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AssTRACT Clones of differentiation-defective myoblasts were isolated by selecting clones of
L6 rat myoblasts that did not form myotubes under differentiation-stimulating conditions. Rat
skeletal myosin light chain synthesis was induced in heterokaryons formed by fusing these
defective myoblasts to differentiated chick skeletal myocytes. This indicates that the structural
gene for this muscle protein was still responsive to chick inducing factors and that the defective
myoblasts were not producing large quantities of molecules that dominantly suppressed the
expression of differentiated functions. The regulation of the decision to differentiate was then
examined in hybrids between differentiation-defective myoblasts and differentiation-compe-
tent myoblasts. Staining with antimyosin antibodies showed that the defective myoblasts and
homotypic hybrids formed by fusing defective myoblasts to themselves could in fact differ-
entiate, but did so more than a thousand times less frequently than the 64% differentiation
achieved by competent L6 myoblasts or homotypic competent X competent L6 hybrids.
Heterotypic hybrids between differentiation-defective myoblasts and competent L6 cells
exhibited an intermediate behavior of ~1% differentiation. A theoretical model for the
regulation of the commitment to terminal differentiation is proposed that could explain these
results by invoking the need to achieve threshold levels of secondary inducing molecules in
response to differentiation-stimulating conditions. This model helps explain many of the

stochastic aspects of cell differentiation.

During the past twenty years cultured cells have become one
of the most important tools for the study of cell differentiation.
Unfortunately, the expression of differentiated functions is
frequently unstable under conditions of continuous cell cul-
ture (1-7). Although overgrowth of the differentiated cell type
by “fibroblastoid cells” is often invoked as the cause in
primary cultures, there is good evidence in some systems that
differentiated diploid cells can “dedifferentiate” and reduce
their synthesis of differentiated products (2, 3, 7). This loss of
differentiated functions is also observed in cloned established
cell lines where, if overgrowth is the cause, it is overgrowth
by a dedifferentiated variant arising within the cloned popu-
lation.

The mechanisms by which cells lose the capacity to express
differentiated functions and the nature of the differentiated
program in nonexpressing variants are important issues for
understanding the regulation and maintenance of cell differ-
entiation. In the present study we have approached this prob-
lem by examining the regulation of muscle functions in
heterokaryons and cell hybrids involving differentiation-de-
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fective myoblasts. We have previously shown that rat skeletal
myosin light chain synthesis is induced when undifferentiated
rat myoblasts are fused with polyethylene glycol to mononu-
cleated differentiated chick skeletal myocytes (8, 9). This
suggests that differentiated chick myocytes contain factors
that induce muscle functions in the undifferentiated rat my-
oblast. In contrast, muscle functions are suppressed in heter-
okaryons when rat fibroblasts are fused to chick skeletal
myocytes (10), implying that fibroblasts produce a muscle
suppressing factor. These observations enabled us to test the
hypothesis that differentiation-defective myoblasts had be-
come a fibroblastoid cell type by examining the regulation of
myosin light chain synthesis in heterokaryons between the
defective myoblasts and differentiated chick myocytes.

The control of myosin light chain synthesis in these non-
dividing heterokaryons provides information concerning only
the regulation of the structural gene itself, not about earlier
stages in terminal differentiation such as the transition from
a dividing myoblast to a postmitotic differentiated cell. The
mechanisms controlling this process were investigated by
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forming dividing cell hybrids between differentiation-defec-
tive and undifferentiated but differentiation-competent myo-
blasts. The regulation of the decision to differentiate was
examined by testing the capacity of the cell hybrids to respond
to differentiation-stimulating conditions. The ability of the
hybrids to differentiate was evaluated using a technique that
permitted a 10°-fold reduction in the frequency of cell differ-
entiation to be identified and quantitated. These heterokaryon
and cell hybrid approaches indicate that differentiation-defec-
tive myoblasts have not transdifferentiated into an alternate
cell type, but, rather, have a 10°-10*fold reduction in their
capacity to differentiate in response to the external culture
environment. Their ‘myosin light chain structural genes are
nonetheless responsive to putative differentiated chick induc-
ing factors. Our results suggest that most of the “nondiffer-
entiating” myoblast variants described in the literature would
prove to be “poorly differentiating” variants if their behavior
was analyzed using techniques that could detect levels of
differentiation of 0.001% rather than only using the relatively
insensitive criteria of morphologic myotube formation or the
biochemical differentiation of mass populations. On the basis
of these observations, we present a model that provides a
molecular mechanism for the regulation of myogenesis in
differentiation-defective myoblast variants.

