
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/00/$04.0010

Dec. 2000, p. 8983–8995 Vol. 20, No. 23

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Insulin-Like Growth Factor-Mediated Muscle Cell Survival:
Central Roles for Akt and Cyclin-Dependent Kinase

Inhibitor p21
MARGARET A. LAWLOR AND PETER ROTWEIN*

Molecular Medicine Division, Oregon Health Sciences University, Portland, Oregon 97201-3098

Received 6 April 2000/Returned for modification 24 May 2000/Accepted 28 August 2000

Polypeptide growth factors activate specific transmembrane receptors, leading to the induction of multiple
intracellular signal transduction pathways which control cell function and fate. Recent studies have shown that
growth factors promote cell survival by stimulating the serine-threonine protein kinase Akt, which appears to
function primarily as an antiapoptotic agent by inactivating death-promoting molecules. We previously estab-
lished C2 muscle cell lines lacking endogenous expression of insulin-like growth factor II (IGF-II). These cells
underwent apoptotic death in low-serum differentiation medium but could be maintained as viable myoblasts
by IGF analogues that activated the IGF-I receptor or by unrelated growth factors such as platelet-derived
growth factor BB (PDGF-BB). Here we show that IGF-I promotes muscle cell survival through Akt-mediated
induction of the cyclin-dependent kinase inhibitor p21. Treatment of myoblasts with IGF-I or transfection with
an inducible Akt maintained muscle cell survival and enhanced production of p21, and ectopic expression of
p21 was able to sustain viability in the absence of growth factors. Blocking of p21 protein accumulation through
a specific p21 antisense cDNA prevented survival regulated by IGF-I or Akt but did not block muscle cell
viability mediated by PDGF-BB. Our results define Akt as an intermediate and p21 as a critical effector of an
IGF-controlled myoblast survival pathway that is active during early myogenic differentiation and show that
growth factors are able to maintain cell viability by inducing expression of pro-survival molecules.

Polypeptide growth factors control diverse cellular processes
by binding to and activating specific transmembrane receptors,
leading to induction of distinct but overlapping intracellular
signal transduction pathways (73). The insulin-like growth fac-
tors, IGF-I and -II, are structurally related circulating proteins
of fundamental importance for normal somatic growth, and for
the survival, proliferation, and terminal differentiation of dif-
ferent cell types (6, 32, 49, 68). The actions of both IGFs are
mediated by the IGF-I receptor, a heterodimeric, ligand-acti-
vated tyrosine protein kinase that is structurally and function-
ally related to the insulin receptor (32, 46).

IGF action is critical for the formation and maintenance of
skeletal muscle. Mice with a targeted disruption of the IGF-I
receptor, or engineered to lack both IGF-I and IGF-II, exhibit
marked muscle hypoplasia and die in the perinatal period
because of inadequate muscle strength to inflate their lungs (3,
50). Conversely, mice with forced overexpression of IGF-I in
muscle develop myofiber hypertrophy and increased muscle
mass (5, 10). In cultured muscle cells IGF action enhances
terminal differentiation through an autocrine pathway depen-
dent on production of IGF-II (10, 18, 20, 21, 47, 51, 52, 59, 60,
63, 67). IGF-II also plays a central role in maintaining myo-
blast survival during the transition from proliferating to termi-
nally differentiating muscle cells (45, 69). The signal transduc-
tion pathways and effectors of IGF-mediated muscle cell
survival and differentiation have not been identified. It has
been suggested that the intracellular signaling molecules, phos-
phatidylinositol 3-kinase (PI3-kinase) and mitogen-activated
protein kinases, are involved in IGF-facilitated muscle differ-
entiation (11, 33, 35, 56, 57, 64, 65), although the mechanisms

by which these enzymes or other IGF-activated mediators may
collaborate with myogenic regulatory factors to promote ter-
minal differentiation have not been defined.

One of the earliest events in muscle differentiation is induc-
tion of the cyclin-dependent kinase inhibitor p21 (also known
as Waf1 or Cip1 [4]) (16). This protein (24) and the related
molecules p27 and p57 (4, 24) block progression through the
cell cycle by forming ternary complexes with various cyclin–
cyclin-dependent kinase complexes, including cyclin E/A–
cdk-2 and D-type cyclin–cdk-4/6 (17, 30), thus inhibiting their
enzymatic activity. Recent studies using cultured cells have
shown that p21 is induced in differentiating myoblasts through
the actions of MyoD (26–28) and have demonstrated that
MyoD promotes cell cycle withdrawal through induction of p21
(27, 28). In addition, the combination of p21 and p57 has been
shown to be essential for muscle differentiation during embry-
onic development in mice (76).

The serine-threonine protein kinase Akt is an important
survival factor for a number of cell types (12, 40), and its mode
of action has been investigated in great detail (2, 12, 14). Akt
has been shown to prevent apoptotic cell death by phosphor-
ylating and inhibiting several proapoptotic proteins, including
Bad (13), caspase-9 (9), the forkhead transcription factor
FKHR-L1 (8), and glycogen synthase kinase 3 (55). Akt also
has been found to block the release of cytochrome c from
mitochondria that is induced by several proapoptotic members
of the Bcl-2 family (38). To date Akt has not been shown to
promote cell viability by activating pro-survival molecules.

