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TNF-a regulates myogenesis and muscle regeneration by
activating p38 MAPK
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Abstract

Although p38 MAPK activation is essential for myogenesis, the upstream signaling mechanism
that activates p38 during myogenesis remains undefined. We recently reported that p38 activation,
myogenesis, and regeneration in cardiotoxin-injured soleus muscle are impaired in TNF-o receptor
double-knockout (p55~/~p75~") mice. To fully evaluate the role of TNF-a in myogenic activation
of p38, we tried to determine whether p38 activation in differentiating myoblasts requires
autocrine TNF-a, and whether forced activation of p38 rescues impaired myogenesis and
regeneration in the p55~/"p75~/~ soleus. We observed an increase of TNF-a release from C2C12
or mouse primary myoblasts placed in low-serum differentiation medium. A TNF-a-neutralizing
antibody added to differentiation medium blocked p38 activation and suppressed differentiation
markers myocyte enhancer factor (MEF)-2C, myogenin, p21, and myosin heavy chain in C2C12
myoblasts. Conversely, recombinant TNF-o added to differentiation medium stimulated
myogenesis at 0.05 ng/ml while inhibited it at 0.5 and 5 ng/ml. In addition, differentiation
medium-induced p38 activation and myogenesis were compromised in primary myoblasts
prepared from p55~/~p75~/~ mice. Increased TNF-a release was also seen in cardiotoxin-injured
soleus over the course of regeneration. Forced activation of p38 via the constitutive activator of
p38, MKKG6bE, rescued impaired myogenesis and regeneration in the cardiotoxin-injured
p55~/~p75~/~ soleus. These results indicate that TNF-a regulates myogenesis and muscle
regeneration as a key activator of p38.
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Skeletal muscle has a remarkable ability to regenerate itself. However, muscle regeneration
is a complex process comprising many highly coordinated events in a sequence of satellite
cell activation, proliferation, and differentiation (myogenesis) that repairs damaged
myofibers or forms new ones. The activation of satellite cells is characterized by the
expression of myogenic regulatory factors (MRFs) Myf 5 and MyoD. After the proliferation
phase, satellite cells express myogenin and MRF4 to initiate myogenic differentiation. This
is followed by expression of the Cdk inhibitor p21 and a permanent exit from the cell cycle
(reviewed in Ref. 11). The regenerative process requires a complicated array of intrinsic and
extrinsic signals that regulate various satellite cell activities. Thus, despite many past efforts,
our understanding of the intrinsic and extrinsic signals that regulate muscle regeneration
remains limited.
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Initiation of the myogenic program in adult muscle is a critical step in skeletal muscle
regeneration, which requires chromatin remodeling in myogenic cells that allows
transcriptional activation of myogenic target genes. The activation of p38 MAPK plays a
critical role in chromatin remodeling and in the activation of key myogenic transcription
factors and thus is considered a molecular switch for the activation of myogenesis.
Activation of p38 is an early and essential event in myogenic differentiation in myoblasts
and embryo (8, 16, 17, 46, 48, 68, 70). p38 activates myogenesis through multiple actions.
p38-mediated phosphorylation activates the Brahma-related gene 1 (BRG1)-associated
factor (BAF)60 subunit of the BRG1-based SWI/SNF chromatin remodeling complex,
which permits the access of MyoD, E proteins, and myocyte enhancer factor (MEF)-2 to
their binding sites in the myogenin promoter and, hence, the transcription of myogenin (19,
39, 53). In addition, p38 stimulates MyoD transactivation activity (48) by promoting the
association of E47 with MyoD via the phosphorylation of E47 (39). Moreover, the MEF2
family of transcription factors, which bind to promoters of the majority of muscle-specific
genes and interact with members of the MyoD family of proteins to activate myogenic
differentiation (43), is activated by p38-mediated phosphorylation of their transactivation
domain (17). Furthermore, p38 promotes cell cycle exit by inducing expression of the Cdk
inhibitor p21 (8, 52, 68) so that terminal differentiation can proceed. However, the upstream
signal that stipulates p38 activation for myogenesis has remained undefined, which
represents a significant gap in our understanding of how myogenesis is initiated during
muscle regeneration.

A number of autocrine or paracrine factors, mostly growth factors including fibroblast
growth factor (FGF), hepatocyte growth factor (HGF), insulin-like growth factor (IGF)-I and
-11, epidermal growth factor (EGF), and platelet-derived growth factor (PDGF), have been
identified as important regulators of muscle regeneration. In addition, cytokines have been
shown to participate in the regeneration process, including TGF-p, leukemia inhibitor factor
(LIF), and IL-6. Although, remarkably, almost all of the above factors promote satellite cell
activation/proliferation, most of them also inhibit myogenic differentiation; only IGF-I has
been convincingly shown to promote both satellite cell differentiation and proliferation (11,
26). However, IGF-1 is not able to activate p38 or to induce myogenesis when p38 is
inhibited (68), which indicates the presence of a yet-to-be-identified mechanism that is
critical for the initiation of myogenesis through the activation of p38.

