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Abstract. One characteristic of skeletal muscle 
differentiation is the conversion of proliferating cells to 
a population that is irreversibly postmitotic. This de- 
velopmental change can be induced in vitro by depriv- 
ing the cultures of specific mitogens such as fibro- 
blast growth factor (FGF). Analysis of cell surface FGF 
receptor (FGFR) in several adult mouse muscle cell 
lines and epidermal growth factor receptor (EGFR) in 
mouse MM14 cells reveals a correlation between re- 
ceptor loss and the acquisition of a postmitotic pheno- 
type. Quiescent MM14 cells, mitogen-depleted, differ- 
entiation-defective MM14 cells, and differentiated 
BC3H1 muscle cells (a line that fails to become post- 
mitotic upon differentiation) retained their cell surface 
FGFR. These results indicate that FGFR loss is not 
associated with either reversible cessation of muscle 
cell proliferation or biochemical differentiation and 
thus, further support a correlation between receptor 
loss and acquisition of a postmitotic phenotype. Com- 
parison of the kinetics for growth factor receptor loss 
and for commitment of MM14 cells to a postmitotic 

phenotype reveals that FGFR rises transiently from 
m700 receptors/cell to a maximum of * 2,000 recep- 
tors/cell 12 h after FGF removal, when at the same 
time, >95% of the cells are postmitotic. FGFR levels 
then decline to undetectable levels by 24 h after FGF 
removal. During the interval in which FGFR increases 
and then disappears there is no change in its affinity for 
FGE The transient increase in growth factor receptors 
appears to be due to a decrease in ligand-mediated in- 
ternalization because EGFR, which undergoes an im- 
mediate decline when cultures are deprived of FGF 
(Lim, R. W., and S. D. Hauschka. 1984. J. Cell Biol. 
98:739-747), exhibits a similar transient rise when cul- 
tures are grown in media containing both EGF and 
FGF before switching the cells to media without these 
added factors. These results indicate that the loss of 
certain growth factor receptors is a specific phenotype 
acquired during skeletal muscle differentiation, but 
they do not resolve whether regulation of FGFR num- 
ber is causal for initiation of the postmitotic pheno- 
type. A general model is presented in the discussion. 

a model system to study the loss of proliferative ca- 
pacity that accompanies terminal differentiation, we 
investigated the mechanisms involved in the irrevers- 

ible conversion of proliferating skeletal muscle myoblasts to 
a postmitotic phenotype. This transition, which occurs both 
in vivo (Snow, 1977, 1978) and in culture (Konigsberg, 1975; 
Nadal-Ginard, 1978; Hsu et al., 1979), is known to be in- 
fluenced by components in the growth medium (Yaffe et al., 
1971; Konigsberg, 1971). Impure fibroblast growth factor 
(FGF) t preparations, for instance, were shown to promote 
mouse and bovine myoblast proliferation, and to repress 

1. Abbreviations used in this paper: aFGF and bFGE acidic and basic 
fibroblast growth factors, respectively; DM, deficient medium (includes 
Ham's F-10C plus 5% horse serum and 1 IJ, M insulin; EGF, epidermal 
growth factor; EGFR, epidermal growth factor receptor; FGE fibroblast 
growth factor; FGFR, fibroblast growth factor receptor; FM, complete 
medium (includes Ham's F-10C plus 15% horse serum); HS, horse serum; 
MHC, myosin heavy chain; TGF-13, transforming growth factor-13. 

skeletal muscle terminal differentiation (Linkhart et al., 
1980, 1981; Gospodarowicz et al., 1976). More recently, we 
have shown in mouse MM14 myoblasts that pure prepara- 
tions of both acidic and basic fibroblast growth factors 
(aFGF and bFGF, respectively) repress the onset of skeletal 
muscle differentiation, thereby preventing the acquisition of 
a permanent postmitotic phenotype, transcriptional induc- 
tion of skeletal muscle specific genes, and cell fusion (Clegg 
et al., 1987). FGF-dependent repression of myogenic dif- 
ferentiation is not limited to murine skeletal muscle cell 
lines. Primary human skeletal muscle myoblasts exhibit 
FGF-dependent and FGF-independent colony forming types 
(Hauschka, S. D., and J. Seed, unpublished data). Although 
the FGF-independent clones do not require added FGF for 
growth, their differentiation is delayed in the presence of 
FGE A similar response has been observed for primary 
chick skeletal muscle myoblasts (Kardami et al., 1985a; 
Seed and Hauschka, 1988). 
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Since our previous studies indicate that FGF plays an im- 
portant role in the regulation of skeletal muscle differentia- 
tion, and since terminal differentiation of MM14 cells is ac- 
companied by a permanent loss of epidermal growth factor 
receptor (EGFR) (Lim and Hauschka, 1984a), we hypothe- 
sized that the postmitotic phenotype is a consequence of 
growth factor receptor loss. This model was speculative 
since MM14 myoblasts do not exhibit a proliferative re- 
sponse to EGF even though they possess ,,o10,000 EGFR per 
cell. With the subsequent availability of J25I-aFGF and iden- 
tification of the cross-linked t25I-aFGF-fibroblast growth 
factor receptor (FGFR) complex in MM14 cells (Olwin and 
Hauschka, 1986), it became feasible to test the mitogen 
receptor-loss model with respect to FGFR. 

In this report, we examine growth factor receptor behavior 
to determine how cell surface receptor levels change during 
the differentiation of skeletal and smooth muscle cell types; 
and to determine the temporal relationship between changes 
in FGFR and EGFR levels and the kinetics for acquisition 
ofa postmitotic phenotype in mitogen-depleted skeletal mus- 
cle cultures. 