In this study we demonstrate that IGF-I promotes muscle
cell survival during the initial phase of myogenic differentiation
in cell culture through Akt-mediated induction of p21 expres-
sion. Forced expression of p21 was able to maintain complete
myoblast viability in the absence of growth factors. Blocking of
p21 protein accumulation could prevent both IGF-mediated
and Akt-stimulated muscle cell viability but did not inhibit
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survival regulated by platelet-derived growth factor (PDGF).
Our results define Akt as an intermediate and p21 as a critical
effector of an IGF-controlled myoblast survival pathway and
show that growth factors are able to sustain cell viability by
inducing expression of pro-survival molecules.

MATERIALS AND METHODS

Materials. Tissue culture supplies, fetal calf serum (FCS), newborn calf serum
(NCS), horse serum, Dulbecco’s modified Eagle’s medium (DMEM), phosphate-
buffered saline (PBS), G418, PDGF-BB, and TRIzol were purchased from Gibco
BRL Life Technologies, Grand Island, N.Y. L6 myoblasts were obtained from
the American Type Culture Collection, Manassas, Va. R3IGF-I was supplied by
Gropep, Adelaide, Australia. Effectene was purchased from Qiagen, Chatsworth,
Calif. Restriction enzymes, ligases, and polymerases were supplied by New En-
gland Biolabs, Beverly, Mass., and Promega Biotech, Madison, Wis. The
pEGFP-N3 plasmid was purchased from Clontech, Palo Alto, Calif. Protease
inhibitor tablets were obtained from Roche Molecular Biochemicals, Indianap-
olis, Ind. The bicinchoninic acid protein assay kit was from Pierce Chemical Co.,
Rockford, Ill. The kinase assay kit for Akt was purchased from New England
Biolabs and was used according to the supplier’s directions. Antibodies to p21
and CDK-4 used for immunoblotting were supplied by Santa Cruz Biotechnol-
ogy. The p21 antibody used for immunocytochemistry was purchased from
Pharmingin, San Diego, Calif.; the antibody to influenza hemagglutinin (HA)
was from BabCO, Richmond, Calif., and the p65 (RelA) antibody was supplied
by Rockland, Gilbertsville, Pa. The myogenin (clone F5D) and myosin heavy
chain (clone MF 20) monoclonal antibodies were from the Developmental Stud-
ies Hybridoma Bank, University of Iowa, Iowa City. Horseradish peroxidase
(HRP)-conjugated secondary antibodies were from Sigma Chemical Co., St.
Louis, Mo. Slow Fade mounting reagent and secondary antibodies conjugated to
fluorophores were purchased from Molecular Probes, Eugene, Oreg., and South-
ern Biotechnology Associates, Inc., Birmingham, Ala. Nitrocellulose was ob-
tained from Schleicher and Schuell, Keene, N.H., and enhanced chemilumines-
cence (ECL) reagents were from Amersham Pharmacia Biotechnology,
Piscataway, N.J. X-ray film was purchased from Kodak, Rochester, N.Y. All
other chemicals were reagent grade and were obtained from commercial suppli-
ers.

Cell culture. C2 myoblasts stably transfected with the coding region of a mouse
IGF-II cDNA in the antisense orientation (C2AS12 cells [69]) were grown on
gelatin-coated tissue culture plates in DMEM supplemented with 10% heat-
inactivated FCS, 10% heat-inactivated NCS, L-glutamine (2 mM), and G418 (400
mg/ml) (growth medium) until they were .95% confluent. C2 (74) and L6
myoblasts were grown on gelatin-coated plates in DMEM supplemented with
10% heat-inactivated FCS, 10% heat-inactivated NCS, and L-glutamine (2 mM).
For all muscle cell lines, differentiation was initiated following washing with PBS
by incubation in differentiation medium (DM), containing DMEM plus 2%
horse serum, or in DM supplemented with PDGF-BB (0.4 nM) or the long
lasting IGF-I analogue R3IGF-I (2 nM). At different intervals adherent cells
were trypsinized and counted with a hemocytometer or Coulter particle counter.

RNA isolation and RNase protection assays. Total RNA was isolated from
cells using TRIzol and quantitated by spectrophotometry (Beckman DU 640
instrument). RNA integrity was assessed by electrophoresis through 1% agar-
ose–formaldehyde gels after staining with ethidium bromide. Solution hybridiza-
tion RNase protection assays were performed as previously described (67) using
single stranded [a-32P]CTP-labeled antisense riboprobes synthesized in vitro
from linearized plasmid templates. Results were quantitated with a phosphorim-
ager (Bio-Rad GS 525 Molecular Imaging system).

