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ABSTRACT The mechanisms by which insulin-like growth
factors (IGFs) can be both mitogenic and differentiation-
promoting in skeletal myoblasts are unclear because these two
processes are believed to be mutually exclusive in this tissue.
The phosphorylation state of the ubiquitous nuclear retino-
blastoma protein (Rb) plays an important role in determining
whether myoblasts proliferate or differentiate: Phosphory-
lated Rb promotes mitogenesis, whereas un- (or hypo-)
phosphorylated Rb promotes cell cycle exit and differentia-
tion. We hypothesized that IGFs might affect the fate of
myoblasts by regulating the phosphorylation of Rb. Although
long-term IGF treatment is known to stimulate differentia-
tion, we find that IGFs act initially to inhibit differentiation
and are exclusively mitogenic. These early effects of IGFs are
associated with maintenance ofRb phosphorylation typical of
proliferating cells; upregulation of the gene expression of
cyclin-dependent kinase 4 and cyclin Dl, components of a
holoenzyme that plays a principal role in mediating Rb
phosphorylation; and marked inhibition of the gene expres-
sion of myogenin, a member of the MyoD family of skeletal
muscle-specific transcription factors that is essential in mus-
cle differentiation. We also find that IGF-induced inhibition
of differentiation occurs through a process that is independent
of its mitogenic effects. We demonstrate, thus, that IGFs
regulate Rb phosphorylation and cyclin Dl and cyclin-
dependent kinase 4 gene expression; together with their
biphasic effects on myogenin expression, these results suggest
a mechanism by which IGFs are initially mitogenic and
subsequently differentiation-promoting in skeletal muscle.

Cell proliferation and differentiation are believed to be mu-
tually exclusive events in skeletal muscle and in a wide variety
of cell types (1). Although growth factors, in general, inhibit
muscle differentiation, the insulin-like growth factors (IGFs)
are distinctive in that they are the only known mitogens that,
when free of other serum components, stimulate both prolif-
eration and differentiation of skeletal muscle cells (2, 3). The
mechanisms by which the IGFs can be both mitogenic and
differentiation-promoting in muscle, however, are unclear.
The decision of a cell to proliferate or differentiate is linked

to mechanisms that regulate the cell cycle (1). Recent studies
have demonstrated that the retinoblastoma gene product (Rb)
is an important regulator of cell cycle progression (4). Rb is a
ubiquitous nuclear factor, the activity of which is regulated by
phosphorylation (5, 6). When un-(or hypo-)phosphorylated in
the early G, phase of the cell cycle, Rb is thought to act as a
growth suppressor by interacting with and inactivating E2
promoter binding factor (E2F)/differentiation-regulated tran-
scription factor 1 protein (DP) complexes that play a role in the
transcription of genes necessary for DNA synthesis (7). How-

ever, in mid-to-late GI phase, Rb becomes phosphorylated,
E2F/DP complexes are released, and Rb is no longer active as
a growth suppressor (8).

Recent studies have demonstrated that the Rb protein,
which is present in phosphorylated and un-(or hypo-)
phosphorylated forms in proliferating myoblasts but is present
virtually only in the unphosphorylated form in differentiated
myocytes (9), is required for terminal myogenic differentia-
tion. Inactivation of unphosphorylated Rb by simian virus 40
T antigen results in reinitiation of DNA synthesis and mitosis
in previously differentiated myocytes (9). Furthermore, unlike
myotubes from normal mice, cultured myotubes from mice
genetically deficient in Rb retain the ability to synthesize DNA,
demonstrating that Rb is required to maintain the postmitotic
state of differentiated myocytes (10). In addition, the unphos-
phorylated but not the phosphorylated form of Rb can interact
directly with members of the MyoD family of skeletal muscle-
specific transcription factors, including myogenin (9), which
plays an essential role in muscle differentiation (11, 12). This
interaction may be required for myoblast differentiation be-
cause Saos-2 osteosarcoma cells, which express a nonfunc-
tional Rb protein, can be converted to skeletal muscle cells by
cotransfection with Rb and myogenin expression constructs
but cannot be so converted with a myogenin construct alone
(9).

