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p38 and Extracellular Signal-Regulated Kinases Regulate the Myogenic
Program at Multiple Steps
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The extracellular signals which regulate the myogenic program are transduced to the nucleus by mitogen-
activated protein kinases (MAPKs). We have investigated the role of two MAPKs, p38 and extracellular
signal-regulated kinase (ERK), whose activities undergo significant changes during muscle differentiation. p38
is rapidly activated in myocytes induced to differentiate. This activation differs from those triggered by stress
and cytokines, because it is not linked to Jun-N-terminal kinase stimulation and is maintained during the
whole process of myotube formation. Moreover, p38 activation is independent of a parallel promyogenic
pathway stimulated by insulin-like growth factor 1. Inhibition of p38 prevents the differentiation program in
myogenic cell lines and human primary myocytes. Conversely, deliberate activation of endogenous p38 stim-
ulates muscle differentiation even in the presence of antimyogenic cues. Much evidence indicates that p38 is an
activator of MyoD: (i) p38 kinase activity is required for the expression of MyoD-responsive genes, (ii) enforced
induction of p38 stimulates the transcriptional activity of a Gal4-MyoD fusion protein and allows efficient
activation of chromatin-integrated reporters by MyoD, and (iii) MyoD-dependent myogenic conversion is
reduced in mouse embryonic fibroblasts derived from p38a:~'~ embryos. Activation of p38 also enhances the
transcriptional activities of myocyte enhancer binding factor 2A (MEF2A) and MEF2C by direct phosphory-
lation. With MEF2C, selective phosphorylation of one residue (Thr293) is a tissue-specific activating signal in
differentiating myocytes. Finally, ERK shows a biphasic activation profile, with peaks of activity in undiffer-
entiated myoblasts and postmitotic myotubes. Importantly, activation of ERK is inhibitory toward myogenic
transcription in myoblasts but contributes to the activation of myogenic transcription and regulates postmi-

totic responses (i.e., hypertrophic growth) in myotubes.

In the past decade, much has been learned about the mo-
lecular mechanisms that govern myogenesis owing mainly to
the discovery of two groups of myogenic transcription factors
(4, 45, 62). The first group includes the myogenic regulatory
factors (MRFs), which belong to the basic helix-loop-helix
(bHLH) protein family. This MRF group consists of four
members: Myf5, MyoD, myogenin, and MRF4, all of which are
specifically expressed in skeletal muscles. One of the unique
features of these MRFs is that when they are ectopically ex-
pressed in fibroblasts or certain other nonmuscle cells, each
has the ability to initiate the myogenic program and convert
nonmuscle cells to myogenic derivatives (9, 59). Myogenic
bHLH proteins heterodimerize with other ubiquitous bHLH
proteins (like the E2A gene products, E12, and E47) to effi-
ciently bind a consensus DNA site: CANNTG (also called the
E box) (4, 33). The second group of transcription factors im-
portant in muscle differentiation consists of four different myo-
cyte enhancer binding factor 2 (MEF2) proteins, which belong
to the MADS box family (7). The MEF2 proteins (MEF2A,
MEF2B, MEF2C, and MEF2D) form homo- or heterodimers
which bind to a consensus AT-rich sequence (MEF2 site),
found in the promoters of many muscle-specific genes. Myo-
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genic bHLH and MEF2 cooperate to synergistically activate
muscle-specific transcription through interactions mediated by
the basic region and the MADS domain, respectively (44, 45).

The study of muscle differentiation has benefited from the
availability of several myogenic cell lines which allow biochem-
ical dissection of the myogenic pathway. These myogenic cell
lines (e.g., mouse C2C12 and rat L6) can be induced to differ-
entiate by withdrawal of mitogens, such as serum. Many neg-
ative regulators of myogenesis (e.g., Id, Twist, oncogenic Ras,
and the viral proteins E1A and simian virus 40 T antigen) have
been identified (1, 34). However, little is known about the
intracellular components that positively regulate the activities
of myogenic transcription factors, especially those that are
involved in receiving and transducing extracellular cues. One
extracellular signal that positively regulates myogenesis is in-
sulin-like growth factor (IGF). IGF activates the phosphatidyl-
inositol-3 kinase (PI3K) signaling pathway, which is required
for myogenesis (11, 29, 30). However, how this signaling path-
way influences myogenic transcription remains to be defined.

In eukaryotic cells, mitogen-activated protein kinases
(MAPKSs) are components of several important signaling path-
ways that relay extracellular cues to transcription factors in the
nucleus (24, 25, 32, 41, 51). For mammals, three MAPK
pathways, including the extracellular signal-regulated kinases
(ERK1 and -2), the Jun—-N-terminal kinases (JNK1, -2, and -3),
and the p38 isoforms («, B, <y, and &) have been characterized
(references 51 and 43 and references therein). In general, each
group of MAPKS is activated by two homologous MAPK ki-
nases (MKKs [also called MAPKKs]), including MEK1 and -2
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for the ERKs, JNK kinase 1 and 2 (JNKKI and -2) (or MKK4
and -7) for the JNKs, and MKK3 and -6 for the p38s (26, 51).
Except for JINKK1, which can also activate p38 in vitro (14, 38),
all other MKKs specifically activate their MAPK targets and
have little activity on members of other groups. The ERK
pathway has been implicated in the control of muscle differ-
entiation, although its role remains controversial, with some
reports suggesting a positive function (5, 11) and others sug-
gesting a negative function (18). p38 has also been reported to
activate certain MEF2 family members (21, 40, 48, 61, 67) and
to stimulate muscle differentiation (12, 64). However, the up-
stream signals which regulate p38 activation at the onset of
muscle differentiation and the mechanism(s) by which p38
activates myogenic transcription remain elusive.

Using a combination of different approaches, we found that
the p38 kinase is rapidly activated in muscle cells induced to
differentiate by serum withdrawal, through a pathway distinct
from that activated in response to stress and cytokines. Specific
inhibition of p38 prevents differentiation of both established
muscle cell lines and human primary myoblasts, while deliber-
ate p38 activation stimulates muscle-specific reporters, accel-
erates myotube formation, and induces the expression of myo-
genic markers despite the presence of serum, which otherwise
inhibits muscle differentiation. p38 exerts its stimulatory effect
on myogenesis by enhancing the transcriptional activities of
both MyoD and MEF2A and -C through distinct mechanisms.
While MEF?2 proteins are activated by direct phosphorylation
of residues located within the activation domain, p38-mediated
activation of MyoD is likely to occur by an indirect mechanism.
The p38 pathway is activated independently of the IGF-PI3K
pathway, although the integrity of both these pathways is re-
quired to stimulate muscle differentiation. Conversely, the
ERK pathway plays a dual role during myogenic differentia-
tion, being inhibitory at early stages and stimulatory at late
stages.

MATERIALS AND METHODS

Reagents. Basic fibroblast growth factor (bFGF) was obtained from Sigma.
The kinase inhibitors SB202190, SB203580, PD98059, LY294002, and rapamycin
were purchased from Calbiochem.

Cell culture. The myogenic cell line C2C12 derived from mouse muscle sat-
ellite cells and human primary myoblasts was cultured in growth medium (GM;
Dulbecco modified Eagle medium [DMEM] with 20% fetal bovine serum
[FBS]). Differentiation of these muscle cells was induced by replacing GM with
differentiation medium (DM; DMEM with 2% horse serum) when cells were
90% confluent. 10T1/2 cells were maintained in DMEM supplemented with 10%
FBS. Reporter cells (3T3 stable cell clones with an integrated MyoD-dependent
reporter, 3T3 4RE-Luc) were generated by transfecting the 4RE-Luc template
together with pcDNA3neo. G418-resistant colonies were grown and constituted
a polyclonal population of reporter cells. Primary human myoblasts and p38~/~
and wild-type mouse embryonic fibroblasts (mEFs) were isolated according to
standard procedures.