Recently, the proinflammatory cytokine TNF-a has been shown to have a physiological role
in muscle repair (13, 65) and myogenesis (38). As a mediator of inflammatory response,
TNF-a is primarily synthesized by macrophages (63), and elevated circulating TNF-a is
considered a pathological factor that mediates such disorders as cachectic muscle wasting,
inflammatory myopathies, and insulin resistance (41, 49). On the other hand, it is now clear
that myoblasts express TNF-a constitutively (51) and that this activity is transiently
upregulated in differentiating myoblasts (38). In injured muscle, TNF-a levels increase
dramatically because of enhanced TNF-a expression by injured muscle fibers as well as
macrophage infiltration (14, 18, 31, 57, 65, 69). Interestingly, TNF-a expression by muscle
fibers is correlated with regenerative activity (31). In addition, injured muscle fibers increase
expression of the type | TNF-a receptor (18, 69), which mediates p38 activation (29).
Although there are reports describing an inhibitory effect of exogenously added TNF-a on
myoblast differentiation (24, 32, 33), it is difficult to reconcile such an inhibitory effect of
TNF-a on myogenesis with the fact that muscle increases TNF-a production during
regeneration and regenerates well in the high-TNF-a environment. In recent years, the
significance of inflammation in mediating muscle regeneration became clear. Injured muscle
releases factors that activate inflammatory cells residing within the muscle, and an
inflammatory response is critical to muscle regeneration (58, 59). Independently of clearing
cellular debris in injured muscle through phagocytosis, macrophages promote the activation,
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proliferation, and differentiation of myogenic cells through their release of soluble factors
(9, 10, 12, 34). TNF-a has been shown to stimulate chemotactic response in mouse
myogenic cells, which facilitates muscle regeneration (62). We have also observed that,
during the early stages of differentiation, C2C12 myoblasts increase the expression of TNF-
a, which is critical for the expression of the muscle-specific protein, the fast isoform of
myosin heavy chain (MHCT) (38). TNF-a gene knockout in dystrophin-deficient mice
(TNF~/mdx) resulted in a significantly lower muscle mass than control mdx mice (TNF*/
mdx) at 8 wk of age, suggesting an attenuation of regenerative capacity (55). Warren et al.
(65) reported an attenuation of muscle force recovery during regeneration in the hind-limb
of TNF-a receptor double-knockout mice (p55~/~p75~/7) injured by freezing, suggesting a
physiological role for TNF-a in muscle repair. Notwithstanding, the relevance and
mechanism of TNF-a involvement in muscle regeneration remain undefined.

We recently found that, in the cardiotoxin-injured soleus muscle of wild-type (WT) mice,
p38 is activated over the course of regeneration; however, in the cardiotoxin-injured soleus
of p55~/~p75~'~ mice, p38 activation is compromised and regeneration is impaired (13).
These data indicate a significant role for TNF-a in the regulation of myogenesis and muscle
regeneration. On the basis of these findings, we propose that muscle cell-produced TNF-a. is
a physiological regulator of muscle regeneration that is critical for the activation of p38 and
myogenesis. Nevertheless, to fully establish this role of TNF-a, two critical questions must
be answered. First, does autocrine TNF-a. mediate p38 activation and myogenesis in
myogenic cells? Second, does TNF-a-dependent p38 activation mediate myogenesis and
regeneration in adult muscle? In the current study, we tested the following hypothesis: p38
activation and myogenesis in myogenic cells require autocrine TNF-a, and disruption of
TNF-a-dependent p38 activation causes impaired myogenesis and regeneration in adult
muscle. Here, we present evidence that 1) myoblast release of TNF-a. and TNF-a receptor-
mediated signaling are required for the activation of p38 and myogenic differentiation in
myoblasts, and 2) compromised p38 activation is the cause of impaired myogenesis and
regeneration in adult muscle, absent TNF-o receptor-mediated signaling.

MATERIALS AND METHODS

Animal use

Cell cultures

Experimental protocols were approved in advance by the Institutional Animal Care and Use
Committee at Baylor College of Medicine. Adult (6 wk old) p55~/~p75~/~ mice (B6;129S-
Tnfrsfla™mImX Tnfrsf1btMImMX) and WT mice (B6;129SF2/J) were purchased from The
Jackson Laboratory (Bar Harbor, ME) for breeding. For primary myoblast cultures,
hindlimb muscles were collected from 3- to 4-day-old p55~/~p75~/~ or WT mice after
euthanization. For muscle overexpression, infectious particles (1.5 x 109) of Ad5
cytomegalovirus encoding MKKGbE (27), a constitutively active mutant of mitogen-
activated protein kinase kinase (MKK)6 (a gift from Dr. J. Han of Scripps Research
Institute, La Jolla, CA), or green fluorescence protein (GFP) cDNA (prepared by The Vector
Development Core of Baylor College of Medicine) in 10 ul of PBS were injected into the
hindlimb of 3- to 4-day-old p55~~p75~/~ mice longitudinally in the region of the soleus.
Subsequently, the mice were allowed to grow to 6 wk of age, and 100 pl of 10 uM
cardiotoxin (Sigma-Aldrich) were dissolved in PBS and injected into the soleus to induce
necrotic injury. At various time points, solei were collected from euthanized mice for
biochemical and histology studies.

