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ABSTRACT In the present study we used the mutant
muscle cell line NFB4 to study the balance between prolifer-
ation and myogenic differentiation. We show that removal of
serum, which induced the parental C2C12 cells to withdraw
from the cell cycle and differentiate, had little effect on NFB4
cells. Gene products characteristic of the proliferative state,
such as c-Jun, continued to accumulate in the mutant cells in
low serum, whereas those involved in differentiation, like
myogemn, insulin-like growth factor II (IGF-H), -and IGF-
binding protein $ (IGFBP-5) were undetectable. Moreover, NFB4
cells displayed a unique pattern of tyrosine phosphorylated
proteins, especially in low serum, suggesting that the signal
transduction pathway(s) that controls differentiation is not
properly regulated in these cells. Treatment of NFB4 cells with
exogenous IGF-I or IGF-H at concentrations shown to promote
myogenic differentiation in wild-type cells resulted in activation
of myogenin but not MyoD gene expression, secretion of I-
FBP-5, changes in tyrosine phosphorylation, and enhanced
myogenic differentiation. Similarly, transfection of myogenin
expression constructs aIso enhanced differentiation and resulted
in activation of IGF-Hl expression, showing that myogenin and
IGF-II cross-activate each other's expression. However, in both
cases, theexpression ofJun mRNA remained elevated, suggesting
that IGFs and myogenin cannot overcome all aspects ofthe block
to differentiation in NFB4 cells.

Differentiation of myoblasts to form postmitotic myotubes has
traditionally been viewed as being negatively controlled by
miitogens (1). Differentiation is inhibited in myoblasts cultured
in high concentrations of serum or in the presence of the serum
components basic fibroblast growth factor or transforming
growth factor 3. By default, removal of serum leads to
withdrawal from the cell cycle, activation of the expression of
muscle-specific structural genes, and 'cell fusion to form
multinucleated myotubes. However, more recently it has been
shown that the family of peptides that are structurally related
to insulin, the insulin-like growth factors (IGFs), plays an
active role in controlling myogenic differentiation (for review
see refs. 2 and 3). IGFs are growth factors for myoblasts, as well
as potent stimulators of myogenic differentiation, and may
even be essential for the latter process to occur (4-6). IGF-I
appeared to be a more potent stimulator of myoblast prolif-
eration than IGF-II, as differentiation of myoblasts following
IGF-I treatment lagged behind those treated with IGF-II (7).
Several groups have demonstrated that IGF expression, par-
ticularly IGF-1I, increased during myoblast differentiation in
response to serum withdrawal (8-11) and that the amount of
IGF-II secreted correlated with the rate of spontaneous
differentiation (6). Addition of basic fibroblast growth factor
to low-serum medium inhibited IGF-II expression and blocked
differentiation (12). Similarly, antisense oligonucleotides com-

plementary to IGF-II mRNA inhibited differentiation in the
absence but not in the presence of exogenous IGF-II (6). Thus,
it has been proposed that IGFs act in an autocrine and/or
paracrine manner on myoblasts to promote myogenic differ-
entiation.
Myogenic differentiation promoted by IGFs has been shown

to require induction of the myogenic regulatory factor myo-
genin (6, 13). This transcription factor, a member of the
helix-loop-helix family of myogenic regulators which also
includes MyoD, myf-5, and MRF4, binds to enhancers of
muscle-specific genes and activates their expression (for review
see ref. 14). Antisense oligonucleotides to myogenin mRNA
blocked IGF-I-mediated stimulation of myogenic differentia-
tion but had no effect on stimulation of proliferation, suggest-
ing that IGF-I activates multiple signal transduction pathways
in myoblasts and that myogenin is an essential intermediate
only in the differentiation pathway (15). Paradoxically, Brown
et al. (16) and Rosen et aL (11) have shown that the increase
in IGF-II mRNA levels upon withdrawal of serum occurred
after activation of the myogenin gene. Therefore, the relation-
ship between IGF-II and myogenin gene expression during
myoblast differentiation is unclear.

