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Activation of either the phosphatidylinositol 3-kinase (PI 3-kinase)/Akt or the p38 mitogen-activated protein
kinase (MAPK) signaling pathways accelerates myogenesis but only when the reciprocal pathway is functional.
We therefore examined the hypothesis that cross-activation between these signaling cascades occurs to or-
chestrate myogenesis. We reveal a novel and reciprocal cross-talk and activation between the PI 3-kinase/Akt
and p38 MAPK pathways that is essential for efficient myoblast differentiation. During myoblast differentia-
tion, Akt kinase activity correlated with S473 but not T308 phosphorylation and occurred 24 h after p38
activation. Inhibition or activation of p38 with SB203580, dominant-negative p38, or MKK6EE regulated Akt
kinase activity. Analysis of Akt isoforms revealed a specific increase in Akt2 protein levels that coincided with
AktS473 phosphorylation during myogenesis and an enrichment of S473-phosphorylated Akt2. Akt2 promoter
activity and protein levels were regulated by p38 activation, thus providing a mechanism for communication.
Subsequent Akt activation by S473 phosphorylation was PI 3-kinase dependent and specific for Akt2 rather
than Aktl. Complementary to p38-mediated transactivation of Akt, activation or inhibition of PI 3-kinase
regulated p38 activity upstream of MKK6, demonstrating reciprocal communication and positive feedback
characteristic of myogenic regulation. Our findings have identified novel communication between p38 MAPK

and PI 3-kinase/Akt via Akt2.

A hallmark of cellular differentiation in many lineages is the
mutual exclusivity of proliferation and differentiation. Skeletal
myogenesis is the precisely orchestrated process by which com-
mitted but proliferating myoblasts irreversibly exit from the
cell cycle, acquire an apoptosis-resistant phenotype, and finally
form multinucleated myotubes (44). Myogenesis therefore
provides an excellent model for understanding the fundamen-
tal mechanisms that regulate cell fate specification and the
apparent antagonism between cell multiplication and differen-
tiation. Two groups of transcription factors, the myogenic de-
termination factors (such as MyoD and myogenin) and the
myocyte enhancer factor 2 (MEF2) proteins, are central to the
coordination of myogenesis; these interact to modify chroma-
tin structure and initiate muscle-specific gene expression (64).

The p38 mitogen-activated protein kinase (MAPK) family
was identified as part of the mechanism by which bacterial
endotoxin induces cytokine expression (25, 38); they were
therefore defined as stress-activated protein kinases. The re-
sults of subsequent studies of other cell systems suggest a
significant role for p38 in differentiation (reviewed in reference
42); thus, its function is not confined to stress response. p38 has
also been implicated in the regulation of cell cycle exit (as
evidenced by direct phosphorylation of cyclin D1) (13) and of
the retinoblastoma protein independent of cdk activity (58).
p38 MAPKSs exist as four isoforms: p38c, p38B, p38y, and
p383. They are mainly activated via phosphorylation by the
immediate upstream MAPK kinases MKK3 and MKKG6, al-
though mechanisms of activation of the p38 pathway have not
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been identified in myogenesis. p38 kinases phosphorylate and
activate both cytoplasmic and nuclear proteins, including ki-
nases such as MAPK-activated protein kinase 2 (MK2) and
transcription factors. In particular, p38 transactivates MEF2A
and MEF2C via direct phosphorylation (66) and transactivates
MyoD (60), thus targeting the key myogenic transcription fac-
tors. A role for p38 in myogenesis was first suggested by Lech-
ner et al. (37), who reported preferential abundant levels of
p38y in skeletal muscle and demonstrated that forced expres-
sion of p38y could accelerate myoblast differentiation. Cuenda
and Cohen (19) reported rapid activation of the p38 target
MK?2 during myoblast differentiation that was prevented by the
presence of the p38a and p38p isoform inhibitor SB203580.
The absolute importance of the p38a and p38p isoforms in the
initiation of myogenesis was confirmed by direct kinase assays
and transactivation studies (65).

Phosphatidylinositol 3-kinases (PI 3-kinases) are key medi-
ators for tyrosine kinase receptor signal transduction. Inhibi-
tion or activation of PI 3-kinase demonstrated that while it is
not needed for the early stages of myogenesis (myoblast elon-
gation and alignment), PI 3-kinase is necessary and rate lim-
iting for the later stages of fusion and terminal differentiation
(26, 28). Furthermore, PI 3-kinase is essential for signaling the
potent myogenic actions of the insulin-like growth factors
(IGFs) (18, 29) and acts both upstream and downstream of
myogenin (56). The serine-threonine protein kinase Akt (also
termed protein kinase B) is a downstream target of PI 3-kinase
whose activity increases during myogenesis (22). The func-
tional necessity for Akt in myogenesis was demonstrated using
a dominant-negative Akt that prevented myotube formation
(27). Activation of Akt is essential for cell survival in myogen-
esis and (together with that of p21) forms part of a key pathway
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in IGF-mediated myoblast survival (22, 35, 36). Since the sup-
pression of myogenesis induced by inhibition of PI 3-kinase is
overcome by constitutively active Akt (27, 56), however, the
actions of Akt in myogenesis cannot be restricted only to the
regulation of apoptosis.

For full activity, Akt must be phosphorylated on T308 and
S473, which are located in the central catalytic and C-terminal
regulatory domains, respectively (3). Translocation of Akt to
the plasma membrane occurs via interaction between an N-
terminal pleckstrin homology domain and the phosphatidyli-
nositide products of PI 3-kinase (21), which is a primary
determinant of S473 and T308 phosphorylation (49). Phos-
phorylation of both S473 and T308 is dependent on PI 3-kinase
activity though separate kinases that regulate each site. 3-Phos-
phoinositide-dependent kinase 1 (PDK1) has been identified
as the kinase for T308 (2, 51), but the identity of the kinase for
S473 (termed PDK2) remains elusive. Unequivocal evidence
for independent regulation of the two kinases was provided by
PDKI1-null cells, in which IGF-I can robustly induce S473
phosphorylation (59). Possible candidates for PDK2 include
integrin-linked kinase (ILK) (45), MK2 (47), and NIMA-re-
lated kinase 6 (10). After activation, Akt dissociates from the
plasma membrane and translocates rapidly to the nucleus (8,
40). Consensus Akt downstream phosphorylation motifs have
been identified previously (3, 62), and numerous targets are
activated in both cytoplasm and nucleus.