Murine C2C12 cells (American Type Culture Collection) were cultured in growth medium
(GM; DMEM supplemented with 10% fetal bovine serum and gentamicin) at 37°C under
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5% CO». At 85% confluence, cell differentiation was induced by replacing the preceding
medium with differentiation medium (DM; DMEM supplemented with 4% heat-inactivated
horse serum and gentamicin). A TNF-a-neutralizing antibody (R&D Systems) was included
in DM at 5 pg/ml, when indicated, to block TNF-a signaling (38). This antibody neutralizes
0.025 pg/ml TNF-o at an NDsg of 0.02-0.08 pg/ml. Mouse recombinant TNF-a (Roche
Applied Science) was added to differentiation medium as indicated and replenished at 12-h
intervals. Primary myoblasts were isolated from 3- to 4-day-old p55~/~p75~/~ or WT mice,
as previously described (36), with minor modifications. Briefly, hindlimb skeletal muscles
were excised, subsequently minced with razor blades in PBS, and enzymatically dissociated
in dissociation buffer (0.1% trypsin, 0.1% collagenase type 2, and 0.025% DNase in PBS) at
37°C for 10 min. The dissociation buffer with released cells was collected and mixed with
the same volume of DMEM-F-12 medium (Invitrogen) supplemented with 20% fetal bovine
serum. Cells were pelleted by centrifugation at 300 g for 5 min at 4°C. The dissociation
process was repeated two times. Collected cells were then resuspended in 1.082 g/ml Percoll
(GE Healthcare) and subjected to a Percoll density gradient (1.050, 1.060, and 1.082 g/ml)
purification procedure by centrifugation at 2,000 g for 25 min at room temperature. The
Percoll gradient was adjusted with a buffer containing 6.8 g/l NaCl, 0.4 g/l KCI, 0.1 g/l
MgSOy, 1.5 g/l NaH,POy, 1.0 g/l dextrose, and 4.76 g/l HEPES (pH 7.3). After
centrifugation, the band containing myocytes at the interface between the 1.060 and 1.082 g/
ml Percoll layers was collected and resuspended in Ham’s F-10 nutrient mixture
(Invitrogen) supplemented with 20% fetal bovine serum, 3% chicken embryo extract, and
gentamicin. Cells were then plated in Matrigel (BD Biosciences/BD)-coated dishes and
grown in the presence of 5% CO,. After 1 or 2 days, cells were released by mild
trypsinization and preplated in noncoated dishes for 30 min to remove contaminating
fibroblasts. The unattached cells were replated in Matrigel-coated dishes and grown at 37°C
in growth medium (Ham’s F-10 nutrient mixture supplemented with 20% fetal bovine
serum, 3% chicken embryo extract, and gentamicin) in the presence of 5% CO». This
replating procedure was repeated once. Primary myoblast differentiation was induced by
shifting cells to differentiation medium [Ham’s F-10 nutrient mixture-DMEM, 1:1 vol/vol
(supplemented with 5% heat-inactivated horse serum and gentamicin)] when cells reached
~60% confluence. The purity of the myoblast culture was verified as >90% through
immunoperoxidase labeling (avidin-biotin complex and diaminobenzidine kits, VVector
Laboratories) with the D3 desmin antibody (Developmental Studies Hybridoma Bank,
University of lowa, lowa City, 1A).

Determination of TNF-a concentration in culture medium

TNF-a concentration in DM and GM was determined by use of an ELISA kit (R&D
Systems) according to the manufacturer’s protocol, after the medium was concentrated with
a spin concentrator from Millipore (10K pore size).

Western blot analysis

Western blot analysis was performed as previously described (13), using either protein
extracts or lysates prepared from cells or muscle. Antibodies for pan- and phosphorylated
p38 (T181/Y182), ERK1/2 (T202/Y204), INK (T183/Y185), and Akt (S473) were
purchased from Cell Signaling Technology, and antibodies for pan-MEF2C, phosphorylated
MEF2C (S387), and p21 were obtained from Santa Cruz Biotechnology. Myogenin (F5D),
MHC (MF20), and embryonic MHC (F1.652) antibodies were obtained from the
Development Studies Hybridoma Bank. The antibody against TNF-a was from Pierce
Biotechnology, and the antibody against hemagglutinin (HA) was from Covance Research
Products. Corresponding protein bands were quantified densitometrically and analyzed by
ImageQuant software (GE Healthcare). Protein concentrations of the samples were
determined using the Bio-Rad protein assay (Bio-Rad Laboratories).
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Histology studies

Statistics

RESULTS

Solei collected from mice were fixed in 4% formaldehyde, and paraffin sections were made
and processed for hematoxylin and eosin staining by the Baylor Histology Service. Images
of stained muscle sections were acquired using MetaVVue computer software and a Zeiss
Axioplan 2 microscope coupled to a Photometrics CoolSNAP charge-coupled device camera
with a x20 objective lens; images were edited using Adobe Photoshop software. Soleus
myofiber cross-sectional area (XSA) was measured using ImageJ software (National
Institutes of Health, Bethesda, MD) as described previously (13).

Values were expressed as means + SE. One-way ANOVA or Student’s t-test was used for
comparisons, as indicated, using SigmaStat software. Differences were regarded as
significant at a level of P < 0.05. When a significant difference was found by ANOVA, a
multiple-comparison test was then performed, as indicated, to evaluate the difference
between the groups.

Myoblasts release TNF-a to activate p38 and myogenesis

As an early signal of myogenesis, p38 is activated during the early stages of myoblast
differentiation (68). On the basis of our previous observation that expression of MHCf
during the early stages of myoblast differentiation is blocked by neutralizing TNF-a in the
culture medium (38), we hypothesized that, on differentiation, myoblasts release TNF-a. to
activate myogenesis via the activation of p38. To test this hypothesis, we measured TNF-o
concentration in the culture medium of C2C12 myaoblasts induced to differentiate by a
switch from serum-rich GM to low-serum DM. As shown in Fig. 1A, a very low level of
TNF-a was detected in GM and DM at 0 h, which is at least partially due to the TNF-a
present in the serum added to the medium. An increase in TNF-a, concentration was
observed in DM as early as at 3 h of differentiation, and the increase lasted to at least 48 h.
During the same time period, TNF-o concentration in the GM incubated with control C2C12
myoblasts did not increase significantly. These data indicate that differentiating C2C12
myoblasts increase release of TNF-o. A more potent increase in TNF-o concentration was
observed in the DM incubated with mouse primary myoblasts. At the same time, a smaller
but statistically significant increase in TNF-a concentration in the GM incubated with
control primary myoblasts was observed (Fig. 1B). These results verified that differentiating
myoblasts strongly upregulate TNF-o. release.