In muscle, IGF-I and IGF-II interact primarily with the IGF-I
receptor, a transmembrane tyrosine kinase (17). The IGFs also
interact with secreted and cell surface associated IGF-bnding
proteins (IGFBPs) that can enhance or inhibit IGF activity in
cultured cells (for review see refs. 18 and 19). IGFBP-4, -5, and
-6 are the most abundant binding proteins expressed by muscle
cells in vitro, and differentiation of myoblasts into myotubes is
accompanied by a dramatic induction in IGFBP-5 production
(20,21). Given that IGF-I and -II have multiple effects on muscle,
it is likely that the complexity of responses of muscle cells to IGFs
is generated by interaction with this array of potential receptors
and binding proteins.
We previously characterized a nondifferentiating muscle

cell line, NFB, that appears quite useful in studying the role of
IGFs in controlling myogenic differentiation and in dissecting
the signal transduction pathways that control proliferation and
differentiation of muscle cells. Heterokaryon analysis showed
that the mutant phenotype was dominant: fusion of NFB cells
with normal muscle cells inhibited myogenesis in the normal
cells (22). We recently isolated a nondifferentiating subclone
of NFB cells, NFB4, in which accumulation of MyoD, myo-
genin, and IGF-II mRNAs is undetectable. Moreover, whereas
withdrawal of serum from wild-type cells resulted in changes
in the constellation of tyrosine-phosphorylated proteins, no
such changes occurred in NFB4 cells. Addition of IGFs or
transfection of cells with MyoD or myogenin expression
constructs significantly enhanced differentiation in NFB4 cells
and showed that myogenin and IGF-II cross-activate each
other's expression. Although these treatments resulted in a
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partial rescue of the mutant phenotype, the expression of the
Jun gene remained elevated, suggesting that conflicting signal
transduction pathways are active in NFB4 cells under these
conditions.

MATERIALS AND METHODS
Cell Culture and Transfections. NFB4 is a subclone of the

nondifferentiating NFB cell line originally derived from the
C2C12 mouse muscle cell line by treatment with ethyl meth-
ansulfonate (22). Both cell lines were grown in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 15%
(vol/vol) fetal bovine serum and 5% (vol/vol) defined bovine
serum (HyClone) (GM) at 37°C in a humidified 10% C02/90%
air atmosphere. To induce differentiation, cells were washed with
serum-free DMEM and maintained in DMEM containing 2%
(vol/vol) horse serum (HyClone) (DM) for 3 days. For IGF
treatment, several concentrations of human IGF-I (Boehringer
Mannheim) and IGF-II (Mallinckrodt) were tested, and those
found to be most effective in promoting differentiation were 15
ng of IGF-I and 100 ng of IGF-II per ml in DMEM with 0.1%
bovine serum albumin in serum-free media, consistent with the
work of Florini et al. (23). Medium was changed every day, and
cells were harvested on the third day as described below.

Introduction of expression constructs into NFB cells was
performed by the calcium phosphate coprecipitation method,
as described (22). Approximately 106 cells were cotransfected
with 15 ,tg of a plasmid containing the mouse MyoD or
myogenin cDNAs under the control of the mouse sarcoma
virus long terminal repeat, together with 1.5 ,gg of pSV2neo.
The DNA was removed 24 h later with the addition of fresh
growth medium. After an additional 24 h, cells were split 1:4
and refed with medium to which 400 ,tg of G418 (Geneticin;
GIBCO/BRL) per ml had been added. Pooled G418-resistant
clones were picked 14 days later and assayed for their ability
to differentiate in DM.
RNA Isolation and Northern Analysis. Total cellular RNA

was isolated essentially as described by Chomczynski and
Sacchi (24). Northern blots were performed as described (22).
The following cDNAs were labeled by the random primer
method by using a Bio-Rad kit to generate probes: a 1.1-kb
EcoRI restriction fragment from mouse myogenin (25), a
1.9-kb EcoRI fragment from mouse MyoD (26), a 3.2-kb
BamHI-HindIII Myc fragment from pM104BH (27), a 0.8-kb
HpaI-BamHI fragment from human JUN and a 1.2-kb Bam-
HI-Kpn I fragment from human FOS (28), a 0.3-kb fragment
between Pvu II (at Ser-50 of the coding sequence) and Bal I of
human IGF-II (29), and a 0.78-kb EcoRI human IGF-I frag-
ment, originally from Casella et al. (30).

