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Abstract Insulinlike growth factor s (IGFs) stimulate skeletal muscle cell differentiatio n in association with an increase
in the mRNA of myogenin, a member of the MyoD family of skeletal muscle–specific transcriptio n factor s that plays an
essential role in the differentiatio n process. However, this is a relatively late effect , requiring treatmen t periods of.24 h. In
contrast , IGFs initially inhibit skeletal muscle cell differentiation , associated with a marked reduction in myogenin mRNA.
The mechanisms by which IGF-I initially inhibits and subsequently stimulates myogenin expression are unknown. In the first
24 h, we find that IGF-I inhibits myogenin gene transcriptio n by.80% but has no effect on myogenin mRNA stability.
Similarly, in the first 24 h, IGF-I markedly inhibits myogenin promoter activity; the sequence2145 to 29 of the myogenin
gene is sufficient to confer this inhibitory effect of IGF-I. In contrast , 48 h of treatmen t with IGF-I results in an increase in
myogenin promoter activity that parallels the increase in myogenin steady-stat e mRNA. This increase in promoter activity is
completely prevented in construct s lacking the sequence21,565 to 2375 of the myogenin gene. These data indicate that
the early inhibitory and late stimulator y effects of IGF-I on myogenin expression are mediated at the level of transcription,
and that these time-dependent, opposing effects of IGF-I on myogenin transcriptio n are mediated by distinct regions of the
myogenin gene. To our knowledge, this is the first demonstratio n of a gene whose promoter activity is initially inhibited and
subsequently stimulated by IGF-I. J. Cell. Biochem. 78:617–626, 2000. © 2000 Wiley-Liss, Inc.
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Skeletal myoblasts are inherently pro-
grammed to leave the cell cycle and begin the

differentiation process after withdrawal of ex-
ogenous growth factors [Molkentin and Olson,
1996]. Although growth factors, in general, in-
hibit the differentiation of skeletal muscle
cells, IGFs are unique in that they are the only
known mitogens that initially inhibit and sub-
sequently stimulate skeletal muscle cell differ-
entiation [Ewton and Florini, 1981; Florini et
al., 1991; Rosenthal and Cheng, 1995; Silver-
man et al., 1995]. IGF stimulation of skeletal
muscle cell differentiation is associated with an
increase in the steady-state mRNA levels of
myogenin [Florini et al., 1991; Rosenthal and
Cheng, 1995; Silverman et al., 1995], a member
of the MyoD family of skeletal muscle–specific
transcription factors that plays an essential
role in muscle differentiation [Hasty et al.,
1993; Nabeshima et al., 1993]. Studies demon-
strating IGF-induced increases in myogenin
mRNA, however, involved relatively long treat-
ment periods of .24 h. In contrast, we have
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recently shown that early (,24 h) IGF treat-
ment of skeletal myoblasts markedly inhibits
myogenin mRNA [Rosenthal and Cheng, 1995].

In this study, we have examined the mecha-
nisms by which IGF-I initially inhibits and
subsequently stimulates myogenin mRNA. Us-
ing a clonally derived skeletal muscle cell line,
we find that the early inhibitory and late stim-
ulatory effects of IGF-I on myogenin steady-
state mRNA are mediated at the transcrip-
tional level, and that these time-dependent,
opposing effects of IGF-I on myogenin tran-
scription are mediated by distinct regions of
the myogenin gene.

MATERIALS AND METHODS

Materials

The following materials were purchased:
[a-32P]deoxy-CTP (3,000 Ci/mmol) and [a-32P]
UTP (6,000 Ci/mmol) from DuPont New En-
gland Nuclear (Boston, MA), pGL3 (pLuc) and
pRL-CMV plasmids and Dual Luciferase Re-
porter Assay System from Promega (Madison,
WI), tissue culture medium components and
fetal bovine serum (FBS) (HyClone) (Logan,
UT) from the Cell Culture Facility (University
of California, San Francisco) and bovine serum
albumin (BSA) and actinomycin D (ActD) from
Sigma Chemicals (St. Louis, MO). Des(1-
3)IGF-I was a gift from Genentech (South San
Francisco, CA). The myogenin promoter and
cDNA were provided by E. N. Olson (Universi-
ty of Texas Southwestern Medical Center, Dal-
las). A plasmid containing a GAPDH cDNA
was a gift from G. Chazenbalk (Department of
Veterans Administration Medical Center, San
Francisco).