Materials and Methods 

1issue Culture 
Murine MM14 cells (Hauschka et al., 1979; Linkhart et al., 1981) and 
C2C12 cells (derived by Yaffe and Saxel, 1977; subcloned by Blau et al., 
1985; and kindly provided by Dr. A. Lassar, Hutchinson Cancer Research 
Center, Seattle, WA) were grown on gelatin-coated culture dishes in Ham's 
F-10C (F-10 supplemented with 0.8 mM Ca2+), increasing concentrations 
of a mixture of aFGF and bFGF from 2-10 ng/ml as the culture density in- 
creased from 1-2 x 105-1 × 106 cells per 100-ram dish, 1% antibiotics 
(10,000 U/ml penicillin G, 0.5 mg/ml streptomycin sulfate, 0.05 mg/ml gen- 
tamicin), and 15% horse serum (HS). BC3H1-AI cells were re-subcloned 
by us from BC3HI cells (No. 1443; American Type Culture Collection, 
Rockville, MD) to yield a line with much more homogeneous differentia- 
tion. The cells were grown in DME containing 20% FCS and 4 ng/ml FGE 
Complete medium (FM) includes Ham's F-IOC plus 15% HS and deficient 
medium (DM) includes Ham's F-10C plus 5% HS and 1 taM insulin (in- 
cluded to prevent myotube degeneration). 

Purification and Iodination of aFGF 
These procedures were carded out as described (Oiwin and Hauschka, 
1986) with the following modification. Heparin-Sepharose-purified aFGF 
was further purified to remove trace contaminants by FPLC on a mono-S 
column (Pharmacia, Inc., Piscataway, NJ) and eluted with a 0.1-1.0 M NaCl 
gradient in 20 mM Hepes, pH 7.4. 

lodination of EGF 
Receptor grade EGF (Sigma Chemical Co., St. Louis, MO) was incubated 
with 2.0 mCi Na J25I and 60 I.tg of chloramine T for 5 min at 22°C in 0.5 
M sodium phosphate, pH 7.0. Sodium bisulfite (120 lag) was added at 5 min 
and the products were incubated an additional 5 min before separating free 
125I from 125I-EGF by chromatography on Sephadex G-15 (preequilibrated 
in 20 mM Hepes pH 7.4, 150 mM NaC1, and 0.2% BSA). IzSI-EGF 
specific activity was ,x,l.4 x 106 dpm/pmol. 

Assays 

Postmitotic cells. Postmitotic cells were detected by their inability to form 
colonies when passaged and replated at low density (1,000 cells per 100-ram 
dish) in FM containing 6 ng/ml FGE Cells were grown for 4 d and the num- 
ber of macroscopic colonies (eight or more cells) counted. Percent commit- 
ment was defined as: 100 x [1 - (n macroscopic clones/n clones from con- 
trol plate before FGF removal)]. 

Myosin Heavy Chain (MHC). Cultures were rinsed twice with PBS, 
fixed for 1 min (20:2:1, 70% ethanol/formalin/glacial acetic acid) at 4°C 
and stored in PBS at 4°C. MHC was detected by incubating plates with the 
MF-20 monoclonal antibody (Bader et al., 1982) diluted with 1% HS in 50 
mM Tris-Cl, pH 7.4, 100 mM NaCI for 1 h. Plates were rinsed and stained 
using an avidin-biotin-horseradish peroxidase procedure (Vector Laborato- 
ries, Inc., Burlingame, CA). 

Single Cell Autoradiography. Cultures were rinsed twice with Ham's 
F-10C containing 25 mM Hepes, pH 7.4 and incubated for 1 h with 100 pM 
~25I-aFGF in Ham's F-10C containing 25 mM Hepes, pH 7.4 and 0.2% 
BSA (binding buffer) for 1 h at 22°C, rinsed four times with ice-cold PBS, 
and fixed with 2 % gluteraldehyde in PBS at 4°C for 2 min. The dishes were 
rinsed 10 times with glass-distilled H20, air dried, coated with Kodak 
NTB2 liquid emulsion, and exposed for 1-2 wk at 4°C. The plates were de- 
veloped according to the manufacturer's instructions. 

Binding and Cross-linking of u~I-aFGE The binding and cross-linking 
of ~251-aFGF to intact cell cultures was performed as described (Olwin and 
Hauschka, 1986). Briefly, for equilibrium binding, intact cells were plated 
at 1 x 106 cells on 35-mm dishes and incubated for 2 h in FM with or with- 
out FGF. The cultures were rinsed twice in Ham's FIOC containing 25 mM 
Hepes, pH 7.4 and 0.2% BSA. ~25I-aFGF was then added without or with 
a 100-fold M excess of aFGF to determine nonspecific binding and the cul- 
tures incubated on a rocker platform at-30 cycles/min for 1 h at 22°C or 
3 h at lO°C. Cultures were then rinsed three times in PBS containing 2 mM 
MgCI2 and 0.2% BSA, and the bound '25I-aFGF solubilized in PBS con- 
raining !% Triton X-100. 

Cross-linking of uSI-EGE 125I-EGF (8.0 nM) was incubated with intact 
MM14 cultures for 1 h at 22°C in binding buffer. The dishes were then 
rinsed three times with ice-cold PBS and incubated with 4 mM ethylene car- 
bodiimide (Pierce Chemical Co., Rockville, IL) in PBS (pH 6.5) for 30 min 
at 220C, rinsed twice with ice-cold PBS (pH 7.4), and processed as previ- 
ously described for 12~I-aFGF-FGFR detection by SDS-PAGE and autora- 
diography (Olwin and Hauschka, 1986). 

Results 

FGF Binding to Proliferating and Differentiated 
Muscle Cultures 
To detect cell surface FGFR on proliferating and differen- 
tiated muscle cells, ~25I-aFGF binding sites were visualized 
using single cell autoradiography. The results indicate that 
proliferating skeletal muscle cells (MM14, C2C12), as well 
as smooth muscle cells (BC3H1-A1) exhibit specific FGF 
binding (Fig. 1, a, c, and e). In contrast, terminally differen- 
tiated MM14 and C2C12 cells exhibit a total loss of FGF 
binding, irrespective of whether they are mononucleated 
or multinucleated (Fig. 1, b and d), whereas differentiated 
BC3H1-A1 cells, a brain tumor-derived smooth muscle cell 
line that does not become postmitotic upon differentiation 
(Schubert et al., 1974; Lathrop et al., 1985a), maintains 
high levels of '2~I-aFGF binding (Fig. 1 f ) .  Interestingly, 