The importance of both PI 3-kinase and p38 MAPK signal-
ing in myogenesis is reinforced in rhabdomyosarcoma, an often
aggressive muscle-derived soft tissue tumor of childhood. Le-
sions in both PI 3-kinase (61) and p38 (46) pathways have been
observed in rhabdomyosarcoma cell lines, which demonstrate
an inability to exit from the cell cycle and differentiate into
myotubes.

Intriguingly, forced activation of p38 and PI 3-kinase/Akt
can only induce skeletal myoblast differentiation when the re-
ciprocal pathway is functional (39, 60). We therefore hypoth-
esized that in skeletal myoblast differentiation, either (i) nec-
essary cross-activation of the p38 and PI 3-kinase/Akt pathway
occurs or (ii) each pathway activates unique myogenic targets.
The aim of these studies was to examine the first theory. We
demonstrate novel reciprocal cross-talk between both path-
ways involving initial activation of p38 MAPK and subsequent
isoform-specific transcriptional regulation and differential
phosphorylation of Akt.

MATERIALS AND METHODS

Reagents, plasmids, and antibodies. Reagents were purchased as follows:
kinase inhibitors SB203580 (SB), PD98059 (PD), and LY294002 (LY) were
purchased from Promega (Southampton, Hampshire, United Kingdom); myelin
basic protein (MBP) and dimethyl sulfoxide (DMSO) were purchased from
Sigma (Poole, Dorset, United Kingdom); cell culture reagents were purchased
from Invitrogen (Paisley, Scotland); and [y->*P]ATP was purchased from Am-
ersham Pharmacia Biotech (Little Chalfont, Buckinghamshire, United King-
dom).

Constructs and expression vectors consisting of dominant-negative p38
(p38dn) (R. Davis, University of Massachusetts Medical Center, Worcester,
Mass.); myc-tagged Aktl expression vector and dominant-negative AktT308A/
S473A and single-amino-acid mutants AktT308A and AktS473A (P. Hawkins,
Babraham Institute); constitutively active forms of MKK6 and PI 3-kinase
(MKKG6EE and PI 3-Kca, respectively) (Z. Wu, Hong Kong University of Science
and Technology, Hong Kong, People’s Republic of China); green fluorescent
protein (GFP) expression vector (pEGFP) (Clontech Laboratories, Oxford,
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United Kingdom); pCDNA vector (Invitrogen); hemagglutinin (HA)-tagged
Akt2 expression vector (HA-Akt2) (J. R. Testa, Fox Chase Cancer Center,
Philadelphia, Pa.); MyoD-E box reporter construct (4RE-Luc) (P. L. Puri, The
Salk Institute, La Jolla, Calif.); and Akt2 promoter reporter construct
(pGL3Akt2/3.1-Luc) (J. Chen, University of South Florida, St. Petersburg, Fla.)
were either generous gifts or purchased as indicated.

The antibodies anti-myosin heavy chain (anti-MHC) (MF20; University of
Towa, Towa City, Towa); anti-MEF2 (Santa Cruz, Wembley, Middlesex, United
Kingdom); anti-caveolin and anti-caveolin-3 (BD Bioscience/Clontech, Cowley,
Oxfordshire, United Kingdom); anti-Myc, anti-p38, anti-Akt, and phospho-Akt
(both T308 and Ser 473), immobilized anti-Akt S473 (clone 1G1), and phospho-
Hsp27 and phospho-ATF-2 (Thr69/71) (Cell Signaling Technologies, Hitchin,
Hertfordshire, United Kingdom); phospho-p38 (Thr180/Tyr182; Promega); anti-
Aktl, and anti-Akt2 (Upstate Biotechnology Inc., Milton Keynes, Buckingham-
shire, United Kingdom); anti-GFP (Molecular Probes, Cambridge, United King-
dom); anti-Flag (Eastman Kodak Company, New Haven, Conn.); anti-HA
(Babraham Technix Monoclonal Antibody Service, Cambridge, United King-
dom); horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G
(IgG) and goat anti-mouse IgG (Jackson ImmunoResearch, Luton, Bedford-
shire, United Kingdom); and donkey anti-sheep IgG (Santa Cruz) were obtained
from sources as indicated.

Cell culture. C2 myoblasts (derived from mouse muscle satellite cells) were
seeded (2 X 10° cells in 100-mm-diameter dishes) onto 2% gelatin-coated plates
and initially grown in growth medium (GM) (Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum and 10% newborn calf serum).
At 80% confluence, differentiation was induced by replacing GM with differen-
tiation medium (DM) (Dulbecco’s modified Eagle’s medium with 2% horse
serum). When indicated, kinase inhibitors or vehicle (DMSO) was added to the
medium immediately after cells were moved into DM; the medium was changed
every 24 h.

Transfection. For transient transfections, 10° C2 myoblasts were seeded in 2%
gelatin-coated dishes (60-mm diameter) 24 h before transfection. Cells were
transfected (using Effectene transfection reagent as recommended by the man-
ufacturer) (QIAGEN, Crawley, West Sussex, United Kingdom) with the indi-
cated construct or pCDNA. Transfected cells were grown in GM for 24 h and
then transferred to DM for 48 to 72 h. Cells were cotransfected with a GFP
expression plasmid (pEGFP) to determine transfection efficiency levels between
samples. Transfection efficiencies of 40 to 60% (as assessed by fluorescence
microscopy) were obtained routinely.

Whole-cell extract preparation. C2 cells were washed three times with phos-
phate-buffered saline (PBS) and harvested in 500 wl of lysis buffer (20 mM
Tris-HCI, pH 7.5; 137 mM NaCl; 1 mM EGTA, pH 8; 1% Triton X-100; 10%
glycerol; 1.5 mM MgCl,) containing protease and phosphatase inhibitors (10 mM
NaF; 1 mM phenylmethylsulfonyl fluoride; 1 mM sodium metavanadate; 5 pg of
aprotinin/ml; 10 g of leupeptin/ml). Cellular debris were removed by centrifu-
gation at 13,000 rpm (Heraeus Biofuge 13) for 2 min. Cell extracts were snap
frozen in liquid nitrogen and stored at —80°C until use. Total protein in the
extracts was determined by the Bradford assay (Bio-Rad, Hemel Hempstead,
Hertfordshire, United Kingdom).

Cell morphology. C2 cells were analyzed morphologically by Gill’s hematoxylin
and eosin (H and E) staining as described previously (33). Myoblasts were
washed three times with PBS and fixed with 4% paraformaldehyde for 10 to 15
min at room temperature. Stained cells were photographed using a Leica MZ6
microscope. Unstained cells were photographed using bright-field microscopy.