Immunostaining. Cells were washed twice with phosphate-buffered saline,
fixed with 3.6% formaldehyde for 10 min, and permeabilized with 0.25% Triton
X-100 for 10 min. After being blocked in 1% bovine serum albumin, the cells
were incubated with diluted primary antibodies for 1 h. For immunohistochem-
ical analysis, a Histomouse-SP kit (Zymed Laboratories Inc., South San Fran-
cisco, Calif.) was used according to the manufacturer’s instructions. Indirect
immunofluorescence was done as described previously (63) with a Nikon fluo-
rescence microscope. Either fluorescein isothiocyanate- or rhodamine-conju-
gated secondary antibodies were used.

Transfection. Transfections were carried out using Lipofectamine Plus as
recommended by the manufacturer (Life Technologies, Inc.). When Gal4-Luc
was used, the cells were first cultured in medium containing 10% FBS for 24 h
immediately after transfection and then shifted to medium containing 0.1% FBS
for another 24 h. Cells were then harvested to measure luciferase activity.
Expression of Gal4 fusion proteins was quantitated by immunoblotting and
phosphorimaging, and luciferase activity was normalized according to the immu-
noblot results. When transfected with muscle-specific reporters (4RE-Luc,
MCK-Luc, or p21-Luc), cells were cultured in GM for 24 h after transfection and
then shifted to DM for 36 to 48 h. When used, SB202190 was added to the
medium immediately after transfection and the medium was changed every 12 to
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24 h with fresh drug. The different reporters and activators were previously
described (21, 53, 65).

Metabolic labeling and phosphopeptide mapping. For transient transfections,
the cells were labeled at 18 h posttransfection with 0.5 mCi of [**PJorthophos-
phate per ml for 5 h in the absence or presence of SB202190 as indicated in the
figures. Alternatively, C2C12 cells transiently transfected with M2-tagged
MEF2C were labeled 48 h after being cultured in DM for 36 h. The Gal4-
MEF2C or M2-MEF2C proteins were immunoprecipitated with either anti-Gal4
(Santa Cruz) or M2 (Sigma) antibody, and after separation by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were transferred to a
polyvinylidene difluoride membrane for autoradiography and immunoblot anal-
ysis. Nontransfected C2C12 cells were kept in either GM or DM for 2 days and
then labeled with 1 mCi of [*?PJorthophosphate per ml for 5 h. Endogenous
MEF2C was immunoprecipitated with anti-MEF antibody (kindly provided by J.
Han). After being extensively washed in radioimmunoprecipitation assay buffer,
the immune complexes were separated by SDS-PAGE and the MEF2C band was
excised and analyzed by two-dimensional tryptic phosphopeptide mapping as
described previously (21).

Immunoblot analysis. Endogenous myogenin, myosin heavy chain (MHC),
MyoD, p21, and actin in C2C12 cells were detected by immunoblotting using the
monoclonal anti-myogenin (F5D), anti-MyoD (5.8), anti-MHC (MF20), anti-p21
(Ab-5; Oncogene), and anti-actin (Ab-1; Oncogene) antibodies. Antibodies
against normal and phospho-p38, normal and phospho-ERK, and phospho-Akt
were all from New England Biolabs. Transfected Gal-MyoD was detected by
using anti-Gal4 antibody from Santa Cruz.

Kinase assays. Fifty to 100 pg of cell extracts was incubated with antibodies
against either p38a or JNK (recognizing all forms) in the presence of a 30-pl
protein A-Sepharose bead suspension for 2 h at 4°C. The immune complexes
were washed three times with lysis buffer (20 mM Tris [pH 7.6], 10% glycerol, 1%
Triton X-100, 150 mM NaCl, 20 mM B-glycerolphosphate, 1 mM phenylmeth-
ylsulfonyl fluoride, 1X protease inhibitor cocktail) and once with kinase buffer
(20 mM HEPES [pH 7.6], 10 mM MgCl,, 20 mM B-glycerolphosphate, 20 pM
ATP), with ATP omitted. Reactions were initiated by adding 1 pg of glutathione
S-transferase (GST)-ATF2(1-92) (for p38) or GST-c-Jun(1-79) (for JNK) and
10 wCi of [y->*P]ATP in 25 ul of kinase buffer. Reactions were carried out for 20
min at 30°C, and mixtures were analyzed by SDS-PAGE and autoradiography.

Generation of tetracycline-inducible stably transfected C2C12 cell lines.
cDNA fragments encoding either MKK6EE, INKK2CA, or MEK1DD/AN4
were subcloned into pBPSTRI1. A 1:1 ratio of the pBSPTR1-based expression
vector and the pCLg o packaging vector (47) were cotransfected into 293T cells
to generate retroviruses. Virus-containing supernatants were added to C2C12
cells for 6 h in the presence of 4 pg of Polybrene per ml. Cells were selected in
a solution containing 1.5 pug of puromycin per ml and 2 pg of tetracycline per ml
24 h postinfection for 7 days. Mixtures of all puromycin-resistant clones were
used for subsequent analysis.

RESULTS

Activation of p38 during muscle differentiation. Given the
importance of MAPKSs in transmitting extracellular cues to the
transcriptional machinery (25, 32), we examined the activities
of the ERK, JNK, and p38 subgroups in C2C12 myoblasts
undergoing differentiation. While serum removal, which in-
duces C2C12 myoblasts to form multinucleated myotubes,
does not alter JNK activity (Fig. 1c), it stimulates p38 kinase
activity (Fig. 1a) and induces a biphasic change in ERK activity
(Fig. 1d), which decreases at the onset of differentiation and
increases at later stages, when myotubes are already formed.
Activation of p38 is also detected by immunoblotting with
antibodies specific for its activated form (Fig. 1b). p38 activity
was rapidly elevated within 1 day of placing myoblasts in DM
and continued to increase for at least 3 days (Fig. 1a and b), a
point at which most myoblasts formed well-differentiated myo-
tubes. Thus, sustained p38 activation, unlinked to JNK stimu-
lation, is part of a differentiation-specific pathway which is
distinct from that triggered by stress and cytokines. A rapid
activation of p38 upon serum starvation is appreciable also in
fibroblasts; however, unlike in muscle cells, this activity de-
clines within the first 24 h (data not shown). Ectopic expression
of MyoD is sufficient to sustain a persistent p38 activation in
serum-starved fibroblasts (data not shown). This result sug-
gests that the acquisition of the myogenic identity confers to
the cells the ability to trigger a prolonged activation of p38 in
response to serum withdrawal. Immunohistochemical analysis
of a mixture of undifferentiated myoblasts and differentiated
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FIG. 1. p38 activity increases upon muscle differentiation prior to induction of myogenin. (a) C2C12 myoblasts were cultured in GM until they were 90 to 95%
confluent and then shifted to DM. Lysates were prepared from subconfluent cells in GM or cells kept for 1 to 3 days in DM as indicated. p38 was immunoprecipitated
and its activity was measured by an immune complex kinase assay (KA) using AFT2 as a substrate. The amount of p38 was assessed by immunoblotting (IB). a-p38,
anti-p38 antibody. (b) Equal amounts of whole-cell lysates were separated by SDS-PAGE in duplicate. Activation of p38 in C2C12 cell lysates was determined by
immunoblotting with antibodies specific to phosphorylated and activated p38 (a-pP38) or total p38. (c) JNK activity and expression in C2C12 cell lysates were
determined by an immune complex kinase assay using c-Jun as a substrate and by immunoblotting, respectively. a-JNK, anti-JNK antibody. (d) Samples (30 pg) of
C2C12 extracts were analyzed by immunoblotting with anti-phospho-ERK antibody (a-pERK). The same membrane was stripped and reprobed with antibody against
total ERK (a-ERK) to monitor the amounts of loaded proteins. (¢) A coculture of undifferentiated C2C12 myoblasts and differentiated myotubes was prepared by
mixing a population of myoblasts growing in GM and myoblasts previously cultured in DM for 24 h. This mixed population was cultured in GM for 1 day. Thereafter,
cells were fixed and analyzed by immunohistochemistry with antibody specific to pP38. (f) Subconfluent C2C12 cells in GM were switched to DM and were collected
at the indicated times (in hours). p38 activity was examined by an immune complex kinase assay, and expression of myogenin was determined by immunoblotting.

a-Myog, anti-myogenin antibody.

myotubes revealed high levels of active p38 only in myotubes
(Fig. 1e). When examined in more detail, p38 activation was
found to precede the accumulation of the myogenic transcrip-
tion factor myogenin (Fig. 1f), an early differentiation marker
in this cell system (3). Thus, p38 activation might be function-
ally linked to myogenic differentiation.