Cell Culture

Rat L6E9 skeletal myoblasts were provided
by B. Nadal-Ginard [Nadal-Ginard, 1978].
These cells express the biochemical markers
and morphologic features of primary skeletal
muscle cells and have been used extensively as
a model system to study the events that regu-
late muscle cell proliferation and differentia-
tion [Nadal-Ginard, 1978; Rosenthal and
Cheng, 1995; Silverman et al., 1995; Engert et
al., 1996; Kaliman et al., 1996, 1998]. These
myoblasts were maintained in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM)/ 1% glutamine
and antibiotics supplemented with 20% FBS.
For IGF treatment studies, cells were placed in

serum-free medium/1% BSA supplemented
with vehicle (0.1 M acetic acid) or the IGF
peptide.

Nuclear Run-on Transcription Assays

At 60–70% confluence, cells maintained in
20% serum-supplemented medium were either
harvested or placed in serum-free medium
with 1% BSA in the absence or presence of
des(1-3)IGF-I for 12 h. Nuclei were then pre-
pared from 108 cells by washing in phosphate-
buffered saline followed by resuspension in ly-
sis buffer [Groudine et al., 1981] containing
10 mM Tris (pH 7.4), 10 mM NaCl, 3 mM
MgCl2, and 0.5% Nonidet P-40, and incubation
on ice for 5 min. Nuclear pellets were obtained
by centrifugation at 800g at 4° C for 5 min.
Nuclei were resuspended in storage buffer
(40% glycerol, 50 mM Tris, pH 8.0, 5 mM
MgCl2, 0.1 mM EDTA) and used immediately
or stored at 280°C. Five micrograms of the
plasmid containing the coding sequence of ei-
ther myogenin or GAPDH were linearized, pu-
rified, and denatured in 0.1 M NaOH, and ap-
plied to Nitrocellulose membranes using a slot
blot minifold (Schleicher & Schuell) (Keene,
NH). Each slot was washed with 0.5 ml 6x
SSPE (20x SSPE is 3 M NaCl, 0.2 M NaH2PO4,
0.02 M EDTA-Na2, pH 7.4). DNA was fixed
onto the membranes with a UV Stratalinker
(Stratagene, La Jolla, CA) and by baking the
membranes under vacuum at 80°C for 2 h.

Transcription was initiated by suspending
5 3 107 nuclei in a 200-ml reaction mixture
containing 10 mM Tris-HCl (pH 8.0), 5 mM
MgCl2, 300 mM KCl, 0.5 mM dithiothreitol,
50 U/ml RNase inhibitor, 0.5 mM each GTP,
CTP, and adenosine triphosphate, and 200 mCi
of [a-32P] UTP and incubating at 26°C for 30
min. Total RNA products were then purified
using DNase I, proteinase K in the presence of
sodium dodecyl sulfate (SDS), salt precipita-
tion, and subsequent phenol-chloroform extrac-
tion [Groudine et al., 1981]. Equal numbers of
cpm from each sample were reconstituted into
a final volume of 1.5 ml and hybridized to slot-
blotted cDNAs for 36 h at 65°C. After hybrid-
ization, membranes were washed sequentially
in 1x SSPE/0.1% SDS at 65°C for 90 min, 0.1x
SSPE/0.1% SDS at 65°C for 20 min, 2x SSPE
with 1.25 mg/ml RNase A at 37°C for 15 min,
and 2x SSPE at room temperature for 10 min.
Membranes were then exposed to a Phospho-
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rImager screen (Molecular Dynamics) (Sunny-
vale, CA) for quantitation of run-on activity.