Immunofluorescence. Myoblasts were seeded on gelatin-coated single slide
chambers (Nunc-Life Technologies, Wilford, Nottinghamshire, United King-
dom) 48 h before induction of differentiation in the presence or absence of
kinase inhibitors or 24 h before transfection. At the indicated time points, slides
were washed with PBS, fixed in 4% paraformaldehyde for 10 min, and perme-
abilized with 0.2% Triton X-100-PBS (PBS-TX) for 5 min. After being blocked
with 3% bovine serum albumin in PBS-TX, cells were incubated for 3 h at room
temperature with anti-MHC antibody (MF20; University of Iowa) diluted in 3%
bovine serum albumin-PBS-TX. After the cells were washed in PBS-TX, immu-
nostaining was detected using a Texas red-conjugated goat anti-mouse antibody
(Jackson ImmunoResearch). Nuclei were stained with DAPI (4',6’-diamidino-
2-phenylindole) (Vector Laboratories, Orton Southgate, Peterborough, United
Kingdom). Cells were visualized using an Olympus BX41 fluorescence micro-
scope.

mRNA detection by reverse transcription-PTR (RT-PCR). Studies of Akt2
gene expression were done by semiquantitative RT-PCR. Total RNA from C2
cells was obtained by using an RNeasy Mini protocol according to the instruc-
tions of the manufacturer (QIAGEN) and digested with DNase I (Promega).
c¢DNA was synthesized using Superscript IT (Invitrogen) according to the man-
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ufacturer’s instructions. The primer sequences were as follows: for Akt2, 5'-GC
GGGCTATCCAGATGGTCGC-3'" and 5'-GCCCGTGCCTTGTTGACAGCT-
3’, which amplify a 136-bp unique region; for B-actin, 5'-CAGGTCATCACTA
TTGGCAACGAG-3' and 5'-ACGGATGTCAACGTCACACTTCAT-3', which
amplify a 134-bp fragment.

Western blot analysis. Protein (50 wg) from cell lysates was resolved by
SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to an Immo-
bilon-P membrane (Millipore, Watford, Hertfordshire, United Kingdom) by
electroblotting. The membranes were blocked with 0.2% I-block (Applied Bio-
systems, Warrington, Cheshire, United Kingdom)-0.1% Tween 20-Tris-buffered
saline overnight at 4°C and probed with corresponding primary and secondary
antibodies. Blots were washed with Tris-buffered saline-0.1% Tween 20, and
antigen-antibody complexes were visualized using ECL reagents (Amersham
Pharmacia Biotech) according to the manufacturer’s instructions. Where reprob-
ing of the blots was performed, membranes were stripped with 5% acetic acid
(pH 2.8) for 7 min at room temperature before being washed and blocked as
described above.

Immune complex kinase assays. Protein (200 p.g) from whole-cell extracts was
incubated for 12 h at 4°C with continuous rotation with 5 wl of antibodies against
p38, Akt, or phospho-Akt (S473). Extracts were then incubated with 50 pl of
protein A-Sepharose bead suspension (Amersham Pharmacia Biotech) for an-
other 2 h. The immune complexes were washed three times with lysis buffer and
once with kinase reaction buffer (30 mM Tris, pH 8; 20 mM MgCl,; 2 mM
MnCl,; 25 mM B-glycerol phosphate; 0.1 mM sodium vanadate). Beads were
resuspended with 30 wl of kinase reaction buffer (7 wg of MBP, 3 pCi of
[y-**P]ATP, 10 pM ATP) and incubated at 30°C for 30 min in a shaking incu-
bator. When indicated, kinase inhibitors were added to the kinase reaction
mixtures. Reactions were stopped by addition of 10 pl of 4X Laemmli SDS
sample buffer. Samples were subjected to SDS-12.5% PAGE, and products were
visualized by autoradiography. Results were quantified using a phosphorimager.

Immunoprecipitation. After 72 h in DM, C2 cells were harvested in lysis buffer
and 200 pg of extracts were incubated for 12 h at 4°C on a rocker with 10 pl of
immobilized anti-AktSer473 antibodies. Inmunoprecipitates were washed three
times with lysis buffer, resuspended in 30 pl of 4X Laemmli SDS sample buffer,
heat denatured, and analyzed by SDS-PAGE. The presence of Akt isoforms in
the complexes was determined by immunoblotting with isoform-specific Akt
antibodies.

Luciferase reporter assays. C2 cells transfected with either 4RE-Luc or
pGL3AKkt2/3.1-Luc were grown in GM for 24 h after transfection and then
transferred to DM for 36 h as described previously (60). These luciferase re-
porters were cotransfected with MKK6EE or control empty vector (pCDNA).
pEGFP was cotransfected to assess transfection efficiency between samples. Cells
were harvested (using a luciferase assay system according to instructions of the
manufacturer) (Promega) to measure luciferase activity. Expression of GFP was
quantified by immunoblotting and phosphorimaging; luciferase activity was nor-
malized for protein concentration and GFP expression. When used, SB203580
was added to the medium immediately after transfection and the medium was
changed every 24 h with fresh drug or vehicle.

Statistical analysis. Statistical differences between specific treatments were
analyzed using Student’s ¢ test. The corresponding values represent means *
standard errors. All experiments were performed at least three times.

RESULTS

The PI 3-kinase/Akt and p38 MAPK pathways are essential
for skeletal muscle differentiation. Mouse C2 myoblasts were
induced to differentiate by transfer at 80% confluence into
low-serum medium. Differentiation was observed morpholog-
ically by the alignment and elongation of cells by 24 h followed
by fusion of myoblasts into multinucleated myotubes by 48 h
(Fig. 1A and D [DM panels]) and by significant increases in the
established myogenic differentiation markers MHC, MEF2,
and caveolin-3 (Fig. 1B).

To confirm the role of the ERK, PI 3-kinase/Akt, and p38
MAPK pathways in myogenic differentiation, we initially ex-
amined the effects of specific pharmacological inhibitors.
PD98059 augmented (but both LY294002 and SB203580 in-
hibited) myotube formation (Fig. 1D) and MHC expression
(Fig. 1C), corroborating previous conclusions that ERK1/2 in-
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hibits myoblast differentiation whereas PI 3-kinase and p38
MAPK accelerate the myogenic program. As previously re-
ported (19), treatment of C2 myoblasts with the inhibitor rapa-
mycin (p70S6K and FRAP/mTOR inhibitor) also significantly
reduced MHC expression (Fig. 1C). These results therefore
establish temporal aspects of myogenic regulation in our sys-
tem and confirm the importance of the PI 3-kinase and p38
MAPK pathways in myogenesis.