Protein isolation and immunoblotting. Protein extracts were isolated after
washing cells twice with cold PBS by incubation for 30 min at 4°C in radioim-
munoprecipitation assay buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 0.1%
sodium dodecyl sulfate [SDS], 1.0% NP-40, 1.0% deoxycholate) containing pro-
tease inhibitors, 1 mM okadaic acid, and 1 mM sodium orthovanadate. After
removal of insoluble material by centrifugation (Eppendorf 5415 C bench cen-
trifuge) at 14,000 rpm for 10 min at 4°C, the protein concentration was deter-
mined by bicinchoninic acid assay. Protein extracts (60 mg) were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing and re-
ducing conditions before transfer onto 0.2 mm-pore-size nitrocellulose mem-
branes at 18 V for 45 min using a semidry blotter. The membranes were blocked
for 2 h at 25°C using blocking buffer (Tris-buffered saline plus 0.1% Tween 20
containing 5% nonfat dry milk) before being incubated with primary antibody
(anti-p21 [1:75] and anti-CDK4 [1:500] in blocking buffer). Following incubation
with HRP-conjugated secondary antibodies (1:2,000 in blocking buffer), proteins
were detected by ECL, followed by exposure to X-ray film. Results were quan-
titated by densitometry (Bio-Rad GS 700 densitometer).

Construction of bicistronic expression plasmids for p21 and iAkt. A 700-bp
SalI/BglII fragment containing the internal ribosome entry site (IRES) from
mouse encephalomyocarditis virus (25) was subcloned into the polylinker of
pEGFP-N3 to generate pIRES-EGFP. BamHI/SalI DNA fragments containing
the coding region of murine p21 cDNA in the sense or antisense orientation were
excised from pBluescript and subcloned 59 to the IRES to generate p21-IRES-
EGFP or p21AS-IRES-EGFP. A modified human Akt-1 cDNA (iAkt) was added

59 to the IRES as a 2.1-kb BamHI-SalI fragment. iAkt has been described
previously (41) and contains (i) a truncated amino terminus lacking the pleck-
strin homology region and encoding a myristoylation sequence and (ii) a carboxyl
terminus fused in frame to the modified ligand binding domain of mouse estro-
gen receptor a. Akt enzymatic activity is induced by incubation with 4-hydroxyta-
moxifen (HT) (41).

Transfections. Myoblasts were plated at 13,000 cells/cm2 onto 12-well tissue
culture dishes or 4-well slide chambers and incubated for 24 h in growth medium.
DNA-mediated gene transfer was performed using Effectene, following the pro-
tocol specified by the manufacturer. For transfections of 12-well dishes or slide
chambers 1 mg of p21-IRES-EGFP DNA or 2 mg of p21AS-IRES-EGFP DNA
was used, and for cotransfections a total of 2 mg of DNA was added to cells. After
incubation with DNA for 16 to 18 h, fresh growth medium was added to the cells.
When cells reached confluent density at ;48 h after transfection, they were
incubated in DM without or with growth factors for an additional 24 or 48 h.
Transfection efficiencies ranged from 12 to 20% for C2AS12 cells, from 17 to
20% for L6 cells, and from 20 to 25% for C2 myoblasts.

Survival assays of transfected cells. Twelve-well dishes of proliferating myo-
blasts were transfected in parallel as described above. When cells reached a
confluent density at ;48 h after transfection, two wells were harvested and both
total cell number [T0 (total)] and transfection efficiency were determined. The
latter was assessed by averaging the fraction of cells expressing EGFP in 20
hemocytometer fields at a magnification of 3200 [T0 (transfected)]. The remaining
wells were incubated in DM without or with growth factors for 24 or 48 h, and
cells were then harvested and total and transfected cells were counted. Survival
of transfected cells at 24 h was determined by the following formula: percent
survival 5 {[T24 (transfected)/T0 (transfected)] 3 [T24 (total)/T0 (total)]} 3 100. Survival
at 48 h was assessed similarly.

Immunocytochemistry. Cells cultured on slide chambers or 12-well dishes
were washed twice with PBS before fixation in 1% paraformaldehyde for 10 min.
Cells were then solubilized for 5 min in a solution of PBS containing 0.2% Triton
X-100 (PBST), washed twice with PBST, and incubated with primary antibodies
polyclonal rabbit anti-p21 immunoglobulin G (IgG) (1:2,000), monoclonal an-
ti-HA IgG (1:100), polyclonal rabbit anti-p65 (Rel A) (1:2,000), monoclonal
antimyogenin (1:200), or monoclonal anti-myosin heavy chain (anti-MHC) (1:
200) in PBST plus 3% bovine serum albumin for 3 h overnight. The cells were
next washed three times with PBST before incubation with polyclonal secondary
antibodies, either Alexa 594-tagged goat anti-rabbit IgG, fluorescein-conjugated
goat anti-mouse IgG, or Texas red-labeled goat anti-mouse IgG (1:2,000), for 45
min in the dark. Slides were mounted using Slow Fade. Fluorescent images were
captured with a Nikon Eclipse TE 300 fluorescent microscope using Scion Image
1.62 software.