Inhibition of p38 activity prevents myotube formation. To
establish a causal relationship between p38 and muscle differ-
entiation, we employed the specific inhibitor SB202190, which
fully inhibits p38 kinase activity at 5 to 10 wM without affecting
JNK or ERK activities (reference 37 and our unpublished
data). Instead, at concentrations higher than 20 pM, SB202190
may partially inhibit the activity of JNK and other protein
kinases (8, 16, 27). We first examined the effect of this inhibi-
tion on expression of a luciferase reporter gene controlled by a
synthetic promoter containing four E boxes (4RE-Luc). This
reporter gene is activated only by myogenic bHLH proteins
during muscle differentiation. The ability of SB202190 to in-
hibit p38 activity correlated with inhibition of 4RE-Luc activity
in both C2C12 myoblasts and MyoD-expressing 10T1/2 fibro-
blasts (Fig. 2a). In both cases, reporter gene expression was
induced by culturing cells in DM. Inhibition of p38 also pre-
vented induction of both early (myogenin and p21) and late
(MHC) myogenic markers but had no significant effect on
MyoD or p38 expression (Fig. 2b). Most importantly,
SB202190 at 5 wM blocked formation of MHC-positive myo-
tubes by C2C12 myoblasts placed in DM (Fig. 2c, upper pan-
els). To determine the physiological relevance of this effect, we
examined the ability of SB202190 to inhibit myogenic differ-

entiation of primary human myoblasts (satellite cells). A sim-
ilar sensitivity to SB202190 was observed in these cells (Fig. 2c,
lower panels) as well as in rat L6 myoblasts and MyoD-express-
ing 10T1/2 fibroblasts (data not shown). Collectively, these
data indicate that p38 activity is necessary for activation of the
myogenic differentiation program and place its site of action at
a very early step in this process, preceding the induction of
myogenin and the cell cycle inhibitor p21 (3).

Deliberate activation of p38 accelerates muscle differentia-
tion. If p38 is causally involved in myogenic differentiation,
then its deliberate activation should be sufficient for induction
or at least acceleration of myoblast differentiation. Therefore,
we examined the effect of a constitutively active mutant of
MKK6 (MKK6EE), a p38-activating kinase (22, 50a ), on myo-
genic transcription. C2C12 or MyoD-expressing 10T1/2 cells
were transfected with either 4RE-Luc or a luciferase gene
under the control of the muscle creatine kinase (MCK) pro-
moter (MCK-Luc) along with expression vectors encoding
various constitutively active MKKs: MKK6EE (for p38),
JNKK2CA (for JNK) (8), and MEKIDDAN4 (for ERK) (39).
The constitutive activities of these mutant MKKs were con-
firmed by both kinase and reporter gene assays using luciferase
constructs driven by TRE- or SRE-containing promoters (data
not shown). Among these vectors, only MKK6EE increased
the activity of either the 4RE-Luc or the MCK-Luc reporter in
C2C12 or 10T1/2 cells in a p38-dependent manner (Fig. 3a).
The response of the 4RE-Luc reporter to MKK6EE in 10T1/2
fibroblasts required the expression of MyoD, demonstrating
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FIG. 2. p38 activity is required for myogenic differentiation. (a) The indi-
cated cell lines were transfected with the myogenic reporter 4RE-Luc (together
with MyoD in the case of 10T1/2 cells). The indicated concentrations of
S$B202190 (SB) were added immediately after transfection, and the cells were
switched to DM for 36 h, after which they were collected to measure luciferase
(Luc.) activity. (b) C2C12 cells in GM were switched to DM for 2 days with (5
wM) or without SB202190. Cell extracts were analyzed by immunoblotting for
the presence of myogenic markers. a-Myog, a-p21, a-MHC, a-MyoD, and «-p38,
anti-myogenin, anti-p21, anti-MHC, anti-MyoD, and anti-p38 antibodies, respec-
tively. (c) Subconfluent C2C12 cells or primary human myoblasts were placed in
DM with (5 wM) or without SB202190. At the indicated times, cells were fixed
and immunostained with anti-MHC antibody to visualize differentiated cells.
C2C12 cells were examined by immunohistochemistry and bright-field micros-
copy, and primary human myoblasts were examined by indirect immunofluores-
cence.

that activation of p38 enhances myogenic transcription by a
mechanism dependent on the presence of myogenic activators.

To couple activation of muscle transcription with induction
of morphologic differentiation by deliberate p38 activation in
myoblasts, C2C12 cells were transfected with a constitutively
active MKK6EE or JNKK2CA vector together with a construct
encoding a B-galactosidase protein fused to a nuclear localiza-
tion signal controlled by the myosin light chain (MLC) pro-
moter. Coexpression of MKK6EE, but not JNKK2CA, en-
hanced the expression of B-galactosidase in the nuclei of
transfected cells and accelerated the formation of multinucle-
ated myotubes upon induction of differentiation (DM) (Fig.
3b). Both the increases in reporter gene expression and myo-
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tube formation were prevented by SB202190. Strikingly, ec-
topic MKK6EE expression stimulated formation of B-galacto-
sidase-positive myotubes even in cells cultured in 20% FBS
(Fig. 3c), which normally inhibits in vitro myogenesis (10, 33).
We further analyzed the effect of deliberate p38 activation on
muscle differentiation by establishing stable C2C12 clones that
constitutively express MKK6EE (MKK6EE/C2). These cells
expressed higher basal levels of MyoD than those of vector-
transfected cells during logarithmic growth (Fig. 3d) and ex-
hibited faster and more pronounced induction of myogenin
and MHC expression after reaching confluence (Fig. 3d).
Formation of MHC-positive myotubes by postconfluent
MKKG6EE/C2 cells was inhibited by SB202190 (data not
shown), supporting the notion that p38 activation accelerates
myogenic differentiation. We also generated stably transfected
C2C12 derivatives in which MKK6EE expression was con-
trolled by a tetracycline-regulated system (47). Removal of the
antibiotic resulted in MKK6EE induction and p38 activation
(data not shown) and caused the appearance of multinucleated
MHC-positive myotubes even in cells cultured in the presence
of 20% FBS (Fig. 3e). These MKK6EE-induced C2C12 myo-
tubes formed in the presence of serum were functionally in-
distinguishable from those formed by normal C2C12 in DM, as
determined by the enzymatic activity of MCK (data not
shown). Therefore, deliberate p38 activation is sufficient for
triggering myogenic differentiation in serum-fed proliferating
myoblasts.