To determine whether C2C12 myoblast-released TNF-a is critical to p38 activation, we
evaluated the effect of a TNF-a-neutralizing antibody added to DM on p38 activation at 5
ug/ml, a concentration that was previously shown to block TNF-a stimulation of
differentiation (38). As expected, Western blot analysis of the cell extracts with an antibody
specific to phosphorylated p38 detected a dramatic activation of p38 at 24 and 48 h of
differentiation, while total levels of p38 remained constant. On the other hand, the activation
of p38 in DM was blocked by the TNF-a-neutralizing antibody present, whereas the
preimmune IgG used as a control did not affect p38 activation (Fig. 2). Simultaneously, we
observed a strong activation of Akt. However, Akt activity was not affected by the TNF-a-
neutralizing antibody. In addition, ERK1/2 activity had a small but statistically significant
increase, while JNK activity remained unchanged, and the TNF-a-neutralizing antibody did
not alter the activity of these kinases (Fig. 2). These results indicate that p38 activation
during serum restriction-induced differentiation is specifically mediated by TNF-a released
from myoblasts and that the level of TNF-a required for p38 activation is in the lower
picograms per milliliter range.

Am J Physiol Cell Physiol. Author manuscript; available in PMC 2011 May 23.
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To evaluate whether TNF-a signaling is required for p38-mediated activation of
differentiation markers, we analyzed the effect of neutralization of TNF-a on differentiation
markers, including the activation of MEF2C, a prominent member of the MEF2 family that
promotes myogenesis (43), and the expression of myogenin and p21. Similar to p38
activation, the TNF-a-neutralizing antibody blocked MEF2C activation at 24 and 48 h of
differentiation without affecting the total levels of MEF2C (Fig. 3). Myogenin expression
was severely attenuated by the antibody at 24 h and reached a level similar to the time-
matched control at 48 h, indicating that myogenin expression was delayed (Fig. 3). Although
the relatively low level of p21 expression was not affected by the antibody at 24 h of
differentiation, the surge of p21 expression at 48 h was completely blocked by this antibody
(Fig. 3). To determine whether the compromise of the differentiation markers resulted in
impaired myogenic differentiation, we measured MHC expression by Western blot analysis.
The presence of the TNF-a-neutralizing antibody attenuated MHC expression at 24 and 48 h
of differentiation (Fig. 3). These results indicate that myoblast-released TNF-a is critical for
the activation of myogenesis.

Conversely, we tested the effect of exogenous TNF-o added to DM on p38 activation and
myogenesis. Considering that TNF-a is known to have opposing bimodal effects in skeletal
muscle depending on concentration (1), and that high levels of TNF-a (10-20 ng/ml) have
been shown to inhibit myogenesis at 48—72 h of differentiation (24, 33), we tested the effect
of mouse recombinant TNF-o ranging from 0.05 to 5 ng/ml at 48 h of C2C12 myoblast
differentiation to simulate physiological as well as pathological conditions. While
exogenously added TNF-o stimulated p38 activity (Fig. 4, left) over the entire concentration
range, it stimulated the expression of myogenin (Fig. 4, middle) and MHC (Fig. 4, right) at
0.05 ng/ml but inhibited the expression of these differentiation markers at 0.5 and 5 ng/ml. It
should be noted that, in the 48-h control, p38 activation and expression of myogenin and
MHC are driven by endogenously released TNF-a, even though there was no exogenously
added TNF-a, and that when exogenous TNF-a was added, the actual TNF-o concentrations
are the sum of exogenous and endogenous TNF-a. These data indicate that TNF-o
stimulates as well as inhibits myogenesis in a dose-dependent fashion. Therefore, TNF-a has
bimodal effects on myogenesis depending on concentration: at low concentrations
simulating physiological conditions, it stimulates myogenesis, and at high concentrations
simulating pathological conditions, it inhibits myogenesis.

TNF-a has two distinct plasma membrane receptors known as p55 and p75 (22). To evaluate
whether myogenic activation of p38 is mediated by TNF-a receptors, we prepared primary
myoblasts from WT and p55~/~p75~/~ mice. We chose to use myoblasts from 3- to 4-day-
old neonatal mice rather than satellite cells from adult mice because adult satellite cells are
quiescent and require about a week of time to reenter the cell cycle in culture medium richly
supplied with growth factors. Once the cell cycle is initiated, the transition to myogenic
differentiation, which is the focus of this study, in satellite cells is not different from that in
neonatal myoblasts (11). A potent activation of p38 was observed in WT myoblasts at 48 h
after switching to DM; however, p38 activation was blunted in p55~/~p75~/~ myoblasts
(Fig. 5). Meanwhile, the activity of ERK1/2 and JNK increased in both WT and
p55~/~p75~/~ myoblasts similarly. On the other hand, Akt activity appeared to be increased
in WT as well as p55~/~p75~/~ myoblasts, but the increase did not reach statistical
significance (Fig. 5). Consequently, MHC expression was attenuated in p55~/~p75~/~
myoblasts (Fig. 6). These data indicate that myogenic activation of p38 requires TNF-a
receptor-mediated signaling.

Regenerating muscle increases TNF-a release

We previously showed that there is a TNF-a-dependent p38 activation over the course of
regeneration in cardiotoxin-injured mouse soleus muscle (13). Although it is well
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established that injured muscle upregulates TNF-a expression (14, 18, 31, 57, 65, 69),
whether injured muscle increases release of TNF-a so that it can activate p38 and
myogenesis has not been determined. Utilizing Western blot analysis, we examined levels of
both membrane-bound pro-TNF-a (26 kDa) and released TNF-a (17 kDa) in the
cardiotoxin-injured mouse soleus. As shown in Fig. 7, we observed a rise in released TNF-a
as well as pro-TNF-a over the course of regeneration. TNF-a release peaked on day 3
postinjury (~7.5-fold increase), a time at which myogenesis is being initiated (26). This
result indicates that injured muscle indeed increases TNF-a release, and the time course of
TNF-a release is consistent with our hypothesis concerning its role in myogenesis.