Akt kinase assay. Immune complex-kinase assays were performed using cells
transfected with iAkt by a protocol modified from an assay kit purchased from
New England Biolabs. Cell lysates (60 mg) were incubated with anti-HA antibody
(5 mg/reaction) overnight at 4°C. Immune complexes were then incubated for 3 h
at 4°C with protein A-conjugated agarose beads (20 ml of 50% slurry/reaction)
before being washed twice in cell lysis buffer and twice in kinase buffer. After
resuspension in kinase assay buffer containing the Akt substrate GSK-3a, the
reaction was allowed to proceed at 30°C for 30 min. After the reaction was
stopped by addition of concentrated SDS-PAGE loading buffer, samples were
separated by SDS-PAGE and transferred to nitrocellulose membranes, as de-
scribed above. Immunoblotting was performed using primary antibodies to phos-
pho-GSK-3a, followed by addition of HRP-conjugated secondary antibodies,
detection by ECL, and exposure to X-ray film. Results were quantitated by
densitometry.

Statistical analysis. Results are presented as the mean 6 standard error of the
mean (SEM). Statistical significance was determined using the independent
Student’s t test for paired samples. Results were considered statistically signifi-
cant when the P value was ,0.05.

RESULTS

Prevention of myoblast death by IGF-I or PDGF. In previous
studies we showed that C2 myoblasts engineered to lack IGF-II
by stable transfection with a mouse IGF-II cDNA in the anti-
sense orientation (C2AS12 cells) underwent rapid apoptotic
death when incubated in DM and that cell death could be
prevented by IGF-II, IGF-I, or several other growth factors
(45, 69). As seen in Fig. 1A, 50% of myoblasts remained viable
after a 24-h incubation in DM, and only 23% were viable after
48 h. A further decrease in cell survival was observed after
longer incubation in DM (45, 69). Addition of the IGF-I ana-
logue R3IGF-I maintained nearly complete cell survival, as did
treatment with PDGF-BB.

Stimulation of differentiation by IGF-I. To demonstrate that
C2AS12 myoblasts were capable of undergoing normal bio-
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FIG. 1. IGF-I and PDGF maintain myoblast survival, but only IGF-I pro-
motes differentiation. (A) Cell counts (expressed as the percentage at time zero
[T0]) of C2AS12 myoblasts after a 24- or 48-h incubation in DM with or without
R3IGF-I (2 nM) or PDGF-BB (0.4 nM). The asterisk indicates that significantly
fewer cells survived (P , 0.0006) in untreated than in growth factor-treated cells.
Results are means 6 SEMs from three experiments, each performed in dupli-
cate. (B) IGF-I induces muscle differentiation. Results of immunocytochemical
staining for myogenin and MHC after incubation of C2AS12 myoblasts in DM
with PDGF-BB or R3IGF-I for 24 to 72 h are shown.
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chemical and morphological differentiation, cells were incu-
bated in DM with growth factors for 24 to 72 h, followed by
fixation and immunostaining with antibodies for myogenin or
MHC. As shown in Fig. 1B, incubation with PDGF-BB did not
induce either protein and did not trigger formation of myo-
tubes. By contrast, treatment with IGF-I led to the progres-
sively increased expression of both myogenin and MHC and to
the appearance of multinucleated myofibers by 48 and 72 h.
Thus addition of IGF-I maintains survival and promotes dif-
ferentiation of C2AS12 myoblasts, but PDGF only sustains
survival.

Induction of p21 expression after treatment with IGF-I. The
results in Fig. 1 prompted examination of mechanisms of
growth factor-mediated myoblast survival. The cyclin-depen-
dent kinase inhibitor p21 has been implicated as a survival
factor for several cell types, including differentiating myoblasts
(48, 58, 72). We first asked if either IGF-I or PDGF stimulated
expression of p21. Figure 2 shows results of time course stud-
ies. As seen in the immunoblot in Fig. 2B, incubation of con-
fluent myoblasts in DM with IGF-I led to a progressive in-
crease in the abundance of p21, while PDGF treatment caused
at best a transient rise in protein accumulation. Neither growth

factor altered the expression of CDK-4. In addition, as shown
by immunocytochemistry, after a 24-h incubation with IGF-I,
p21 could be detected in nearly every myoblast, while few cells
expressed p21 after a similar treatment with PDGF (Fig. 2C).
Analogous results were observed when steady-state levels of
p21 mRNA were measured (Fig. 2A). IGF-I caused a progres-
sive increase in p21 transcript abundance, while PDGF had
little effect. Thus, IGF-I caused a sustained induction of p21
mRNA and protein expression.