Immunohistochemistry. Cells were washed twice with phos-
phate-buffered saline (PBS; 137 mM NaCl/2.7 mM KCl/4.3
mM Na2HPO4-7 H20/1.4 mM KH2PO4), fixed with 1% form-
aldehyde in PBS for 1 h at room temperature, and then treated
with ice-cold methanol for 20 min. Muscle myosin heavy chain
was detected by using 4A.1025 antibody (31). Cells were
incubated with undiluted hybridoma tissue culture supernatant
for 1 h at room temperature followed by incubations with
biotinylated anti-mouse IgG (H + L) (Vector Laboratories)
diluted 1:400 in PBS/0.1% Tween 20, and avidin-biotin
complex horseradish peroxidase (Vector Laboratories ABC
kit). Horseradish peroxidase reactivity was visualized by using
1 mg of diaminobenzidine per ml of 50 mM Tris HCl, pH
7.2/0.03% H202/0.03% CoCl2.
Western Analysis. After incubation and stimulation of cells,

10-cm culture dishes of confluent cells were placed on ice,
washed twice with PBS, and lysed in 0.5 ml of cold lysis buffer
(50 mM Hepes, pH 7.4/150 mM NaCl/1.5 mM MgCl2/1 mM
EGTA/100 mM NaF/10 mM sodium pyrophosphate/1 mM
phenylmethylsulfonyl fluoride/2 mg each of leupeptin and
aprotinin per ml/1 mM Na3VO4/1% Triton X-100) for 10 min

with shaking. All manipulations of cell lysates were at 4°C.
Lysates were scraped into Eppendorf tubes and cleared of
nuclei and detergent-insoluble material by centrifugation for
10 min at 12,400 x g. Protein concentration was measured by
using the BCA kit (Pierce). The samples (60 ,jg of protein)
were separated by electrophoresis through SDS/7.5% poly-
acrylamide gels and electrophoretically transferred to Immo-
bilon-P membranes (Millipore). Blots were blocked for 90 min
in 5% (wt/vol) bovine serum albumin in PBS/0.5% Tween 20
(PBST). Anti-phosphotyrosine monoclonal antibody 6G9
(GIBCO/BRL), diluted 1:2000 in PBST, was applied for 1 h
at room temperature. Blots were washed five or six times with
PBST for 40 min before being incubated with goat anti-mouse
horseradish peroxidase-conjugated secondary antibody
(Pierce), diluted 1:2000 in PBST with 3% (wt/vol) nonfat dry
milk. After blots were washed as described above, phospho-
tyrosine proteins were detected with the Renaissance Chemi-
luminescence Reagent (DuPont/NEN).

Ligand Western analysis was performed as described (32).
Cells in GM were seeded at 105 cells per ml; cells inDM or with
IGF-I were seeded at 106 cells per ml. After 3 days, samples of
conditioned medium (2 ,lI) were separated by SDS/12%
polyacrylamide gel electrophoresis under nonreducing condi-
tions, transferred to nitrocellulose, and probed with -25J
labeled IGF-I. IGF-I was iodinated by using lodo-Beads
(Pierce) according to the manufacturer's recommendations.

RESULTS

NFB4 Cells Demonstrated Altered Accumulation of Gene
Products Involved in Controlling Proliferation and Differen-
tiation. We utilized the NFB4 mutant muscle cell line to
delineate the relative roles of IGFs and the myogenic helix-
loop-helix transcription factors MyoD and myogenin in con-
trolling differentiation. Northern blot analysis was performed
with total RNA isolated from mutant NFB4 and wild-type
C2C12 cells maintained in either high-serum-containing GM
or low-serum-containing DM (Fig. 1). Transcripts encoding
Jun, as well as Myc and Fos (data not shown), were present at
comparable levels in the two cell types in GM. However,
whereas the protooncogene mRNAs decreased in C2C12 cells
in DM, these transcripts remained elevated in NFB4 cells
maintained under the same conditions. Consequently, NFB4
cells continued to grow in low-serum, conditions under which
wild-type cells withdrew from the cell cycle and differentiated
(Fig. 2). Furthermore, no accumulation of IGF-II, MyoD, or
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FIG. 1. Northern analysis of
cells in GM, DM, or following
IGF-I treatment. Total RNA (5
jig) from C2C12 and NFB4 cells
cultured under different condi-
tions was analyzed by a Northern
blot with the indicated probes
under stringent conditions. The
filter was stripped between each
hybridization. The C2C12 and
NFB cells in GM were confluent
at the time of RNA isolation.
Cells were maintained in DM or
treated with IGF-I for 3 days
prior to RNA isolation.
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FIG. 2. Immunocytochemical analysis of myosin heavy chain ex-