Akt is differentially phosphorylated during myogenic differ-
entiation. Since Akt is a key downstream target of PI 3-kinase
in myogenesis, we examined the mechanism of Akt activation
during myoblast differentiation. A modest increase in phos-
phorylation of AktS473 (which increased substantially by late
myogenic differentiation) was initially observed after 48 h in
DM (Fig. 2A). In contrast and even though a similar several-
fold increase in phosphorylation of AktT308 occurred after 10
min in DM, the level of phosphorylation was not subsequently
increased; these data do not necessarily imply that AktT308 is
not phosphorylated during myogenesis but rather imply that
phosphorylation was not substantially changed.

Since each phosphorylation site contributes to Akt activity,
we determined Akt kinase activity during myogenesis (Fig.
2B). Akt kinase activity remained low during the initial stages
of myogenesis but increased almost fourfold by 72 h, correlat-
ing with the substantial increase in Akt phosphorylation at
S473. These observations suggest that Akt phosphorylation
activities (or inhibition of dephosphorylation) at residues T308
and S473 are differentially regulated throughout myogenesis.

Inhibition of PI 3-kinase activity differentially inhibits Akt
phosphorylation. We addressed the role of PI 3-kinase in the
differential phosphorylation of Akt by treating myoblasts with
increasing concentrations of LY294002 (Fig. 3A). LY294002 at
a concentration as low as 10 uM reduced AktS473 phosphor-
ylation to 65% of control (DM) levels, and 50 uM LY294002
caused a substantial inhibition (about 85%) of AktS473 phos-
phorylation. In marked contrast, 10 pM LY294002 caused a
modest though significant decrease in AktT308 phosphoryla-
tion (22%) and 100 pM LY294002 reduced AktT308 phos-
phorylation by 40%. Therefore, phosphorylation activities of
AktT308 and AktS473 are dependent on PI 3-kinase-depen-
dent mechanisms but exhibit different sensitivities. It is note-
worthy that the lowest concentration (10 M) of LY294002
examined was sufficient to substantially delay myogenesis (Fig.
1), implying either that full Akt activity is essential or that
other myogenic PI 3-kinase-dependent mechanisms are inhib-
ited at this concentration.

To further examine the requirement of Akt phosphorylation
at residues T308 and S473 for Akt activity in myogenesis,
kinase activity assays were performed using lysates from myo-
blasts transiently transfected with the single-amino-acid mu-
tants (AktT308A and AktS473A). Myoblasts were also trans-
fected with the Akt double mutant AktT308A/S473A (which
functions as a dominant-negative Akt) (4), control empty vec-
tor (pCDNA), and wild-type Aktl. Mutation of either T308 or
S473 to alanine significantly reduced Akt activity to levels
similar to those seen with the double mutant and fivefold lower
than those seen with endogenous Akt or wild-type Aktl (Fig.
3B), suggesting that Akt functions as an active kinase in myo-
genesis only when it is phosphorylated by both PDK1 and
PDK?2 and confirming the observations of Alessi et al. (4).
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FIG. 1. PI3-kinase and p38 MAPK signaling pathways are essential for myogenesis. (A) Phase-contrast photomicrographs (X20 magnification)
of C2 myoblasts in proliferative (GM) and differentiating (DM [24 to 96 h]) phases; arrows highlight myotube formations. (B) Western blot
detection of MHC, MEF2, and caveolin-3 in differentiating C2 cells; total p38 protein levels are shown as a loading control. (C) Analysis (by
Western blotting) of MHC expression after 72 h in DM in the presence or absence of the following kinase inhibitors: PD98059 (20 uM), SB203580
(5 uM), rapamycin (2 ng/ml), and LY294002 (10 wM). As a control, cells were also treated with vehicle alone (DMSO); total p38 protein levels
are shown as a loading control. (D) Myoblast differentiation (in the presence or absence of the indicated inhibitors) was assessed by immuno-
fluorescence (X20 magnification) with anti-MHC antibody (upper panels); cell nuclei were visualized by DAPI staining (middle panels), and cell
morphology was examined by H and E staining (lower panels) (X5 magnification).
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FIG. 2. Differential phosphorylation of Akt at residues T308 and S473
during myoblast differentiation. (A) Western blot detection of phospho-
AktS473, phospho-AktT308, and total Akt levels from 10 min to 96 h
following transfer of myoblasts from GM to DM (upper three panels).
The results of quantification of the immunoblots by scanning densitome-
try are shown (lower panel); data are expressed as percentages of Akt
phosphorylation above basal levels in GM. (B) Immune complex kinase
assay (using MBP as a substrate) of the samples described above; the
results of quantification (by scanning densitometry) of the in vitro kinase
data are expressed as percentages of Akt kinase activity above basal levels
in DM (10 min). Assay Akt levels were determined by Western blotting
with anti-Akt antibody. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Activation of p38 MAPK precedes Akt phosphorylation dur-
ing myoblast differentiation. p38 phosphorylation increased
modestly upon induction of differentiation (10 min) (Fig. 4A).
However, a 10-fold increase in phospho-p38 levels was ob-
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FIG. 3. Phosphorylation of both sites in Akt (which are differen-
tially regulated by PI 3-kinase) is essential in myogenesis. (A) Western
blot analysis of Akt phosphorylation and total Akt levels in the pres-
ence of increasing concentrations of LY294002 after 72 h in DM. As a
control, cells were treated with vehicle alone (DMSO; first lane).
Quantification (by scanning densitometry) of the immunoblots was
performed; data are expressed as percentages of Akt phosphorylation
above control sample results. *, P < 0.05; **, P < 0.01; ***, P < 0.001
(compared with DMSO results). (B) Akt kinase activity (after 72 h in
DM) in lysates of C2 cells transiently transfected with AktT308A or
AktS473A; as controls, C2 cells were also transfected with either empty
vector (pCDNA) or the dominant-negative Akt double mutant
AktT308A/S473A or wild-type Aktl (Aktl WT). As a control, kinase
activity was examined using non-Akt binding IgG substituted for the
anti-Akt antibody; assay Akt levels were determined by Western blot-
ting with anti-Akt antibody (lower panels). IP, immunoprecipitation.

served by 24 h; the increase was sustained until 72 h when it
began to decline. The in vitro kinase activity of p38 also in-
creased at 24 h, reaching a peak at 48 h (Fig. 4B) and decreas-
ing thereafter. Comparison of p38 and AktS473 phosphoryla-
tion profiles during myogenesis revealed that activation of p38
preceded AktS473 phosphorylation by approximately 24 h,



3612 GONZALEZ ET AL.

suggesting that p38 might have a role in the activation of Akt
activity.