Forced expression of p21 promotes myoblast survival. We
next asked if p21 could function as a survival factor in the
absence of growth factors. We generated a bicistronic expres-
sion plasmid using a mouse p21 cDNA, followed by a cassette
containing an IRES derived from murine encephalomyocardi-
tis virus (25) and the marker protein EGFP (Fig. 3). C2AS12
myoblasts were transiently transfected with this plasmid or
with a control encoding EGFP, and survival was assessed by
cell counting after 24 or 48 h in DM. As seen in Fig. 3, nearly
100% of myoblasts transfected with p21 remained alive after
24 h in the absence of IGF-I and 78% 6 6% remained alive at
48 h, while 53% 6 1% of cells transfected with EGFP survived
at 24 h and only 30% 6 1% survived at 48 hr (P , 0.001 and

FIG. 2. Treatment with IGF-I stimulates expression of p21. (A) The autoradiograph shows results of a representative RNase protection assay performed using total
RNA isolated from C2AS12 cells incubated with either R3IGF-I (2 nM) or PDGF-BB (0.4 nM) for the indicated times. The numbers below each panel correspond
to the change in mRNA abundance relative to that at time zero. The bottom panel shows a photograph of an ethidium bromide-stained gel of the RNA used in these
studies. Similar results were seen in three independent experiments. (B) The upper panel shows a representative immunoblot using an antibody to p21 and whole-cell
protein extracts from C2AS12 cells incubated with either R3IGF-I (2 nM) or PDGF-BB (0.4 nM) for the indicated times. The numbers below each panel correspond
to the change in protein abundance relative to that at time zero. Similar results were seen in seven independent experiments. The lower panel shows the same blot after
being stripped and incubated with an antibody to CDK-4. (C) Representative fluorescence micrographs of C2AS12 myoblasts treated with either R3IGF-I (2 nM) or
PDGF (0.4 nM) for 24 h as described in Materials and Methods and stained with anti-p21 antibody (A and B) or Hoechst dye (C and D). Panels E and F are merged
images of panels A and C and panels B and D, respectively.
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P , 0.003, respectively). Complete survival was seen after
incubation with IGF-I or with PDGF (data not shown), indi-
cating that neither plasmid was toxic to the cells. As observed
with endogenous p21, the transfected protein was located in
the nucleus (data not shown). Thus, forced expression of p21
promotes muscle cell survival in the absence of exogenous
growth factors.

A p21 antisense cDNA blocks IGF-mediated myoblast sur-
vival. We next asked if inhibition of p21 expression could
prevent IGF-regulated muscle cell survival. We first tested the
effectiveness of a p21 antisense cDNA (p21AS) in blocking
IGF-stimulated p21 protein expression. C2AS12 myoblasts
were transiently transfected with an expression plasmid con-

taining a mouse p21 cDNA in the antisense orientation
(p21AS-IRES-EGFP). Cells were immunostained for p21 after
a 24-h incubation in DM supplemented with IGF-I. As shown
in Fig. 4A, IGF-stimulated expression of p21 was diminished in
myoblasts transfected with the p21AS cDNA. In only 19% 6
1.8% of cells could p21 protein be detected by immunocyto-
chemistry, compared with 70% 6 1.2% of myoblasts trans-
fected with EGFP (P , 0.001). Thus, the p21AS plasmid
blocked IGF-induced p21 protein expression. The p21AS
cDNA also inhibited IGF-promoted myoblast viability. As seen
in Fig. 4B, IGF-I had little effect on survival after 24 hr (63%
6 2% with IGF-I versus 48% 6 5% without IGF-I; P 5 0.06
[not significant]) and did not prevent enhanced death at 48 h

FIG. 2—Continued.
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(33% 6 6% with IGF-I versus 28% 6 3% without IGF-I; P 5
0.65, [not significant]). By contrast, nearly 100% of transfected
cells remained alive at 24 and 48 h after incubation with
PDGF-BB. Therefore, expression of p21 appears to be re-
quired for IGF-regulated muscle cell survival.

Akt induces p21 protein expression. In recent studies we
showed that IGF-I treatment resulted in the sustained stimu-
lation of Akt kinase activity in muscle cells and that Akt could
maintain myoblast survival in the absence of growth factors
(45). Based on these observations and on the results in Fig. 3
and 4, we next asked if Akt was involved in IGF-mediated
stimulation of p21. To test this hypothesis, myoblasts were
transiently transfected with an inducible Akt expression plas-

mid, iAkt, and cells were treated with the inducer HT or with
ethanol vehicle. As shown in Fig. 5, treatment with HT caused
the accumulation of p21 in the majority of transfected myo-
blasts. Only 23% 6 2.7% of transfected cells expressed p21 in
the absence of HT, compared with 80% 6 1.0% after treat-
ment with HT (P , 0.0004). Thus, forced expression of Akt
induces p21 in our muscle cell line.

IGF-I treatment does not lead to activation of NF-kB. Re-
cent studies have indicated that activation of the transcription
factor NF-kB was required for the antiapoptotic effects of
PDGF through a mechanism that involved Akt (61). To deter-
mine if NF-kB also functioned as a component of an IGF-
mediated survival pathway, we first determined if treatment of
myoblasts with IGF-I caused translocation of the NF-kB sub-
unit p65 Rel A from the cytoplasm to the nucleus. As shown in
Fig. 6, p65 is readily detected in C2AS12 muscle cells, as
assessed by immunocytochemistry. In untreated myoblasts the
protein is found predominantly in the cytoplasm (Fig. 6A).
Incubation with IGF-I for up to 2 h did not result in the
appearance of p65 in the nucleus (Fig. 6B), although treatment
with tumor necrosis factor alpha caused translocation in the
majority of cells (Fig. 6C) (73% 6 5% of 250 cells counted).
Similar results were observed after shorter incubation times
(data not shown). Thus, we tentatively conclude that NF-kB
does not play a role in IGF-mediated muscle cell survival, as
IGF treatment is unable to stimulate its translocation into the
nucleus.