In view of the critical role of Rb phosphorylation in deter-
mining whether myoblasts proliferate or differentiate, we
hypothesized that IGFs might affect the fate of myoblasts by
regulating Rb phosphorylation. While long-term IGF treat-
ment is known to stimulate differentiation (3), we find that
IGFs act initially to inhibit differentiation and are exclusively
mitogenic. These early effects of IGFs are associated with
marked inhibition of the gene expression of myogenin, main-
tenance of Rb phosphorylation typical of proliferating cells,
and upregulation of the gene expression of cyclin-dependent
kinase 4 (cdk4) and cyclin Dl, components of a holoenzyme
that plays a principal role in mediating Rb phosphorylation
(13). We also find that IGF-induced inhibition of muscle
differentiation occurs through a process that is independent of
its mitogenic effects. We thus demonstrate that IGFs regulate
Rb phosphorylation and cyclin Dl and cdk4 gene expression;
together with their biphasic effects on myogenin expression,
these results suggest a mechanism by which IGFs are initially
mitogenic and subsequently differentiation-promoting in skel-
etal muscle.

MATERIALS AND METHODS
Materials. The following chemicals were purchased:

[a-32P]deoxy-CTP (3000 Ci/mmol; 1 Ci = 37 GBq) from DuPont

Abbreviations: IGF, insulin-like growth factor; Rb, retinoblastoma
gene product; cdk4, cyclin-dependent kinase 4; araC, cytosine f3-D-
arabinofuranoside; BrdUrd, 5-bromo-2'-deoxyuridine.
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New England Nuclear; cytosine ,B-D-arabinofuranoside (araC)
from Sigma; a monoclonal antibody (G3-245) to the human Rb
gene product (which cross-reacts with rat Rb protein) from
PharMingen; and tissue culture medium components and fetal
bovine serum from the Cell Culture Facility (University of
California, San Francisco). IGF-I was a gift from CIBA-Geigy
and des(Gly1-Glu3)-IGF-I was a gift from Genentech. A rat
myogenin cDNA was provided by W. E. Wright (University of
Texas Southwestern Medical Center, Dallas), a mouse cyclin
Dl cDNA was provided by C. J. Sherr (St. Jude Children's
Research Hospital, Memphis, TN), and a rat cdk4 cDNA was
provided by T. E. Weaver (Children's Hospital Medical Cen-
ter, Cincinnati).

Cell Culture. Rat L6E9 skeletal muscle cells [from B.
Nadal-Ginard (Harvard Medical School, Boston)], which have
been used as a model system for studying the events that occur
during muscle cell differentiation (14), were grown in Dulbec-
co's modified Eagle's medium (DMEM)/20% fetal bovine
serum/1% glutamine and antibiotics. Subconfluent cells main-
tained an appearance typical of myoblasts and were studied 3
days after plating (4 x 103 cells/cm2) in 16-mm 24-well plates,
35-mm 6-well plates, or 150 x 25-mm tissue culture dishes. For
IGF-treatment studies, cells were placed in serum-free medi-
um/1% bovine serum albumin with vehicle (0.1 M acetic acid)
or the indicated peptide.
mRNA Analysis. Total RNA was isolated by extraction in

guanidinium isothiocyanate (15). RNA was quantitated by
spectrophotometric determination at 260 nM. Twenty-five
micrograms of RNA per sample was denatured in formalde-
hyde, subjected to electrophoresis in 1% agarose gels, and
transferred to nitrocellulose. Myogenin, cyclin Dl, and cdk4
cDNAs were labeled by using random primers to 109 cpm/,ug.
Nitrocellulose membranes were prehybridized, hybridized, and
washed as described (16). Autoradiography was done, and
mRNA abundance was determined by laser densitometry.
Immunoblotting Analysis. For Rb protein phosphorylation