pression in cells in DM or following IGF-I treatment. Upon reaching
confluence, C2C12 (A) or NFB4 cells (B) were maintained in DM for
3 days. NFB4 cells were also treated with IGF-I in serum-free medium
for 3 days (C). The extent of differentiation was assessed by reactivity
with a myosin heavy chain monoclonal antibody.

myogenin mRNAs was detected in NFB4 cells in GM or DM
(Fig. 1). IGF-I mRNA was undetectable in C2C12 and NFB4
cells regardless of growth conditions (data not shown). Thus,
NFB4 cells maintain a proliferative myoblast phenotype even
in the absence of mitogens.
Exogenous IGFs Partially Rescued the NFB4 Mutant Phe-

notype Through Activation of Myogenin Gene Expression.
Treatment of NFB4 cells with IGF-I (Figs. 1 and 2C) or IGF-II
(data not shown) had dramatic effects on the NFB4 phenotype.
Although the cells did not fuse to form multinucleated myo-
tubes as did wild-type C2C12 cells in DM (Fig. 2A), '50% of
the cells formed differentiated myocytes that expressed myosin
heavy chain (Fig. 2C). Northern analysis of total RNA from
IGF-I-treated cells showed that myogenin gene expression was
activated and that the IGF-II gene was expressed, albeit to a
much lesser extent (Fig. 1). However, no MyoD mRNA was
detectable following IGF-I treatment of NFB4 cells. Protoon-
cogene mRNA accumulation was also unaffected, which may
in part account for the incomplete rescue of the differentiated
phenotype by IGFs. High serum significantly inhibited IGF-
I-induced differentiation of NFB4 cells (data not shown).

Because differentiation of C2C12 myoblasts is accompanied by
a dramatic elevation in the expression and secretion of IGFBP-5
(20, 21), we analyzed IGFBP secretion in NFB4 cells by ligand
Western blotting with 125I-labeled IGF-I as a probe (Fig. 3).
Analysis ofGM andDM showed that IGFBP-3 (44 and 39 kDa),
IGFBP-2 (34 kDa), and to a lesser extent IGFBP-4 (24 kDa), were
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FIG. 3. Ligand Western blot of IGFBPs secreted by C2C12 and
NFB cells cultured under different conditions. Proteins were separated
by SDS/PAGE under nonreducing conditions, transferred to nitro-
cellulose, and probed with 1251-labeled IGF-I. Lane 1, nonconditioned
GM; lane 2, nonconditioned DM. These lanes served as a control for
IGFBPs present in serum. Lane 3, GM conditioned by C2C12 cells;
lane 4, DM conditioned by C2C12 cells; lane 5, GM conditioned by
NFB4 cells; lane 6, DM conditioned by NFB4 cells; lane 7, serum-free
medium supplemented with IGF-I and conditioned by C2C12 cells;
and lane 8, serum-free medium supplemented with IGF-I and condi-
tioned by NFB cells. The positions of molecular mass markers (in kDa)
are indicated on the left. The position of IGFBP-5 (BP-5) is indicated
on the right.

present in serum in the absence of cells (Fig. 3, lanes 1 and 2).
Ligand Western analysis of GM or DM conditioned by C2C12
cells showed that secretion of IGFBP-5 (31 kDa) consistently
increased during C2C12 differentiation (Fig. 3, lanes 3 and 4). By
contrast, IGFBP-5 was not detectable in DM conditioned by
NFB4 cells (Fig. 3, lane 6). Interestingly, a large (>80 kDa)
IGFBP ofunknown identity that was accumulated by both C2C12
and NFB cells in GM was undetected following exposure to DM.
Treatment of NFB4 cells with IGF-I resulted in secretion of
IGFBP-5 to levels on par with C2C12 cells (Fig. 3, lanes 7 and 8).
IGF-I enhanced IGFBP-5 secretion in both cell types. Treated
C2C12 and NFB4 cells differed in that a 24-kDa IGFBP, likely to
be IGFBP-4 (20), was also secreted, albeit at low levels, by C2C12
cells. Therefore, treatment of NFB4 cells with IGF-I restores
IGFBP-5 production to wild-type levels.
Exogenous Myogenin Also Partially Rescued the NFB4