A p21 antisense cDNA blocks Akt-stimulated myoblast sur-
vival. To determine if p21 is downstream of Akt in an IGF-
stimulated pathway of muscle cell survival, C2AS12 myoblasts
were transiently cotransfected with iAkt and either the p21AS
cDNA or an EGFP control plasmid. As shown in Fig. 7A, Akt
promoted muscle cell viability in the presence of EGFP but not
when cotransfected with the p21AS cDNA. Coexpression of
iAkt and the p21AS plasmid did not block induction of Akt
kinase activity by HT (Fig. 7B), indicating that the inhibitory
effects of p21AS on Akt were not direct. To provide additional
evidence in support of a survival pathway involving the acti-
vated IGF-I receptor, Akt, and p21, myoblasts were incubated
with HT and IGF-I after cotransfection with iAkt and p21AS.
As seen in Fig. 8, IGF-I did not enhance viability, while under
similar conditions PDGF promoted nearly complete survival.
These results show that induction of p21 is a central compo-
nent of an IGF- and Akt-stimulated muscle cell survival path-
way and demonstrate that PDGF maintains muscle cell viabil-
ity by a mechanism that does not require p21.

A p21 antisense cDNA inhibits survival of several muscle
cell lines. A stringent test of the hypothesis that IGF-induced
expression of p21 is required for muscle cell survival during the
transition from proliferating to terminally differentiating myo-
blasts would be to disrupt this circuit in parental C2 cells and
in other muscle cell lines that normally produce IGF-II (62, 71,
74). As shown previously, C2 myoblasts undergo limited apo-
ptotic death during the first 24 h after incubation in DM (45).
As seen in Fig. 9, 65 to 70% of C2 myoblasts transfected with
EGFP remained viable after 24 or 48 h. Similar results were
seen in nontransfected cells (reference 45 and data not shown).
By contrast, only 29% 6 5% of cells transfected with the p21
antisense cDNA were alive after 24 h in DM, and only 15% 6
2% survived after 48 h. Equivalently dramatic results were seen
with L6 myoblasts. Nearly 100% of nontransfected cells or
myoblasts transfected with EGFP were alive after 24 or 48 h in
DM, compared with 66% 6 6% of cells transfected with the
p21 antisense plasmid at 24 h and 37% 6 5% at 48 h. In
aggregate, these observations show that p21 is a central com-

FIG. 3. Forced expression of p21 stimulates myoblast survival. C2AS12 cells
were transfected with the p21-IRES-EGFP expression plasmid shown above the
graph, or with EGFP alone, as described in Materials and Methods. Cell counts
of transfected myoblasts were performed after a 24- or 48-h incubation in DM or
in DM supplemented with R3IGF-I (2 nM). Results are presented as means 6
SEMs from four experiments, each performed in duplicate. The asterisks indi-
cate that survival was significantly less in myoblasts transfected with EGFP than
in p21-transfected or IGF-I-treated cells (p, P , 0.001, pp, P , 0.003). CMV/EP,
enhancer-promoter from cytomegalovirus.
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FIG. 4. Inhibition of p21 expression prevents IGF-stimulated myoblast survival. (A) Expression of a p21AS cDNA blocks IGF-induced accumulation of p21 protein.
C2AS12 cells were transiently cotransfected with the p21AS-IRES-EGFP and EGFP expression plasmids, as described in Materials and Methods. Cells were then
incubated in DM plus R3IGF-I (2 nM) for 24 h. The top panels show photomicrographs of a group of cells (magnification, 3400). The left panel shows expression of
EGFP, and the center panel shows results of immunostaining for p21. In the right panel merged EGFP and p21 images are displayed. Below the micrographs results
are presented as the percentage of cells transfected with either the p21AS-IRES-EGFP or IRES-EGFP expression plasmid that also express p21 protein (means 6 SEMs
from three experiments, counting 100 cells per experiment; p, P , 0.0001). (B) Inhibition of p21 blocks IGF-mediated myoblast survival. C2AS12 cells were transiently
transfected with the p21AS-IRES-EGFP expression plasmid. Cell counts of transfected myoblasts were performed at 24 and 48 h after incubation in DM or in DM
supplemented with R3IGF-I (2 nM) or PDGF-BB (0.4 nM). Results are presented as the means 6 SEMs from three independent experiments, each performed in
duplicate. The symbols indicate that survival was significantly less in myoblasts transfected with p21AS and treated with DM or R3IGF-I than in cells transfected with
p21AS and incubated with PDGF-BB at 24 h (p, P , 0.01; pp, P , 0.03) or at 48 h (#, P , 0.02; ##, P , 0.001).
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FIG. 5. Akt induces p21 expression. (Top panels) Representative fluorescence micrographs of C2AS12 muscle cells transiently transfected with the iAkt-IRES-
EGFP expression plasmid, as described in Materials and Methods. Following a 24-h incubation in DM alone (A and C) or in DM containing HT (1 mM) (B and D),
expression of iAkt was assessed by immunostaining using an anti-HA (a-HA) primary antibody and a fluorescein-labeled secondary antibody (A and B). Expression
of p21 (C and D) also was determined by immunofluorescence. (Bottom panel) The graph shows quantitation of p21 expression in cells transfected with the
iAkt-IRES-EGFP plasmid following treatment with DM alone or containing HT (means 6 SEMs from three experiments, counting 100 cells per experiment; p, P ,
0.003).
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ponent of an IGF-regulated muscle cell survival pathway that
operates during the early phases of muscle differentiation.