studies, cells were lysed in sample buffer [100 mM Tris HCl,
pH 6.8/4% SDS/0.2% bromophenol blue/20% (vol/vol) glyc-
erol] that was brought to a boil for 5 min just before addition
to the cells. Lysates were immediately boiled for 5 min and
frozen at -70°C. Dithiothreitol was subsequently added to 30
,ul of cell lysate (final concentration, 0.2 M). Samples were
boiled and analyzed by SDS/7.5% PAGE. After electrotrans-
fer, nitrocellulose blots were incubated with an anti-Rb protein
antibody that recognizes both a larger phosphorylated form
and a smaller, hypophosphorylated form. Blots were treated
with alkaline phosphatase-conjugated rabbit anti-mouse IgG
and subsequently incubated with 5-bromo-4-chloro-3-indolyl
phosphate at 150 ,ug/ml and nitro blue tetrazolium at 300
,ug/ml dissolved in 100 mM NaCl/5 mM MgCl2, pH 9.5 until
blue color appeared on the membrane. After soaking in 20mM
Tris/1 mM EDTA, pH 2.9, membranes were rinsed with water
and air-dried (17). Images of the blots were video-digitized by
a charge-coupled device camera (NEC America, Inc., T1-24A,
Irving, TX) and image software (Image Version 1.54, National
Institutes of Health, Bethesda, MD). The images of the blots
were standardized by capturing them at the same focal length
and exposure, and the intensity and area of the bands were
quantified.

5-Bromo-2'-Deoxyuridine (BrdUrd) Incorporation into
DNA. BrdUrd incorporation into DNA as an indication of
DNA synthesis was measured using the BrdUrd labeling and
detection kit II (no. 1299 964) from Boehringer Mannheim.
Briefly, L6E9 myoblasts were grown on 16-mm coverslips in
DMEM/20% fetal bovine serum/1% glutamine and antibiot-
ics. After incubation in serum-free medium/1% bovine serum
albumin in the absence or presence of IGF peptides and/or
araC, cells were labeled with BrdUrd (final concentration, 10
,umol/liter) at 37°C and 5% C02/95% air for 30 min. Cells
were washed, fixed in 70% (vol/vol) ethanol (in 50mM glycine
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FIG. 1. (A) Northern blot of myogenin mRNA in control (lane 0)

and IGF-I (lane I) or des(Gly1-Glu3)-IGF-I (lane D)-treated (20
ng/ml) cells after 6 hr. (B) Ethidium bromide staining of the gel. A
representative of three independent experiments is shown.

buffer, pH 2.0), and treated with an anti-BrdUrd monoclonal
antibody (clone BMC 9318, IgGl). Cells were then treated
with alkaline phosphatase-conjugated anti-mouse IgG and
subsequently incubated in a phosphate/nitro blue tetrazolium
solution for 30 min at room temperature. Cells were examined
with a light microscope; nuclei that had incorporated BrdUrd
appeared blue.

RESULTS
Early IGF Treatment Decreases Myogenin mRNA. Myo-

genin mRNA is either low or nondetectable in proliferating
myoblasts and increases spontaneously upon serum with-
drawal (18-20). Although skeletal myoblasts differentiate
merely upon serum withdrawal, IGFs have been shown to
augment this process in association with increased levels of
myogenin mRNA (19, 20). Studies demonstrating IGF-
induced increases in myogenin mRNA, however, involved IGF
treatment periods of >24 hr (19, 20). In contrast, when cells
were treated for 6 hr with an equivalent concentration of IGF-I
(20 ng/ml), myogenin mRNA markedly decreased (Fig. 1). A
similar degree of inhibition of myogenin gene expression was
seen when myoblasts were treated with des(Gly1-Glu3)-IGF-I,
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FIG. 2. (A) Immunoblots of Rb protein phosphorylation in control
(lanes 0) and IGF-I (lanes I) or des(Gly1-Glu3)-IGF-I (lanes D)-
treated (20 ng/ml) cells over time. The hypophosphorylated Rb is the
105-kDa form. (B) Ratio of phosphorylated [Rb (P+)]/un-(or hypo-)
phosphorylated Rb [Rb (P-)]. 0, Control; oI, treated with IGF-I; *,
treated with des(Gly1-Glu3)-IGF-I. A representative of four indepen-
dent experiments is shown.