RNA Isolation and Northern Blotting

At the indicated times, cells were harvested
and total RNA was isolated by extraction in
Trizol reagent (Gibco BRL, Gaithersburg, MD)
according to the manufacturer’s recommenda-
tions. RNA was quantitated by spectrophoto-
metric determination at 260 nm, and 25 mg of
RNA per sample were denatured in formalde-
hyde, subjected to electrophoresis in 1% aga-
rose gels, transferred to nylon membranes
(Amersham, Piscataway, NJ), and fixed by UV
cross-linking. Myogenin cDNA was labeled us-
ing random primers to 109 cpm/mg. Nylon
membranes were prehybridized and hybridized
in Express Hyb solution (Clontech) (Palo Alto,
CA) according to the manufacturer’s recom-
mendations, washed as previously described
[Sambrook et al., 1989], and exposed to a Phos-
phorImager screen for quantitation followed by
autoradiography using Biomax MS film (Kodak,
Rochester, NY).

mRNA Stability Studies

L6E9 cells were placed in serum-free
medium/1% BSA for 12 h, then switched to
fresh serum-free medium/1% BSA with des(1-
3)IGF-I (100 ng/ml) or vehicle. Four hours later
(time 0) ActD was added to a final concentra-
tion of 1 mg/ml. At the times indicated after
ActD treatment, cells were harvested for
Northern analysis and quantitation by Phos-
phorImaging, as described above. After quan-
titation of myogenin mRNA, membranes were
stripped by boiling twice in distilled water for
2 min, and reprobed for detection of 18S ribo-
somal RNA. Values of myogenin mRNA were
then adjusted for sample loading by dividing
them by the corresponding values of 18S ribo-
somal RNA in each lane then plotted as per-
centages.

Analysis of Promoter Activity

Promoter activity of deletional constructs of
the 59-flanking region of the myogenin gene
was studied by transient transfection assays.
Myogenin-luciferase reporter genes were gen-
erated by subcloning restriction fragments or
polymerase chain reaction–derived DNA frag-
ments into the promoterless pGL3 basic plas-
mid (p0Luc) just upstream of the firefly Lucif-

erase gene. For each recombinant, the
orientation and nucleotide sequence were val-
idated before use.

Transfections and luciferase assays were
performed using Qiagen’s (Chatsworth, CA)
Superfect or Effectene transfection reagents
and Promega’s Dual Luciferase Assay kit, re-
spectively, according to the manufacturers’ rec-
ommendations. Briefly, L6E9 cells were seeded
in 24-well plates for 24 h, then washed and
placed in 400 ml DMEM/20% FBS containing
1 mg of myogenin-luciferase plasmid and 20 ng
of pRL-CMV plasmid that were incubated with
the Qiagen transfection reagent for 15 min at
room temperature. After recovery from trans-
fection, cells were washed and placed in serum-
free medium with or without the IGF-I peptide.
Fourteen or 48 h after IGF-I treatment, cells
were lysed and luciferase activity was mea-
sured using an automated Monolight 1500-B
Luminometer (Analytical Luminescence Labo-
ratory, Ann Arbor, MI). To control for transfec-
tion efficiency, cells were cotransfected with a
Renilla Luciferase expression vector (pRL-
CMV, Promega) in which the cDNA encoding
for Renilla Luciferase is inserted downstream
of a CMV promoter. Firefly Luciferase and Re-
nilla Luciferase are distinct enzymes with dis-
similar substrate requirements. Accordingly,
the activity of each enzyme can be measured
independently using the Dual Luciferase Assay
system (Promega). In each experiment, values
of firefly Luciferase activity, which reflect myo-
genin promoter activity, were adjusted for effi-
ciency of transfection by dividing them by the
corresponding values of Renilla Luciferase ac-
tivity in each sample. In addition, in cells
treated for 48 h, the results were adjusted for
cell number because cell number increased
during the 48-h IGF treatment studies but not
during the 14-h studies.