MATERIALS AND METHODS

Cells and Culture Conditions: 16 rat myoblasts (11) were origi-
nally obtained from D. Shubert at the Salk Institute. Immediately after receipt
in our laboratory, a well differentiating subclone was isolated, expanded, and
frozen in multiple ampules for later use. Cells were maintained in medium
composed of four parts Dulbecco’s modified Eagle’s medium to 1 part medium
199, supplemented with 100 ug/ml streptomycin, 100 U/ml penicillin, and
20% newborn bovine serum. L6 cells were subcultivated before confluence
three times per week in order to maintain the cells in exponential growth and
prevent cell differentiation. Cells were usually split 1:4 or 1:8 on Mondays and
Wednesdays and 1:16 on Fridays, with minor adjustments made as needed to
insure that the cells did not become confluent before the next subcultivation.
In spite of these precautions, after 2-3 mo of continuous cultivation (60-100
population doublings), the capacity of the cells to differentiate gradually de-
creased. Fresh early passage ampules of L6 cells were thus routinely reconsti-
tuted every 6-8 wk.

Primary cultures of myoblasts from 12-d embryonic chick thighs were
prepared as described elsewhere (8). Mononucleated, differentiated chick my-
ocytes were obtained by first blocking the spontaneous fusion to form multi-
nucleated myotubes with EGTA (12) and then maintaining the differentiated
myocytes in medium containing normal calcium and 2 pg/mi cytochalasin B
(13).

Isolation and Analysis of Heterqkaryons: The selective system
used to isolate highly enriched populations of heterokaryons has been described
in detail elsewhere (14~16). Briefly, each of two cell populations to be fused is
treated for 30 min in an ice bath with a lethal concentration of one of two
irreversible inhibitors, iodoacetamide or diethylpyrocarbonate. The unreacted
inhibitor is then washed away and the cells are mixed and fused with polyeth-
ylene glycol. Parental cells and homokaryons die from the lethal treatments.
Because different molecules have been inactivated by each agent, each cell
participating in a heterokaryon contributes active molecules to replace those
damaged in its fusion partner, complementation occurs, and the heterokaryons
survive. Using this technique, populations in which 95-99% of the nuclei are
in heterokaryons can routinely be prepared. The heterokaryons were plated at
60,000 rescued nuclei per square centimeter in 0.3-cm? microtiter wells. The
cells were labeled overnight with 300 uCi/ml of [**S]methionine on the fifth
day after heterokaryon formation. The next morning the heterokaryons were
lysed in a low ionic strength buffer containing 15 mM KCl, 10 mM Tris-HCl
pH7, 0.1% 2-mercaptoethanol, and 0.5% Nonidet P-40 in the presence of 12
ug of cold carrier cardiac actomyosin. 2 d later the lysate was centrifuged for
10 min at 4°C in a Beckman microfuge (Beckman Instruments, Inc., Palo Alto,
CA) and the supernatant was discarded. The residue, enriched for actomyosin
which is insoluble under these conditions, was then extracted into O’Farrell’s
lysis buffer (17) and analyzed on two-dimensional polyacrylamide gels as
modified by us (18).

The synthesis of rat skeletal myosin light chain one was chosen as a marker
for rat myogenic differentiation since chick and rat forms can be distinguished
on two-dimensional gels. The localization of chick fast, rat adult fast, and rat
embryonic skeletal myosin light chains on these gels has been described
elsewhere (8).

Isolation of Hybrids: Hybrids were produced by first isolating 95—
99% pure populations of heterokaryons as described above. The heterokaryons
were then plated at five rescued nuclei per 0.3 cm?-microtiter well (thus at
approximately two cells per well). 1-2 wk later the wells were examined under
phase-contrast microscopy. Approximately 20 wells in which only one clone
was growing were then trypsinized from each group of putative hybrids.
Contaminating diploid parental clones were identified by karyology and dis-
carded. We (16, 19) and others (20) have shown that homotypic hybrids isolated
using irreversible biochemical inhibitors retain the capacity to differentiate
normally.

In Situ Karyotyping: Inthese experiments, the purpose of karyotyping
the different clones was to distinguish diploid parental cells from tetraploid
hybrid cells. A relatively inaccurate but rapid method was thus chosen to
facilitate the screening of large numbers of clones. Hybrid cells were karyotyped
in situ according to the method of Cox et al. (21). Three to five metaphase
chromosome spreads were counted under X 400 observation.