The p38 MAPK pathway regulates Akt phosphorylation in
myogenesis. To determine the role of p38 MAPK in Akt acti-
vation during myogenesis, we initially examined the effect of
the presence of the p38-specific («/B isoform) inhibitor
SB203580 on Akt phosphorylation and kinase activity.
SB203580 reduced AktS473 phosphorylation (Fig. 5SA) at low
concentrations (5 wM); an inhibitor concentration of at least
15 wM was required for a similar reduction in AktT308 phos-
phorylation, although at higher concentrations SB203580 may
directly interact with Akt (32). These data suggest that inhibi-
tion of p38 activity has a role in the regulation of Akt.

The role of p38 MAPK in Akt kinase activity was also ex-
amined (Fig. 5B). Akt activation was not significantly affected
by the addition of vehicle (DMSO) or PD98059, implying that
(at least at this stage of myogenesis) p44/42 MAPK kinase does
not participate in the Akt signaling pathway. In consistency
with its role in Akt activation, inhibition of PI 3-kinase with
LY294002 severely reduced Akt kinase activity. Inhibition of
p38 activity with SB203580 also strongly attenuated Akt kinase
activation, suggesting that p38 MAPK positively regulates Akt
signaling during myogenic differentiation.

As SB203580 may exert nonspecific pharmacological effects,
myoblasts were transiently transfected with a dominant-nega-
tive form of p38a (p38dn). Expression of p38dn was demon-
strated by presence of its Flag tag (Fig. 5C). p38dn also in-
duced a marked decrease in phosphorylation of its established
target (ATF2) and in the protein levels of caveolin compared
with the results seen with control cells (p)CDNA) and signifi-
cantly inhibited myotube formation and MHC expression (Fig.
5D). Confirming the effects of SB203580, expression of p38dn
reduced AktS473, but not AktT308, phosphorylation in differ-
entiating myoblasts and, importantly, p38dn also inhibited Akt
kinase activity (Fig. SE).

To complement these inhibition studies, myoblasts were also
transfected with the constitutively active upstream p38 activa-
tor MKK6EE. The presence of active MKK6 was demon-
strated in transfected cells by expression of its HA tag and
increased phospho-p38 levels (Fig. 6A). As previously reported
(60), MKK6EE induced differentiation even in GM (as as-
sessed by the increase in MHC protein levels and the increased
density of myotubes) (Fig. 6B). MKK6EE also stimulated
AktS473 phosphorylation in both proliferative and differenti-
ating myoblasts (Fig. 6C). Nevertheless, MKK6EE did not
affect AktT308 phosphorylation under any conditions tested
(data not shown). Significantly, MKK6EE stimulated the ki-
nase activity of Akt phosphorylated at S473 (Fig. 6D). Taken
together, these results indicate that p38 has a role in Akt
activation during myogenic differentiation.

To address whether forced activation of the p38 pathway
could overcome the inhibition of myogenesis when PI 3-kinase
was inhibited by LY294002 (Fig. 1), myoblasts were transfected
with MKK6EE or empty pCDNA vector and simultaneously
treated with LY. MKK6EE expression could not overcome the
profound inhibition of myogenesis (as assessed by MHC ex-
pression and myotube formation) induced by blocking PI 3-ki-
nase activity (Fig. 6E). In vector-only transfected cells, the
presence of LY dramatically reduced Akt kinase activity and
(as expected) transfection with MKK6EE increased Akt kinase
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activity. Unfortunately, transfection efficiency was always de-
creased in myoblasts treated with LY; even when this was
taken into account, the reduction in Akt kinase activity was not
overcome by MKK6EE overexpression, suggesting that activa-
tion of Akt activity and acceleration of myogenesis by p38
requires PI 3-kinase signaling.

Akt2 is upregulated during myogenic differentiation. To
date, three isoforms of Akt, Aktl/PKBa, Akt2/PKBB, and
Akt3/PKBy, have been identified (1). Since Aktl and Akt2 are
the major isoforms in muscle (43), we compared their protein
profiles at different stages of myogenesis (Fig. 7A). Both Aktl
and Akt2 were upregulated modestly by 12 h after induction of
differentiation. Akt2 abundance subsequently increased mark-
edly at 72 h (coinciding with increased AktS473 phosphoryla-
tion), whereas changes in Aktl levels did not correlate with
AktS473 phosphorylation. These results support previous sug-
gestions that Akt2 is the key Akt isoform upregulated in myo-
genesis.

The concomitant increase in Akt2 protein levels and total
AktS473 phosphorylation during myogenesis suggest that the
proportion of Akt2 phosphorylated on S473 should increase.
We tested this by immunoprecipitating either total Akt or
S473-phosphorylated Akt and subsequently detecting Aktl or
Akt2 levels by Western blotting during myogenesis (Fig. 7B).
After 24 h in DM, modest increases in both S473-phosphory-
lated Aktl and Akt2 were observed. After 72 h in DM (when
total Akt kinase activity was maximal), however, the amount of
S473-phosphorylated Akt2 considerably exceeded that seen
with Aktl. To further examine the relationship between the
increase in Akt2 protein levels and the regulation of its phos-
phorylation, myoblasts were transfected with Akt2 (as shown
by the results obtained with an HA tag) (Fig. 7C). In the
Akt2-transfected cells, AktS473 phosphorylation was acceler-
ated (exceeding that seen with cells transfected with vector
alone at 24 h). Thus, once Akt2 protein is expressed the mech-
anisms for its phosphorylation exist by 24 h in DM.

Myogenic induction of Akt2 requires activation of p38. We
next examined the relationship between p38 and the activation
of Aktl and Akt2 isoforms. In the presence of SB203580, Akt2
levels decreased in Akt phospho-S473 immunoprecipitates
whereas there was no change in Akt1 levels (Fig. 8A). Further,
Akt2 kinase activity exceeded Aktl kinase activity after 72 h in
DM and Akt2 kinase activity but not Aktl kinase activity was
inhibited by the presence of SB. The role of p38 was examined
further by transfecting myoblasts with either p38dn or
MKKG6EE (Fig. 8B). In confirmation of the importance of p38
in the regulation of Akt2 protein levels, the presence of
MKKG6EE increased whereas that of p38dn decreased Akt2
protein levels but not Aktl protein levels. These data suggest
that in differentiating myoblasts, expression of Akt2, but not
that of Aktl, requires activation of the p38 MAPK pathway.