RESULTS AND DISCUSSION

Early IGF-I Treatment Inhibits Myogenin Gene
Transcription

To determine whether the early inhibitory
effects of IGF-I on steady-state myogenin
mRNA in skeletal myoblasts [Rosenthal and
Cheng, 1995] are mediated at the level of gene
transcription and/or mRNA stability, we car-
ried out nuclear run-on and mRNA half-life
studies. Des(1-3)IGF-I, a naturally occurring
IGF-I analog that has markedly reduced affin-
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ity for IGF binding proteins [Bagley et al.,
1989] but has an affinity for the IGF-I receptor
comparable to that of native IGF-I [Ballard et
al., 1987], was used to minimize any potential
effects of IGF binding proteins [Silverman et
al., 1995]. In nuclear run-on assays, myogenin
transcription was virtually nondetectable in
proliferating myoblasts maintained in 20%
FBS-supplemented medium (time 0), as ex-
pected [Brunetti and Goldfine, 1990; Edmond-
son et al., 1992] (Fig. 1a). After 12 h in serum-
free medium in the absence of IGF peptide,
myogenin transcription was induced (Fig. 1a).
In contrast, the induction of myogenin gene
transcription was inhibited by .80% after 12 h
in serum-free medium in the presence of des(1-
3)IGF-I (100 ng/ml) (Fig. 1a,b). Transcription
of the GAPDH gene, used as a control, was not

affected by serum withdrawal or by IGF treat-
ment (Fig. 1a,b).

To determine whether treatment with the
IGF-I analog affects myogenin mRNA stability,
myogenin mRNA half-life studies were carried
out using ActD, an inhibitor of mRNA synthe-
sis. Because previous studies of mRNA stabil-
ity have used ActD at doses ranging from 2 to
10 mg/ml [Levine et al., 1986; Saitoh et al.,
1990; Yoshizumi et al., 1993; Lofquist et al.,
1995], we initially carried out dose–response
studies to determine a dose of ActD that com-
pletely inhibits myogenin transcription. Be-
cause the increase in steady-state myogenin
mRNA in serum-free medium [Florini et al.,
1991; Rosenthal and Cheng, 1995; Silverman
et al., 1995] is a consequence of increased tran-
scription (Fig. 1a), we used Northern analysis
to evaluate the ability of ActD to inhibit myo-
genin gene expression in serum-free medium.
As seen in Figure 2, myogenin mRNA was min-
imally detectable in myoblasts maintained in
20%FBS-supplemented medium, and was in-
duced after 12 h in serum-free medium, as
expected. Myogenin gene expression was com-
pletely inhibited in the presence of ActD
(1–10 mg/ml) (Fig. 2). The ActD vehicle (di-
methylsulfoxide) had no effect on myogenin
gene expression. Subsequent myogenin mRNA
stability studies were carried out with 1 mg/ml
ActD.

To assess the effects of IGF-I on myogenin
mRNA stability, myoblasts were initially
placed in serum-free medium for 12 h to allow
for adequate induction of myogenin mRNA.

Fig. 1. a: Nuclear run-on assays for myogenin and GAPDH
transcription in the absence and presence of des(1-3)IGF-I for
12 h. Slot-blot hybridization (in duplicates) was performed
using labeled total RNA synthesized by nuclei from L6E9 myo-
blasts in 20% fetal bovine serum–supplemented medium (time
0), and nuclei from cells incubated for 12 h in serum-free
medium/1% bovine serum albumin in the absence or presence
of des(1-3)IGF-I (100 ng/ml). A representative of four indepen-
dent experiments is shown. b: A quantitative representation of
the rate of myogenin and GAPDH gene transcription in the
absence (open bars) or presence (closed bars) of des(1-3)IGF-I
(100 ng/ml) for 12 h (mean 6 SD of four measurements). The
percent decrease in myogenin transcription in IGF-treated ver-
sus control cells is indicated.