Forced activation of p38 rescues impaired myogenesis in p55~/~p75~/~ soleus

Previously, we demonstrated that myogenesis in the cardiotoxin-injured soleus is impaired
in p55~/~p75~/~ mice (13). Notwithstanding, it remained unclear whether the impairment in
myogenesis was due to the deficiency in p38 activation. Thus, in the present study, we
evaluated whether forced activation of p38 can rescue impaired myogenesis in p55~/~p75~/~
mice by overexpression of MKKE6bE (27), a constitutively active mutant of MKKG6 that
mediates p38 activation by TNF-o, (6). We chose the adenovirus vector (Adv) for the
overexpression of MKK6bE because electric pulse-mediated delivery of plasmids causes
muscle injury and regeneration (4), which could interfere with our experiment. To do so, we
adopted a published protocol that allows sufficient adenovirus transduction in adult mouse
skeletal muscle (20). An adenoviral construct encoding HA-tagged MKKG6bE (a gift from
Dr. Jiahuai Han of Scripps Research Institute) (27) was injected into the hindlimb of
p55~/~p75~/~ mouse pups; another adenoviral construct that encoded untagged GFP was
injected to another group of pups as the control. At 6 wk of age, MKK6bE expression in
soleus was confirmed by Western blot analysis of HA, as shown in Fig. 8A. Lower levels of
phosphorylated p38 were observed in the p55~/~p75~/~ and GFP-overexpressing
p55~/~p75~/ soleus compared with the WT soleus. Overexpressed MKK6bE raised the
level of phosphorylated p38 in the p55~/~p75~/~ soleus, but not so high as to cause concern
about unintended effects (Fig. 8B).

To evaluate whether MKKG6bE activation of p38 rescues myogenesis in regenerating muscle
of p55~/~p75~/~ mice, cardiotoxin was injected into the soleus of 6-wk-old WT,
p55~/~p75~/~, and p55~/~p75~'~ mice that overexpressed either MKK6bE or GFP to
compare their effects on myogenesis. Consistent with our previous findings (13), we
observed compromised p38 activation in the injured p55~/~p75~/~ soleus at a time when
myogenesis was underway (day 3 after cardiotoxin injection), accompanied by defective
expression of myogenin and p21 (Fig. 9). Since regenerating muscle expresses embryonic/
developmental forms of MHC (67), we further examined embryonic MHC expression in
these soleus samples. A robust expression of embryonic MHC was seen in the WT but not in
the p55~/~p75~'~ soleus (Fig. 9). Conversely, the forced expression of MKKG6bE activated
p38 and restored the expression of myogenin, p21, and embryonic MHC in the
p55~/~p757/~ soleus. However, GFP expression did not demonstrate these effects (Fig. 9).
Although we examined activation of p38 and expression of the differentiation markers in
total muscle extracts, the expression of the differentiation markers myogenin, p21, and
embryonic MHC can only result from myogenic differentiation of satellite cells; therefore,
we conclude that p38 in satellite cells was indeed activated by the overexpressed MKKG6bE.
Our findings indicate that TNF-a-mediated p38 activation is necessary and sufficient for the
initiation of myogenesis in regenerating muscle.

Forced activation of p38 rescues impaired regeneration in p55~/~p75~/~ soleus

Previously, we demonstrated morphologically that muscle regeneration in cardiotoxin-
injured soleus is impaired in TNF-a receptor double-knockout mice (p55~/"p75~/"), as
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evidenced by delayed myogenesis, sustained inflammation, severe calcification, and the
death of muscle fibers (13). However, it remained unclear whether the impairment in
regeneration is due to the deficiency in p38 activation. Thus, in the present study, one of our
objectives was to evaluate whether forced activation of p38 can rescue impaired muscle
regeneration in p55~/~p75~/~ mice by overexpressing MKK6bE. To evaluate whether forced
p38 activation rescues impaired regeneration, soleus sections before and 5 or 12 days after
cardiotoxin injection were stained by hematoxylin and eosin to examine the muscle
morphology (Fig. 10). Similar to our previous report (13), we observed signs of both injury
and regeneration in WT soleus on day 5 after cardiotoxin injection, including infiltration of
inflammatory cells and newly regenerated myofibers with centralized nuclei; on day 12,
muscle architecture in WT soleus recovered nearly completely. On the other hand,
p55~/~p75~/~ soleus overexpressing GFP appeared similar to the p55~/~p75~'~ soleus in the
previous report, displaying more severe infiltration with calcium deposit on day 5 and
sustained infiltration and calcified myofibers on day 12, indicating impaired regeneration. In
dramatic contrast, p55~/~p75~/~ soleus overexpressing MKK6bE displayed normal
regeneration patterns that resembled those of WT on day 5 and day 12. To evaluate the
efficiency of regeneration quantitatively, XSA of the myofibers on day 12 was compared
with that on day O (in percentage) in each treatment. The mean XSA of WT myofibers was
90.0%, the mean XSA of myofibers in p55~/~p75~/~ soleus that received Adv-GFP was
50.7% (P < 0.05 compared with WT), and the mean XSA of myofibers in p55~/~p75~/~
soleus that received Adv-MKKG6bE recovered to 79.7% (P < 0.05 compared with
p55~/"p75~/~ soleus that received Adv-GFP, as analyzed by ANOVA and Holm-Sidak
multiple comparison test). These data indicate that forced activation of p38 rescues impaired
regeneration in p55~/~p75~/~ soleus. Therefore, deficiency in p38 activation is the cause of
the impairment of muscle regeneration taking place in the absence of TNF-a signaling.

DISCUSSION

The present study demonstrates that differentiating myoblasts and injured muscle increase
the release of TNF-a as a key mediator of p38 activation to induce myogenesis, and
deficiency in TNF-a-mediated p38 activation causes impaired myogenesis and regeneration
in adult muscle. These data depict TNF-a as a key regulator of myogenesis and muscle
regeneration.