We next investigated whether forced expression of Akt
could overcome the inhibition of myogenesis induced by
SB203580 inhibition of p38 activity (Fig. 1). Myoblasts were
transfected with Aktl, Akt2, or empty vector and treated with
SB. Even though SB completely prevented myotube formation
and MHC expression, transfection with Akt2 could substan-
tially overcome this effect (Fig. 8C) (though myoblast fusion
was minimal). Interestingly, forced expression of Aktl did not
rescue MHC expression but did partially reverse SB-induced
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cell death (data not shown) (even though Western blotting for
its myc tag indicated considerable overexpression). Even with-
out taking into account differences in transfection efficiency,
overexpression of Akt2 was able to largely compensate for the
decreased total AktS473 phosphorylation and kinase activity
observed with SB-treated myoblasts (Fig. 8D). These data im-
ply that Akt2 can rescue some, though not all (as myoblast
fusion was not normal), of the effects of p38 inhibition on
myogenesis. This conclusion is in marked contrast with the
results seen with the reciprocal study (presented in Fig. 6E and
F), in which activation of the p38 pathway apparently could not
overcome the effects of PI 3-kinase inhibition of myoblast
differentiation.

Since our data suggest that Akt2 is the key Akt isoform in
myoblast differentiation and since its protein levels appear to
be regulated by p38, we investigated whether overexpression of
MKKG6EE could stimulate increased Akt2 protein levels when
PI 3-kinase activity is inhibited by LY. The samples presented
initially as described for Fig. 6 were used to determine Akt2
levels (Fig. 8E). MKK6EE could indeed stimulate increased
Akt2 levels in the presence of LY; when the differences in
MKKG6EE transfection efficiency induced by LY are taken into
account, this increase exceeded the modest changes in
AktS473 phosphorylation seen with the equivalent samples
whose results are presented in Fig. 6F. These observations
imply that MKK6EE-stimulated pathways could be largely re-
sponsible for Akt2 protein levels but that additional PI 3-ki-
nase-dependent signaling is required for activation of Akt.

Transactivation of Akt2 is mediated by the p38 MAPK path-
way. As the data presented in Fig. 8 indicated that p38 has a
role in determining Akt2 protein levels, the effects of the pres-
ence of either SB or p38dn on Akt2 mRNA levels were inves-
tigated using RT-PCR (Fig. 9A). Both SB and p38dn de-
creased Akt2 mRNA levels. Therefore, the role of p38 MAPK
in Akt2 gene transcription was examined using luciferase re-
porter assays with the Akt2 promoter-reporter (pGL3-AKT2/
3.1). The promoter sequence of the pGL3-AKT2/3.1 reporter
corresponds to bases —2898 to +220 of the Akt2 gene, which
contains multiple binding sites for MyoD; MyoD transactiva-
tion of the Akt2 promoter and Akt2 expression during myo-
genesis was observed recently (30). Deliberate p38 MAPK
activation was achieved by cotransfection of the constitutively
active p38 activator (MKKG6EE) in the presence or absence of
SB203580. Since p38 may stimulate MyoD transcriptional ac-
tivity (60), we also performed transcription assays with a lucif-
erase reporter containing four MyoD binding sites or E boxes
(4RE-Luc). In agreement with the results presented in previ-
ous reports, SB203580 inhibited the induction of 4RE-Luc
activity by DM and MKK6EE enhanced MyoD-dependent ac-
tivation of 4RE-Luc in an SB203580-sensitive manner (Fig.
9B). Cotransfection of pGL3-AKT2/3.1 with MKK6EE re-
sulted in a marked increase in activation of the Akt2 reporter
compared with the results seen with control cells cotransfected
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with reporter and control vector (Fig. 9C). Furthermore,
SB203580 significantly reduced the activation of pGL3-AKT2/
3.1 mediated either by DM or by MKK6EE. Thus, activation of
the Akt2 promoter provides a mechanism by which p38 medi-
ates increased Akt activity in myogenesis.

Activation of p38 requires the PI 3-kinase pathway: bidirec-
tional regulation between PI 3-kinase and p38 MAPK path-
ways. The signaling pathways upstream of p38 MAPK are not
defined in myogenesis. We examined the effect of kinase in-
hibitors on p38 phosphorylation; phosphorylation of p38 was
not affected by PD98059, SB203580, or rapamycin, whereas
LY294002 markedly reduced p38 phosphorylation in a dose-
dependent manner (Fig. 10A and B). Moreover, in vitro kinase
assays revealed that LY294002 could substantially inhibit p38
kinase activity (Fig. 10C).

To verify that LY294002 effects on p38 activation are PI
3-kinase-mediated events, myoblasts were transiently trans-
fected with a constitutively activated PI 3-kinase (PI 3Kca)
(expression was verified by expression of its Myc tag) (Fig.
10D); MKK6EE-transfected cells were used as a positive con-
trol. In comparison with the results seen with control vector
(pCDNA), PI 3Kca and MKK6EE markedly induced p38
phosphorylation (Fig. 10D). In addition to increasing p38
phosphorylation, PI 3Kca (as expected) enhanced AktS473
phosphorylation. Furthermore, PI 3Kca increased phosphory-
lation of ATF-2 (a known downstream target of p38) and p38
kinase activity (Fig. 10D), supporting the suggestion that PI
3-kinase facilitates p38 function in myoblasts and confirming
bidirectional cross-talk between PI 3-kinase/Akt and p38
MAPK.

To complement the studies that demonstrated that
MKKG6EE activation of p38 could not overcome the inhibition
of myogenesis induced by blocking PI 3-kinase activity (Fig. 6E
and F), the effects of MKK6EE expression on p38 activation in
the presence of LY was investigated in those samples. Even
without taking into account the reduced transfection efficiency
caused by the presence of LY, p38 kinase activity was restored
by MKKG6EE to almost pCDNA levels in LY-treated cells,
indicating that the level of PI 3-kinase regulation of the p38
pathway is controlled upstream of MKK6. Overall, these find-
ings and those presented in Fig. 6 suggest that PI 3-kinase acts
at multiple levels in myogenesis, regulating p38 pathway acti-
vation mechanisms upstream as well as downstream of p38 in
terms of Akt2 phosphorylation.