Proc. Natl. Acad. Sci. USA 92 (1995)



Proc. Natl. Acad. Sci. USA 92 (1995) 10309

a naturally occurring IGF-I analog with markedly reduced
affinity for IGF-binding proteins (21) but with an affinity for
the IGF-I receptor comparable to that for native IGF-I (22)
(Fig. 1). Thus, short- and long-term treatment with IGFs have
opposing effects on muscle cell differentiation.
IGFs Regulate Rb Protein Phosphorylation and Cyclin Dl

and cdk4 Gene Expression. Because phosphorylation of Rb
protein promotes proliferation and inhibits differentiation, we
investigated whether the early inhibitory effects of IGFs on
muscle differentiation were associated with inhibition of Rb
dephosphorylation. When analyzed by SDS/7.5% PAGE,
phosphorylated Rb migrates above a hypophosphorylated
form of '105 kDa (9). Rb in proliferating myoblasts (time 0)
was present predominantly in the phosphorylated form (Fig.
2). Cells switched into serum-free medium demonstrated a
progressive decrease in phosphorylated Rb and an increase in
hypophosphorylated Rb, such that by 24 hr, the ratio of
phosphorylated to hypophosphorylated Rb decreased from 5.0
to 0.5 (Fig. 2). In contrast, myoblasts treated with either IGF-I
or des(Gly1-Glu3)-IGF-I demonstrated persistence of Rb
phosphorylation typical of proliferating myoblasts for at least
9 hr, with a prolonged increase in the ratio of phosphorylated
to hypophosphorylated Rb for at least 24 hr (Fig. 2).

In view of the ability of IGFs to regulate Rb phosphoryla-
tion, we examined the ability of IGFs to regulate the gene
expression of cyclin Dl and cdk4, the regulatory and catalytic
components, respectively, of a holoenzyme that plays a prin-
cipal role in mediating the phosphorylation of Rb (13). For
these studies, the des(Gly1-Glu3)-IGF-I analog was used to
minimize any differentiation-inhibitory effects of endogenous
IGF-binding proteins seen in these myoblasts with more
prolonged IGF treatment (20). On Northern analysis, prolif-
erating myoblasts (time 0) expressed a cyclin Dl transcript of
-4.0 kb and a cdk4 transcript of 1.4 kb; myogenin mRNA (1.8
kb) was virtually nondetectable (Fig. 3). When control cells
were placed in serum-free medium, cyclin Dl mRNA de-
creased within 6 hr and cdk4mRNA decreased between 12 and
24 hr. Conversely, myogenin mRNA increased in control cells
within 6 hr with a peak increase at 24 hr, indicating sponta-
neous differentiation upon serum withdrawal. In contrast, cells
treated with des(Gly1-Glu3)-IGF-I for up to 24 hr expressed
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cyclin Dl and cdk4 mRNA at levels that were greater than or
equal to those in proliferating myoblasts; concurrently, des(Glyl-
Glu3)-IGF-I markedly inhibited myogenin gene expression. An
inverse relationship between the effects of des(Gly1-Glu3)-
IGF-I on cyclin D1/cdk4 and on myogenin mRNA could be
seen at each time point studied between 6 and 24 hr (Fig. 3).

In contrast to the marked inhibitory effect of IGFs on
myogenin gene expression at early time points (up to 24 hr),
more prolonged des(Gly1-Glu3)-IGF-I treatment (48-72 hr)
resulted in an increase in myogenin mRNA similar to that
previously reported in this cell line (20) (Fig. 3). Concurrent
with this switch of des(Gly1-Glu3)-IGF-I from an inhibitor to
a stimulator of myogenin gene expression, IGF treatment no
longer upregulated Rb phosphorylation (Fig. 2) or cyclin Dl
and cdk4 gene expression (Fig. 3).
Because IGFs were added to cells only at time 0, it is possible

that the IGF-induced upregulation of Rb phosphorylation and
inhibition of myogenin gene expression at 24 but not at 48 hr
could have been due to depletion of the added IGF peptide
after 24 hr. To address this possibility, myoblasts were studied
at 48 hr of IGF treatment, with the peptide added at time 0 only
or at both time 0 and 24 hr. Despite readdition of the IGF
analog at 24 hr, Rb phosphorylation was not upregulated at 48
hr (Fig. 4A), and myogenin gene expression was not inhibited
but rather was increased at 48 hr (Fig. 4B). Thus, IGF signaling
in myoblasts results in a time-dependent altered response that
is probably not a consequence of IGF peptide depletion.
IGF-Induced Inhibition of Muscle Differentiation Occurs

