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ABSTRACT Shortly after their birth, postmitotic mono-
nucleated myoblasts in myotomes, limb buds, and conventional
muscle cultures elongate and assemble a cohort of myofibrillar
proteins into definitively striated myofibrils. MyoD induces a
number of immortalized and/or transformed nonmuscle cells
to express desmin and several myofibrillar proteins and to fuse
into myosacs. We now report that MyoD converts normal
dermal fibroblasts, chondroblasts, gizzard smooth muscle, and
pigmented retinal epithelial cells into elongated postmitotic
mononucleated striated myoblasts. The sarcomeric localization
of antibodies to desmin, a-actinin, titin, troponin-I, a-actin,
myosin heavy chain, and myomesin in these converted myo-
blasts are indistinguishable from in vivo and in vitro normal
myoblasts. Converted myoblasts fuse into typical anisodiamet-
ric multinucleated myotubes that often contract spontaneously.
Conversion and subsequent expression of the skeletal myogenic
program are autonomous events, occurring in four nonmuscle
microenvironments consisting of different combinations of
foreign extracellular matrix molecules. Early events associated
with conversion by MyoD involve (i) withdrawal from the cell
cycle, (ii) down-regulation of the subverted cell's ongoing
differentiation program, and (iii) initiation of desmin synthesis
in presumptive myoblasts and dramatic redistribution of mi-
crotubules and desmin intermediate filaments in postmitotic
myoblasts.

There is an abrupt switch, in vivo and in vitro, in the
differentiation program between normal replicating presump-
tive myoblasts and their daughters, the mononucleated post-
mitotic myoblasts (1-3). In early chicken embryos, at a stage
when all other cells continue to cycle, myotomal presumptive
myoblasts begin to yield postmitotic daughters. Within min-
utes after their birth, stage 15 myotomal postmitotic myo-
blasts organize their desmin intermediate filaments and mi-
crotubules into bipolar bundles, elongate, and concurrently
initiate the synthesis of a cohort of myofibrillar proteins.
When only +4 hr old, they begin to assemble striated
myofibrils. The distribution of a-actinin, titin, nebulin, a-ac-
tin, troponin-I, tropomyosin, myosin heavy chain (MHC),
myosin light chain (MLC), and myomesin in these nascent
sarcomeres is similar to that observed in mature muscles
(4-7). This invariant sequence involving (i) at least two
distinct generations of myogenic cells and (ii) the develop-
mentally regulated assembly of striated myofibrils in mono-
nucleated myoblasts is also observed in stage 23-24 limb
buds and in muscle cultures prepared from day-10 embryos.
In the latter systems, assembly into tandem sarcomeres is
first evident, not in +4-hr-, but in 10- to 20-hr-old postmitotic
myoblasts (8). This temporal sequence is not observed when

L6, L8, L6E9, BC3H1, and other types of immortalized
and/or mutagenized myogenic lines are induced to differen-
tiate (9-13).
MyoD induces a number of immortalized and/or trans-

formed cell lines to express several myofibrillar genes and to
fuse into multinucleated myosacs (14-16). Other transformed
lines such as kidney epithelial cells, HeLa cells, and some
hepatoma lines resist conversion. Judging from the published
micrographs, MyoD-converted nonmuscle cells, like most
myogenic cell lines, do not express the terminal myogenic
program fully. They do not, for example, form striated
mononucleated myoblasts, nor do they form elongated my-
otubes rich in striated myofibrils. Determining the intracel-
lular conditions that permit or prevent MyoD from inducing
the complete myogenic program in various transformed non-
muscle cells and various normal nonmuscle cells will be
useful in probing many aspects of normal and abnormal
myogenesis.
Here we describe the conversion by MyoD of four normal

phenotypes with decreasing affiliation to the skeletal myo-
genic lineage: dermal fibroblasts, chondroblasts, gizzard
smooth muscle, and retinal pigmented epithelial (RPE) cells.
The four types of converted cells faithfully reproduce the
temporal sequence characteristic of normal myogenesis in
vivo and in vitro. Postmitotic mononucleated desmin+/
myofibrillar protein- cells appear several days after infec-
tion. These elongate, synthesize a cohort of myofibrillar
proteins, and assemble them into mature striated myofibrils.
Conversion and subsequent expression of the myogenic
program are strikingly autonomous events, occurring in four
nonmuscle microenvironments. Conversion involves the
down-regulation of the original ongoing differentiation pro-
grams of the infected cells.