We have observed for the first time that differentiating myoblasts increase release of TNF-q,
providing direct evidence that TNF-a is an autocrine factor associated with myogenic
differentiation. The significantly more potent release of TNF-a by differentiating primary
myoblasts compared with C2C12 is not surprising, considering that primary myoblasts
replicate the properties of muscle cells more closely than C2C12 myoblasts and that
myogenic responses including the expression of a-actin are much more potent in primary
myoblasts than in C2C12 myoblasts (2, 5). The higher level of TNF-a release from primary
myoblasts in GM (constitutive release), which reached >50 pg/ml, a level sufficient to
activate p38 as shown in the present study, provides an explanation for the strong capacity
of primary myoblasts to differentiate spontaneously without serum restriction.

By neutralizing TNF-a released into DM, we have demonstrated that, as an autocrine factor,
TNF-a is critical for p38 activation during the early stages of myoblast differentiation, the
ensuing activation of key mediators of differentiation including MEF2C, myogenin and p21,
and the expression of such muscle-specific genes as MHC. The inability of p55~/~p75~/~
myoblasts to activate p38 and myogenesis in DM indicates that these activities are indeed
mediated by TNF-ao receptor-mediated signaling. The complementary use of TNF-a-
neutralizing antibody and p55~/~p75~/~ myoblasts in blocking TNF-a signaling also rules
out the possibility that the TNF-a-dependent activation of p38 observed is due to the
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potential nonspecificity of the antibody or the genetic background of the knockout mice.
These results confirm the myogenic cell basis for the dependence of p38 activation and
myogenesis on the TNF-a receptor-mediated signaling observed previously in intact muscle
(13). In addition, these results indicate that endogenous TNF-a activates p38 and
myogenesis at levels as low as the lower picograms per milliliter range.

The time course of TNF-a-dependent MEF2C activation is highly consistent with that of
p38 activation, apparently because p38 directly phosphorylates MEF2C (43). Expression of
myogenin was delayed by neutralization of TNF-o, indicating that TNF-a is a key upstream
signal for the activation of myogenin expression via p38. Residual p38 activity or the
presence of a redundant mechanism appears to activate myogenin expression at a later time.
On the other hand, the bulk of p21 expression that takes place between 24 and 48 h of
differentiation requires TNF-a signaling. Consequently, the blockade or delay in the
activation of these differentiation markers attenuates MHC expression. These data indicate
that myoblasts release TNF-o as a key upstream signal for myogenesis via the activation of
p38.

We observed that Akt is activated in differentiating C2C12 myoblasts, which is consistent
with a previous observation in differentiating C2C12 myoblasts (7), in a TNF-a-independent
manner. Given that Akt also plays a critical role in myogenesis (35), its activation during
myogenesis is expected, although, because of the larger standard error, the increase in Akt
phosphorylation in primary myoblasts was not statistically significant (Fig. 5). Akt is known
to be activated by such autocrine factors as IGF-I, which is released during myoblast
differentiation (47). The observation that the TNF-a-neutralizing antibody blocks p38
activation and myogenesis while Akt phosphorylation is normally activated is consistent
with the previous observations that Akt phosphorylation alone is unable to induce
myogenesis (60, 68). Conversely, the observation that differentiation-induced Akt activation
was not further increased when TNF-a signaling was blocked indicates that TNF-a may not
inhibit IGF-1-mediated signaling under physiological conditions.

ERK1/2 mediates the growth factor stimulation of satellite cell proliferation (15, 25, 28),
whereas the role of JINK in myogenesis has not been well defined, and both inhibitory and
stimulatory effects have been reported (30, 44, 50). The observed activation of ERK1/2 and
JNK during differentiation suggests that they may participate in the differentiation process
in some way. The literature on the response of ERK1/2 and JNK activity to differentiation in
C2C12 myoblasts is mixed, from decreased to unchanged to increased (3, 7, 23, 68), while
we are not aware of any previous data on the response of these kinases in differentiating
primary myoblasts. Although TNF-a is capable of activating ERK1/2 and JNK (37), the
TNF-a-independent nature of ERK1/2 and JNK activation observed in the present study
indicates that TNF-a is not a major influence on their activity during differentiation.

The observation that TNF-a has bimodal effects on myogenesis resolves a controversy in the
literature. There have been reports that described an inhibitory effect of exogenously added
TNF-a on myogenesis (24, 32, 33). The concentration of exogenously added TNF-a used in
the above-referenced studies ranged from 10 to 20 ng/ml in culture medium, at least 1,000-
fold higher than the physiological concentration of TNF-a. in normal serum. As a pleiotropic
cytokine, TNF-a is known to exert divergent actions, depending on concentration. Opposing
effects of TNF-a at different concentrations have been observed in skeletal (1) and cardiac
muscle (42). In normal muscle, the level of TNF-a is estimated in the range of several
picograms per milliliter (21). Consistent with the observation that differentiating myoblasts
increase the release of TNF-a, we have demonstrated in the present study that cardiotoxin-
injured soleus increases the release of TNF-o over the course of regeneration, and that the
release reaches its peak on day 3 postinjury, when myogenic activity is being initiated. The
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7.5-fold peak level increase in TNF-a release after injury gives rise to an estimated level of
released TNF-a of ~0.05 ng/ml, which is sufficient to activate p38, as shown in the present
study. The 0.05 ng/ml recombinant TNF-a used to simulate the physiological TNF-a level in
injured muscle further stimulated myogenesis in myoblasts on top of the endogenous TNF-
a. On the other hand, at 0.5 or 5 ng/ml, levels seen in pathological conditions (45, 64), TNF-
a inhibited myogenesis. These data indicate that whether TNF-a stimulates or inhibits
myogenesis is dependent on concentration. In addition to the concentration-dependent
divergence, the TNF-a effect on myogenesis is also known to be temporally divergent. We
previously showed that the effect of exogenously added TNF-a on myogenesis is dependent
on the differentiation stage. It simulates MHCTf expression during the early stages of
differentiation but inhibits MHCT expression at late stages of differentiation (38). Similarly,
p38 has such temporal divergence in its effect on myogenesis. Although p38 activation
during the early stages of myogenesis is essential to the initiation of myogenesis, p38-
mediated phosphorylation inhibits myogenesis at late stages of myogenesis (56, 66). The
studies that observed an inhibitory effect of TNF-a on myoblast differentiation only looked
at the effect of pathological levels of TNF-a at late stages of myogenesis (24, 32, 33), which
precludes the observation of the effect of TNF-a at physiological levels on the initiation of
myogenesis. Therefore, we conclude that the transient increase of TNF-a release during
muscle regeneration stimulates myogenesis. On the other hand, an unregulated and sustained
increase of TNF-a release due to pathological conditions would impact myogenesis
negatively, which may contribute to the muscle atrophy associated with inflammatory
diseases.