Cell Differentiation Assay: We determined the differentiation ca-
pacity of cells by plating cells at 100, 300, or 1,000 cells per 100-mm dish and
allowing large colonies to develop for 2 wk. The medium was then changed to
a myogenesis-stimulating medium containing 2% newborn bovine serum and
5 pg/ml insulin (22). Competent L6 cells exhibit massive myotube formation
within 3 d in this medium. The cells were fixed after 6 d in order to provide
adequate time for even differentiation-resistant cells to express their phenotype.
The combination of 2 wk of clonal growth followed by 6 d in differentiation-
stimulating conditions resulted in a long-term assay of the ability to differentiate
that was relatively insensitive to differences in growth rate or the number of
colonies per dish. The cells were either fixed for immunoperoxidase staining
using antimyosin antibodies (see below) or fixed in 95% ethanol, Giemsa’s
stained, and analyzed for myotube formation. Myotubes were defined as cells
containing more than three nuclei. In some cases, clones were isolated by
trypsinization within glass cloning cylinders before the remaining clones were
fixed.

Myosin-containing cells were identified using a murine monoclonal antibody
CCM-52 (generously provided by Dr. Radovan Zak, University of Chicago)
produced against embryonic chick cardiac myosin that is specific for an epitope
in the light meromyosin fragment of V3 cardiac myosin (23, 24). We have
found that this antibody cross-reacts with the myosin in cultured chick cardi-
ocytes, chick skeletal myotubes, rat cardiocytes, and rat skeletal myotubes. The
following technique was devised to permit the staining of large surface areas
using small amounts of antibody. 10-cm dishes containing several hundred
colonies were fixed for 3 min on an ice bath with 50% ethanol/acetone, washed
briefly, and air dried. A rectangle was then scribed onto the surface of the dish
using a scalpel blade. This produces a ridge of plastic that serves as a spacer so
that the cells are protected from the shearing forces produced by the repeated
application and removal of a coverslip. 50 ul of antibody was sufficient to stain
the 10-cm? surface area covered by a 50 X 22 mm coverslip. The most efficient
method for applying the antibody, which minimizes the trapping of bubbles,
was to place 50 ul on the coverslip, invert the dish, and lower it onto the
coverslip until capillary force sucked the coverslip into place. Pressing the
bottom of the dish to induce a curved surface caused the coverslip to raise
slightly off the dish, and several repetitions of this procedure produced sufficient
turbulence to adequately mix the antibody with residual saline on the dish and
cause a uniform exposure of the cells to antibody. After 90 min at room
temperature, the coverslip was floated off the dish by adding 10 ml of saline.
Binding of the primary antibody was visualized using a peroxidase-conjugated
goat anti-mouse antibody (Cappel Laboratories, Cochranville, PA) and diami-
nobenzidine according to standard protocols.

RESULTS

Isolation of Differentiation-defective
Myogenic Variants

Clones were prepared from both a freshly thawed ampule
of L6 rat myoblasts and a culture that had been under
continuous subcultivation for 2 mo in which <10% of the
cells formed myotubes after becoming confluent. This culture
was allowed to remain confluent for 1 wk before cloning to
further reduce the number of differentiation-competent cells.
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Table I shows that most of the clones from the poorly differ-
entiating culture nonetheless retained the capacity to differ-
entiate under clonal conditions. However, whereas the clones
from the freshly thawed cells became massively fused after
being placed in a differentiation stimulating medium, most
of the myogenic clones from the poorly differentiating culture
formed only a few myotubes.

Six clones that did not contain morphologically identifiable
myotubes under phase-contrast observation were isolated.
Table I also shows the myogenic capacity of these clones.
Clones 3 and 4 were recloned again to yield clones 3¢ and 4a,
which together with clones 5 and 6 were used in subsequent
experiments.

Heterokaryons Involving Differentiation-
defective Myoblasts

To determine whether differentiation-defective myoblasts
lacked the capacity to differentiate because they lacked induc-
ing factors or produced suppressing factors, we constructed
heterokaryons by fusing the various defective myoblast sub-
clones to differentiated chick skeletal myocytes. Heterokar-
yons were isolated using irreversible biochemical inhibitors,
labeled with [**S}methionine, and analyzed on two-dimen-
sional gels. Fig. 1 presents the results from three such experi-
ments. In each experiment, heterokaryons between chick
myocytes and undifferentiated but differentiation-competent
L6 myoblasts were also formed (Fig. 1, a, ¢, and g) to provide
an internal control for variations due to the quality of the
chick primary culture or other parameters. Fig. 1, b, ¢, f, and
h show that both embryonic and adult rat skeletal myosin
light chain one were induced in heterokaryons formed by
fusing chick myoblasts to the different clones of defective
myoblasts. Chick myosin light chain synthesis continued in
all of the heterokaryons. Fig. 1 d demonstrates that the selec-

TABLE |
Characterization of Differentiation-defective Myoblast Variants*

Number of .
subclones Estimated
myotube
Cell type Fused Unfused formation
% of total cells
Competent L6 culture 250 11 70
Defective L6 culture 116 77 17
Defective L6 clones
1 14 114 0.04
2 2 114 0.007
3 11 102 0.04
3c 0 282 0
4 3 159 0.008
4a 0 253 0
5 0 114 0
6 10 50 0.07