Through a Process That Is Independent of Its Mitogenic
Effects. Because IGFs inhibit muscle differentiation (de-
creased myogenin mRNA) concurrent with upregulation ofRb
phosphorylation and of cyclin Dl and cdk4 gene expression, we
examined whether the differentiation-inhibitory effects of
IGFs were a consequence of their mitogenic effects. DNA
synthesis as measured by BrdUrd incorporation decreased in
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FIG. 3. Northern blots of cyclin Dl, cdk4, and myogenin mRNA in
control (lanes 0) and des(Gly1-Glu3)-IGF-I (lanes D)-treated (20
ng/ml) cells over time. Ethidium bromide staining of the gel is shown
below. A representative of four independent experiments is shown.
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FIG. 4. (A) Immunoblot of Rb protein phosphorylation in control
(lanes 0) and des(Gly1-Glu3)-IGF-I (lanes D)-treated (20 ng/ml) cells:
effect of repeated des(Gly1-Glu3)-IGF-I treatment. In lanes 3 and 5,
des(Gly1-Glu3)-IGF-I was added at time 0 only; in lane 6, it was added
at time 0 and 24 hr. (B) (Upper) Northern blot of myogenin mRNA in
control (lanes 0) and des(Gly1-Glu3)-IGF-I (lanes D)-treated (20
ng/ml) cells: effect of repeated des(Gly1-Glu3)-IGF-I treatment. In
lanes 3, 5, and 7, des(Gly1-Glu3)-IGF-I was added at time 0 only; in
lane 8, des(Gly1-Glu3)-IGF-I was added at time 0 and 24 hr. (Lower)
Ethidium bromide staining of the gel. A representative of four
independent experiments is shown.

Cell Biology: Rosenthal and Cheng



10310 Cell Biology: Rosenthal and Cheng

60
.0

0 40-

0>

0

-, 0L20
n

1 1 2 3 4 1 2 3 4 Treatment

0 1-6 1 '-24 1 Hours

FIG. 5. BrdUrd incorporation into DNA: effect of des(Gly1-Glu3)-
IGF-I (20 ng/ml) and araC (2 jig/ml). Lanes: 1, control; 2, des(Glyl-
Glu3)-IGF-I; 3, araC; 4, des(Gly1-Glu3)-IGF-I plus araC. Data rep-
resent the mean ± SD of six replicate values. A representative of four
independent experiments is shown. *, P < 0.001 vs. control cells at 24
hr.

control cells after 24 hr in serum-free medium (Fig. 5). In
contrast, treatment with des(Gly1-Glu3)-IGF-I for 6-24 hr
maintained BrdUrd incorporation at a level comparable to
that in proliferating myoblasts (time 0) (Fig. 5). Of note,
myoblasts were 50-60% confluent at time 0. No change in cell
density was seen in control or IGF-treated cells at 6 hr or after
24 hr in control cells; however, consistent with the known
mitogenic response of myoblasts to IGFs (2), cells treated with
des(Gly1-Glu3)-IGF-I had divided and were 90-95% conflu-
ent at 24 hr (data not shown).
To examine the relationship between IGF-induced inhibi-

tion of differentiation and stimulation of mitogenesis, we
inhibited DNA synthesis with araC; araC at 2.0 ,g/ml has been
previously shown to completely inhibit proliferation of L6E9
skeletal myoblasts without inducing cell lysis or cell death (14).
This dose of araC completely inhibited DNA synthesis not only
in serum-free but also in des(Gly1-Glu3)-IGF-I-treated cells at
6 and 24 hr (Fig. 5).
We therefore used araC at 2 ,tg/ml for up to 24 hr, during

