myoblasts. Differentia-
tion of cells in skeletal muscle lineage is governed by the basic
helix-loop-helix transcription factors of MyoD family (MyoD,
Myf-5, myogenin, and MRF4) (1, 2). These proteins work in a
coordinated fashion with additional transcription factors such
as myocyte enhancer factor 2 to drive the muscle-specific gene
expression and promote fusion of myoblasts into multinucle-
ated myotubes (1). Previous studies using knock-out animals
have suggested that MyoD and Myf-5 act redundantly at the
early steps in myoblast specification (61), whereas MyoD is
essential for muscle regeneration in adults (62). Myogenin acts
downstream of MyoD and Myf-5, whereas MRF4 plays a more
limited role in muscle formation in vivo (63–65). MyoD
enhances the expression of a large number of muscle genes

FIGURE 6. TAK1 regulates myogenic differentiation through the activation of p38 MAPK. A, TAK1�/� and TAK1�/� MEF were transduced with Ad.MyoD
for 24h followed by incubation in DM for the indicated time intervals. Analysis of cell extracts by Western blot showed that the phosphorylation of p38 MAPK
protein was completely blocked in TAK1�/� MEF compared with TAK1�/�. There was no difference in total p38, phosphorylated AMPK, and total or phosphor-
ylated I�B� levels between TAK1�/� and TAK1�/� MEFs. B, C2C12 myoblasts were stably transfected with vector alone or plasmid expressing either dominant
negative TAK1 (dnTAK1) or TAK1 shRNAs and incubated in differentiation medium for 72 h. The levels of total and phospho-p38 MAPK and TAK1 were measured
by Western blot. Representative immunoblots presented here show that overexpression of either dnTAK1 protein or TAK1 shRNAs inhibited the levels of
phosphorylated p38 in C2C12 cultures. C, TAK1�/� and TAK1�/� MEF were transiently transfected with either pcDNA3-MyoD alone or with pcDNA3-caMKK6
plasmid for 24 h followed by incubation in differentiation medium for additional 72 h. Myotube formation was monitored by immunocytochemistry using
MF-20 antibody and 4�,6-diamidino-2-phenylindole. Representative photomicrographs presented here show that transfection with caMKK6 restored the
myotube formation in TAK1�/� MEF cultures. D, shown is quantification of the differentiation index in TAK1�/� and TAK1�/�MEF cultures transfected with
MyoD along with caMKK6 or without caMKK6. *, p � 0.01, values significantly different from TAK1�/� MEF cultures without caMKK6. E, levels of CK measured
using a CK activity assay kit and MyHCf and phospho-p38 protein (Western blot) were also found to be significantly increased in TAK1�/� MEF transfected with
caMKK6. *, p � 0.05, values significantly different from TAK1�/� MEFs without caMKK6. #, p � 0.05, values significantly different from TAK1�/� MEFs transfected
with no caMKK6.
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including myogenin, whereas its own expression is regulated
through the activation of various cell signaling pathways (1, 16).
Although the exact mechanisms by which TAK1 regulates
muscle formation remain unknown, our data suggest that
TAK1 is critical for the expression of MyoD family transcrip-
tion factors (Fig. 4C). It is also of interest to note that whereas
the inhibition of TAK1 drastically reduced the expression of
Myf-5,MyoD, andmyogenin in differentiatingmyoblasts, it did
not affect the expression of MFF2 (Fig. 4C), indicating that
TAK1 specifically regulates the expression of MyoD family
transcription factors. Because overexpression of MyoD in
TAK1�/� MEF failed to induce myogenesis (Fig. 5), it is possi-
ble that signaling through TAK1 is also essential for the trans-
activation of MyoD and/or other accessory factors.
Several recent studies using pharmacological agents and

genetic mouse models have revealed that p38 MAPK and Akt
signaling pathways play a prominent role in skeletal muscle
formation and regeneration (17–23). Although the forced acti-
vation of either the p38 MAPK or Akt pathways is sufficient to
accelerate myogenesis, it is effective only when the reciprocal
pathway is functional (66). Because TAK1 can activatemultiple
cell signaling pathways in response to various extracellular
stimuli, we determined the role of TAK1 in the activation of p38
MAPK, Akt, and also AMPK and NF-�B. Our results suggest
that TAK1 specifically activates p38 MAPK during myogenic
differentiation, and inhibition of p38 MAPK is responsible for
the reduced muscle formation in TAK1-deficient cells (Fig. 6).
This conclusion is supported by our data which demonstrate
that the overexpression of a constitutive active MKK6 protein
increases the myotube formation, expression of muscle-spe-
cific proteins, and the phosphorylation of p38MAPK in
TAK1�/�MEF (Fig. 6, C–E). These results are also consistent

with the published reports indicat-
ing that TAK1 can directly phos-
phorylate and activate MKK6 in
response to different extracellular
stimuli (40–42). It has been
reported that Cdo, a cell surface
protein with a long intracellular
domain, through its interaction
with scaffold protein JLP, promotes
the activation of p38 MAPK during
myogenesis both in vivo and in vitro
(22, 23, 67, 68). Whether TAK1
directly interacts with Cdo-JLP
complex and mediates the down-
stream activation of p38 MAPK
remains to be determined.
Intriguingly, we also found that

the inhibition of TAK1 reduces the
activation of Akt kinase during
myogenesis (Fig. 7). Although the
exact mechanisms remain un-
known, the inhibition of Akt in the
absence of TAK1 could be a result of
reduced activation of the p38
MAPK signaling pathway, which is
also supported by our findings that