MATERIALS AND METHODS
Cels. Chondroblasts and RPE cells free of contaminating

cells (17, 18) were generously donated, respectively, by M.
Pacifici and by N. Philp and V. Nachmias from the University
of Pennsylvania. Primary cultures of gizzard smooth muscle
and quarternary cultures of dermal fibroblasts were prepared
and reared as described (19). The cells were plated onto rat
collagen-coated Aclar squares at a density of 1.5 x 105 cells
per 35-mm dish. Cultures were fed every 2 days with 84%
(vol/vol) Dulbecco's modified Eagle's medium, 10o (vol/
vol) horse serum, 5% (vol/vol) chicken embryo extract, and
1% penicillin/streptomycin as described (20).

Retroviral Infection. Amphotropic retrovirus containing
the MyoD coding region and the control virus were gener-

Abbreviations: MHC and MLC, myosin heavy chain and light chain,
respectively; RPE, retinal pigmented epithelial.
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ously donated by H. Weintraub, S. Tapscott, and D. Miller
from the Hutchinson Cancer Research Center. Both control
and MyoD-containing retrovirus contain the gene for neo-
mycin phosphotransferase, allowing selection of infected
cells with the neomycin analogue, G418. Day-2 to -3 cultures
were infected by exposure to virus (5-10 X 105 colony-
forming units) and Polybrene (8 ,ug/ml) in a final volume of
100 ,l. After 8 hr, 1.5 ml of medium was added. Infected cells
were selected, using medium containing G418 (0.8 mg/ml) for
the next 6 days, followed by medium without G418.

Immunostaining. At various times after infection, the cul-
tures were fixed and double-stained with various combina-
tions of antibodies to desmin, a-actinin, titin, nebulin, a-ac-
tin, troponin-I, tropomyosin, MHC, MLC, and myomesin, as
described (20).

RESULTS
Assembly of Striated Myofibrils in Myotubes Derived from

MyoD-Converted Cells. Cultures of dermal fibroblasts, chon-
droblasts, gizzard smooth muscle, and RPE cells were in-
fected with control and MyoD amphotropic retroviruses
containing the neomycin phosphotransferase gene. After
selection in G418, the MyoD-infected cultures were reared in
a normal mitogen-rich medium for 2-12 days. On average, the

day-8 to -9 postselected cultures contained 3-6 x 106 cells per
dish. Numerous myotubes formed in all types of converted
cultures. However, the percent of the total nuclei in myo-
tubes per dish varied greatly from experiment to experiment.
In cultures of converted chondroblasts and smooth muscle,
the percent of nuclei in myotubes ranged from 5 to 30%. In
cultures of converted dermal fibroblasts and RPE cells, the
number ranged from 1 to 5%. We cannot explain this varia-
tion. No desmin' or myofibrillar protein' cells were ob-
served in control cultures.
The myotubes in cultures of converted chondroblasts and

dermal fibroblasts were indistinguishable from those pre-
pared from normal day-10 embryonic breast muscles in terms
of elongated morphology, number of nuclei, density of myo-
fibrils, and the sarcomeric localization of antibodies to a-ac-
tinin, titin, nebulin, a-actin, troponin-I, tropomyosin, MHC,
MLC, myomesin, and desmin (Fig. 1). These myotubes
contracted spontaneously. Though reasonably normal myo-
tubes emerged in converted smooth muscle cultures, they
frequently contained fewer nuclei per myotube and often
displayed long irregular pseudopodial extensions. The mul-
tinucleated cells that emerged in RPE-converted cultures
were the least normal cytologically. They formed poorly
adherent myotubes that failed to elongate and frequently
retracted from the substrate. Nevertheless these often