which DNA synthesis was completely suppressed in basal and
des(Gly1-Glu3)-IGF-I-treated cells, and reexamined the ef-
fects of des(Gly1-Glu3)-IGF-I on differentiation. As seen in
Fig. 6, myogenin mRNA was barely detectable in proliferating
myoblasts (time 0) but increased spontaneously in serum-free
medium in the absence or presence of araC at 9 and 24 hr.
When cells were treated with the IGF analog alone, myogenin
mRNA accumulation was markedly inhibited at both 9 and 24
hr, as expected (see Fig. 3). However, when myoblasts were
treated concurrently with des(Gly1-Glu3)-IGF-I and araC,
myogenin gene expression continued to be markedly sup-

pressed (Fig. 6), demonstrating that IGF-induced inhibition of
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FIG. 6. Effect of araC (2 ,ug/ml) on des(GlyI-Glu3)-IGF-I (20
ng/ml; IGF-I analog)-induced inhibition of myogenin mRNA accu-
mulation. (Upper) Northern blot. (Lower) Ethidium bromide staining
of the gel. A representative of four independent experiments is shown.

differentiation can occur through a process that is independent
of its mitogenic effects.

DISCUSSION
Skeletal muscle cell differentiation is a process whereby me-
sodermal stem cell-derived myoblasts cease proliferation and
acquire the biochemical and morphologic phenotype of myo-
cytes and fused myotubes (1). The decision of myoblasts to
proliferate or differentiate is strongly linked to the cellular
environment, influenced by cell-extracellular matrix interac-
tions (23), direct cell-cell interactions (24), and by soluble
growth factors (25). Although growth factors, in general,
inhibit myogenic differentiation (25), IGFs are distinctive in
that they are the only known mitogens that, when free of other
serum components, stimulate both the proliferation and dif-
ferentiation of skeletal muscle cells (2, 3, 19, 20, 25). This dual
effect of IGFs is of particular interest because these two
processes are believed to be mutually exclusive in these cells
(1).

In contrast to the previously reported stimulation of myo-
genic differentiation by IGFs, requiring treatment periods of
>24 hr (3, 19, 20), we find that IGFs act initially to inhibit
differentiation associated with a marked reduction in myo-
genin mRNA. To explore a potential mechanism by which
IGFs initially inhibit and subsequently stimulate myogenic
differentiation, we examined the effects of IGFs on phosphor-
ylation of the cell cycle regulatory Rb protein. The inactive,
phosphorylated form of Rb promotes proliferation, whereas
the un-(or hypo-)phosphorylated form promotes the termi-
nally differentiated state of myocytes (9). Concurrent with
IGF-induced inhibition of myogenin gene expression, we find
that IGFs inhibit Rb dephosphorylation and upregulate gene
expression of cyclin Dl and cdk4, components of a holoenzyme
that plays a principal role in mediating Rb phosphorylation
(13). Although IGF-I has also been shown to increase cyclin
Dl expression in MG63 human osteosarcoma cells (26), our
results are, to our knowledge, the only demonstration that
IGFs regulate Rb phosphorylation and cdk4 gene expression.

Inhibition of Rb dephosphorylation and upregulation of
cyclin D1/cdk4 gene expression by IGFs can potentially inhibit
myogenic differentiation through a variety of mechanisms.
Recently a direct interaction between myogenin and Rb has
been shown to occur and may be required for skeletal muscle
differentiation (9); however, this interaction involves only the
un-(or hypo-)phosphorylated form of Rb (9). Thus, mainte-
nance of Rb phosphorylation by IGFs would be expected to
inhibit interaction of Rb with myogenin. In addition, IGFs
upregulate cyclin Dl mRNA, and overexpression of cyclin Dl
inhibits myogenic differentiation by blocking the activation of
muscle-specific genes by MyoD (27, 28).
While the present studies with BrdUrd show that IGFs are