Figure 1. ~25I-aFGF binding to MM14, C2C12, and BC3H1-A1 cells before and after differentiation. Proliferating myoblasts were cultured 
in FM plus 6 ng/ml FGF (MM14), DME plus 20% FCS and 6 ng/ml FGF (C2C12 and BC3HI-A1) for 48 h. Differentiated cultures were 
grown in the same medium for 48 h then rinsed three times with saline G and incubated in Ham's F-IOC containing 1 IxM insulin plus 
5% HS, DME plus 1% HS, and DME plus 0.5% FCS for MM14, C2C12, and BC3H1-A1 cultures, respectively. Cultures were rinsed, 
incubated with 100 pM t25I-aFGE fixed, and processed for autoradiography as described in Materials and Methods. Differentiated 
MMI4,  C2C12, and BC3HI-A1 cultures were maintained in their mitogen-poor medium for 24, 48 h, and 4 d, respectively. In this period 
after mitogen withdrawal, MMI4,  C2C12, and BC3H1-A1 cells exhibited 100, 75, and 85 % MHC-positive cells, respectively. Photographs 
are bright field images of proliferating MM14, C2C12, and BC3H1-A1 (a, c, e, and e') and differentiated MM14, C2C12, and BC3HI-A1 
(b, d, and f )  cultures, respectively. Bar, 30 I.tm. 
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Figure 2. Quiescent MMI4 myoblasts retain cell surface FGFR. 
MM14 myoblasts were grown 12 h in FM plus FGF then rinsed 
and switched to Ham's F-10C including 1% HS and 1 IxM insulin 
in the presence of 10 ng/ml FGF for 24 h. At this time one set of 
parallel cultures was incubated with 100 pM t2SI-aFGF for 1 h at 
22°C, fixed, and processed for autoradiography as described in 
Materials and Methods. The other was rinsed, incubated for 30 min 
with 3 IxCi/ml [3H]thymidine, fixed, and processed for MHC de- 
tection and autoradiography. Less than 8 and 15% of the cells were 
[3H]thymidine positive and MHC positive, respectively. By com- 
parison, proliferating MM14 cells are 60% [3H]thymidine positive 
and <1% MHC positive while differentiated cells are <1% 
[SH]thymidine positive and >99% MHC positive. Bar, 30 ~tm. 

the rat L6 skeletal muscle cell line does not exhibit t2SI-aFGF 
binding in either proliferating or differentiated cultures (not 
shown). 

FGFR Loss Is Specifically Associated with the 
Postmitotic Phenotype of Skeletal Muscle Cells 

If FGFR loss is associated with the skeletal muscle postmi- 
totic phenotype and not simply with cessation of cell pro- 
liferation, then FGFR should be present in quiescent, myo- 
blast cultures. This could be examined in MM14 myoblasts 

that were maintained in low concentrations of HS and high 
concentrations of FGE Under these conditions MM14 cells 
withdraw from the cell cycle, but do not differentiate; they 
will replicate once serum is restored, demonstrating that 
they have not committed to a permanent postmitotic pheno- 
type (Clegg et al., 1987). When quiescent cultures were ex- 
amined for FGFR by single cell autoradiography (Fig. 2) or 
by cross-linking ~25I-aFGF to intact cells (not shown), they 
retained high levels of cell surface FGFR. However, if MM14 
cells were maintained for 24 h in 1 or 5 % HS without FGF 
they exhibited no detectable cell surface FGFR (Figs. 1 b and 
4; Table I). A similar total loss of FGF binding was exhibited 
by C2C12 cells when they were deprived of serum mitogens 
for >.>.48 h (Fig. 1, a and d). A further indication that FGFR 
loss is associated with the skeletal muscle postmitotic pheno- 
type is seen from the behavior of differentiation-defective 
(DD-1) myoblasts (Lim and Hauschka, 1984b). This variant 
MM14 cell line behaves similarly to the parental MM14 cells 
by withdrawing from the cell cycle when both FGF and se- 
rum are depleted, but the cells do not become postmitotic 
and in addition, they do not lose their cell surface FGFR (Ta- 
ble I). Taken together, these results indicate that the loss of 
FGFR is associated with the skeletal muscle postmitotic 
phenotype and is not simply a consequence of a muscle cell's 
proliferative state. 

Kinetic Analysis of FGFR Behavior during 
MMI4 Terminal Differentiation 

To determine the kinetics of FGFR loss during terminal 
differentiation, MM14 cell surface FGFR was analyzed by 
equilibrium binding (Fig. 3; Table I) and by cross-linking 
tESI-aFGF to intact cells (Fig. 4). After 24 h of FGF with- 
drawal FGFR was undetectable; however, an unexpected 
increase in FGFR was revealed during the first 12 h after 
FGF removal. This result could represent a true increase in 
cell surface FGFR; alternatively it could be due to an in- 
creased affinity of the receptor for FGE or to an artifact due 
to unlabeled FGF remaining after the switch to FGF-defi- 
cient medium; such residual FGF would be gradually de- 
graded, but would initially dilute the n2SI-aFGF specific ac- 
tivity. The latter two alternatives appear to be eliminated by 
the following observations. First, analysis of the equilibrium 
binding data reveals no significant change in the Ko for n2sI- 

Table L FGFR Behavior in MM14 and MM14 DD-1 Cells 

FGF deprivation* Cell type* Ko§ FGFR per cell§ 

h pM 

0 MM14 8 + 3 700 + 25011 (3) 
12 MM14 7 ± 1 2,000 4- 500 (3) 
24 M M  14 nm¶ 01 (4) 

0 MM14 DD-1 12 10,500 (2) 
24 MM14 DD-1 11 12,000 (2) 
60 MM14 DD-1 11 9,000 (2) 

* Cells were maintained in FM plus 10 ng/ml FGF. FGF was removed by rinsing three times with Puck's Saline G and cells were incubated in DM for the times 
indicated before equilibrium 12SI-aFGF binding. 
* MMl4 DD-1 cells are a nondifferentiating MMl4 variant that does not require FGF for proliferation (Lim and Hauschka, 1984b). 
§ Data for Kd and FGFR number per cell were obtained by Scatchard analysis of equilibrium binding data. 
II Mean and standard deviation. Numbers in parentheses refer to number of independent experimental determinations. Where two determinations were performed 
the mean is reported. 
ql Not measurable (values for specific and nonspecific ~251-aFGF binding were equal). 
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Figure 3. Equilibrium binding 
of ~25I-aFGF to intact differen- 
tiating MM14 cultures. MMI4 
myoblasts were grown in FM 
plus FGF (n) or in FM with- 
out FGF for 7 (e), and 12 h 
(o). Cultures were processed 
as described in Materials and 
Methods. The data were plot- 
ted according to Scatchard and 
normalized to 1 x 106 cells. 