Our data indicate that a physiological level of TNF-o activates both p38 and myogenesis,
whereas a pathological level of TNF-a activates p38 but inhibits myogenesis; the latter
effect may be attributable to TNF-o activation of certain signaling pathways that inhibit
myogenesis at high concentrations. For example, at pathological concentrations, TNF-o.
induces loss of MyoD mRNA (24) and stimulates protein degradation by upregulating the
ubiquitin ligase atrogin-1/MAFbx (37), which is expressed at around 48 h of differentiation
and mediates the degradation of MyoD (61). These effects would inhibit myogenesis despite
the activation of p38.

The identification of p38 as an essential signal for myogenic differentiation has been based
on studies in cultured myoblasts (8, 16, 46, 48, 68, 70) and mouse embryos (17). To our
knowledge, however, there have been no data regarding whether p38 is critical to
myogenesis during adult muscle regeneration. We have demonstrated that forced activation
of p38 by MKKGBbE restores impaired myogenesis in the injured p55~/~p75~/~ soleus.
Although these analyses were done in muscle extracts, the activations of differentiation
markers we measured are events taking place exclusively in satellite cells. These data show,
for the first time, that TNF-a-mediated p38 activation is necessary and sufficient for
myogenesis in adult muscle. Furthermore, we show here that forced p38 activation by
MKKB6bE rescues the abnormal morphology in the cardiotoxin-injured p55~/~p75~'~ soleus,
indicating that the lack of p38 activation is indeed the cause of impaired muscle regeneration
in the p55~/~p75~/~ soleus. Combining our in vitro and in vivo data, we conclude that a
timely activation of p38 in satellite cells following muscle injury is crucial for muscle
regeneration. Missing this window of time for p38 activation during the early phase of
regeneration will irreversibly impair muscle regeneration.

The fact that the p55~/~p75~~ mice develop seemingly normal muscle suggests that there is
a redundant mechanism that activates p38 during myogenesis, particularly in the
developmental stage. For example, amphoterin (HMGBZ1) has been shown to stimulate
myogenesis in rat L6 myoblasts by activating p38 through engaging the receptor for
advanced glycation end products (RAGE), whose expression is developmentally regulated
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(54), although a dependence of myogenic activation of p38 on this pathway has not been
demonstrated in vivo. Whereas myogenesis during embryonic growth is controlled internally
by the developmental program, adult muscle regeneration is triggered by external stimuli,
including injury, disease, or training. The two processes also transpire in different
anatomical environments. A unique feature of muscle regeneration is that inflammation
plays a critical role (58, 59). It is possible that, as a central inflammatory mediator, TNF-a
may be more critical for muscle regeneration than for muscle development.

In summary, the present study identifies TNF-a as a key regulator of myogenesis and
muscle regeneration through its activation of p38. Because of the implications of elevated
circulating TNF-a generated by inflammatory diseases in cachectic muscle wasting,
inflammatory myopathies, and insulin resistance (41, 49), TNF-a is traditionally viewed as a
purely pathological factor in skeletal muscle. Now, the time has come to recognize the other
side of TNF-a, as a physiological regulator critical to muscle regeneration. This role of
TNF-a also calls for restraint in the long-term use of anti-TNF-a reagents in the treatment of
inflammatory diseases to avoid their potential harmful effect on muscle maintenance.
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Fig. 1.

Differentiating myoblasts increase TNF-a release. Differentiation of C2C12 (A) or mouse
primary myoblasts (B) was induced by switching from growth medium (GM) to
differentiation medium (DM). At the same time, control cells were changed into fresh GM.
At 0, 3, 10, 24, and 48 h, the media were collected and concentrated. TNF-o concentration
was determined by ELISA. Two independent experiments were carried out for each type of
myoblasts. Data within the same treatment were analyzed with ANOVA, and a difference is
indicated next to the curve. The Fisher’s least-significant difference (LSD) multiple-
comparison test was performed to compare TNF-a concentration at individual time points
with 0 h within the same treatment (difference: *P < 0.01). Student’s t-test was performed to
compare TNF-a concentration in DM and GM at each time point (difference: +P < 0.05).
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Fig. 2.

Myablast-released TNF-a is critical to p38 activation in differentiating C2C12 myoblasts.
Differentiation of C2C12 myoblasts was induced by replacing the GM with DM. TNF-a-
neutralizing antibody (5 pg/ml) or preimmune IgG (pre-immun 1gG; 5 pg/ml) was included
in the DM, as indicated. At the indicated times, myoblasts were collected and processed for
Western blot analysis with antibodies (Ab) against phosphorylated or pan-p38, Akt,
ERK1/2, and JNK. Representative blots are shown for each of the kinases and were derived
from 3 independent experiments. Kinase activation, normalized against the relevant total
protein, was quantified by measuring the optical density of phosphorylated kinases on the X-
ray film. Data are expressed as x-fold of the level at 0 h. Means * SE (n = 3) were analyzed
via ANOVA (P < 0.05), followed by the Fisher’s LSD multiple-comparison test.
+Difference from 0 h (P < 0.05). *Difference from the control within the same time groups
(24 or 48 h) (P < 0.05).
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Fig. 3.