Activation of MEF2A and MEF2C transcriptional activity
by p38 through direct phosphorylation. The results presented
above suggest that p38 may directly or indirectly potentiate the
activities of myogenic transcription factors. It has previously
been shown that p38 phosphorylates MEF2C in lymphocytes,
leading to its activation in response to endotoxin (21). Further-
more, p38 has been reported to phosphorylate other MEF2
family members (40, 61, 67). Despite their ubiquitous expres-
sion (except for MEF2C, which is expressed only in brain,
skeletal muscle, and spleen) (42), MEF2 proteins play critical
roles in myogenesis in both invertebrates and vertebrates (7).
We examined the effect of p38 activation on the transcriptional
activities of fusion proteins that contain the Gal4 DNA binding
domain and MEF2-derived activation domains. MKK6EE en-
hanced the transcriptional activities of Gal4-MEF2A and
Gal4-MEF2C, and that effect was blocked by SB202190 (Fig.
4a). Previous studies have identified threonines 312 and 319 in
MEF2A and threonines 293, 300, and serine 387 in MEF2C as
targets for p38-mediated phosphorylation in certain cellular
systems (21, 48, 67). The replacement of threonines 312 and
319 with alanines in MEF2A abrogated the activation by
MKKG6EE. With MEF2C, we found that a single amino acid
substitution (Thr293 to Ala) was sufficient to abolish the stim-
ulatory effect of MKK6EE on Gal4-MEF2C (Fig. 4a). Other
mutations of potential p38 phosphorylation sites that did not
involve Thr293 failed to abrogate the positive effect of
MKK6EE (data not shown). Metabolic labeling with **P in
C2C12 cells indicated that coexpression of MKK6EE stimu-
lated the in vivo phosphorylation of wild-type Gal4-MEF2C
and that this enhancement in phosphorylation was blocked by
SB202190 (Fig. 4b). In contrast, MKK6EE had no effect on
phosphorylation of a Gal4-MEF2C mutant (T293A) (Fig. 4b).
These results suggest that the phosphorylation pattern of
MEF2C by p38 during muscle differentiation differs from that
found in other cellular systems (i.e., lymphoid cells) in which
three residues are simultaneously phosphorylated (21). To fur-
ther clarify the issue, we carried out a **P metabolic labeling
experiment with C2C12 cells and isolated endogenous MEF2C
from either myoblasts or myotubes that were incubated with or
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FIG. 3. Deliberate p38 activation induces myotube formation and expression of muscle differentiation markers. (a) Different muscle-specific reporters (4RE-Luc
or MCK-Luc) were cotransfected with expression vectors encoding activated MKKs into either C2C12 or MyoD-expressing 10T1/2 cells. After growing in GM for 1
day, cells were shifted to DM for another 36 h and then harvested to measure luciferase activity. All determinations were done in duplicate, and the data shown are
representative of three independent experiments. Fold activation is the ratio of luciferase activity in MKK-transfected cells to cells transfected with the empty vector.
SB, SB202190. (b) C2C12 cells in GM were cotransfected with a construct encoding a B-galactosidase protein fused to a nuclear localization signal controlled by the
MLC promoter. (see the text) and either an empty vector or a JINKK2CA or MKK6EE expression vector. After 1 day in DM without or with SB202190, the cells were
fixed and stained with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside). In MKK6EE-transfected cells cultured without SB202190, a blue color appeared 12 h
earlier than in the other samples. (c) Conditions were the same as those described above except that the cells were cultured in GM after transfection. (d) Subconfluent
(sub) C2C12 clones stably transfected with either an empty vector or an MKK6EE expression vector were cultured in GM. The cells were lysed at the times indicated
after reaching confluence and analyzed by immunoblotting for expression of MyoD, MHC, and myogenin. aMyoD, «aMHC, and a-myog, anti-MyoD, anti-MHC, and
anti-myogenin antibodies, respectively. (e) C2C12 cells stably expressing MKK6EE under the control of a tetracycline (Tet)-regulated promoter were cultured in GM
until confluent. Tetracycline was either left in the culture medium or removed. After 48 h the cells were fixed, stained with anti-MHC antibody, and visualized by indirect

immunofluorescence.

without SB202190. When subjected to two-dimensional phos-
phopeptide mapping, only one tryptic phosphopeptide that is
specific to myotubes and that contains Thr293 and -300 was
detectable and its appearance was reduced by SB202190 (Fig.
4c, upper panels). In contrast, two p38-inducible tryptic phos-

phopeptides (one containing both Thr293 and Thr300 and the
other containing Ser387) have been detected in lymphoid cells
treated with lipopolysaccharide (21). To confirm that the in-
ducible phosphorylation site on MEF2C during muscle differ-
entiation is T293, Flag-tagged wild-type, and mutant MEF2C



3956 WU ET AL. MoL. CELL. BIOL.
a O Empty vector b
8 MKK6EE w w w wi
12 MKK6EE+SB « w uw Q « w u o
2 o © © o) © ©
=104 = v YO 5 X v N
S
% 54 > S = > 5 2
>
g4 |- oy
; 5 - - (*2P)
2 o

. .. m Iol?-:gam

Vector

E
<
al
L
w
=

MEF2A mt
MEF2C wt
MEF2C mt

(9]

Electrophoresis, pH8.9
M2MEF2C (wt)

romatography  Chromatography

- —p
O Electrophoresis, pH8.9

MEF2C wt

M2MEF2C (mt)

MEF2C mt

FIG. 4. p38 phosphorylates MEF2C and increases its transcriptional activity during muscle differentiation. (a) 10T1/2 cells were cotransfected with a Gal4-Luc
reporter and expression vectors for wild type (wt) and mutant (mt) Gal4-MEF2 fusion proteins [MEF2A(A312/A319) and MEF2C(A293)] along with either an empty
vector or an MKK6EE expression vector. Fold activation is the ratio of the luciferase activity in cells transfected with the activator (Gal4-MEF2) to that of cells
transfected with the reporter but no activators. The data are representative of three independent experiments. SB, SB202190. (b) C2C12 cells were transfected with
either wild-type or mutant Gal4-MEF2C vectors along with either an empty vector or an MKK6EE expression vector. After in vivo labeling with 3P, Gal4-MEF2C
was immunoprecipitated, separated by SDS-PAGE, and visualized by autoradiography. The level of Gal4-MEF2C expression was determined by immunoblotting (IB)
with anti-Gal4 antibody (a-gald). (c, upper panels) C2C12 cells kept in either GM or DM (2 days) were metabolically labeled with 2P in the absence or presence of
SB202190 as indicated. Endogenous MEF2C was immunoprecipitated, the immune complexes were separated by SDS-PAGE, and the MEF2C band was excised and
analyzed by two-dimensional tryptic phosphopeptide mapping. (lower panels), M2-tagged wild-type MEF2C or mutant MEF2C(A293) were transfected into C2C12
cells and were kept in DM for 2 days before being subjected to metabolic labeling as described for panel a. Tagged MEF2C proteins were immunoprecipitated and
subjected to two-dimensional mapping. o, the origin of the chromatogram. The phosphopeptide containing T293 is indicated by an arrow.

(T293A) were immunoprecipitated from **P-labeled myotubes
and subjected to tryptic phosphopeptide mapping. As shown in
Fig. 4c (lower panels), the myotube-specific phosphopeptide
seen in wild-type MEF2C was completely absent in MEF2C
(T293A). It should be noted that in both the experiments with
exogenous and endogenous MEF2C, other constitutive phos-
phopeptides detected by the mapping were not modified by
changing the culture conditions, by SB treatment, or by threo-
nine-to-alanine mutation. Collectively, these results support
the concept that p38 kinase targets MEF2C at a unique site
(Thr293), whose phosphorylation is required to stimulate
MEF2-dependent transcription during muscle differentiation.

p38 is an essential activator of MyoD-dependent gene tran-
scription. Since p38 activation can stimulate the activity of a
promoter containing only E boxes (Fig. 2a and 3a) and lead to