DISCUSSION

In this paper we establish that IGF-I promotes muscle cell
survival as an early event in differentiation through a pathway
that involves activation of Akt and the subsequent induction of
p21. We have demonstrated previously that cultured myoblasts
engineered to lack IGF-II underwent apoptotic death when
incubated in low-serum DM, with nearly 85% of cells becom-
ing nonviable within 72 h, and we found that survival could be
maintained by IGF-I, IGF-II, or other IGF analogues (69).
These prior observations indicated that IGF-II functioned as
an autocrine or paracrine survival factor for differentiating
muscle cells by activating the IGF-I receptor (69). We subse-
quently showed that IGF action sustained myoblast viability
through induction of PI3-kinase and Akt (45). By contrast, the
unrelated growth factor PDGF-BB also promoted survival of
IGF-II-deficient myoblasts but did so through a signaling path-
way that involved activation of Mek and Erks (45). We now
find that IGF-I induces p21 through Akt-dependent mecha-
nisms and that p21 is the critical effector of IGF-mediated
muscle cell survival. Treatment with IGF-I led to accumulation
of p21 mRNA and protein, and forced expression of p21 was
sufficient to maintain myoblast survival in the absence of
growth factors. In addition, interference with p21 protein pro-
duction by a specific antisense cDNA blocked the ability of
IGF-I or Akt to maintain myoblast viability but did not perturb
PDGF-stimulated survival. Induction of p21 by IGF action also
appears to precede the initiation of myogenic differentiation,
at least as measured by accumulation of myogenin and MHC,
and myofiber formation. In aggregate, these results define p21
as a key agent of viability in differentiating muscle cells and
demonstrate that IGF-I and Akt stimulate expression of at
least one critical prosurvival molecule in myoblasts.

A variety of studies have documented the central role of the
PI3-kinase–Akt pathway in preventing apoptotic cell death (re-

viewed in reference 12). Forced expression of active PI3-kinase
or Akt is able to maintain survival under conditions that oth-
erwise induce death, including withdrawal of growth factors
(22, 37, 39, 43, 75), while inhibition of PI3-kinase interferes
with growth factor-mediated survival (15, 19, 37, 39, 43, 44, 75).
At least four proapoptotic substrates have been shown to be
inactivated by Akt (8, 9, 12, 13, 55). Phosphorylation of pro-
caspase 9 inhibits its proteolytic processing and activation, thus
preventing stimulation of the caspase enzymatic cascade, the
executioners of cell death (9). Phosphorylation by Akt on
serine 136 of Bad, a proapoptotic member of the Bcl-2 family
(1, 53), causes its sequestration by 14-3-3 proteins, thus im-
pairing its ability to bind and inactivate antiapoptotic members
of the Bcl-2 family (13). Phosphorylation and inactivation of
glycogen synthase kinase-3 by Akt maintains cell survival by
unknown mechanisms that may be linked to changes in inter-
mediary metabolism (55). Inhibition of the forkhead transcrip-
tion factor FKHR-L1 and other related proteins (7, 42, 70)
through phosphorylation by Akt causes its accumulation in the
cytoplasm rather than in the nucleus and prevents activation of
genes involved in promoting cell death (8). It is not yet known
if any of these substrates of Akt are involved in muscle cell
death, although in preliminary studies we can detect expression
of Bad and Gsk3a and -b in our cells (data not shown).

Relatively little is known about the mechanisms by which
growth factors induce survival molecules, in contrast to the
extensive information about inhibition of death-promoting
pathways. Our present results identify p21 as a survival mole-
cule for cultured muscle cells and place it downstream of Akt
in an IGF-regulated survival pathway. Treatment of myoblasts
with IGF-I or forced expression of an inducible Akt resulted in
accumulation of p21 protein, and p21 could maintain muscle
cell viability in the absence of growth factors. Inhibition of p21
production by an antisense cDNA prevented both Akt- and
IGF-stimulated survival. Since the p21 antisense plasmid also
reduced the viability of differentiating myoblasts expressing
IGFs, the significance of our results appears not to be limited
to muscle cells engineered to lack IGF-II. Further study will be

FIG. 6. IGF-I treatment does not cause nuclear translocation of the NF-kB subunit p65 Rel A. (A to C) Representative fluorescence micrographs of C2AS12
myoblasts incubated in DM without or with either R3IGF-I (2 nM) or tumor necrosis factor alpha (1.2 nM) for 2 h and immunostained with an antibody to p65 Rel
A. (D to F) Same cells as in panels A to C stained with Hoechst dye.
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required to determine if similar mechanisms operate in pri-
mary muscle cells or in vivo. Taken together, our observations
also extend data of Fujio et al., who found that in growth-
arrested myoblasts expression of both p21 and Akt increased
with approximately similar kinetics (23), and confirm and ex-
tend other observations showing that forced expression of p21
could enhance muscle cell viability in culture (72).