* The differentiation capacity of a freshly thawed ampule of competent L6
myoblasts was compared under clonal conditions with a culture that had
been in continuous cultivation for 2 mo and had “gone off”, and to clones
and subclones derived from that culture. The assay consisted of plating cells
at clonal densities, allowing large colonies to form, and then feeding them
with differentiation-stimulating medium. 1 wk later the cells were fixed and
stained with Giemsa’s. The extent of differentiation was estimated as the %
of total cells that had fused to form myotubes containing three or more
nuclei. “Typical” fused clones were counted to determine the actual %
myotube formation and then the myotube formation as a % of total celis
was determined by multiplying this value by the proportion of total sub-
clones that had fused. The average number of cells per colony was 1,000~
5,000 for the competent L6 cells and 5,000-15,000 for the defective cells.
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FiGure 1T Myosin light chain one synthesis in heterokaryons.
Highly enriched populations of heterokaryons formed by fusing
mononucleated differentiated, chick myocytes to different clones
of differentiation-defective myoblasts were labeled with [**S]me-
thionine 5 d after heterokaryon formation and then analyzed on
two-dimensional polyacrylamide gels. Only the region of each gel
between the approximate pl of 5.5 (left) and 4.7 (right) is shown.
Each of three independent experiments contained an internal pos-
itive control fusion between differentiated chick myocytes and
undifferentiated (but differentiation competent) L6 rat myoblasts (a,
e, and g). The gels shown are of heterokaryons between the
following pairs of cells. (a) Myocyte X competent L6 myoblast
control for gels b—d; (b) myocyte X defective myoblast clone 3c; (c)
myocyte X defective myoblast clone 4a; (d) homokaryons between
defective myoblast clone 4a cells and themselves; (e) myocyte X
competent myoblast control for gel f; () myocyte X defective
myoblast clone 5; (g) myocyte X competent myoblast control for
gel h; (h) myocyte X defective myoblast clone 6. The myosin light
chain one proteins are identified as follows: horizontal arrow, chick
fast skeletal myosin light chain one; vertical arrows, rat embryonic
(right arrow) and rat adult fast (left arrow) skeletal myosin light chain
one. The rat skeletal myosin light chains are inducible in the
differentiation-defective myoblast clones.



tion procedure itself did not induce rat light chain synthesis,
since heterokaryons isolated by fusing subclone 4a to itself
did not synthesize muscle products. The defective myoblasts
are thus not producing dominant factors that actively suppress
chick differentiated functions, and contain inducible myosin
light chain one structural genes.

Hybrids Involving Differentiation-
defective Myoblasts

The above experiments indicated that defective myoblasts
were capable of responding to putative inducing factors pro-
vided by already differentiated chick myocytes. This response
could result from regulation at various levels, from the initial
decision to differentiate involving the entire myogenic pro-
gram to a direct induction of the light chain structural gene
itself. The behavior of these heterokaryons demonstrated that
the myosin light chain gene was not defective and that dom-
inant suppression of myogenic functions did not occur, but
did not indicate the location of the lesion in defective myo-
blasts. To examine earlier stages in myogenesis, we studied
the decision to differentiate. Cell hybrids between undiffer-
entiated myoblasts and defective myoblasts provide access to
the regulation of the decision to differentiate, since any re-
sponse of undifferentiated hybrids to differentiation-stimulat-
ing conditions is dependent on the successful completion of
at least the decision to differentiate. Hybrids were constructed
by first producing 95-99% pure populations of heterokaryons,
cloning the heterokaryons, and then picking colonies of divid-
ing cell hybrids. Three sets of hybrids were compared: differ-
entiation-competent parental L6 cells fused to themselves
(L6?), differentiation-defective myoblast subclone 4a cells
fused to themselves (DD4a?), and competent L6 cells fused
to defective myoblast subclone 4a cells (L6 X DD4a). All of
the newly picked colonies were initially plated in two different
16-mm wells. After 1 wk, one set of wells was processed for
in situ karyotyping in order to identify tetraploid hybrids and
diploid parental cells. Although counting the chromosomes
directly under X 400 observation in only three or four spreads
from this type of preparation is much less accurate than
counting from photographs of spreads prepared from sus-
pended cells, it was sufficient to decide whether a colony was
roughtly diploid or roughly tetraploid. Table II presents the
results from all of the colonies examined. Many of the colonies
were diploid, as would be expected since the initial popula-
tions were not 100% pure. Since fewer heterokaryons than
parental cells successfully divide and give rise to growing
colonies, the proportion of contaminating parental colonies
is increased with respect to the initial parental contamination
(14, 16). Nonetheless, S50-80% of the colonies were tetraploid.
10 tetraploid colonies from each combination were then
trypsinized and replated at clonal density. After 2 wk of
growth, most the these secondary colonies were 2-3 mm diam
and were tightly packed with a high localized cell density. The
cells were fed differentiation-stimulating medium for one
additional week and then fixed and processed for immuno-
peroxidase staining using a monoclonal antibody against
myosin (Fig. 2). Massively fused clones were fixed after 4 or
S d because many myotubes in these cultures detached after
longer periods. 20-200 subclones were examined from each
clone. The total number of myosin-positive cells was counted,
and the total number of cells was estimated by counting the
cells in an average-sized colony and multiplying by the num-
ber of colonies scored. (In the case of L6%, the number of