the induction of p21 (Fig. 2c), whose transcription is regulated
by MyoD in muscle cells (19, 20, 49, 66), we conceived that
myogenic bHLH factors may also be potential targets for p38.
Consistent with this hypothesis, expression of MKK6EE en-
hanced MyoD-dependent transactivation of a luciferase re-
porter driven by either four E boxes (4RE-Luc) in 10T1/2
fibroblasts (data not shown) or a variant p21 promoter (p21-
Luc) that lacks its p53 binding sites in C2C12 cells (Fig. 5a).
Under these conditions, the p21 promoter is mostly responsive
to MyoD (19, 20). The ectopic expression of MKK6EE did not
change the protein levels of MyoD (Fig. 5a, bottom panel) and
its effect on the activation of p21-Luc was inhibited by
SB202190 (Fig. 5a). To more directly assess the effect of p38
activation on MyoD transcriptional activity, we examined its
effect on Gal4-MyoD fusion proteins. MKK6EE enhanced the
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transcriptional activity of Gal4-MyoD in a p38-dependent p38-phosphorylated MEF2 proteins, as it was demonstrated
manner (Fig. 5b), without changing the Gal4-MyoD levels that MyoD without its own basic region does not associate with
(Fig. 5b, bottom panel). As a control, the low basal activity of =~ MEF?2 proteins (6). Consistently, physical interactions between
a mutant containing only the bHLH region of MyoD was not MyoD and MEF2C, as detected by a mammalian two-hybrid
stimulated by MKK6EE (data not shown). A MyoD mutant system, were not influenced by either MKK6EE cotransfec-
whose basic region was replaced by that of the Drosophila tion, SB202190 treatment, or mutation of threonine 293 in
bHLH protein Achaete-scute (58) could still be stimulated by MEF2C (P. L. Puri and Z. Wu, unpublished results). These
MKKG6EE, an effect abrogated by SB202190 treatment (Fig. data also indicate that p38 regulates MyoD function through
5b). This finding ruled out the possibility that the activation of either the N-terminal or the C-terminal domain of MyoD, or
MyoD by MKK6EE was mediated through interactions with both. These two domains have been previously shown to be
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capable of activating gene transcription in repressive chroma-
tin by stimulating chromatin remodeling at binding sites in
muscle gene enhancers (17a). This activity is blocked by anti-
myogenic factors, such as bFGF (17b, 23). To test whether p38
could stimulate MyoD-mediated chromatin remodeling, we
carried out a set of experiments with 3T3 fibroblasts containing
a chromosome-integrated MyoD-dependent reporter (4RE-
Luc integrated). MyoD activates this integrated reporter
(chromosomal template) with a lower efficiency than that of
the same reporter transiently transfected (extrachromosomal
template) (data not shown). Exposure to bFGF, which blocks
MyoD-mediated chromatin remodeling (17a) abrogated the
activation of the chromosomal template by MyoD (Fig. 5c).
Inhibition of p38 by SB202190 resulted in a similar repression
of this reporter (Fig. 5c). Importantly, activation of p38 by
MKKG6EE enhanced MyoD-dependent activation of chromo-
somal 4RE-Luc and partially counteracted the repressive effect
exerted by bFGF on the same template (Fig. 5c). These results
led to the speculations that p38 may stimulate myogenic tran-
scription by enhancing the chromatin remodeling activity of
MyoD and that it might bypass inhibitory signals (i.e., bFGF),
which block this activity.

The molecular mechanism by which p38 stimulates MyoD
transcriptional activity remains unclear. Although MyoD itself
is a direct target for p38-mediated phosphorylation in vitro,
mutation of a proline-directed serine (Ser5), which is in vivo
phosphorylated in MKK6EE-induced myotubes, failed to abol-
ish the stimulatory effect of MKK6EE on MyoD activity (P. J.
Woodring, Z. Wu, and P. L. Puri, unpublished results). Thus,
the regulatory function of this phosphorylation is not clear and
p38 is rather likely to activate MyoD-dependent transcription
by an indirect mechanism(s).

p38a and -f isoforms are the main activators of the myo-
genic program. The repression of myogenic differentiation by
SB202190, which selectively inhibits the p38a and - kinases,
suggests a specific role of these two isoforms in regulating
myogenic differentiation. We have observed that transient
overexpression of p38a and -B isoforms can increase the acti-
vation of the muscle-specific reporter gene by MyoD (data not
shown). The availability of embryonic fibroblasts derived from
p38a~/~ embryos allowed us to test the importance of p38« in
the activation of the myogenic program. We compared the
extents of myogenic conversion by ectopic expression of MyoD
in mEFs derived from p38a~/~ and p38a wild-type embryos.
In the absence of p38a, the efficiency of MyoD-dependent
conversion was reduced by about 45%, as judged by the for-
mation of MHC-positive myotubes (Table 1). Reintroduction
of p38a by transient transfection completely restored the ac-
tivation of MyoD-dependent transcription in p38a "/~ mEFs
(Table 1). These results demonstrate that p38a plays an im-
portant role in the activation of MyoD-dependent transcrip-
tion. The presence of p38B might account for the residual
activation of the myogenic program in the absence of p38a.
Interestingly, we have observed that p38B can functionally
replace p38a, since the overexpression of the p38B isoform,
but not of the p38y and -8 isoforms, could restore the MyoD-
dependent myogenic conversion in p38«~/~ mEFs (Z. Wu and
P. L. Puri, unpublished observations). Although the specific
role of p38a and -B remains to be defined, it is tempting for us
to speculate that these two isoforms might exert a redundant
function in activating the myogenic program.

p38 acts in parallel with the IGF-PI3K pathway. One exog-
enous factor that can stimulate muscle differentiation is IGF.
The activities of IGF1 and IGF2 are transduced mostly
through the PI3K-Akt (PKB) signaling pathway (11, 28, 29).
We set out to investigate whether p38 MAPKSs might function
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TABLE 1. Extents of ectopic expression of MyoD in mEFs derived
from p38a~/~ and wild-type p38a embryos”

% MHC-positive

mEF type Transfectant(s) cells in expt:

1 2
wt + vector GFP <1 <1
wt MyoD 17 22
—/— + vector GFP <1 <1
—/= MyoD 9 12
~/- MyoD + p38a 15 23

“ mEFs were isolated from either p38 null (—/—) or wild-type (wt) embryos.
Myogenic conversion was activated by transfection of MyoD with or without
cotransfection of p38a kinase. After 3 days of culturing in (DMEM plus 2%
horse serum), cells were fixed and the extent of myogenic conversion was eval-
uated by double staining for MyoD (using the monoclonal antibody 5.8) and a
polyclonal anti-MHC antibody. Vector-transfected cells were visualized by trans-
fection of the green fluorescent protein (GFP). The percentage of cells doubly
positive for MHC and MyoD (or MHC and GFP) among 100 MyoD-positive
cells was calculated.

downstream of the IGF-PI3K-Akt pathway during muscle dif-
ferentiation. This issue is pertinent because PI3K was shown to
cause activation of the related JNK MAPK cascade in other
cell systems (52) and can therefore also contribute to the
activation of p38 MAPKSs in muscle cells. As shown in Fig. 6a,
the fold increases and the kinetics of p38 activation during
muscle differentiation were very similar in the absence and
presence of IGF1, although the extent of differentiation was
dramatically increased in the presence of IGF1 (Fig. 6b). Fur-
thermore, the addition of 10 uM SB202190 severely blocked
both C2C12 and L6 (data not shown) differentiation induced
by IGF, without affecting the integrity of the IGF-PI3K-Akt
pathway as measured by Akt phosphorylation (Fig. 6b and c).
As a control, the addition of 25 pM PD98059 or 10 ng of
rapamycin per ml did not inhibit the stimulation of Akt phos-
phorylation by IGF1, while the addition of 25 pM LY294002,
a specific inhibitor of PI3K (57), abolished IGF1-induced Akt
phosphorylation (Fig. 6¢). We also examined whether p38 ac-
tivation has any effect on Akt phosphorylation using the
MKKG6EE/C2 stable cell line, and no measurable effect was
detected (data not shown). Furthermore, the specific PI3K
inhibitor L'Y294002 inhibited MKK6EE-induced differentia-
tion without affecting p38 kinase activity in these cells (Fig. 7).
As a control, PD98059 and rapamycin did not inhibit
MKK6EE-mediated p38 activation (Fig. 7b). These results
strongly suggest that the p38 MAPKs and the IGF-PI3K-Akt
signaling pathways are independent but that they operate in
parallel to stimulate myogenic differentiation. Inhibition of
either pathway results in the abrogation of the myogenic pro-
gram.