On average 5 x 105 cells were on each 35-mm dish and the non- 
specific binding did not exceed 20% of the total bound cpm at satu- 
ration. The data plotted are the mean of triplicate points from parallel 
cultures of a single experiment. 

aFGF binding during FGF deprivation (Fig. 3 and Table I). 
Second, an independent analysis of the rinsing procedure in- 
dicates that 3,98 % of the FGF initially present is removed be- 
fore the addition of  t:5I-aFGE The residual low concentra- 
tion of  unlabeled PGF (<5 pM) is insufficient to compete 
significantly for binding of  100 pM 125I-aFGF to intact cells 
(Olwin and Hauschka, 1986). Third, cross-linking MM14 
cells with fivefold higher concentrations of  t25I-aFGF (500 
pM) also revealed the transient two- to threefold increase in 
FGFR during the first 12 h of  FGF withdrawal. The transient 
rise in FGFR before FGFR declines seems most readily ex- 
plained by a cessation of rapid ligand-induced internalization 

Figure 5. Cross-linking of 125I-EGF to differentiating MM14 cul- 
tures. MM14 cultures were grown in FM plus FGF and 100 ng/ml 
EGF then switched to DM for the various times indicated and ana- 
lyzed by SDS-PAGE and autoradiography as described in Materi- 
als and Methods. 1 x l06 cells were cross-linked and the entire 
samples were run in each lane of the SDS-polyacrylamide gel. The 
~25I-EGF-EGFR complex migrated at 175 kD and the uppermost 
bands represent higher order cross-linked material that did not enter 
the SDS-polyacrylamide gel. The experiment was repeated twice 
with similar results. 

Figure 4. Cross-linking of 125I-aFGF to differentiating MMI4 cul- 
tures. MMI4 cultures were grown in FM plus FGF or DM for the 
various times indicated. Cultures were then rinsed and incubated 
with 125I-aFGF as described in Materials and Methods. Cross- 
linking, SDS-PAGE, and autoradiography were performed as de- 
scribed (Olwin and Hauschka, 1986). The film was exposed for 
14 d at -70°C with a DuPont Cronex Intensifying Screen. The con- 
trol lane (C) included 10 nM unlabeled aFGF during the ~25I- 
aFGF-incubation period. The uppermost bands represent higher 
order cross-linked material that did not enter the 7.5% SDS-poly- 
acrylamide gel. The entire samples from identical numbers of cells 
(1 x 106) were run in each lane. The experiment was repeated 
three times with similar results. 

upon FGF withdrawal while an existing pool of intracellular 
FGFR is continually inserted into the plasma membrane (see 
below). 

Analysis of  EGFR Behavior during 
MM14 Terminal Differentiation 

MM14 cells exhibit cell surface EGFR but do not respond 
mitogenically to EGE Whether EGF has other effects on 
skeletal muscle cells is not known. In previous studies EGFR 
was examined in FGF-deprived, MM14 cultures as a model 
for growth factor receptor behavior during muscle differenti- 
ation (Lim and Hauschka, 1984a). Initial experiments ex- 
amining EGFR loss during skeletal muscle differentiation 
suggested that a general loss of  mitogen receptors might be 
a causal event for commitment to a postmitotic phenotype 
(Lim and Hauschka, 1984a). We have reexamined EGFR 
decline to determine whether the kinetics of its loss are con- 
sistent with a common EGFR and FGFR regulatory mecha- 
nism. In contrast to the earlier experimental protocol in 
which EGFR was measured in cultures that had not been ex- 
posed to EGF-containing medium before FGF removal, both 
EGF and FGF were included in the initial growth medium 
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and then removed simultaneously. With this protocol EGFR, 
like FGFR, would be subjected to the absence of ligand- 
mediated internalization, thus allowing a more direct com- 
parison of EGFR and FGFR behavior in FGF-deprived cul- 
tures (Fig. 4). Analysis of EGFR by cross-linking I25I-EGF 
to intact MM14 cells at various times after EGF and FGF 
removal indicated both a transient increase and then a com- 
plete loss of EGFR, similar to that observed for FGFR 
(Fig. 5). 

Kinetic Analysis of FGFR Loss versus the Kinetics of 
Commitment to a Postmitotic Phenotype 

If  FGFR loss is the causal event for irreversible acquisition 
("commitment") of growth factor nonresponsiveness, then 
FGFR decline should either precede or parallel the kinetics 
of commitment to a postmitotic phenotype. In this experi- 
ment postmotitic cells were detected by their failure to form 
colonies when replated in FM including 6 ng/ml FGF at 
various times after FGF deprivation. A comparison of the ki- 
netics for acquisition of a postmitotic phenotype and cell sur- 
face receptor loss (Figs. 3 and 4) in parallel cultures indi- 
cated that commitment to a postmitotic phenotype exceeds 
50% 6 h after FGF removal, while the cell surface FGFR level 
has increased two- to threefold during the same interval (Fig. 
6). At 12 h, when virtually all the cells have committed to 
a postmitotic phenotypc, the cell surface FGFR level is still 
elevated; it does not decline until sometime after 12 h, be- 
coming undetectable by 24 h. Similar FGFR behavior is ob- 
served whether the receptor quantitation is by chemical 
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Figure 6. Comparison of the kinetics of FGFR loss and commit- 
ment to a postmitotic phenotype. The percent relative FGFR was 
determined from both cross-linked i25I-aFGF and equilibrium 
binding experiments and is compared with the percent cells com- 
mitted to a postmitotic phenotype after the same intervals of FGF 
deprivation. Cross-linked 125I-aFGF-FGFR (e) was determined 
from a densitometric scan of the autoradiogram in Fig. 4, where 
100% was the initial value of the ]2~I-aFGF-FGFR complex at the 
time of FGF removal. Equilibrium binding values for FGFR (0) 
were determined from the data in Fig. 3, where 100% was the initial 
FGFR number per cell at the time of FGF removal. Percent com- 
mitment (n) was determined in parallel cultures by passaging cells 
at the indicated times after FGF withdrawal, replating the cells at 
low density (1,000 per 100-mm dish) and incubating in FM plus 10 
ng/ml FGF for 4 d. The cultures were stained with hematoxylin, 
macroscopic cell colonies scored, and expressed as percent com- 
mitment where 0% commitment at time 0 corresponds to 426 colo- 
nies and 99% commitment at 24 h corresponds to four colonies. 
MM14 cells that have committed to a postmitotic phenotype do not 
proliferate, stain MHC positive as single differentiated cells, and 
thus are not scored as macroscopic colonies. Each point represents 
the average percent commitment from duplicate dishes. 
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Figure 7. FGFR behavior and 
myosin accumulation during 
BC3H1-AI cell differentiation. 
BC3H1-AI cells were grown in 
DME plus 20% FCS for 24 h, 
rinsed three times with Puck's 
Saline G, and switched to 
DME plus 0.5% FCS for 4 d. 
On each day the FGFR num- 
ber per cell was determined by 