TasLE I
Karyotype of Hybrid Clones*

DD4a? L6 X DD4a L62
Chro- Chro-
Chro- mo- mo-
Clone  mosomes Clone somes Clone somes
No. No. No.
1* 66 1 34 L 75
2 37 2 63 2 32
3 — 3* 66 3 39
4 38 4 35 4* 70
5 — 5* 58 5 39
6" 91 6 61 6* 71
7* 77 7* 64 7* 62
8 — 8 57 8* 70
9 34 9 — 9* 57
10 99 10 55 10 40
11 — 11* 65 11* 71
12* 87 12 66 12 36
13 39 13 36 13* 64
14* 78 14* 61 14 34
15 30 15* 66 15 58
16* 64 16* 64 16 34
17 40 17* 67 17 —
18 36 18 — 18 36
19* 84 19 47 19 —
20* 71 20" 62 20 —
21 38 21 61 21 —
22* 69 22 64 22 42
23 68 23 63
24 102 24 34

* Putative hybrids between differentiation-defective myoblast subclone 4a
cells and themselves (DD4a?), competent L6 myoblasts and differentiation-
defective myoblast subclone 4a (L6 X DD4a), and competent L6 myoblasts
and themselves (L6 were karyotyped in situ and counted under direct x
400 observation. The number of chromosomes listed is the average of 3-6
metaphase spreads. Occasional spreads that were grossly different from the
average for that particular colony were excluded from the analysis. Parental
L6 myoblasts have a modal number of 41 chromosomes. In situ karyotyping
tends to underestimate the actual number of chromosomes, particularly in
hybrid cells with more overlapping chromosomes. Since some contaminat-
ing diploid cells had in situ determinations of as few as 30 (DD4a? clone
15) or 32 (L6? clone 2) chromosomes, clones containing more than approx-
imately 60 chromosomes were considered to be hybrids. Hybrid clones
selected to be used in the analysis of Table 11l and Fig. 3 are indicated by
an asterisk.

myosin-positive cells was so large that only one or two average
subclones were counted for myosin-positive cells.) This anal-
ysis thus yielded information as to both the percentage of cells
capable of giving rise to differentiated progeny (percent
myosin-positive clones) and the percentage of cells that ac-
tually differentiated under the conditions of the experiment
(percent myosin-positive cells). Several conclusions can be
drawn from the data presented in Table III. First, even tetra-
ploid differentiation-defective myoblasts are capable of differ-
entiating. The number of differentiated cells is so low that
individual myosin-positive cells were almost invariably sur-
rounded by large numbers of undifferentiated cells. The in-
ability of these cells to form morphologically identifiable
myotubes is thus probably a consequence of the rare differ-
entiated cell’s not finding other differentiated cells with which
to fuse, rather than an inability to fuse to form myotubes per
se. The defective myoblasts are thus very poorly differentiating
rather than nondifferentiating variants. Second, the capacity
to differentiate was roughly homogeneous among each set of
subclones. For example, the presence of 0.9% myosin-postive
cells in L6 X DD4a clone 16 subclones was not due to 0.9%
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FIGURE 2 Antimyosin immunoperoxidase staining of cell hybrids.
Cell hybrids were subcloned, allowed to grow to a high local cell
density, fed differentiation-stimulating medium, and then fixed and
processed for immunoperoxidase staining using the murine mono-
clonal antimyosin antibody CCM-52. Cells were lightly counter-
stained with Giemsa’s in order to visualize cell nuclei. (a) L6 X L6
homotypic hybrid clone 1; (b} L6 X defective myoblast hybrid clone
16; (c) defective myoblast X defective myoblast homotypic hybrid
clone 1. See Table Ill for a quantitative analysis of these specific
clones. X 80.

of the subclones being massively fused, but rather was the
result of a few myosin-positive cells being present in most of
the subclones (although an occasional subclone contained
10% myosin positive cells and many contained only 0.1%
positive cells). Finally, the ability to differentiate appears to
have been largely suppressed in the L6 X DD4a hybrids in
comparison to the homotypic hybrids formed by fusing dif-
ferentiation-competent L6 cells to themselves.