Fig. 2. Effect of actinomycin D (ActD) on myogenin mRNA:
dose–response. Myogenin mRNA was examined by Northern
blots in L6E9 myoblasts in 20% fetal bovine serum (FBS)-
supplemented medium (lane 1) and after 12 h in serum-free
medium/1% bovine serum albumin in the absence (lane 2) or
presence of increasing doses of ActD (lanes 4–7) or vehicle (lane
3). The arrow indicates myogenin mRNA. Ethidium bromide stain-
ing of the gel is shown below. A representative of three indepen-
dent experiments is shown. DMSO, dimethylsulfoxide.
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Cells were then treated with vehicle or the
IGF-I analog (100 ng/ml). Four hours later
(time 0), cells were either harvested or treated
with ActD for up to 24 h to inhibit myogenin
mRNA synthesis. The IGF-I analog was added
4 h before ActD treatment to allow for possible
IGF-associated transcriptional events that
might be required for potential IGF regulation
of myogenin mRNA stability. At time 0, and at
3, 12, and 24 h after addition of ActD, myoge-
nin mRNA levels were determined by Northern
blotting and quantitated by PhosphorImager
analysis as described in Materials and Meth-
ods. In control cells, myogenin mRNA half-life
was approximately 12 h. As seen in Figure 3,
myogenin mRNA half-life was not affected by
the IGF-I analog because the rate of mRNA
decay was identical in the absence or presence
of IGF-I. Previous studies of myogenin mRNA
stability in mouse and rat skeletal muscle cells
demonstrated half-lives that differed from each
other and from the results in the present study
[Saitoh et al., 1990; Rotwein et al., 1995]. In a
previous study in L6E9 cells, myogenin mRNA
half-life was found to be 3–4 h [Saitoh et al.,
1990]. The difference in myogenin mRNA half-

life in L6E9 cells between the earlier and
present studies may reflect differences in ex-
perimental design. In the studies by Saitoh et
al., ActD was added after 48 h in differentia-
tion medium supplemented with 5% horse se-
rum, whereas in the current study, ActD was
added after 16 h in serum-free medium.

In addition to IGF-I, basic (b) and acidic fi-
broblast growth factor (FGF) and transforming
growth factor (TGF)-b, known inhibitors of
skeletal myoblast differentiation, also inhibit
the gene expression of myogenin [Brunetti and
Goldfine, 1990; Heino and Massagué, 1990;
Brennan et al., 1991; Fox et al., 1994]. Like
IGF-I, bFGF inhibits transcription of the myo-
genin gene [Brunetti and Goldfine, 1990]. In
addition, bFGF may inhibit the muscle differ-
entiation process by phosphorylating a con-
served site in the DNA-binding domain of myo-
genin and inhibiting its binding to DNA [Li et
al., 1992]. In the presence of TGF-b, constitu-
tively expressed myogenin translocated to the
nucleus and bound DNA but was unable to
activate the muscle differentiation process
[Brennan et al., 1991; Martin et al., 1992].
Whether IGF-I modifies myogenin binding to
DNA or its ability to activate the myogenic
program is not yet known. Even if IGF-I is able
to posttranslationally modify myogenin or
modify its transcriptional activity, such effects
are unlikely to play a role in IGF-I-induced
inhibition of muscle differentiation, because
myogenin mRNA remains undetectable during
the period in which IGF-I inhibits the muscle
differentiation process [Rosenthal and Cheng,
1995].

Early Inhibitory Effect of IGF-I on Myogenin
Transcription Is Mediated by Sequence(s)

Contained from 2145 to 29 of the
Myogenin Gene

To identify a potential region in the myoge-
nin gene that confers the early inhibitory effect
of IGF-I on myogenin transcription, we have
examined a 1.6-kb upstream region (21,565 to
118) of the myogenin gene. This region has
been previously shown to mediate the inhibi-
tory effect of serum on myogenin transcription
[Edmondson et al., 1992]. In promoter-reporter
transfection assays, we found that treatment
with des(1-3)IGF-I (100 ng/ml) for 14 h mark-
edly inhibited the activity of the myogenin pro-
moter in a construct that contained the entire
1.6-kb region (p-1565) (Fig. 4). To further de-