DISCUSSION

These studies further characterized the important role of the
PI 3-kinase and p38 MAPK pathways in myogenesis, revealing
a reciprocal cross-talk and activation that is essential for effi-
cient myoblast differentiation. We demonstrate that Akt is
differentially phosphorylated during myogenesis and that its
kinase activity only increases when both sites are phosphory-

magnification) of myoblasts transfected with Akt2 in the presence or absence of SB203580 after 72 h in DM (upper panels). Cell nuclei were
visualized by DAPI staining (middle panels), and cell morphology was examined by H and E staining (X5 magnification) (lower panels). (D) Akt
S473 phosphorylation and Akt kinase activity (after 72 h in DM) in myoblasts transfected with Akt2 or pCDNA in the presence or absence of
SB203580; total Akt protein levels and expression of HA-tagged Akt2 in the cell lysates are shown. (E) Western blot detection of Akt2 and total
p38 levels (after 48 h in DM) in myoblasts transfected with MKK6EE or pCDNA in the presence or absence of L'Y294002 (10 pM).
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fection efficiency was determined by cotransfection with an expression
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lated. Whereas phosphorylation of AktT308 is relatively con-
stant during myogenesis, AktS473 phosphorylation changes
dramatically and has a key role in determining Akt kinase
activity. Our findings also highlight a key role for Akt2 and not
Aktl in myoblast differentiation. Overall Akt2 activity was
sensitive to both p38 and PI 3-kinases but via different mech-
anisms. Whereas p38 regulates transcription from the Akt2
gene, PI 3-kinase appears essential for subsequent Akt2 phos-
phorylation. Complementary to p38-mediated transactivation
of Akt2, PI 3-kinase also regulated p38 activity upstream of
MKK®6, demonstrating bidirectional communication and posi-
tive feedback characteristic of myogenic regulation. Further,
Kaneko et al. (30) have demonstrated that Akt2 (once acti-
vated) can feed forward and activate its own promoter, thus
providing a mechanism for sustained Akt activation.

The idea of communication between PI 3-kinase and p38
MAPK in myogenesis has been excluded in previous studies
(39, 52, 60), which concluded that the pathways were indepen-
dent and parallel and exhibited no cross-activation or cross-
inhibition. In support of this, cooperative but independent
signaling by PI 3-kinase and p38 has been observed in other
systems (see, e.g., reference 41). Our observations suggest that
activation is strictly temporally regulated, with p38 activation
preceding increased Akt kinase activity by 24 h; it is therefore
possible that cross-activation only occurs at specific time
points. Given this time delay in p38 and Akt activation, it is
difficult to reconcile this idea with a hypothesis according to
which p38 directly activates Akt. However, our observation
that a key role of p38 is that of stimulating Akt transcription is
compatible with these temporal observations.

The embryonic death of p38a-null mice demonstrates the
importance of p38 in development and that other p38 isoforms
cannot compensate (5, 53). Targets for p38 include the key
myogenic transcription factors MyoD (46, 60) and MEF2 (66)
and the structural protein caveolin-3 (which is essential for
myoblast fusion) (24). The p38 kinase target MK2 and p38
itself mutually enhance each other’s functionality: MK2 activity
is very much reduced in p38a-null mice (5), and MK2 stabilizes
p38 and can dictate its cellular localization (31). However, the
precise role of each of the p38 isoforms is not well defined. The
inhibition of myoblast differentiation by SB203580 indicates
that the p38a and p38B isoforms are important, and microar-
ray analysis has defined MyoD- and p38a/p38B-activated genes
in myogenesis (11); use of SB203580-resistant forms of p38a
and p38B demonstrated that both are required for maximal
induction of myogenic target genes (39). Further, the p38y
isoform may also induce myoblast differentiation (37). Each
isoform may therefore exhibit specific temporal or spatial ex-
pression or may activate nonoverlapping downstream targets.
For example, p38a and p38B are more effective than the p38y

vector for GFP and by counting the proportion of GFP-positive cells;
GFP was also detected by Western immunoblotting. Severalfold acti-
vation levels are expressed as the ratio of luciferase activity in
MKKG6EE-transfected cells to that in cells transfected with pCDNA;
values were normalized to the relative GFP expression levels per unit
of protein. (C) p38 stimulates MyoD-dependent transcription of the
Akt-2 promoter. Cells were transfected with the pGL3-Akt2/3.1 lucif-
erase reporter as described for panel B. ***, P < 0.001; * P < 0.05
(compared with an activation value of 1.0).



VoL. 24, 2004 Akt2 EXPRESSION IS REGULATED BY p38 MAPK IN MYOGENESIS 3619

DM D. DM
Ao 'E E
(>]
-
£ Z g 3
b= 3 > 8 = <
2 8 8% & 3 2 B =
phospho-p38 | (il (N G . L phospho-p38 -
P38 cnms awewss s wes Akt S473
phospho-ATF2
B. DM + LY294002 pM
2 2 5 10 p38
AKtS473 | e S w— -
MBP m :.c.f.-’ci:a‘a;;."-’_..

P38 | w— e e— a— P p38: kinase assay

B,

P38 | - e— ey

C. DM
E. pCDNA MKK6EE
2 % 8 z % Ly: - + -+
MP | S || - vor [
1 RN =
“le38:.l_(inaseassay p38 - o -
P38 | eee enin G || f—)8
HA | —

IP p38: kinase assay

FIG. 10. PI 3-kinase is required for p38 activation in differentiating myoblasts. (A) Western blot detection of phospho-p38 and total p38 in the
presence of PD98059 (20 nM), SB203580 (5 uM), rapamycin (2 ng/ml), and L'Y294002 (10 M) after 48 h in DM. (B) Western blot detection of
phospho-p38, phospho-AktS473, and total p38 in the presence of increasing concentrations of LY294002 in myoblasts after 48 h in DM. (C) p38
kinase activity in myoblasts after 48 h in DM in the presence or absence of LY294002 (10 wM) and SB203580 (5 uM); total p38 levels were
determined by Western blotting (lower panel). Nonspecific phosphorylation was assessed using a non-p38-binding IgG in place of the anti-p38
antiserum. IP, immunoprecipitation. (D) Western blot detection of phospho-p38, phospho-AktSer473, and phospho-ATF-2 after 48 h in GM in
myoblasts transfected with constitutively active PI 3-kinase (PI 3Kca), MKK6EE, or pCDNA (upper three panels). Total p38 protein levels are
shown as a loading control; the presence of PI 3Kca was detected by Western blotting of its Myc tag. p38 kinase activity and total p38 levels were
determined (lower two panels). (E) p38 kinase activity in myoblasts transfected with MKK6EE in the presence (+) or absence (—) of LY294002
(10 pM) after 48 h in DM. Total p38 levels were determined by Western blotting with anti-p38 antibody; expression of HA-tagged MKK6EE was
determined by Western blotting.

and p383 isoforms in MEF2A and C phosphorylation (63) but p38a and p38P have opposing roles with respect to effects on
the p38y and p38d isoforms have been reported to be more apoptosis (reviewed in reference 42). Even though the domi-
efficient at inducing myogenic differentation of myoblasts co- nant-negative p38 construct used in the study presented here
transfected with MyoD (65). It has also been suggested that was a p38a sequence, it may well have sequestered key p38
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partner molecules (e.g., scaffold proteins) and inhibited activity
of other isoforms. In theory, high-level expression of MKK6EE
would activate all isoforms (6). Therefore, our studies confirm
the importance of p38a and p38B but have not excluded func-
tions for p38y and p3838 in myogenesis.