This last conclusion is based on the strictly arithmetic
analysis presented in Table III. However, if the data are re-
analyzed on a logarithmic scale as in Fig. 3, it is possible to
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reach a very different interpretation. Under these conditions,
the heterotypic hybrids appear to exhibit a behavior inter-
mediate to that of either homotypic hybrid, suggesting a co-
expression of the parental phenotypes rather than a suppres-
sion by the defective parent of the capacity to differentiate.
The essentially nonoverlapping behavior of the three cell
populations confirms that the tetraploid cells isolated in the
L6 X DD4a cross were true hybrids and not the progeny of
parental cell homokaryons. The intermediate frequency of
differentiation exhibited by the L6 x DD4a hybrids can be
contrasted to the complete suppression we observed when the
same technique was applied to hybrids between competent
L6 myoblasts and B9 rat glial cells (25). In these hybrids,
<0.002% myosin-positive cells were seen when subclones
were stimulated to differentiate and stained with antimyosin
antibodies. The present result we are describing as an inter-
mediate value is almost 1,000-fold greater than that seen in
the suppressed L6 X B9 hybrids.

DISCUSSION

These results indicate that the clones used in the heterokaryon
experiments were poorly differentiating myoblasts. Nonethe-
less, fusion to differentiated chick myocytes was able to induce
rat myosin light chain synthesis in these cells despite the 10°-
10*-fold reduction in their capacity to differentiate sponta-
neously. Since this result is based on the biochemical analysis
of the entire population of heterokaryons, a large fraction of
the heterokaryons must have been induced. Furthermore,
although not quantitated, the amount of induction observed
was roughly the same as that in control heterokaryons using
parental competent rat myoblasts. The genes for the structural
myosin light chains in these poorly differentiating cells thus
retain a relatively normal capacity to respond to putative
chick inducing factors.

The mechanism regulating the reduced capacity to differ-
entiate is one that results in an apparently intermediate be-
havior of 1.2% differentiation in the heterotypic hybrids
between poorly differentiating and fusion competent myo-
blast as compared with the 0.048 and 64% differentiation
seen in the two sets of parental homotypic hybrids. It is not
yet known what molecular mechanisms could regulate a
probability function covering three to four orders of magni-
tude, such that a combination of a 64% response and a
0.048% response could yield a 1.2% response. One speculative
possibility is presented in Fig. 4. If myogenic cells produce
inducing molecules in response to differentiation-stimulating
medium and if the number of molecules produced must
exceed a threshold value before the commitment to differen-
tiate is executed, then the average of the outer curves in Fig.
4 would yield an intermediate response illustrated by the
middle curve. In this model the co-expression average of a 64
and a 0.048% response would be a 7% response. This analysis
has not considered any of the multiple complexities known
to effect myogenic differentiation. For example, the number
of colonies per dish might influence the rate of media condi-
tioning and thus the rate of cell differentiation; cell growth
rate affects colony size which might also affect the commit-
ment to differentiate; different clones exhibit different degrees
of cell migration and thus different local cell density in the
center of the clones which in turn might modify the propensity
to differentiate; the data represent the results from a single
point (3 wk after plating the cells including 6 d in differentia-
tion-stimulating medium) and thus might be somewhat influ-



TasLe [l
Differentiation Capacity of Hybrid Clones*

Number of
colonies % Myosin  Total number
Myosin  Myosin  (+) colo-  of myosin (+) % Myosin (+)
Cell combination Typical colony size +) (=) nies cells cells
Defective clone 4a X defective clone 4a
Clone 1 3,542 13 72 15 52 0.017
Clone 6 : 795 0 51 0 0 0
Clone 7 785 12 87 27 12 0.034
Clone 12 750 34 33 51 2,177 4.3
Clone 14 2,210 1 67 1.4 3 0.002
Clone 16 3,540 31 56 36 96 0.031
Clone 19 2,196 41 78 34 630 0.23
Clone 20 826 17 72 19 132 0.13
Clone 22 2,228 27 32 46 113 0.035
Clone 23 3,550 21 36 37 238 0.12
Defective clone 4a X competent L6
Clone 3 612 54 18 75 1,398 3.2
Clone 5 1,326 25 64 27 229 0.13
Clone 7 326 39 39 50 653 1.0
Clone 11 5,720 29 1 97 5,455 3.1
Clone 14 298 19 33 37 318 2.1
Clone 15 333 35 59 37 697 2.2
Clone 16 3,432 93 25 79 3,654 0.9
Clone 17 627 34 29 54 419 1.1
Clone 20 540 76 101 43 666 0.7
Competent L6 X competent L6
Clone 1 634/230* 280 1 929 —* 73%
Clone 4 168/333 107 6 95 — 32
Clone 5 892/326 62 18 77 — 56
Clone 7 622/334 67 0 100 — 62
Clone 8 677/44 116 3 97 — 91
Clone 9 1,818/1,262 19 1 95 — 56
Clone 11 804/25 83 6 93 — 90
Clone 13 260/79 159 4 98 — 75
Clone 23 270/103 71 3 96 — 69