Fig. 3. Effect of des(1-3)IGF-I on myogenin mRNA stability.
L6E9 cells were placed in serum-free medium/1% bovine se-
rum albumin for 12 h, then treated with vehicle [open circles,
(b)] or des(1-3)IGF-I (100 ng/ml) [closed circles, (b)]. Four h
later (time 0), cells were either harvested or treated with acti-
nomycin D (ActD) (1 mg/ml) for up to 24 h to inhibit myogenin
mRNA synthesis. At time 0 and at 3, 12, and 24 h after addition
of ActD, total RNA was harvested for Northern blot analysis (a)
and quantitation of myogenin mRNA (b) as described in Mate-
rials and Methods. A representative of two independent exper-
iments is shown.
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fine the cis-elements that confer the inhibitory
effect of IGF-I on the activity of the myogenin
promoter, we studied a series of 59 deletional
constructs of the 1.6-kb region in reporter
transfection assays. As seen in Figure 4, the
IGF-I analog inhibits the activity of the myo-
genin promoter by 80–90% for all of the con-
structs tested. This suggests that an IGF re-
sponse element (or elements) is contained in
the region from 2184 to 118, which is common
to all of the constructs. Of note, the decrease in
activity of the p-184 construct in serum-free
conditions is consistent with previous findings
of Edmondson et al. These authors have also
shown that this construct contains elements
that are essential for myogenin promoter activ-
ity [Edmondson et al., 1992] (Fig. 5). These
elements include a binding site for MEF2 at
267 to 259, and two E boxes at 2141 to 2136
and 215 to 210, consensus sequences that
bind basic helix–loop–helix transcription fac-
tors dimerized with E2A gene products [Murre

et al., 1989]. Loss of the distal E box decreased
myogenin promoter activity by half (compared
to the intact construct 2184 to 118), and mu-
tation of the MEF2 site or deletion of the prox-
imal E box resulted in a significant decrease in
promoter activity in differentiated myotubes
[Edmondson et al., 1992]. Similar results were
found after deletions of the corresponding
MEF2 site and proximal E box in the chick
myogenin promoter [Malik et al., 1995]. Ac-
cordingly, we ceased 59 deletions at 2145, be-
cause further 59 deletions would significantly
decrease the basal activity of the myogenin
promoter, rendering it difficult to evaluate an
inhibitory effect of IGF-I. Sequence analysis of
the region 2145 to 118 revealed the presence
of a GC-rich 11-bp region (27 to 14) in which
10 bases are identical to a recently character-
ized IGF-I response element in the porcine
P450 side-chain cleavage (P450scc) gene,
which mediates a stimulatory effect of IGF-I on
the expression of this gene [Urban et al., 1994]
(Fig. 5). However, a 39 deletional construct of
the myogenin gene (p-145/-9), which lacks this
GC-rich region, conferred an inhibitory effect of
IGF-I on myogenin promoter activity compara-
ble to that seen with the p-145/118 construct
(Fig. 6). These studies suggest that an inhibi-
tory IGF response element (or elements) is con-
tained in the region 2145 to 29 of the myoge-
nin gene.

Late Stimulatory Effect of IGF-I on Myogenin
Expression Is Mediated by Sequences Contained

from 21,565 to 2375 of the Myogenin Gene

To determine whether the late stimulatory
effect of IGF-I on myogenin mRNA is associ-
ated with increased activity of the myogenin
promoter, we carried out similar reporter
transfection studies in which the cells were
treated with IGF-I for 48 h. We found that
des(1-3)IGF-I (100 ng/ml) caused a onefold in-
crease in myogenin promoter activity in the
construct p-1565 compared to untreated cells

Fig. 4. Early inhibitory effect of des(1-3)IGF-I on myogenin
promoter activity in skeletal myoblasts. L6E9 cells were tran-
siently transfected with a promoterless vector (p0Luc) or with a
reporter plasmid construct containing serial 59 deletional DNA
segments of the myogenin promoter. The 39 end of all segments
corresponds to position 118 of the myogenin gene. After re-
covery from transfection, cells were placed in serum-free
medium/1% bovine serum albumin in the absence (open bars)
or presence (closed bars) of des(1-3)IGF-I (100 ng/ml) for 14 h.
Cells were subsequently harvested and luciferase assays were
carried out. Transfections were performed in quadruplicate and
results are expressed as mean (6SD) 3 1024. Numbers in
brackets above the bars indicate the percent decrease in myo-
genin promoter activity in IGF-treated versus control cells. A
representative of four independent experiments is shown.