In terms of Akt activation, the identity of the kinase respon-
sible for AktT308 phosphorylation (PDK1) is unequivocally
established whereas that for AktS473, the putative PDK2, has
not been determined. It is not known whether a novel kinase
remains to be cloned or whether existing kinases have the role
of AktS473 phosphorylation. Alessi et al. (4) first demon-
strated that MK2 was capable of phosphorylating AktS473 in
cell extracts. Rane et al. (47) confirmed p38 MAPK-mediated
phosphorylation of AktS473 in stimulated neutrophils and co-
immunoprecipitation of Akt with p38, MK2, and Hsp27. Even
though our study strongly supports the idea of a p38-mediated
induction of Akt2 activity in myogenesis via transcriptional
mechanisms, we do not have evidence that the p38 or its
targets are acting as a PDK2. Our data do suggest that once
Akt2 is synthesized, appropriate PDK2-like mechanisms exist
in differentiating myoblasts that are highly PI 3-kinase depen-
dent and appear to be more active towards Akt2 than Aktl. As
far as we are aware, the specificity of PDK1 or putative PDK2
enzymes for different Akt isoforms has not been investigated.
Related observations of ovarian cancer cells (in which lyso-
phosphatidic acid and sphingosine-1-phosphate induce coordi-
nated AktS473 and AktT308 phosphorylation) support the
idea of p38-mediated activation of Akt (9); regulation of
AktS473 phosphorylation was p38 dependent but (in marked
contrast to the results seen with myoblasts) also required MEK
activation, which inhibits myogenesis. Inhibition (using
SB203580 blockage of p38 activation) of cardiac myocyte dif-
ferentiation did not reduce PI 3-kinase activity (17); Akt ac-
tivity was not determined, but these observations are not in-
compatible with p38 regulation of the PI 3-kinase pathway
downstream of PI 3-kinase itself.

Additional candidates besides p38 MAPK exist for the role
of PDK2. For example, stress activation of Akt is independent
of p38 (50). Insulin also induces Akt phosphorylation that is
not dependent on p38 activity, and MK2 activity is minimally
stimulated by insulin (4, 9). ILK has been proposed as a pos-
sible PDK2 in prostate cancer cells (45) and in immortalized
macrophages (55), and insulin indeed stimulates ILK-medi-
ated phosphorylation of AktS473 (20). Transfection of myo-
blasts with dominant-negative ILK partially inhibited AktS473
phosphorylation (I. Gonzalez and J. M. Pell, unpublished ob-
servations), indicating that this might be a mechanism for Akt
phosphorylation during myogenesis. One proposal is therefore
that several kinases exist that can assume a PDK2-like function
and whose specificity is stimulus or cell dependent or is dic-
tated by a distinct affinity for a particular Akt isoform. Alter-
natively, it is possible that a single PDK2-type enzyme exists
but that several phosphatases differentially regulate the
AktS473 site.

Of the three Akt isoforms (Aktl, Akt2, and Akt3), Akt2 is
highly expressed in insulin-responsive tissues such as skeletal
muscle, heart, liver, and adipose tissue (7). Akt2 protein and
mRNA levels specifically increase during myoblast and adipo-
cyte differentiation (7, 12, 23), suggesting that Akt2 rather than
Akt1 is important during myoblast differentiation in physiolog-
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ical conditions. Studies in vivo and in vitro have demonstrated
that Aktl and Akt2 have different functions and do not com-
pensate for each other. Aktl-null mice exhibit modest growth
retardation and increased susceptibility to apoptotic stimuli
(14, 15), whereas Akt2-null mice grow normally but develop
type II diabetes (16). Aktl and Akt2 double-null mice die at
birth and exhibit severe muscle hypoplasia (43). In consistency
with these observations, microinjection of myoblasts with an-
tibodies specific to either Akt2 or Aktl demonstrated that
Aktl is important for cell cycle progression whereas Akt2 stim-
ulated myoblast differentiation (57). Akt2, but not Aktl, local-
izes to the nuclei of myoblasts (40, 57), and IGFs can stimulate
nuclear localization of wild-type Akt (8). This finding casts
doubt on the validity of studies conducted using constitutively
active myristoylated Akt (which may remain membrane
bound) (8). p21 phosphorylation status (48) and localization
(67) may be determined by Akt localization, with cytoplasmic
p21 stimulating cell survival and nuclear p21 inducing cell cycle
withdrawal. Finally, the Akt2 promoter (but not the Aktl pro-
moter) contains multiple E boxes that are transactivated by
MyoD, leading to downstream activation of MEF2 proteins
and the formation of highly transcriptionally active MyoD/
MEF2 complexes (30). These recent findings suggest a role for
Akt2 rather than Aktl in myogenesis. Our data support and
extend this hypothesis, suggesting differential roles for Akt
isoforms and demonstrating a novel functional link between
the PI 3-kinase and p38 pathways, Akt2 transcription, and Akt
activity in myoblast differentiation.

Our findings suggest not only p38 transactivation of Akt2 but
also reciprocal activation of p38 MAPK pathways upstream of
MKKG®6 by PI 3-kinase. Thus, constitutively active PI 3-kinase
stimulated p38 phosphorylation and kinase activity. Commu-
nication between PI 3-kinase and p38 in myogenesis is contro-
versial; increases in p38 activation independent of PI 3-kinase
activation have been reported for skeletal myoblasts (52, 60),
but PI 3-kinase-regulated p38 activity has been observed in
cardiac myoblasts (17). It has been suggested that PI 3-kinase
can activate p38 via Rac/Cdc42 (54); further, PI 3-kinase is
activated via E-cadherin-mediated cell-cell contact in entero-
cytes, activating p38 and stimulating differentiation (34).

In conclusion, we have revealed novel links between the p38
MAPK and the PI 3-kinase/Akt pathways that occur at several
levels. PI 3-kinase can regulate activity of the p38 MAPK
pathway (which then induces transactivation of the Akt2 pro-
moter). Subsequent Akt2 kinase activity is mainly determined
by phosphorylation of S473 and is PI 3-kinase dependent. In-
triguingly, both Akt transcription and activation mechanisms
appear to be specific for Akt2 but not for Aktl. We thus
demonstrate reciprocal feedforward activation mechanisms
that are characteristic of myogenic regulation.
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