The mechanisms by which IGF signaling through Akt in-
duces p21 mRNA and protein expression are unknown. The
myogenic transcription factor MyoD has been shown to stim-
ulate p21 gene expression (27, 28). MyoD is induced in our
cells but not by Akt (data not shown), thus indicating that
MyoD does not contribute to this pathway of muscle cell sur-
vival. Recent reports have demonstrated that in some cell types

FIG. 7. Inhibition of p21 expression blocks Akt-mediated myoblast survival. (A) C2AS12 cells were transiently cotransfected with iAkt-IRES-EGFP and either the
p21AS-IRES-EGFP or EGFP expression plasmid, as described in Materials and Methods. Cell counts of transfected myoblasts were performed 24 h after incubation
in DM or in DM plus HT (1 mM). Results are presented as the means 6 SEMs from three independent experiments, each performed in duplicate. Survival was
significantly greater in HT-treated cells cotransfected with EGFP than with p21AS (p, P , 0.003). (B) Inhibition of p21 expression does not block induction of Akt kinase
activity. Results are of in vitro kinase assays for Akt using immunoprecipitates from cells cotransfected with the iAkt-IRES-EGFP and p21AS-IRES-EGFP expression
plasmids and incubated without or with HT for 4 h are shown. Results from a representative experiment are pictured in the top panel. Results of three independent
experiments (means 6 SEMs) are plotted in the bottom panel. Values on the y axis represent arbitrary densitometric units. Significantly more Akt enzymatic activity
could be measured after treatment with HT (p, P , 0.003).
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Akt can activate the heterodimeric transcription factor NF-kB
through steps involving phosphorylation and induction of the
kinases that phosphorylate the NF-kB inhibitor IkB and target
it for degradation (36, 40, 54, 61, 66). The net effect is trans-
location of NF-kB from the cytoplasm to the nucleus, where it

can stimulate target gene transcription (36, 40, 61, 66). Al-
though treatment with IGF-I or IGF-II has been shown to
activate NF-kB family members p65 and p50 in primary cere-
bellar neurons (29) and to transiently induce NF-kB DNA
binding activity in L6E9 muscle cells (34), we find no evidence

FIG. 8. IGF-I cannot maintain survival in the absence of p21 expression. C2AS12 cells were transiently cotransfected with p21AS-IRES-EGFP and iAkt-IRES-
EGFP expression plasmids, as described in Materials and Methods. Cell counts of transfected myoblasts were performed 24 h after incubation in DM or in DM
supplemented with R3IGF-I (2 nM) or PDGF-BB (0.4 nM). Results are presented as the means 6 SEMs from three independent experiments, each performed in
duplicate. The asterisks indicate that survival was significantly less in transfected myoblasts treated with IGF-I than in cells incubated with PDGF (P , 0.01).

FIG. 9. Inhibition of p21 expression blocks muscle cell survival. C2 or L6 myoblasts were transiently transfected with the p21AS-IRES-EGFP or EGFP expression
plasmid. Cell counts of transfected myoblasts were performed at 24 and 48 h after incubation in DM. Results are presented as the means 6 SEMs from three
independent experiments, each performed in duplicate. The asterisks indicate that survival was significantly less in myoblasts transfected with p21AS-IRES-EGFP than
in cells transfected with EGFP at either time point (p, P , 0.01; pp, P , 0.03).
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for IGF-induced nuclear translocation of the p65 subunit of
NF-kB in our cell model. Therefore, even though in some cell
types activation of NF-kB can lead to stimulation of p21 ex-
pression (31), it is unlikely that this transcription factor plays a
role in IGF-regulated myoblast survival.

Previous studies have established that mice with targeted
disruptions of the genes encoding both p21 and the related
cyclin-dependent kinase inhibitor p57 had defective muscle
differentiation during development and exhibited increased
muscle cell apoptosis (76). Marked muscle hypoplasia also has
been observed during embryonic development in mice lacking
the IGF-I receptor (50). It is not known whether diminished
muscle mass in IGF-I receptor-deficient mice is a consequence
of decreased differentiation or enhanced myocyte death or
whether defective p21 expression is implicated. Similarly, the
physiological relevance of IGF-mediated inhibition of cell
death in skeletal muscle remains to be established. Such reg-
ulation could potentially provide a mechanism for modulating
muscle mass during embryonic or adult life. In support of this
hypothesis, it has been shown that mice overexpressing IGF-I
in muscle do not exhibit the normal decline in muscle mass that
occurs during aging (5). Selective stimulation of IGF action in
muscle may provide a therapeutic means to diminish the rate
of myofiber loss seen in other disorders.
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