* Subclones from each hybrid colony were analyzed as described in Table I, except for the critical difference that cells were scored as differentiated on the
basis of their staining with antimyosin antibody rather than their presence in myotubes. This proved a far more sensitive assay. The total number of nuclei in
myosin (+) cells was counted for all the hybrids except the competent L6 X competent L6 hybrids.

* Typical colony sizes are here expressed as a ratio of myosin (+) to myosin (—) cells. The number of myosin (+) cells in these hybrids was far too great to
permit the total number to be actually counted. Instead, a typical colony was counted, and the total % myosin (+) cells was estimated by multiplying the %

myosin {+) cells in a typical colony by the % of colonies that were myosin (+).

Le2 B

L6xDD4a 0 o3
DD4a2 LI 0 oeese .
.001 .01 .1 1 10 100

% MYOSIN (+) CELLS

Ficure 3 Differentiation capacity of hybrid clones. The data from
the last column of Table Il are presented on a logarithmic scale.
Each symbol represents one of the clones in Table 1lI. L6, compe-
tent L6 X competent L6 hybrids; L6 X DD4a, competent L6 X
differentiation-defective myoblast clone 4a hybrids; DD4a?, differ-
entiation-defective myoblast clone 4a x differentiation-defective
myoblast clone 4a hybrids. The heterotypic hybrids appear to
exhibit an intermediate level of differentiation.

enced by factors affecting the rate rather than the capacity to
differentiate, etc. The cumulative effects to these factors prob-
ably account for the wide scatter of the data over several
orders of magnitude within each hybrid cell type (see Fig. 3).

Given the limitations of the data and the fact that the model
treats only one of the many contributing factors, as a first
approximation the observed level of 1.2% differentiation in
the heterotypic hybrids is in general agreement with the 7%
differentiation predicted by the model.

Threshold effects suggest that multiple sites need to be
affected before a response occurs. The presence of multiple

nuclear binding sites for steroid hormone-receptor complexes
is well established (26, 27). Our model for the production of

multiple copies of internal inducing molecules in response to
differentiation-stimulating conditions with a threshold effect
is essentially based upon the same concept. It predicts that
the commitment to differentiate will depend upon a threshold
occupancy of multiple receptor sites, which occurs only after
a sufficient concentration of inducing molecules has been
produced.

The reduced capacity of the defective myoblasts to differ-
entiate could also be explained by the presence of suppressive
factors. In this case, the dilution of the suppressor in the
heterokaryons or hybrids could give the observed results.
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FiGure 4 Model for the commitment to differentiate. The geo-
metric means for the frequency of myosin (+) cells in the parental
and hybrid cells (Table 1l and Fig. 3) are 64% (L6%), 1.2% (L6 X
DD4a), and 0.048% (DD4a?. The following speculative model
attempts to provide a rationale for this result. Statistical tables for
the area under a standard distribution (37) were used to determine
the proportion of a population that would exceed a particular value,
expressed in units of standard deviations from the mean. The
vertical dashed line represents the threshold number of molecules
of some factor that must be exceeded before the commitment to
terminal differentiation is made. The number above each curve
represents the proportion of cells in that population that will exceed
the threshold and thus differentiate. If the average number of
molecules produced per cell were 0.36 SD greater than the required
threshold, 64% of the cells would exceed that threshold and differ-
entiate (right curve). Similarly, if the average number of molecules
produced per cell in a second population were 3.3 SD less than
the threshold value, then only 0.048% of the cells would produce
sufficient quantities of the inducer to exceed the threshold and
differentiate (left curve). If cells from these two populations were
hybridized and each genome continued to express its original
response to differentiation-stimulating medium, then the average
concentration of molecules produced would be [(0.36 SD) + (3.3
SD)] + 2 =—1.47 SD, or 1.47 SD less than the threshold. Assuming
that the standard deviation remained constant, 7% of this hybrid
population should be able to differentiate (middie curve). Thus, the
co-expression average of a 64 and a 0.048% response would be a
7% response.

However, the dominant behavior of fibroblasts in suppressing
myogenic functions in heterokaryons (10) suggests that fibro-
blast suppressive factors are quantitatively and probably qual-
itatively different from putative suppressive factors in defec-
tive myoblasts.