equilibrium binding with 200 pM ~25I-aFGF in the presence and 
absence of 20 nM aFGE The cells were processed for t~I-aFGF 
binding as described in Materials and Methods. Parallel cultures 
were fixed, stained for MHC (Materials and Methods), and scored 
for the percent MHC-positive cells relative to the total cell number 
present. The data points represent mean values from triplicate de- 
terminations. This experiment was repeated twice with similar 
results. 

cross-linking or by equilibrium binding. From these results 
the cell surface FGFR levels detected during the first 12 h 
after FGF deprivation cannot be directly implicated as caus- 
ing the postmitotic phenotyp¢ (see Discussion). However, 
since cell surface FGFR is absent by 24 h, this could be im- 
plicated as the primary mechanism responsible for main- 
tenance of differentiated muscle cells in a postmitotic state. 

Analysis of FGFR Behavior during BC3H1-A1 Muscle 
Cell Differentiation 

To further investigate the relationship between FGFR loss 
and the postmitotic phenotype, FGFR behavior was studied 
during differentiation of the BC3H1-A1 smooth muscle cell 
line. Upon differentiation, BC3H1 cells undergo transcrip- 
tional induction of muscle-specific genes, but they do not 
fuse nor commit to a postmitotic phenotyp¢ (Schubert et al., 
1974; Lathrop et al., 1985a, b). These cells also exhibit 
FGF-mediated repression of muscle cell differentiation 
(Lathrop et al., 1985a, b). BC3H1 cells thus offer a system 
for studying FGFR behavior in differentiating muscle cells 
that do not become postmitotic. When switched from me- 
dium containing 20% FCS to 0.5 % FCS, BC3H1-A1 cells un- 
dergo a gradual increase in the number of MHC-positive 
cells. At 4 d, when 75 % of the cells were MHC positive and 
not replicating, there was no change in the apparent FGFR 
number per cell (Fig. 7). Scatchard analysis of I25I-aFGF 
equilibrium binding data to BC3H1-A1 cells confirmed this 
result, revealing no change in either the Kd for ~25I-aFGF 
binding or the FGFR number per cell (Table II). 

Although the equilibrium binding data could not distin- 

Table II. 1251-aFGF Binding to BC3H1-A1 Ceils 

Proliferative state* Kd* FGFR per cell 

pM 

Proliferating 15 ± 9 7,500 ± 2,000 
Differentiated 14 ± 3 7,000 ± 1,500 

* Cells were grown in DME and 20% FCS (proliferating) or 0.5% FCS (dif- 
ferentiated) for 4 d. Percent MHC positive cells were <1 and 75 %, respectively. 
* The data for Kd and FGFR number per cell were determined by Scatchard 
analysis of equilibrium ~2SI-aFGF binding data. Mean and standard deviation 
from three independent experiments are reported. 
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guish whether the cell surface FGFR detected in differen- 
tiated BC3H1-A1 cultures was solely attributable to the 25 % 
fraction of the cell population that failed to express MHC, 
this possibility was eliminated by single cell analysis of 
125I-aFGF binding (Fig. I f )  showing uniform labeling over 
all cells in the culture. The failure of differentiated BC3H1- 
A1 cells to lose their FGFR thus appears to correlate with 
their failure to acquire a postmitotic phenotype. 

Discussion 

Terminal differentiation of skeletal muscle in culture is ac- 
companied by a complete and permanent loss of cell surface 
FGF and EGF binding (Figs. 1 and 5). The loss of growth 
factor binding most likely represents a true loss of receptors 
from the cell surface, since for FGFR, the loss of binding 
capacity is not due to changes in FGF affinity (Fig. 3). Fur- 
thermore, since MMI4 cells lose both EGFR and FGFR with 
a nearly identical time course (Figs. 4 and 5), it is also un- 
likely that FGFR loss is due to secretion of a soluble factor 
that competes for FGF binding. This conclusion is also sup- 
ported by the fact that 16 h after FGF removal, FGFR- and 
EGFR-positive cells can be observed adjacent to mononu- 
cleated cells and myotubes that fail to bind to either growth 
factor (Lim and Hauschka, 1984a; Olwin, B. B., and S. D. 
Hauschka, data not shown). By 24 h FGFR appears to be lost 
not only from the cell surface but also appears to be elimi- 
nated from the entire cell because crude membrane prepara- 
tions from lysed cells exhibit no specific 125I-aFGF binding 
(data not shown). 

FGFR loss is not peculiar to a single myogenic cell line 
since two independently derived skeletal muscle lines 
(MM14 and C2C12), which acquire a postmitotic phenotype 
during terminal differentiation, undergo a permanent loss of 
cell surface FGFR. Although both cell lines are repressed 
from terminal differentiation by FGF and lose their FGFR 
when mitogens are removed, only MM14 myoblasts are ab- 
solutely dependent upon added FGF for replication. Thus, 
FGFR loss during skeletal muscle development is not depen- 
dent on whether FGF is required for proliferation. That 
FGFR loss is associated with the postmitotic phenotype and 
not simply with the cessation of proliferation and the expres- 
sion of muscle-specific genes is evident from the behavior of 
BC3H1-AI cells. These cells become myosin positive in re- 
sponse to FGF and serum deprivation, but they do not lose 
their cell surface FGFR and do not become postmitotic. 