Mutant Phenotype and Led to Increased IGF-II mRNA Ex-
pression. The above results showed that IGF-I treatment of
NFB4 cells led to normal accumulation of IGFBP-5, activation
of the myogenin gene (but not the MyoD gene), and enhance-
ment of myogenic differentiation. We next wanted to deter-
mine if providing myogenin or MyoD directly to NFB4 cells
would bypass the requirement for IGFs. We showed previously
that transfection of NFB cells with MyoD expression con-
structs rescued the mutant phenotype (22), analogous to
treatment with IGFs. NFB4 cells were cotransfected with
either a MyoD or a myogenin expression construct together
with pSV2neo, and stable transfectants were selected by
resistance to G418. RNA isolated from several hundred pooled
G418-resistant clones maintained in DM was analyzed by a
Northern blot (Fig. 4). Myogenin mRNA was readily detected
in both myogenin and MyoD transfectants, indicating that
MyoD cross-activated myogenin expression. On the other
hand, MyoD mRNA was not detected in myogenin transfec-
tants, confirming the results obtained with IGF-I treatment
that myogenin can induce myogenic differentiation indepen-
dent of MyoD. Also consistent with the phenotype of IGF-I-
treated NFB4 cells, Jun mRNA levels remained elevated in
cells transfected with MyoD or myogenin. In spite of Jun
overexpression, a significant increase in IGF-II transcript
accumulation in both populations of transfected cells was
observed. No significant difference was apparent between cells
expressing myogenin alone or both myogenin and MyoD in
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FIG. 4. Northern analysis of
myogenin- and MyoD-transfected
NFB4 cells. Total RNA (5 ,ug)

Jun from control C2C12 and NFB4
cells and pooled clones of NFB4
cells stably transfected with myo-
genin or MyoD expression con-
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their ability to differentiate. Taken together, these results
indicate that not only does IGF treatment activate myogenin
gene expression, but myogenin activates IGF-II expression in
NFB4 cells. MyoD also induces IGF-II expression, probably
indirectly through cross-activation of myogenin.
NFB4 Mutant Cells Exhibited a Distinct Pattern of Ty-

rosine-Phosphorylated Proteins That Was Affected by IGF
Treatment. One possible explanation of these results is that the
signal transduction pathway(s) that controls proliferation
and/or differentiation via IGF-II and myogenin expression is
not properly regulated in NFB4 cells in response to changing
culture conditions. Treatment with IGFs may at least partially
circumvent these pathways. To explore this idea, we examined
the constellation of tyrosine-phosphorylated proteins present
in C2C12 and NFB4 cells cultured under different growth
conditions by Western blot analysis with an anti-phosphoty-
rosine antibody (Fig. 5). Several interesting differences were
noted. First, a 97-kDa phosphorylated protein was consistently
more abundant in NFB4 cells than in C2C12 cells in GM or
DM (Fig. 5, lanes 1-4, 6 and 7). NFB4 cells treated with IGF-I
for 24 or 48 h (Fig. 5, lanes 5 and 8) accumulated levels of this
protein similar to those in C2C12 cells in DM (Fig. 5, lanes 3
and 6). Second, after 24 h of exposure to DM, the abundance
of a phosphorylated protein at 190 kDa increased significantly
in C2C12 cells but not in NFB4 cells (Fig. 5, lanes 3 and 4).
Treatment of NFB4 cells with IGF-I for 24 h resulted in
increased phosphorylation of the 190-kDa protein (Fig. 5, lane
5). Enhanced phosphorylation of the 190-kDa protein was
transient in both C2C12 cells in DM and IGF-I-treated NFB4
cells, such that by 48 h, the signal was reduced to levels
comparable with NFB4 cells in DM (Fig. 5, lanes 6-8). The
identity of the 190-kDa protein is unknown, but immunopre-
cipitation and Western analysis indicated that it was not insulin
receptor substrate 1 or rhoGAP p190 (data not shown). Finally,
NFB4 cells maintained in DM for 48 h showed increased phos-
phorylation of a 38-kDa protein relative to that in either wild-type
C2C12 cells in DM or IGF-I-treated NFB4 cells (Fig. 5, lanes
6-8). This phosphoprotein persisted in NFB4 cells maintained in
DM for 72 h (data not shown). Thus, IGF-dependent myogenic
differentiation in C2C12 and NFB4 cells was correlated with a
common array of phosphotyrosine-containing proteins. By con-
trast, NFB4 cells in GM andDM exhibited specific differences in
tyrosine phosphorylation relative to wild-type C2C12 cells.
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FIG. 5. Western analysis of phosphotyrosine-containing proteins
in NFB4 and C2C12 cells. Protein extracts (60 ,ug) from NFB4 and
C2C12 cells cultured under different conditions were separated by
SDS/PAGE, transferred to Immobilon-P membranes, and incubated
with antibody 6G9 to phosphotyrosine. Lane 1, C2C12 in GM; lane 2,
NFB4 in GM; lane 3, C2C12 in DM for 24 h; lane 4, NFB4 in DM for
24 h; lane 5, NFB4 in serum-free medium supplemented with IGF-I,
for 24 h; lane 6, C2C12 in DM for 48 h; lane 7, NFB4 in DM for 48
h; and lane 8, NFB4 in serum-free medium supplemented with IGF-I,
for 48 h. The positions of proteins of 190, 97, and 38 kDa are indicated.