There are numerous reports of the isolation of clones of
nondifferentiating myoblasts (6, 28-33). Although the high
frequency of their phenotype has led most authors to be
cautious about describing them as mutants, the mechanism
responsible for their appearance has remained obscure. Our
results suggest that most of these “nondifferentiating” variants
would probably prove to be “poorly differentiating” variants
if their behavior was analyzed using in situ techniques that
could detect individual differentiated cells, rather than only
using the relatively insensitive criteria of morphologic myo-
tube formation or the biochemical differentiation of mass
populations.

Cell density is one of several important factors influencing
the commitment of myogenic cells to differentiate. Mass
cultures of poorly differentiating cells probably never achieve
the extremely high local cell density that is obtained at the
center of a newly formed subclone. We believe factors such
as this are responsible for our observation that almost all of
the cells from a culture of L6 cells that had largely lost the
capacity to differentiate as a mass population nonetheless
gave rise to colonies that contained myotubes under clonal
conditions. However, the extent of myotube formation per
clone was substantially reduced with respect to the degree of
differentiation observed in colonies derived from competent
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L6 myoblasts. It was only by picking the colonies so resistant
to differentiation that no myotubes were formed even after 3
wk of culture including 1 wk in differentiation-stimulating
medium that our differentiation-defective myoblast clones
were isolated. However, antibody staining later demonstrated
that even these clones could produce rare myosin positive
cells. Although the decision to differentiate exhibits many
aspects of an all-or-none phenomenon, our results indicate
that the process regulating this decision can apparently vary
in a relatively continuous fashion to produce rates of differ-
entiation differing by at least three to four orders of magni-
tude. The ability of different clones to inherit these extremely
different probabilities of differentiation is consistent with our
proposed model.

Our results differ from two recent reports involving my-
ogenic cell hybrids (33, 34). Lawrence and Coleman found
that hybrids between competent and differentiation-defective
L6 myoblasts exhibited high rather than intermediate levels
of differentiation (33). We believe that this is due to their use
of moderately rather than severely differentiation-defective
myoblasts. Their defective myoblasts retained sufficient ca-
pacity to differentiate so that rare morphologic myotube
formation was still present even under mass culture condi-
tions. The intermediate result we would predict under these
circumstances (the model presented in Fig. 4 predicts that
hybrids between cells exhibiting a 74 and a 1% frequency of
differentiation would show a 30% response) would be very
difficult to distnguish from a dominance of the competent
phenotype. It was only by using an extremely differentiation-
resistant clone that we were able to identify an intermediate
result above the scatter of our data. Konieczny and Coleman
(34) have also reported that myogenesis was dominant in
crosses between myoblasts and muscle-derived fibroblasts. We
believe this is due to an inadequate definition of a “fibroblast.”
They functionally defined fibroblasts as those cells remaining
after several postconfluent passages of a primary muscle cul-
ture. Such cultures are likely to include large numbers of
differentiation-resistant cells that are nonetheless myoblasts,
in that they would retain the capacity to exhibit some my-
ogenic potential under appropriate conditions. Most of the
cell hybrids they isolated were thus probably crosses between
myoblasts and differentiation-resistant myogenic cells rather
than true myoblast X fibroblast hybrids.

Quantitative differences in the expression of certain en-
zymes between different cell lines (35) or mouse strains (36)
have been found to vary according to a geometric progression.
The models proposed to explain these observations involve
the doubling of certain “regulatory elements” in one or both
relevant chromosomes of a diploid cell, with the total cell
expression being the arithmetic sum of the contribution of
both chromosomes. These models were designed to explain
the variation in constitutively expressed enzymatic activities,
and did not specifically address the regulation of the appar-
ently all-or-none decision to express new functions. If com-
bined with the threshold effects described in Fig. 4, these
models could also explain the intermediate expression of
myogenesis that we obtained in the cell hybrids, where the
level of expression appears to be a type of geometric mean of
the parental cells rather than an arithmetic mean.

In conclusion, we have shown that most clones of myoblasts
that have lost the capacity to form myotubes retain the
capacity to differentiate but do so only with a very low
frequency. Although the mechanism regulating this pheno-



type remains unknown, we have proposed a model that can
explain how cells stably regulate their probability of differen-
tiation. This model is consistent with the intermediate behav-
ior of hybrids between poorly differentiating and competent
cells, and provides a rationale for how the co-expression of a
0.048 and a 64% response could give a 1.2% response. The
hypothesis that a threshold occupancy of multiple receptor
sites is required to trigger terminal differentiation should
provide a useful conceptual model to explain many of the
stochastic aspects of cell differentiation.
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