While our data indicate that FGFR and EGFR are lost 
from the cell surface of differentiated skeletal muscle cells, 
not all "growth factor" receptors exhibit this behavior. Insulin 
receptors increase severalfold during L6 skeletal muscle 
differentiation while insulin-like growth factor (IGF) I and II 
receptors decrease severalfold, but do not disappear (Begui- 
not et al., 1985). Thus, while some growth factor receptors 
may undergo a coordinate decrease, others are clearly regu- 
lated by independent processes. 

We previously observed that EGFR loss accompanies 
MM14 terminal differentiation and proposed that mitogen 
receptor loss may be a causal event for terminal skeletal mus- 
cle differentiation (Lim and Hauschka, 1984a). However, 
since MM14 cells are not responsive to EGF, it was unclear 
whether the disappearance of EGFR would be an accurate 
indication of FGFR behavior during MM14 differentiation. 

These previous observations have now been extended by 
demonstrating that the loss of EGFR and FGFR occur with 
nearly identical kinetics (Figs. 4 and 5). The transient rise 
in these cell surface receptors, an immediate consequence of 
growth factor removal, most likely results from a cessation 
of rapid, ligand-induced internalization. The decline in these 
receptors, which begins 12-16 h after FGF removal, is pre- 
sumably due to the cessation of EGFR and FGFR biosynthe- 
sis many hours earlier, followed by the subsequent depletion 
of the intracellular and cell surface receptor pools via an in- 
trinsic degradation process. The additional observation that 
MM14 cell surface EGFR expression is absolutely depen- 
dent on added FGF but not on EGF, and that removal of FGF 
in the continued presence of EGF results in loss of EGFR 
(unpublished data), suggests that FGFR and EGFR as well 
as other mitogen receptors could be developmentally regu- 
lated by a common mechanism during skeletal muscle differ- 
entiation. Since transforming growth factor-I~ (TGF-13) is 
also a repressor of myogenic differentiation (Florini et al., 
1986; Massagu6 et al., 1986; Olson et al., 1986), our 
model predicts that a loss of TGF-13 receptors is likely to oc- 
cur during terminal differentiation of muscle cell lines such 
as C2C12 and L6 that are responsive to TGF-I3; and indeed 
this has been recently reported for both lines, whereas 
BC3H1 cells, as in our study of FGFR loss, exhibited only 
a minimal decline in TGF-fl receptors (Ewton et al., 1988). 

Our results demonstrate that the decline in cell surface 
FGFR lags behind the loss of FGF growth responsiveness by 
at least 8 h (Fig. 6), and thus an immediate loss of cell sur- 
face FGFR per se is unlikely to be the causal event for MM14 
commitment to a postmitotic phenotype. Furthermore, the 
cell surface FGFR level is actually two- to threefold higher 
in committed cells 12 h after FGF removal than in prolif- 
erating cultures. Even though FGF affinity for FGFR is un- 
changed during this period (Fig. 3; Table I), restoration of 
FGF does not induce proliferation. This apparent paradox 
could be explained by a model in which FGFR synthesis as 
well as that of other mitogen receptors is abruptly terminated 
when the skeletal muscle terminal differentiation process is 
initiated. Even though the cell surface FGFR level is elevated 
12 h post-FGF withdrawal, the residual FGFR stores may be 
insufficient to provide an adequate proliferation signal when 
FGF is restored. In support of this hypothesis are the obser- 
vations that quiescent cells require a sustained (6--8 h) 
exposure to mitogens before they reenter S phase (Carpen- 
ter and Cohen, 1976; Aharanov et al., 1978; Schechter et 
al., 1978), and that S phase entry of mitotically synchron- 
ized MM14 cells requires 6-8 h of continuous FGF expo- 
sure (Linkhart, T. A., and S. D. Hauschka, unpublished 
observations). 

Alternatively, differentiating skeletal muscle cells may 
first acquire a postmitotic phenotype due to the blocking of 
one or more intracellular mitogenic signals. This possibility 
has been investigated in L6E9 rat cells in which cultures 
containing extensive myotubes still exhibited induction of 
c-myc mRNA in response to serum addition (Endo and 
Nadal-Ginard, 1986). If the c-myc induction did indeed oc- 
cur in myotubes, and not in residual single cells that may 
have escaped elimination during a cytosine arabinoside treat- 
ment, then it is clear that at least some types of postmitotic 
muscle cells retain portions of a putative mitogenic signalling 
pathway. 
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The skeletal muscle postmitotic state has also been inves- 
tigated with heterokaryon techniques (Clegg and Hauschka, 
1987). In these studies postmitotic myocytes were fused with 
GI myoblasts and the heterokaryons were then exposed to 
FGF-containing medium plus [3H]thymidine to determine 
whether either or both nuclei exhibited DNA synthesis. In 
heterokaryons containing ratios of even three GI nuclei to 
one postmitotic nucleus the post-mitotic phenotype is domi- 
nant; such cells exhibited no DNA synthesis and lost their 
cell surface EGF receptors. These results are thus consistent 
with either a receptor loss model for the postmitotic cells 
state or with a model in which postmitotic cells contain one 
or more trans-acfing factors that block mitogen-mediated in- 
tracellular signals. 