DISCUSSION
Myoblast differentiation induced by removal of serum is
correlated with increased accumulation of IGF-II and myo-
genin mRNAs and downregulation of gene products associ-
ated with proliferation, such as Jun, Fos, and Myc. By contrast,
nondifferentiating NFB4 muscle cells failed to express either
IGF-II or myogenin transcripts at detectable levels and con-
tinued to accumulate the mRNAs encoding the protooncogene
products upon serum withdrawal. Supplying either IGF-I or
myogenin to NFB4 cells activated the expression of the
nonsupplied one and resulted in a partially differentiated
phenotype. However, the differentiated phenotype of NFB4
cells following treatment with exogenous IGFs was aberrant.
Approximately 50% of the cells responded by biochemically
differentiating, as determined by myosin heavy chain expres-
sion, but multinucleated myotubes were not formed. The
partial rescue of the differentiated phenotype may be due to
the continued expression of Jun, Fos, and Myc. These gene
products have been shown to be antagonistic to myogenic
differentiation by inhibiting the activity of the helix-loop-helix
transcription factors (33-35). Clearly, myogenin and MyoD
retained some function in the presence of the protooncogene
products but were not able to promote fully normal differen-
tiation. Thus, the balance between proliferation- and differ-
entiation-promoting factors has been shifted toward prolifer-
ation in NFB4 cells, and simply supplying molecules known to
be involved in controlling differentiation does not completely
rescue the mutant phenotype.
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Activation of myogenin through addition of exogenous
IGF-I to the culture medium also resulted in a small increase
in IGF-II mRNA abundance. The relatively weak induction of
IGF-II gene expression in NFB4 cells under these conditions
may reflect the fact that exogenous IGF-I appears to inhibit
IGF-II production by muscle cells that normally occurs in low
serum (3). That myogenin and IGF-II reciprocally activate
each other's expression may explain the apparently paradox-
ical results that myogenic differentiation promoted by IGF-II
treatment led to induction of myogenin (6, 13), but increased
IGF-IL gene expression upon withdrawal of serum appeared to
follow activation of the myogenin gene (11, 16). IGF-II and
myogenin appear to be linked in an autocrine loop, and both
may be required for myogenic differentiation.
Whereas both IGFs and myogenin may be required for