Dual role of ERK activity during C2C12 myogenic differen-
tiation. Several investigators have reported that the ERK
group of MAPKs also plays a role in muscle differentiation.
While some investigators indicated that ERK members inhibit
differentiation (5, 11), one report indicated that ERKs are
positive regulators of myogenesis (18). Our own observations
of biphasic regulation of ERK activity during myogenic differ-
entiation (Fig. 1d) suggest that the ERK pathway may play a
dual role in this process. To examine this possibility, we gen-
erated an inducible C2 stable cell line overexpressing a con-
stitutively active mutant of MEK1 (MEKICA or MEK1DD/
AN4) (39), a specific activator of the ERK1 and -2. As in the
case of MKK6EE, we used the tetracycline system to achieve
regulated MEK1CA expression and confirmed that its induc-
tion leads to specific activation of ERKSs but not of p38 or INK
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FIG. 6. Inhibition of p38 blocks IGF-induced myogenic differentiation without affecting the IGF-PI3K-Akt pathway. Nearly confluent C2C12 cells were shifted to
serum-free medium in either the absence or presence of IGF1 (50 pg/ml). (a) Cells were harvested at the indicated times, and 100-p.g samples of cell lysates were used
for a p38 immune complex kinase assay (KA) using AFT?2 as a substrate. The level of p38 was determined by immunoblotting (IB) with anti-p38 antibody («-p38). (b)
C2C12 cells were cultured in serum-free medium without or with IGF1 (50 ng/ml). One of the cultures was also treated with SB202190, as indicated. Cells were fixed
24 h after treatment and subjected to immunofluorescence analysis with anti-MHC antibody. (c) Cells were either left untreated or pretreated with different kinase
inhibitors for 30 min before IGF1 was added. Whole-cell extracts were analyzed by immunoblotting with antibodies against phospho-Akt (p-Akt) or a-actin. NT,
nontreated; SF, serum free; SB, SB202190 (10 wM); PD, PD98059 (25 uM); LY, LY294002 (25 wM); Rapa, rapamycin (10 ng/ml).

(data not shown). We observed that, when induced to differ-
entiate by serum withdrawal, this stable cell line initially lagged
behind vector-transfected cells in the formation of MHC-pos-
itive myotubes (Fig. 8a, day 1, middle panel). Consistently,
forced activation of endogenous ERKSs by transient expression
of its activator, MEK1CA, reduced the activation of myogenic
reporters in both C2C12 cells and 10T1/2 fibroblasts converted
by MyoD (Fig. 3a). However, after a few days of lagging behind
their wild-type counterparts in MHC expression, MEK1CA/C2
cells started to form multinucleated myotubes larger than
those in vector-transfected cells (Fig. 8a, day 4, middle panel).
In a distinct experiment, continuous treatment of either vector-
transfected C2C12 cells or MEK1CA/C2 cells with PD98059, a
specific inhibitor of MEKI and -2 (15), initially (day 1 of
growth in DM) increased the number of MHC-positive myo-
cytes. However, continuous exposure to PD98059 for 3 days
resulted in a reduced number of mature multinucleated myo-
tubes (data not shown), in agreement with a previous report
(5). Thus, ectopic activation of ERK, while initially interfering
with terminal differentiation, eventually enhances the forma-
tion of multinucleated myotubes at late stages of differentia-
tion. We also tested whether inhibition of one MAPK pathway
could interfere with the differentiation program mediated by
another MAPK. As shown in Fig. 8b, we found that treat-
ment with SB202190 inhibited late myotube formation in
MEKI1CA/C2 cells. Treatment with PD98059 also reduced
myotube formation in the C2 cell line expressing MKK6EE,
albeit to a lesser extent (Fig. 8b). Furthermore, we tested the
effect of either the p38 or ERK inhibitor in preformed

multinucleated myotubes. Figure 8c shows that myotubes con-
tinuously exposed to either SB202190 or PD98059 displayed a
reduced size, collapsed, and became round. These results col-
lectively indicate that activation of both the p38 and ERK

Non-treated SB202190 LY294002

MKK6EE/C2

(Tet+) NT PD LY Rapa
GMGM 1 2 1 2 1 2 1 2 day

T — . A ——— " [-D38
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FIG. 7. Inhibition of PI3K blocks MKK6EE-induced myogenic differentia-
tion without affecting p38 activity. Tetracycline (Tet)-inducible MKK6EE/C2
cells were cultured in the presence of tetracycline (2 wg/ml) until they were 70%
confluent. Tetracycline was then removed to induce MKK6EE expression. Cells
were cultured in tetracycline-free medium for 24 h and then shifted to DM. (a)
Cells were treated with either the vehicle (dimethyl sulfoxide) or different kinase
inhibitors for 36 h in DM. (b) Whole-cell extracts were analyzed by immuno-
blotting with antibodies against phospho-p38 (p-p38) and total p38. The final
concentrations of inhibitors used were 10 wM for SB202190, 25 wM for PD98059
(PD), 25 pM for LY294002 (LY), and 10 ng/ml for rapamycin (Rapa). NT,
nontreated.
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removal from the culture medium for 1 day and then shifted to DM for various
times as indicated. Cells were fixed and stained for the expression of MHC. (b)
Conditions were the same as those described for panel a except that SB202190
(final concentration, 10 pM) was added to MEKICA/C2 cells and PD98059
(final concentration, 25 pM) was added to MKK6EE/C2 cells at the time when
cells were shifted to DM and inhibitors were kept for 4 days. Culture medium
was replaced every 24 h with freshly added inhibitors. (¢c) C2C12 myotubes were
exposed to either SB202190 (final concentration, 10 pM) or PD98059 (final
concentration, 25 uM) for 36 h and then fixed and stained for the expression of
MHC. (d) The MEK1CA/C2 cell line was transfected with the p53-site-deleted
p21-Luc reporter. The ERK pathway was either stimulated by tetracycline re-
moval or inhibited by PD98059 treatment of myoblasts (MEK1CA/C2 Mb)
induced to differentiate by being cultured in DM and of myotubes (MEK1CA/C2
MT). Cells were harvested to measure luciferase activity. All determinations
were done in duplicate, and the data shown are representative of three indepen-
dent experiments. Fold activation is the ratio of luciferase activity in MKK-
transfected cells to cells transfected with an empty vector. (e) C2C12 cells were
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pathways is required for optimal differentiation and myotube
survival. Also, these results suggest that the ERK pathway may
play opposite roles in the regulation of myogenic transcription,
depending on the particular stage of the myogenic program.
We directly tested this hypothesis by investigating the effect of
ERK activation on a myogenic reporter in undifferentiated
versus differentiated muscle cells. Toward this aim, we used the
MEKI1CA/C2 cell line, in which the ERK pathway can be
ectopically stimulated by inducing MEKICA expression
through tetracycline withdrawal. These cells were transfected
with the p21 promoter lacking the p53 binding sites, which is
regulated by MyoD in muscle cells and has been reported to be
responsive to ERK in other cell types (4a, 38a). The expression
of this reporter was reduced by MEK1CA activation in myo-
blasts induced to differentiate, and the effect was reversed by
PD98059 treatment (Fig. 8d). In contrast, deliberate activation
of ERK in formed myotubes, as achieved by tetracycline re-
moval from the medium, increased the expression of the p21
promoter. Again, exposure to PD98059 abrogated this re-
sponse (Fig. 8d). It is interesting that the activation of ERK is
reminiscent of the effect of serum, which is inhibitory toward
myogenic differentiation in myoblasts but which stimulates
myogenic transcription in myotubes (P. L. Puri, unpublished
results). This consideration prompted us to investigate whether
the ERK pathway is also involved in growth factor-induced
hypertrophy of terminally differentiated myotubes (50a). As
already reported (52a), ERK activity can be stimulated about
twofold by growth factors in myotubes contained in serum
(data not shown). The stimulation of ERK activity was accom-
panied by an evident increase in the sizes of exposed myotubes
(Fig. 8e, middle panel), which reflects the hypertrophic re-
sponse of these cells. Inhibition of ERK by exposure to
PD98059 completely abrogated serum-induced myotube hy-
pertrophy (Fig. 8e, right panel), indicating an essential role of
the ERK pathway in this process. Interestingly, treatment with
SB202190 also inhibited both serum-dependent and MEK1-
mediated hypertrophy of myotubes (P. L. Puri, unpublished
results). These results implicate ERK and p38 kinases as com-
ponents of a pathway which regulates postmitotic growth of
terminally differentiated muscle cells.