The in vivo behavior of muscle satellite cells represents an 
intriguing aspect of the mitogen receptor control model we 
have proposed for skeletal muscle development. These cells, 
which may remain quiescent and undifferentiated for years 
in adult muscle, reside beneath the basement lamina and in 
direct contact with the fully differentiated muscle fiber 
(Mauro, 1961; Schultz, 1976). Upon muscle injury the satel- 
lite cells are stimulated to undergo many rounds of replica- 
tion, followed by fusion to form new muscle fibers (Snow, 
1977; 1978). In vitro satellite cell growth (Bischoff, 1975; 
Konigsberg et al., 1975) can be stimulated by a factor from 
crushed skeletal muscle or by FGF, but the mitogenic effect 
of both factors also requires the simultaneous presence of se- 
rum (Bischoff, 1986a, b). To conform with the skeletal mus- 
cle growth factor receptor control model, during their in vivo 
developmental origin, satellite cells must retain their FGFR 
while neighboring muscle cells lose their FGFR, acquire a 
post-mitotic phenotype, and fuse into adjacent myotubes. In 
this model, the satellite cell FGFR must remain occupied by 
FGF thereby repressing the onset of terminal differentiation 
while the cell is simultaneously deprived of one or more 
other factors required for its continuous replication. In such 
an environment the satellite cell could then remain quiescent 
and undifferentiated as does the MM14 satellite cell line in 
the presence of a high FGF-low serum environment (Fig. 2; 
Clegg et al., 1987). Since FGF is present in adult and em- 
bryonic skeletal muscle (Kardami et al., 1985b; Seed et al., 
1988), and since FGF may be localized in the extracellular 
matrix (Baird and Ling, 1987; Vlodavsky et al., 1987), the 
possibility of satellite cells being continually exposed to FGF 
in vivo seems plausible. Additional factors in serum, which 
appear to be required for satellite cell proliferation, would 
presumably be accessible only upon muscle fiber injury. In 
the presence of FGF the serum factors would then promote 
satellite cell proliferation and fiber regeneration. 

The permanent loss of certain growth factor receptors, 
which we have reported in this and earlier studies (Lim and 
Hauschka, 1984a), could be an in vivo control process for 
maintaining the terminally differentiated state in skeletal 
muscle as well as a general regulatory mechanism for the se- 
quential development of other tissues (e.g., neurons). By los- 
ing specific receptors at a particular developmental stage 
cells would be prevented from continued replication and 
from "reversing" their developmental pathways since they 
would then be unresponsive to the factors that control the 
growth and differentiation of their immediate precursors. 
Such a regulatory system has the advantage of permitting 
some cells to cease replicating and to express differentiated 

functions at an early developmental time while other cells of 
the same type remain proliferative and expand the tissues to- 
tal cell mass. If this model is pertinent to tissue development, 
critical mechanistic questions remain as to the nature of 
the microenvironment and/or cellular differences that are re- 
sponsible for generating such temporal diversity in cell be- 
havior, and how the expression of specific receptors is 
regulated. 

We thank Anthony Lanahan and Mark Bothwell for the epidermal growth 
factor iodination and cross-linking procedures, Jim Florini for his gift of 
rat L6 cells, Pat Noel for excellent technical assistance, and Jan Onstott for 
typing the manuscript. Jean Buskin, Jennifer Seed, and Tom Templeton are 
thanked for their critical reading of the manuscript. 

This research was supported by grants from the National Institutes of 
Health (AM 18860) and the Muscular Dystrophy Association to S. D. 
Hauschka. B. B. Olwin was a postdoctoral fellow of the American Cancer 
Society. 

Received for publication 17 November 1987, and in revised form 15 March 
1988. 

References 

Aharanov, A., R. M. Prnss, and H. R. Herschman. 1978. Epidermal growth 
factor: relationship between receptor regulation and mitogenesis in 3T3 
cells. J. Biol. Chem. 253:3970-3977. 

Bader, D., T. Masaki, and D. A. Fischman. 1982. Biochemical analysis of my- 
osin heavy chain during avain myogenesis in vivo and in vitro. J. Cell Biol. 
95:763-770. 

Baird, A., and N. Ling. 1987. Fibroblast growth factors are present in the ex- 
tracellular matrix produced by endothelial cells in vitro: implications for a 
role of heparinase-like enzymes in the neovascular response. Biochem. Bio- 
phys. Res. Commun. 142:428-435. 

Beguinot, F., C. R. Kahn, A. C. Moses, and R. J. Smith. 1985. Distinct biolog- 
ically active receptors for insulin, insulin-like growth factor I, and insulin- 
like growth fact II in cultured skeletal muscle cells. J. Biol. Chem. 260: 
15892-15898. 

Bischoff, R. 1975. Regeneration of single muscle fibers in vitro. Anat. Rec. 
182:215-236. 

Biscboff, R. 1986a. Proliferation of muscle satellite cells on intact myofibers 
in culture. Dev. Biol. 115:129-139. 

Bischoff, R. 1986b. A satellite cell mitogen from crushed adult muscle. Dev. 
BioL 115:140-147. 

Blau, H. M., G. K. Pavlath, E. C. Hardeman, C.-P. Chiu, L. Silberstein, S. G. 
Webster, S. C. Miller, and C. Webster. 1985. Plasticity of the differentiated 
state. Science (Wash. DC.). 230:758-766. 

Carpenter, G., and S. Cohen. 1976. Human epidermal growth factor and the 
proliferation of human fibroblasts. J. Cell. Phys. 88:227-237. 

Clegg, C. H., and S. D. Hauschka. 1987. Heterokaryon analysis of muscle 
differentiation: regulation of the postmitotic state. J. Cell Biol. 105:937-947. 

Clegg, C. H., T. A. Linkhart, R. B. Olwin, and S. D. Hanschka. 1987. Growth 
factor control of skeletal muscle differentiation: commitment to terminal 
differentiation occurs in G~ phase and is repressed by fibroblast growth fac- 
tor. J. Cell BioL 105:949-956. 

Endo, T., and B. Nadal-Ginard. 1986. Transcriptional and posttranscriptional 
control of c-myc during myogenesis: its mRNA remains inducible in dif- 
ferentiated cells and does not suppress the differentiated phenotype. Mol. 
Cell. Biol. 6:1412-1421. 

Ewton, D. Z., G. Spizz, E. N. Olson, and J. R. Florini. 1988. Decrease in 
transforming growth factor I~ binding and action during differentiation in 
muscle cells. J. Biol. Chem. 263:4029-4032. 

Florini, J. R., A. B. Roberts, D. Z. Ewton, S. L. Falen, K. C. Flanders, and 
M. B. Sporn. 1986. Transforming growth factor 13: a very potent inhibitor 
of myoblast differentiation, identical to the differentiation inhibitor secreted 
by buffalo rat liver cells. J. Biol. Chem. 261:16509-16513. 

Gospodarowicz, D. J., J. Wesman, J. S. Moran, and J. Lindstrom, 1976. Effect 
of fibroblast growth factor on the division and fusion of bovine myoblasts 
J. Cell BioL 70:395--405. 