myogenic differentiation, this does not appear to be the case
for MyoD. Neither the expression of myogenin nor the pres-
ence of exogenous IGFs activated MyoD gene expression in
NFB4 cells. Moreover, as transfection of MyoD expression
constructs resulted in activation of the endogenous myogenin
gene, it is likely that MyoD affects differentiation of NFB4
cells through activation of myogenin. The combined expres-
sion of MyoD and myogenin had no unique effect on the
phenotype of NFB4 cells, unlike results obtained with BC3H1
cells. These cells normally express only myogenin and, like
NFB4 cells expressing myogenin, do not fuse to form multinu-
cleated myotubes during differentiation. Expression of MyoD
in BC3H1 cells resulted in myotube formation (36).
Although supplying exogenous IGFs did not fully relieve the

block to differentiation in NFB4 cells, IGF-I treatment did
result in secretion of IGFBP-5 to a level comparable to that in
wild-type cells. The role of IGFBP-5 in myogenic differenti-
ation is not clear, as it has recently been shown to augment the
stimulatory effect of IGF-I on myogenic differentiation but
inhibit that of IGF-II (J. Florini, personal communication).
IGF-I treatment also resulted in the appearance of a wild-type
array of phosphotyrosine-containing proteins. The phosphor-
ylation of a 190-kDa protein that occurred in C2C12 cells
within 24 h of exposure to DM did not occur in NFB4 cells
unless the cells were treated with IGFs. The role of this protein
in the signal transduction cascade has yet to be determined but
may represent a substrate for the IGF-I receptor, as was
recently described for the insulin receptor (37). Moreover,
additional proteins at 97 and 38 kDa reacted more strongly
with the anti-phosphotyrosine antibody in NFB4 than C2C12
cells, and the phosphorylation state of both proteins returned
to wild-type levels in response to IGF-I. That these phospho-
proteins differed in their pattern of expression suggests that
they participate at different points in the phosphorylation
cascades. However, their size makes both of them candidate
members of the mitogen-activated protein (MAP) kinase
family, specifically p97, ERK-3, or ERK-5, and p38, osmotic
stress activated kinase, respectively (38-40). That these MAP
kinases may be involved in the balance between proliferation
and differentiation in muscle cells is suggested by the work of
Campbell et al. (41) showing that the well-characterized MAP
kinases ERK-1 and ERK-2 do not appear to be involved in
controlling proliferation or differentiation in MM14 muscle
cells.

We thank Drs. Andrew Lassar, Hal Weintraub, Eric Olson, Karen
Magri, Jim Florini, and Ken Rosen for providing plasmids. We are also
indebted to Elena Moerman and Dr. Samuel Goldstein for supplying
IGF-I. This work is supported by grants to C.A.P. from the National
Institute on Aging (AG10523), the Muscular Dystrophy Association,
the Arkansas Affiliate of the American Heart Association, and the
National Science Foundation Experimental Program to Stimulate
Competitive Research.

1. Konigsberg, I. R. (1971) Dev. Biol. 26, 133-152.
2. Florini, J. R., Ewton, D. Z. & Magri, K. A. (1991) Annu. Rev.

Physiol. 53, 201-216.
3. Florini, J. R. & Ewton, D. Z. (1992) Growth Regul. 2, 23-29.
4. Ewton, D. Z. & Florini, J. R. (1981) Dev. Biol. 86, 31-39.
5. Allen, R. E. & Boxhorn, L. K. (1989) J. Cell. Physiol. 138,

311-315.
6. Florini, J. R., Magri, K. A., Ewton, D. Z., James, P. L., Grind-

staff, K. & Rotwein, P. S. (1991)J. Biol. Chem. 266, 15917-15923.
7. Ewton, D. Z., Roof, S. L., Magri, K. A., McWade, F. J. & Florini,

J. R. (1994) J. Cell. Physiol. 16, 277-284.
8. Tollefsen, S. E., Sadow, J. L. & Rotwein, P. (1989) Proc. Natl.

Acad. Sci. USA 86, 1543-1547.
9. Tollefsen, S. E., Lajara, R., McCusker, R. H., Clemmons, D. R.

& Rotwein, P. (1989) J. Biol. Chem. 264, 13810-13817.
10. Szebenyi, G. & Rotwein, P. (1991) Adv. Exp. Med. Biol. 293,

289-295.
11. Rosen, K. M., Wentworth, B. M., Rosenthal, N. & Villa-Kom-

aroff, L. (1993) Endocrinology 133, 474-481.
12. Rosenthal, S. M., Brown, E. J., Brunetti, A. & Goldfine, I. D.