Fig. 5. A schematic representation of the sequence 2184 to
118 of the myogenin promoter showing the essential elements
that are required for myogenin expression [Edmondson et al.,
1992] and the region with homology to the P450scc IGF-
response element (IGFRE) [Urban et al., 1994].
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(Fig. 7). This increase in promoter activity oc-
curs in parallel with an approximately onefold
increase in steady-state myogenin mRNA in
these cells [Rosenthal and Cheng, 1995], mak-
ing it unlikely that changes in mRNA stability
play a role in mediating the late stimulatory
effect of IGF-I on myogenin gene expression.
These results are consistent with a recent re-
port in which 48-h exposure to IGF-I also
caused a onefold increase in myogenin pro-
moter activity in differentiated L6E9 skeletal
muscle cells [Musarò and Rosenthal, 1999].

To determine whether the same region of the
myogenin gene that mediates the early inhibi-
tory effect of IGF-I also mediates the late stim-
ulatory effect, we carried out reporter transfec-
tion studies using the same deletional
constructs used in Figures 4 and 6. We found
that IGF-I treatment for 48 h caused an in-
crease in myogenin promoter activity in the
constructs p-1104 and p-686 that was consis-
tently less than the increase seen in the p-1565
construct (Fig. 7). However, IGF-I for 48 h had
no effect on promoter activity in the constructs
lacking sequences upstream of 2375 (Fig. 7).
This suggests the presence of a stimulatory

IGF response element or elements within the
sequence 21,565 to 2375, and demonstrates
that the early inhibitory and late stimulatory
effects of IGF-I on myogenin transcription are
mediated by different regions of the myogenin
gene.

Despite the large number of genes that are
regulated by IGFs, IGF-response elements
have been identified in only a small number of
genes [Alemany et al., 1990; Kamikubo et al.,
1990; Rich et al., 1993; Wolfe et al., 1993; Ur-
ban et al., 1994]. In the chicken d1 crystallin
[Alemany et al., 1990], the rat thyroglobulin
[Kamikubo et al., 1990], rat elastin [Rich et al.,
1993, Wolfe et al., 1993], and the porcine
P450scc [Urban et al., 1994] genes, IGF re-
sponse elements have been characterized to
varying degrees and are thought to mediate a
stimulatory effect of IGF-I on gene transcrip-
tion. Comparative analysis of these stimula-
tory IGF-response elements with the sequence
21,565 to 2375 of the myogenin gene revealed
three regions with varying degrees of homology
to the response elements in the elastin and
thyroglobulin genes. These regions represent
potential targets for IGF action that may me-

Fig. 6. Early inhibitory effect of des(1-3)IGF-I (100 ng/ml) on
myogenin promoter activity: comparison with a 39 deletional
construct lacking the region of homology with the putative
IGF-response element in the P450scc gene [Urban et al., 1994].
Transient transfections and luciferase assays were carried out as
described for Figure 4. Transfections were performed in qua-
druplicate, and results are expressed as mean (6SD) 3 1024. A
representative of three independent experiments is shown.

Fig. 7. Late stimulatory effect of des(1-3)IGF-I on myogenin
promoter activity in skeletal myoblasts. L6E9 cells were tran-
siently transfected with reporter plasmids described for Figures
4 and 6, and placed in serum-free medium/1% bovine serum
albumin in the absence (open bars) or presence (closed bars) of
des(1-3)IGF-I (100 ng/ml) for 48 h. Cells were subsequently
harvested, and luciferase assays were carried out. Transfections
were performed in quadruplicate and results are expressed as
mean (6SD) 3 1024. A representative of three independent
experiments is shown.
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diate IGF-I-induced stimulation of myogenin
promoter activity.