Hanschka, S. D., T. A. Linkhart, C. Clegg, and G. Merfil. 1979. Clonal 
studies of human and mouse muscle. In Muscle Regeneration. A. Mauro, 
editor. Raven Press, New York. 311-322. 

Hsu, L., G. L. Trupin, and F. J. Roisen. 1979. The role of satellite cells and 
myonuclei during myogenesis in vitro. In Muscle Regeneration. A. Mauro, 
editor. Raven Press, New York. 115-170. 

Kardarni, E., D. Spector, and R. C. Strohman. 1985a. Selected muscle and 
nerve extracts contain an activity which stimulates myoblast proliferation 
and is distinct from transferrin. Dev. Biol. 112:353-358. 

Kardami, E., D. Spector, and R. C. Strohman. 1985b. Myogenic growth factor 

The Journal of Cell Biology, Volume 107, 1988 768 



present in skeletal muscle is purified by heparin-affinity chromatography. 
Proc. Natl. Acad. Sci. USA. 82:8044-8047. 

Kardami, E., S. McClure, and R. C. Strohman. 1986. Heparin-like components 
may regulate skeletal muscle growth and differentiation. In Molecular Biol- 
ogy of Muscle Development. Alan R. Liss, Inc., New York. 133-142. 

Konigsberg, I. R. 1971. Diffusion-mediated control of myoblast fusion. Dev. 
Biol. 26:138-152. 

Konigsberg, U. R., R. H. Lipton, and I. R. Konigsberg. 1975. The regenerated 
response of single mature muscle fiber isolated in vitro. Dev. Biol. 45: 
260-275. 

Lathrop, B., K. Thomas, and L. Glaser. 1985b. Control of myogenic differenti- 
ation by fibroblast growth factor is mediated by position in the Grphase of 
the cell cycle. J. Cell Biol. 101:2194-2198. 

Lathrop, B., E. Olson, and L. Glaser. 1985a. Control by fibroblast growth fac- 
tor of differentiation in the BC3HI muscle cell line. J. Cell Biol. 100: 
1540-1547. 

Lim, R. W., and S. D. Hauschka. 1984a. A rapid decrease in epidermal growth 
factor-binding capacity accompanies the terminal differentiation of mouse 
myoblasts in vitro. J. Cell Biol. 98:739-747. 

Lim, R. W., and S. D. Hauschka. 1984b. EGF responsiveness and receptor 
regulation in normal and differentiation-defective mouse myoblasts. Dev. 
Biol. 105:48-58. 

Linkhart, T. A., C. H. Clegg, and S. D. Hauschka. 1980. Control of mouse 
myoblast commitment to terminal differentiation by mitogens. J. Supramol. 
Struct. 14:483--498. 

Linkhart, T. A., C. H. Clegg, and S. D. Hauschka. 1981. Myogenic differentia- 
tion in permanent clonal myoblast cell lines: regulation by macromolecular 
growth factors in the culture medium. Dev. Biol. 86:19-30. 

Massagu6, J., S. Cheifetz, T. Endo, B. Nadal-Ginard. 1986. Type I~ transform- 
ing growth factor is an inhibitor of myogenic differentiation. Proc. Natl. 
Acad. Sci. USA. 83:8206-8210. 

Mauro, A. 1961. Satellite cells of skeletal muscle fibers. J. Biophys. Biochem. 
Cytol. 9:493--495. 

Nadal-Ginard, B. 1978. Commitment, fusion, and biochemical differentiation 

of a myogenic cell line in the absence of DNA synthesis. Cell. 15:855-864. 
Olson, E. N., E. Sternberg, J. S. Idu, G. Spizz, and C. Wilcox. 1986. Regula- 

tion of myogenic differentiation by type 13 transforming growth factor. J. Cell 
Biol. 103:1799-1805. 

Olwin, B. B., and S. D. Hauschka. 1986. Identification of the fibroblast growth 
factor receptor of Swiss 3T3 cells and mouse skeletal muscle myoblasts. Bio- 
chemistry. 25:3487-3492. 

Schechter, Y., L. Hernaez, and P. Cuatrecasas. 1978. Epidermal growth factor: 
biological activity requires persistent occupation of high affinity cell surface 
receptors. Proc. Natl. Acad. Sci. USA. 75:5788-5791. 

Schubert, D., J. Harris, C. F. Devine, and S. Heinemann. 1974. Characteriza- 
tion of a unique muscle cell line. J. Cell Biol. 61:398--413. 

Schultz, E. 1976. Fine structure of satellite cells in growing skeletal muscle. 
Am. J. Anat. 147:49-70. 

Seed, J., and S. D. Hauschka. 1988. Clonal analysis of vertebrate myogenesis. 
VIII. FGF-dependent and FGF-independent muscle colony types during 
chick wing development. Dev. Biol. In press. 

Seed, J., B. B. Olwin, and S. D. Hauschka. 1988. Fibroblast growth factor lev- 
els in the whole embryo and limb bud during chick development. Dev. Biol. 
In press. 

Snow, M. H. 1977. Myogenic cell formation in regenerating rat skeletal muscle 
injured by mincing. II. An autoradiographic study. Anat. Rec. 188:210-218. 

Snow, M. H. 1978. An autoradiographic study of satellite cell differentiation 
into regenerating myotubes following transplantation of muscles in young 
rats. Cell Tissue Res. 186:535-540. 

Vlodavsky I., J. Folkman, R. Sullivan, R. Fridman, R. Ishaal-Michaeli, J. 
Sasse, and M. Klagsbrun. 1987. Endothelial cell-derived basic fibroblast 
growth factor: Synthesis and deposition into subendothelial extracellular ma- 
trix. Proc. Natl. Acad. Sci. USA. 84:2292-2296. 

Yaffe, D. 1971. Developmental changes preceeding cell fusion during muscle 
differentiation in vitro. Exp. Cell Res. 66:33--48. 

Yaffe, D., and O. Saxel. 1977. Serial passaging and differentiation of myogenic 
cells isolated from dystrophic mouse muscle. Nature (Lond.). 270:725-727. 

Olwin and Hauschka FGI~R and EGFR Loss during Differentiation 769 