(1991) Mol. Endocrinol. 5, 678-684.
13. Florini, J. R., Ewton, D. Z. & Roof, S. L. (1991) Mol. Endocrinol.

5, 718-724.
14. Olson, E. N. & Klein, W. H. (1994) Genes Dev. 8, 1-4.
15. Florini, J. R. & Ewton, D. Z. (1990) J. Biol. Chem. 265, 13435-

13437.
16. Brown, E. J., Hsiao, D. & Rosenthal, S. M. (1992) Biochem.

Biophys. Res. Commun. 183, 1084-1089.
17. Ewton, D. Z., Falen, S. L. & Florini, J. R. (1987) Endocrinology

120, 115-123.
18. Rechler, M. M. & Brown, A. L. (1992) Growth Regul. 2, 55-68.
19. Clemmons, D. R., Jones, J. I., Busby, W. H. & Wright, G. (1993)

Ann. N.Y Acad. Sci. 692, 10-21.
20. McCusker, R. H., Camacho-Hubner, C. & Clemmons, D. R.

(1989) J. Biol. Chem. 264, 7795-7800.
21. James, P. L., Jones, S. B., Busy, W. H., Clemmons, D. R. &

Rotwein, P. (1993) J. Biol. Chem. 268, 22305-22312.
22. Peterson, C. A., Gordon, H., Hall, Z. W., Paterson, B. M. & Blau,

H. M. (1990) Cell 62, 493-502.
23. Florini, J. R., Ewton, D. Z., Falen, S. L. & Van Wyk, J. J. (1986)

Am. J. Physiol. 250, C771-C778.
24. Chomczynski, P. & Sacchi, N. (1987) Anal. Biochem. 162, 156-

159.
25. Edmondson, D. G. & Olson, E. N. (1989) Genes Dev. 3, 628-640.
26. Davis, R. L., Weintraub, H. & Lassar, A. B. (1987) Cell 51,

987-1000.
27. Shen-Ong, G. L., Keath, E. J., Piccoli, S. P. & Cole, M. D. (1982)

Cell 31, 443-452.
28. Baichwal, V. R. & Tjian, R. (1990) Cell 63, 815-825.
29. Irminger, J.-C., Rosen, K. M., Humbel, R. E. & Vila-Komaroff,

L. (1987) Proc. Natl. Acad. Sci. USA 84, 6330-6334.
30. Casella, S. J., Smith, E. P., Van Wyk, J. J., Joseph, D. R., Hynes,

M. A., Hoyt, E. C. & Lund, P. K. (1987) DNA 6, 325-330.
31. Pavlath, G. K., Rich, K., Webster, S. G. & Blau, H. M. (1989)

Nature (London) 337, 570-573.
32. Grigoriev, V. G., Moerman, E. J. & Goldstein, S. (1994) J. Cell.

Physiol. 160, 203-211.
33. Miner, J. H. & Wold, B. J. (1991) Mol. Cell. Biol. 11, 2842-2851.
34. Li, L., Chambard, J.-C., Karin, M. & Olson, E. N. (1992) Genes

Dev. 6, 676-689.
35. Bengal, E., Ransone, L., Scharfmann, R., Dwarki, V. J., Tapscott,

S. J., Weintraub, H. & Verma, I. M. (1992) Cell 68, 507-519.
36. Brennan, T. J., Edmondson, D. G. & Olson, E. N. (1990) J. Cell

Biol. 110, 929-937.
37. Tobe, K., Tamemoto, H., Yamauchi, T., Aizawa, S., Yazaki, Y.

& Kadowaki, T. (1995) J. Biol. Chem. 270, 5698-5701.
38. Zhu, A. X., Zhao, Y., Moller, D. E. & Flier, J. S. (1994) Mol. Cell.

Biol. 14, 8202-8211.
39. Han, J., Lee, J.-D., Bibbs, L. & Ulevitch, R. J. (1994) Science 265,

808-811.
40. Zhou, G., Bao, Z. Q. & Dixon, J. E. (1995) J. Biol. Chem. 270,

12665-12669.
41. Campbell, J. S., Wenderoth, M. P., Hauschka, S. D. & Krebs,

E. G. (1995) Proc. Natl. Acad. Sci. USA 92, 870-874.

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