DISCUSSION

Selective activation of the p38 pathway during muscle dif-
ferentiation. The results described above illustrate a pathway
by which extracellular factors can modulate myogenesis
through activation of distinct MAPKSs. p38 activation in muscle
cells placed in DM displays features (i.e., persistent activation
in the absence of parallel JNK stimulation) which distinguish
this pathway from those activated in response to stress or
cytokines. Since p38 is activated in muscle cells upon serum
removal, it may be a part of a regulatory circuit by which serum
growth factors silence the myogenic program in proliferating
myoblasts. We have observed that serum starvation of conflu-
ent cells results in p38 activation also in 10T1/2 and NIH 3T3
fibroblasts (Z. Wu and P. L. Puri, unpublished data). However,
only transient activation of p38 was observed in these cells in
response to serum withdrawal. In contrast, fibroblasts stably
expressing MyoD display an activation of p38 that persists

allowed to differentiate into multinucleated myotubes by culturing them in DM
for 3 days (left panel) and then restimulated by 20% FBS in the absence (middle
image) or in the presence (right panel) of the ERK inhibitor PD98059. Cells
were fixed at the indicated times and examined for MHC expression by indirect
immunofluorescence. DM—GM, serum restimulation.
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along the whole process of myogenic conversion (Z. Wu and
P. L. Puri, unpublished data), implicating a role for MyoD (or
MyoD-dependent genes) in maintaining p38 activation in myo-
genic cells. This observation suggests the possible existence of
a positive feedback between p38 and MyoD during the differ-
entiation program.

At present we do not know the signal that triggers p38
activation in myogenic cells placed in DM. It is possible that
p38 activity is mostly under a negative control factor in prolif-
erating myogenic progenitors. Serum withdrawal and/or cell-
to-cell contact may stimulate the p38 pathway by silencing the
activity of a mitogen-dependent factor (e.g., a phosphatase).
However, the findings that deliberate p38 activation overcomes
the inhibitory effect of serum on muscle differentiation and
stimulates myotube formation in the presence of mitogens also
raise the possibility that the p38 pathway may be directly trig-
gered by positive regulators of myogenesis that remain to be
identified. In this regard, we have observed that IGF, which is
known to stimulate muscle differentiation, does not activate
the p38 cascade in muscle cells (Fig. 6a). Nevertheless, other
upstream signaling molecules reported to stimulate myogen-
esis (e.g., the transmembrane protein CDO) (31a) may be
implicated in the activation of the p38 pathway. With respect
to this, it has been observed that the p38 pathway is more
efficiently activated in confluent muscle cells placed in DM
than in subconfluent myocytes cultured under the same con-
ditions (P. L. Puri, unpublished results). This observation un-
derscores the importance of cell density in the activation of p38
during muscle differentiation.

p38 MAPKSs positively regulate myogenesis through MyoD
and MEF2 proteins. Once activated, p38 can phosphorylate
and stimulate the activities of MEF2C and MEF2A (our data
and references 21, 48, 61, and 67). Given the essential function
of MEF?2 proteins in muscle differentiation (7), the enhance-
ment of their transcriptional activities by p38-mediated phos-
phorylation should result in activation of many myogenesis
effector genes. While this work was in preparation, others
reported that p38 MAPKSs are required for myogenic differen-
tiation of rat L8 and mouse C2C12 cells, respectively (12, 64).
However, these conclusions rested mainly on the use of p38
inhibitors and do not provide insight into the mechanisms that
underlie p38-dependent activation of the myogenic program.
Although MEF2C and -A were shown to be p38 targets in
nonmuscle cells as well as in muscle cells (21, 48, 61, 64), it was
not demonstrated that endogenous MEF2C is actually phos-
phorylated by p38 in differentiating myoblasts. We therefore
carried out a detailed mapping of the phosphorylation sites
relevant to MEF2C activation during myogenesis. It has been
previously shown that p38 can phosphorylate MEF2C on three
residues (T293, T300, and S387) located in the activation do-
main (21, 61, 67). The simultaneous phosphorylation of these
residues is important for MEF2C activation in nonmuscle cells
(e.g., lymphoid cells) (21). The results presented in Fig. 4
indicate that the phosphorylation of threonine 293 is critical
for the activation of MEF2C transcriptional function in muscle
cells, suggesting that MEF2C regulation by p38 kinases occurs
through selective phosphorylation at distinct residues in a tis-
sue-restricted manner. MEF2 proteins affect muscle differen-
tiation through synergistic interactions with myogenic bHLH
factors (45). This raises the possibility that p38-mediated phos-
phorylation of MEF2 members may enhance the transcrip-
tional synergy between MyoD and MEF2. Our data argue
against this possibility, since we failed to detect any effect of
p38 on MEF2C-MyoD interactions using a mammalian two-
hybrid system (P. L. Puri and Z. Wu, unpublished data). In
addition, we and others (47a) have observed that mutation of
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threonine 293 to alanine, which prevents in vivo p38-mediated
phosphorylation and activation of MEF2C, does not affect
MyoD-MEF2C functional synergism (P. L. Puri and Z. Wu,
unpublished results). Finally, a Gal4-MyoD fusion protein
without the basic domain and therefore impaired in associating
with MEF?2 proteins is still activated by MKK6EE. However, it
is still formally possible that p38 stimulates bHLH-MEF2 func-
tional synergism by an alternative mechanism, since a func-
tional collaboration between MyoD and MEF2C has been
reported also in the absence of their physical interaction (47a).
In agreement with our results, Novitch et al. reported that the
mutation of serine 387 to alanine does not affect the transcrip-
tional activation of MEF2C by p38 kinase (47a). Moreover,
they observed that this mutation abrogates the enhancement of
MEF2C activity by MyoD (47a). This finding suggests that
stimulation of the intrinsic transcriptional activity of MEF2C
and induction of functional synergism between MEF2C and
MyoD may be two separate processes controlled by distinct
mechanisms. It is possible that, in muscle cells, p38-mediated
phosphorylation of threonine 293 is important for induction of
MEF2C intrinsic transcriptional activity but that phosphoryla-
tion of serine 387, which might not be mediated by p38, can be
a signal required for functional synergism with myogenic
bHLH factors.

The observation that the p38 pathway is essential for acti-
vation of both the MyoD-dependent promoter and the MyoD-
mediated conversion of fibroblasts into myogenic cells suggests
the possibility that MyoD might also be a target of p38. Due to
the use of a weak p38 activator (the wild-type MKK6 con-
struct), previous works failed to detect a p38-mediated en-
hancement of MyoD transcriptional activity (64). By using the
constitutive activated p38 activator MKK6EE, we could con-
sistently detect a positive effect of p38 on several MyoD-re-
sponsive reporters (Fig. 3a and 5). As discussed above, it is
unlikely that the stimulatory effect of MKK6EE on MyoD is
mediated through physical interactions with MEF2 proteins.
Experiments carried out with reporter cell lines and chroma-
tin-integrated MyoD-responsive templates suggest that p38
might stimulate MyoD-dependent chromatin remodeling. Al-
though we have observed efficient phosphorylation of MyoD by
p38 in vitro and we have detected a p38-dependent phosphor-
ylation of serine 5 at the N terminus of MyoD during myotube
formation (P. J. Woodring, Z. Wu, and P. L. Puri, unpublished
results), the replacement of this serine with an alanine did not
significantly alter MyoD transcriptional activity. Thus, it is
likely that p38 stimulates MyoD-dependent transcription by an
indirect mechanism. Consistent with this, it has been observed
that the activities of other myogenic bHLH proteins, which do
not share in vitro putative p38 phosphorylation sites (like
serine 5 in MyoD), can also be stimulated by MKK6EE (P. L.
Puri, unpublished results). This may also explain the functional
relevance of the p38 pathway in muscle cell lines deficient in
MyoD expression, like rat L6 myoblasts (64). One possibility is
that p38 indirectly stimulates myogenic transcription by target-
ing bHLH transcriptional coactivators, such as p300 and PCAF
(50, 53).