FIGURE 7. Role of TAK1 in activation of Akt during myogenic differen-
tiation. A, TAK1�/� and TAK1�/� MEF were transduced with Ad.MyoD for
24 h followed by incubation in DM for different time intervals. Levels of
phosphorylated and total Akt were measured by Western blotting. Data
presented here show that the phosphorylation of Akt is blocked in
TAK1�/� MEF compared with TAK1�/� MEF upon incubation in DM.
B, C2C12 myoblasts were transfected with vector alone or dnTAK1 and
incubated in differentiation medium for 72 h. Representative immunob-
lots show that the overexpression of dnTAK1 inhibits the levels of phos-
phorylated Akt in C2C12 cultures. C, TAK1�/� and TAK1�/� MEF were
transiently transfected with either pcDNA3-MyoD alone or with
pUSEamp-caAkt plasmid for 24 h followed by incubation in DM for 72 h. Data
presented here show that the expression of caAkt did not affect with the
levels of CK or MyHCf in TAK1�/� MEF. D, TAK1�/� and TAK1�/� MEF were
transiently transfected with either pcDNA3-MyoD alone or with
pcDNA3-caMKK6 plasmid followed by incubation in differentiation medium
for 72 h. A representative immunoblot presented here shows that transfec-
tion with caMKK6 increased the levels of phosphorylated Akt in TAK1�/� MEF.

FIGURE 8. IGF-I augments myogenesis through the activation of TAK1. TAK1�/� and TAK1�/� MEF were
transduced with Ad.MyoD for 24 h followed by incubation in DM with or without IGF-I (100 ng/ml). A, data
presented here show that IGF-I significantly increased the levels of CK in TAK1�/� but not TAK1�/� MEF. *, p �
0.01, values significantly different compared with TAK1�/� MEF incubated without IGF-I. B, Western blot anal-
ysis showed that there was no increase in the levels of either MyHCf or myogenin between IGF-1-treated or
untreated TAK1�/� MEF. C, TAK1�/� and TAK1�/� MEF were treated with IGF-I (100 ng/ml) for the indicated
time periods, and the levels of phosphorylated or total Akt and p38 MAPK were measured by Western blot.
Representative immunoblots presented here show that IGF-I-induced phosphorylation of p38 MAPK (but not
Akt) was blocked in TAK1�/� MEF compared with TAK1�/� MEF.
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the overexpression of constitutively active MKK6 protein
increased the phosphorylation of Akt in TAK1-deficinet cells
(Fig. 7D). Our results are also consistent with general premise
that until the p38 MAPK pathway is active, overexpression of
active Akt is not sufficient to augment differentiation of myo-
blasts (66). There is also evidence suggesting that p38 MAPK
increases the activation of Akt during myogenic differentiation
(58). Therefore, it is possible that during myogenesis, TAK1 is
first activated, which stimulates the MKK6-p38-Akt cascade,
and both p38 and Akt promote myogenesis by modulating the
activity of independent downstream target proteins. In addition to
TAK1/p38MAPK-dependent mechanisms, the increased phos-
phorylationofAkt could alsobea result of increasedproductionof
growth factors, especially IGFs, in muscle cultures upon expres-
sion of caMKK6 in TAK1�/� MEFs.

IGF is the only group of growth factors that induces both
proliferation and differentiation of myogenic cells besides
inducing hypertrophy inmyofibers (1, 5). Interestingly, IGF-I is
a potent inducer of Akt and p38 MAPK signaling pathways in
skeletal muscle cells (1, 16, 69). We postulated that IGF-I may
use the TAK1-dependent signaling pathway to stimulate myo-
genic differentiation. Consistent with our hypothesis, we found
that whereas IGF-I-stimulated myogenic differentiation in
TAK1�/� cells, it failed to rescue myogenic differentiation in
TAK1-deficient MEF, suggesting that TAK1 is required for the
myogenic actions of IGF-I (Fig. 8,A andB). The role of TAK1 in
the IGF-I-induced activation of p38 MAPK and Akt has not
been previously investigated. Our experiments studying the
effects of IGF-I on the phosphorylation of Akt and p38 MAPK
proteins have provided important information regarding the
essential role that TAK1 plays in the IGF-I-induced activation
of p38 but not in Akt (Fig. 8C). These data are consistent with
general observations that the functional activation of both the
p38 MAPK and Akt pathways is important to stimulate myo-
genic differentiation. These data also help explain why IGF-I
could not augmentmyogenic differentiation in TAK1�/�MEF.

In summary, our study provides initial evidence that TAK1 is
an essential regulator of myogenic cell proliferation and differ-
entiation. More investigations are required, especially using
skeletal muscle-specific knock-out mice to further validate
whether TAK1 is important for the development and/or regen-
eration of myofibers and whether specific modulation of TAK1
can improve regeneration in variousmuscular disorders. TAK1
has also been found to be critical for the activation of various
cell signaling pathways in response to muscle catabolic cyto-
kines tumor necrosis factor-� and TWEAK (tumor necrosis
factor-like weak inducer of apoptosis) (39, 53). Whether these
cytokines function through the activation of TAK1-dependent
pathways to induce atrophy in diverse muscle-wasting condi-
tions is also not yet known. This is an area of interest for future
investigations.
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