mitogenic at the same time that they inhibit differentiation,
studies with araC, in which DNA synthesis was completely
prevented, show that IGF-I-induced inhibition of myogenic
differentiation occurs through a process that is independent of
its mitogenic effects. Although basic fibroblast growth factor
is thought to inhibit myogenic differentiation by protein kinase
C-mediated phosphorylation of the basic helix-loop-helix
muscle-specific transcription factors (29), and transforming
growth factor f3 is thought to inhibit myogenic differentiation
by repression of the transcriptional activity of these myogenic
basic helix-loop-helix proteins (30), both basic fibroblast
growth factor and transforming growth factor ,B, like IGF-I,
have been shown to negatively regulate muscle differentiation
without stimulating proliferation (31, 32).

While other growth factors such as basic fibroblast growth
factor, transforming growth factor ,B, and platelet-derived
growth factor are exclusively inhibitory of myogenic differen-
tiation under serum-free conditions (31-33), our work dem-

Proc. Natl. Acad. Sci. USA 92 (1995)
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onstrates that IGFs can initially inhibit and subsequently
stimulate differentiation of the same tissue type. Just as
IGF-induced inhibition of myogenic differentiation occurs
through a process independent of its mitogenic effects, IGF-
induced stimulation of muscle differentiation is not simply a
consequence of increased cell number: IGFs for 48 hr stimu-
lated myogenic differentiation in subconfluent L6 myoblasts,
even when DNA synthesis was completely inhibited by araC
(34). The initial inhibition and subsequent stimulation of
skeletal muscle differentiation by IGFs may reflect a diver-
gence in IGF-I receptor signaling pathways or may reflect
quantitative differences in components of the same signaling
pathway. With respect to the latter possibility, the response of
PC-12 chromaffin cells to receptor tyrosine kinase activation
is thought to be determined by duration of extracellular
signal-regulated kinase (ERK) activation (35). Transient ex-
tracellular signal-regulated kinase activation is associated with
a proliferative response in PC-12 cells, whereas more sustained
extracellular signal-regulated kinase activation is associated
with differentiation (35).

While exogenous IGFs have a time-dependent biphasic
effect on myogenic differentiation, endogenous IGF produc-
tion by skeletal muscle cells is required for differentiation in
tissue culture (36, 37). After serum withdrawal, IGF peptide
production by muscle cells increases spontaneously (38-40),
and IGF antisense oligodeoxynucleotides or cRNAs inhibit the
differentiation process (36, 37). Taken together, these data
suggest that IGFs function as "maintenance factors" in skeletal
muscle cells: When subconfluent, proliferating myoblasts are
exposed to exogenous IGFs, these IGFs initially maintain the
cycling state of these cells. However, once myoblasts leave the
cell cycle, autocrine production of IGFs is induced (38-40),
which promotes and maintains the differentiated state of these
cells. These studies suggest that in developing skeletal muscle
in vivo, endocrine and/or paracrine sources of IGFs contribute
initially to a proliferative response in myoblasts. Subsequently,
when environmental cues favor differentiation (e.g., reaching
a critical threshold of cell density), an autocrine source of IGFs
is induced that potentiates the differentiated state. A prolif-
erative role for IGFs during early muscle development is
supported by the marked skeletal muscle hypoplasia observed
in transgenic mice homozygous for a targeted mutation of the
IGF-I receptor (41).

In summary, IGF-I can no longer be viewed only as a
positive regulator of myogenic differentiation. While both
long-term IGF treatment as well as autocrine/paracrine pro-
duction of IGFs by muscle cells promote the differentiated
state, proliferating myoblasts respond to IGFs initially with a
marked inhibition of differentiation and a parallel mitogenic
response. The proliferative and differentiation-inhibiting re-
sponses to IGF-I can be separated, however, because blocking
the mitogenic effects of IGF-I did not prevent inhibition of
differentiation by IGF-I. These early effects of IGFs on
myogenesis may be mediated, at least in part, by a marked
decrease in myogenin mRNA, inhibition of Rb dephosphory-
lation, and upregulation of the gene expression of cyclin DI
and cdk4.
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