In addition to inhibiting myogenin, IGF-I is
also known to inhibit the expression of
growth hormone [Yamashita and Melmed,
1987] and the thyroid hormone receptor
[Pellizas et al., 1998]; however, an IGF re-
sponse element that mediates an inhibitory
effect on the transcription of the latter genes
has not been identified. To our knowledge,
our studies with the 2145 to 29 region of the
myogenin gene represent the first demon-
stration of a DNA region that confers an in-
hibitory effect of IGF-I on the transcription of
a target gene. This broad region of DNA se-
quence contains multiple elements that me-
diate several types of activity; the require-
ment of the E boxes and MEF2 site (Fig. 5)
for myogenin expression in differentiating
myotubes [Edmondson et al., 1992; Malik et
al., 1995] suggests potential targets for the
IGF-I inhibitory effect on myogenin tran-
scription. Studies examining the interactions
of nuclear proteins with both the 21,565 to
2375 and 2145 to 29 regions of the myoge-
nin gene should further elucidate the mech-
anisms by which IGF-I regulates myogenin
transcription.

The initial inhibition and subsequent stimu-
lation of myogenin expression by IGF-I may
reflect a divergence in IGF-I-receptor signaling
pathways. In a recent study by Coolican et al.
[1997], the mitogen-activated protein kinase
(MAPK) and the phosphatidylinositol-3 kinase
(PI3K) pathways have been implicated in me-
diating IGF-induced proliferation and differen-
tiation, respectively, in skeletal muscle cells.
These authors have shown that IGF-I stimu-
lates myogenin expression through the PI3K
signaling pathway. However, a preliminary
study from our laboratory indicates that a
pathway other than the PI3K or MAPK path-
ways mediates the inhibitory effect of IGF-I on
myogenin mRNA (unpublished data).

In addition to IGF-I’s biphasic effect on myo-
genin expression, we have previously shown
that IGF-I also has a time-dependent, biphasic
effect on the phosphorylation of the cell cycle
regulatory retinoblastoma (Rb) protein
[Rosenthal and Cheng, 1995]. Rb is a ubiqui-
tous nuclear factor, the activity of which is
regulated by phosphorylation [Buchkovich et
al., 1989; Chen et al., 1989]. The phosphory-
lated form of Rb is thought to inhibit muscle

differentiation, whereas the un- (or hypo-)
phosphorylated form promotes the terminally
differentiated state of myocytes [Gu et al.,
1993; Schneider et al., 1994]. Concurrent with
the early inhibitory effect of IGF-I on myogenin
expression, we have found that Rb is predom-
inantly phosphorylated, potentiating inhibi-
tion of muscle differentiation [Rosenthal and
Cheng, 1995]. Subsequently, when IGF-I
switches to stimulating myogenin expression,
Rb becomes dephosphorylated, promoting the
differentiated phenotype [Rosenthal and
Cheng, 1995]. The signals that determine
whether the muscle differentiation response to
IGF-I is inhibitory or stimulatory may thus be
linked to signals that regulate not only the
expression of myogenin, but also the phosphor-
ylation state of Rb.

In summary, our results demonstrate that
the early inhibitory and late stimulatory ef-
fects of IGF-I on myogenin mRNA in L6E9
skeletal myoblasts are mediated at the level
of transcription, and are conferred by differ-
ent regions of the myogenin gene, with the
proximal region (2145 to 29) mediating the
inhibitory effect and an upstream region
within 21,565 to 2375 mediating the stimu-
latory effect of IGF-I. These time-dependent,
opposing effects of IGF-I on the myogenin
promoter, together with the previously de-
scribed biphasic effects of IGF-I on Rb phos-
phorylation [Rosenthal and Cheng, 1995],
suggest a mechanism by which IGF-I initially
inhibits and subsequently stimulates the dif-
ferentiation of L6E9 skeletal muscle cells. To
our knowledge, this is the first demonstration
of a target gene whose promoter activity is
initially inhibited and subsequently stimu-
lated by IGF-I.
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