Myablast-released TNF-a is critical to the activation of myogenesis in C2C12 myoblasts.
Differentiation of C2C12 myoblasts was induced as described in Fig. 1. Myoblasts were
collected at the indicated times and processed for Western blot analysis using antibodies
against phosphorylated myocyte enhancer factor (MEF)-2C and myogenin, p21, and myosin
heavy chain (MHC). Levels of these proteins were normalized against MEF2C or -actin.
Representative blots from 3 independent experiments are shown. Data were expressed and
analyzed as described in Fig. 2.
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Exogenously added TNF-a exerts bimodal effects on myogenesis, depending on
concentration. C2C12 myoblasts were induced to differentiation in DM with or without
mouse recombinant TNF-o added at indicated concentrations. Myoblasts were collected at
48 h of differentiation and processed for Western blot analysis of phosphorylated p38,
myogenin, and MHC. Levels of these proteins are normalized to pan-p38 or p-actin. Data
from 3 independent experiments were analyzed by ANOVA (P < 0.05) combined with the
Fisher’s LSD multiple-comparison test. Differences among the data points (P < 0.05) are
indicated: a>b>c>d>e.
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Fig. 5.

TNF-a receptor-mediated signaling is essential to myogenic activation of p38. Primary
myoblasts were isolated from 3- to 4-day-old wild-type (WT) or p55~/~p75~'~ double-
knockout (KO) mice. Differentiation was induced by replacing GM with DM. Myoblasts
were collected at 48 h of differentiation. Activation of p38, Akt, ERK1/2, and JNK were
analyzed as described in Fig. 2. Representative blots from 2 independent experiments are
shown. Data are expressed as x-fold of the level at 0 h. Means + SE were analyzed via
ANOVA (P < 0.05) followed by the Fisher’s LSD multiple-comparison test. +Difference
from WT at 0 h (P < 0.05). *Difference from WT within the same time groups (0 or 48 h) (P
<0.05).

Am J Physiol Cell Physiol. Author manuscript; available in PMC 2011 May 23.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Chen et al. Page 21

Differentiation
(h) 0 48
WT KO WT KO
MHC-total —— —

B-actin

oo

40 - +

5

232

wn

o

824 .
I x
516 - -
O

T

=

Fig. 6.

TNF-a receptor-mediated signaling is essential to myogenic gene expression. Primary
myoblasts from 3- to 4-day-old WT or p55~/~p75~/~ (KO) mice were prepared,
differentiated, and collected at 48 h of differentiation. MHC expression was determined by
Western blot analysis and normalized to B-actin. A representative blot derived from 2
independent experiments is shown. Data were expressed and analyzed as described in Fig. 5.
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Fig. 7.

TNF-a release is increased in cardiotoxin-injured muscle. Cardiotoxin was injected into the
soleus muscle of male adult mice (8 wk of age). Solei were collected before (day 0) or after
injection at indicated times. Muscle lysates were analyzed by Western blot analysis with
antibody against TNF-a, with antibody against a-tubulin as loading control. Optical density
of TNF-o detected was normalized to a-tubulin and analyzed by ANOVA (P < 0.05 for both
forms of TNF-a). Data were analyzed and expressed as described in Fig. 4; “ab” denotes
that the value is not different from either a or b.
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Fig. 8.

Adenovirus-mediated expression of mitogen-activated protein kinase kinase (MKK)6bE
activates p38 in p55~/~p75~/~ soleus. Adenovirus constructs encoding hemagglutin (HA)-
tagged MKKG6bE (Adv-MKKG6bE) or untagged green fluorescence protein (Adv-GFP)
cDNA were injected into the hindlimb muscle of 3- to 4-day-old p55~/~p75~/~ mice (with 3
mice in each group). Soleus of the injected leg was collected when mice were 6 wk of age.
A: adenovirus-mediated MKKG6bE expression in the soleus muscle. MKK6bE expression
was determined by analysis of HA levels in soleus extract via Western blot analysis using an
antibody against HA. Level of B-actin was monitored as loading control. B: MKK6bE
activates p38 in p55~/~p75~/~ soleus. The activated form of p38 in virus-infected soleus was
compared with that in uninfected soleus by Western blot analysis. Level of phosphorylated
p38 was normalized to that of total p38 and analyzed by ANOVA (P < 0.05). The Fisher’s
LSD multiple-comparison test was performed to evaluate the differences (P < 0.05) among
groups:a>b>c.
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Fig. 9.

M?(KGbE overexpression in p55~/~p75~/~ soleus restores myogenesis. Adeno-virus
constructs encoding MKKG6bE or GFP cDNA were injected into the hindlimb muscle of 3-
to 4-day-old p55~/"p75~/~ mice. At 6 wk of age, cardiotoxin was injected into soleus of
these mice as well as WT and p55~~p75~/~ mice that were not infected with adenovirus.
Soleus was collected 3 days after the cardiotoxin injection. Soleus extracts were analyzed
for p38 activation and the expression of differentiation markers (i.e., myogenin, p21, and
MHC) via Western blotting. The activation of p38 is expressed as the ratio of the optical
density of phosphorylated p38 to that of pan-p38. Expression of the differentiation markers
is conveyed as the optical density of the markers normalized to that of B-actin in arbitrary
units. Data were analyzed via ANOVA followed by the Fisher’s LSD multiple-comparison
test. Differences (P < 0.05) are indicated: a > b > c.
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Fig. 10.
Forced activation of p38 restores muscle regeneration in p55~/~p75~/~ soleus. Adenovirus

constructs encoding MKKG6bE or GFP cDNA were injected into the hindlimb muscle of 3-
to 4-day-old p55~/~p75~/~ (KO) mice. At 6 wk of age, cardiotoxin was injected into the
soleus of these mice as well as WT mice. Soleus was collected before (day 0) and 5 or 12
days after cardiotoxin injection. Paraffin-embedded sections were prepared and stained with
hematoxylin and eosin.
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