As there are four p38 isoforms encoded by separate genes,
another relevant question is which of the four isozymes is
involved in myogenic activation. Since SB202190 inhibits only
p38a and p38B (37), it is likely that one or both of these
isozymes may be involved in myogenic differentiation. Congru-
ently, transient overexpression of either isozyme leads to acti-
vation of muscle-specific reporter genes (Z. Wu and P. L. Puri,
unpublished data). Although the p38+y isozyme was reported to
be expressed exclusively in skeletal muscle (36), it is insensitive
to SB202190 and therefore is an unlikely major mediator of the
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stimulatory effect of MKKG6 in muscle cells. Similar arguments
can be made against p383. In accordance with that, overex-
pression of either the p38y or p383 isoform did not enhance
myogenic transcription (Z. Wu and P. L. Puri, unpublished
data). Genetic evidence provided by experiments performed
with p38a~/~ mEFs demonstrates that in the absence of p38a
the ability of MyoD to activate the myogenic program in cul-
tured nonmuscle cells is reduced and that reexpression of p38a
may restore this activity. While these results indicate an essen-
tial role for p38a in promoting MyoD-dependent myogenic
conversion of fibroblasts, the presence of p383 might account
for the residual activation of the myogenic program in the
absence of p38a and can explain the lack of an apparent
muscle phenotype in p38 knockout mice (K. Tamura and M.
Karin, unpublished data). In agreement with this, it was re-
cently shown that both p38a and p38p phosphorylate MEF2C
and MEF2A and enhance their transcriptional activities. In
contrast, p38y only weakly phosphorylates MEF2A and
MEF2C in vitro and barely stimulates their transcriptional
activities in vivo while p388 does not phosphorylate MEF2A or
MEF2C at all (61, 65). These results suggest that the different
p38 isoforms may have their own preferred substrates, as pre-
viously reported for different isoforms of JNK (31).

The MKK6-p38 pathway and IGF-regulated signaling are
two parallel cascades involved in myogenesis. IGFs are the
only peptide hormones known to induce myogenic differenti-
ation in mammalian systems (11). We investigated whether p38
could be an effector of IGF’s myogenic activity. Such a rela-
tionship seemed reasonable, because PI3K, whose activity is
strongly stimulated by IGF (60), was previously shown to lead
to activation of JNK (52), whose activity is usually regulated
similarly to that of p38 (43). Much to our surprise, activation of
p38 during muscle differentiation was independent of IGF
action (Fig. 6a). Furthermore, p38 activation had no effect on
Akt activity, an important component of the IGF-PI3K signal-
ing pathway. Nevertheless, specific inhibition of p38 with
SB202190 blocked the myogenic effect of IGF1 in both mouse
C2C12 cells and rat L6 cells, without interfering with activation
of Akt. Recently, ectopic expression of Akt was found to stim-
ulate myogenic differentiation (17, 28). Accordingly, a consti-
tutively activated form of PI3K enhances both MyoD- and
MEF2-dependent transcription (Z. Wu, unpublished results).
Specific inhibition of PI3K by LY294002 abrogated myogenic
differentiation not only in response to IGF1 but also in re-
sponse to MKK6EE, without severely affecting p38 activation
(Fig. 7). Taken together, these results indicate that these two
signaling pathways must act in parallel and that both are ab-
solutely required for myogenic differentiation, at least in cul-
tured cells.

Another target for IGF-PI3K signaling is the p70 S6 kinase
(p70S6K) (10, 46a, 56). A specific inhibitor of IGF- and PI3K-
mediated p70S6K activation is rapamycin (13). As rapamycin
was found to inhibit myogenic differentiation, p70S6K is an-
other protein kinase implicated in the control of myogenesis
(11, 12). The relationship between Akt and p70S6K in PI3K
signaling is still not clear. Our results suggest that p70S6K acts
either downstream of Akt or in a parallel branch downstream
of PI3K, because IGF induced Akt phosphorylation was not
inhibited by rapamycin (Fig. 6¢c). Interestingly, rapamycin also
blocked MKK6EE-mediated myogenic differentiation (unpub-
lished data) without affecting p38 activity. Thus, IGF may
stimulate myogenesis via either one linear PI3K-to-Akt-to-
p70S6K pathway or via a branched pathway in which Akt and
p70S6K both serve essential functions downstream of PI3K.
Although these pathways have no effect on p38 activity, they
are also required for induction of differentiation in response to
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MKKG6EE expression. One interesting question that remains to
be answered is whether the signals from the two pathways
converge on the same or different targets.

Dual role of ERK during the myogenic program. The ERK
pathway has also been implicated in the control of myogenesis,
but its functions seem to be controversial, as some reports have
proposed an inhibitory role at the beginning of the myogenic
program (5, 11) while another report proposed a positive reg-
ulatory function (18). We were able to unify these seemingly
conflicting results by demonstrating that ERK activity is sub-
ject to biphasic regulation and has a dual function during
myogenesis. The concomitant decline in ERK activity and
stimulation of p38 kinase during the early phase of terminal
differentiation may facilitate a reduction in cyclin D1 levels (5,
35), thereby leading to activation of MyoD (54, 65), followed
by the induction of myogenic markers, including p21. The
combined effects of cyclin D1 downregulation and p21 upregu-
lation contribute to the permanent withdrawal of myoblasts
from the cell cycle. Forced ERK activation at this stage, as
achieved by using a constitutively active MEK1 mutant, inter-
feres with initiation of the differentiation program. During
later stages of myogenic differentiation, ERK activity increases
and seems to cooperate with p38 in promoting differentiation
and/or myotube fusion. This explains why prolonged inactiva-
tion of ERK either by PD98059 (data not shown and reference
18) or by overexpression of the dual-specificity phosphatase
MKP-1 (5) prevents formation of mature myotubes. Further-
more, results presented in Fig. 8 implicate ERK and p38 in the
process of myotube survival and in the hypertrophic growth of
myotubes following growth factor stimulation. These results
illustrate a multistep regulation of the myogenic program by
p38 and ERK, with p38 being an essential activator of myo-
genic transcription and ERK exerting two opposite functions
depending on the stage of the differentiation program. In pro-
liferating myoblasts, the ERK pathway represses myogenic
transcription and contributes to the maintenance of the undif-
ferentiated phenotype. The reduction of ERK activity upon
serum removal can therefore relieve that repression and allow
p38-mediated muscle-specific transcription. Once the activa-
tion of the myogenic program is initiated, ERK activation is no
longer repressive and cooperates with p38 in promoting post-
mitotic responses in differentiated myotubes. It is therefore
likely that the antimyogenic function of ERK depends on its
mitogenic potential in undifferentiated myoblasts. After the
acquisition of their postmitotic state, myotubes become refrac-
tory to the mitogenic activity of ERK and the ERK pathway is
converted into a promyogenic one. At the stage of multinucle-
ated myotubes, ERK activation by serum contributes to p21
activation (Fig. 8d), and this can be important in rendering
myotubes refractory to mitogenic stimuli. Remarkably, a dual
function has also been described for IGF1 (15a). Sarbassov et
al. have reported the ability of IGFs to activate ERKs in mus-
cle cells (52a). Since IGFs are secreted by muscle cells in
culture, the ERK pathway must be an important mediator of
such an autocrine loop, which regulates myogenic differentia-
tion and myocyte hypertrophy (46).

The results presented here may have biological implications
in therapeutic strategies aimed at stimulating the differentia-
tion of satellite cells after muscle injury (2) or in muscle de-
generative diseases. Recruitment of satellite cells followed by
fusion into multinucleated myofibers is regulated by paracrine
growth factors, whose effects are transduced by MAPK path-
ways. Therefore, proper modulation of these pathways can be
used to stimulate muscle regeneration. Similarly, modulation
of the activities of MAPKs can be useful in improving the
efficiency of muscle-mediated gene therapy. For instance, it
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may be possible to stimulate proliferation of transplanted mus-
cle satellite cells by first increasing ERK activity in order to
expand the pool of myoblasts further available for p38-induced
differentiation. Moreover, the described role of the ERK path-
way in mediating the hypertrophic response of postmitotic
myocytes might also have implications in designing strategies
aimed at enhancing both the size and activity of muscle fibers
in patients with myopathies. Finally, the ability of p38 to acti-
vate MyoD can be used to stimulate the differentiation of
muscle-derived tumors (rhabdomyosarcomas) in which MyoD
is functionally latent (55) and the p38 pathway is not activated
(50b).
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