1

FIG. 1. (A and B) Postselected day-10 culture of converted dermal fibroblasts stained with anti-MHC and 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI), respectively. (C and D) Postselected day-10 culture of converted gizzard smooth muscle cells, stained with anti-MHC
and DAPI, respectively. (A-D, bar = 50 um.) (E and F) High magnification micrographs of two myotubes from a postselected day-10 culture
of converted chondroblasts and a converted culture of RPE cells, respectively. The former is stained with anti-myomesin; the latter is stained
with anti-titin. Anti-myomesin localizes to the center of each A band; anti-titin localizes to a doublet around each Z band (20). Note the two
nuclei in F. (E and F, bar = 10 jum.)
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stumpy multinucleated myotubes assembled spontaneously
contracting striated myofibrils. Myofibrillar protein+ frag-
ments of detached and moribund myotubes were more com-
mon in these than in the other types of converted cultures.
Temporal Sequence in Expression of Desmin and Myofibril-

lar Proteins. In vivo and in vitro newborn postmitotic myo-
blasts are for a brief period desmin+/myofibrillar protein-
(21, 22). Without fusing they begin to elongate and synthesize
a cohort of myofibrillar proteins. In all types of day-4
MyoD-infected cultures, the number of mononucleated
desmin+/myofibrillar protein- cells greatly exceeded the
number of mononucleated desmin+/myofibrillar protein'
cells (Fig. 2). This ratio was reversed in all older cultures.
Double-labeling experiments with a combination of antibod-
ies demonstrated that mononucleated cells positive for MHC
invariably were positive for a-actinin, titin, nebulin, a-actin,
tropomyosin, MLC, myomesin, and troponin-I. Desmin-/
myofibrillar positive' cells, which are never observed in
normal myogenic populations, have not been observed in
MyoD-converted cultures. The degree of normality and ma-
turity achieved in many converted myoblasts is illustrated in
Fig. 3. Such myoblasts were indistinguishable from those that
emerge in (i) stage 14-15 chicken myotomes, (ii) stage 23-24
limb buds, and (iii) cultures prepared from day-10 embryonic
breast muscles. The RPE-converted cultures displayed rel-
atively more rounded mononucleated desmin+/myofibrillar
protein+ cells than did the other cultures. These rounded cells
assembled normal striated myofibrils. However, the rounded
cells did not adhere to the nonmuscle extracellular matrix
that was secreted by the surrounding nonconverted RPE
cells; hence many detached and degenerated.
Withdrawal from the Cell Cycle. Among normal myogenic

cells, desmin can be detected in a small subset of replicating
cells. [3H]Thymidine is not, however, incorporated into the
nuclei of normal cells that bind antibodies to a-actinin, titin,
nebulin, a-actin, troponin-I, MHC, MLC, or myomesin (1-
7). The obligatory withdrawal from the cell cycle prior to the
synthesis of this cohort of myofibrillar proteins is not depen-
dent upon the withdrawal of exogenous mitogens, rather it is
one of the main controls that distinguishes normal myogenic

cells from virtually all immortalized and/or transformed
myogenic cell lines. To determine whether MyoD-converted
dermal fibroblasts behave as normal or as immortalized
myogenic cells, they were exposed to [3H]thymidine, stained
with labeled antibodies to desmin or MHC, and then auto-
radiographed. The data in Table 1 demonstrate that (i)
although a small number of desmin+/myofibrillar protein
cells can be labeled with [3H]thymidine, most such cells have
ceased cycling and (ii) converted MHC+ cells reared contin-
uously in a mitogen-rich medium do not reenter S phase.
These findings demonstrate that the MyoD-converted normal
cells withdraw from the cell cycle prior to the accumulation
of a cohort of myofibrillar proteins and that these events are
independent ofthe level ofexogenous mitogens. With respect
to these controls, the converted normal cells differed signif-
icantly from L6, L8, L6E9, and BC3H1 cells (9-13).
There is, however, an important difference with respect to

the capacity for replication of myogenic cells in primary
cultures obtained from day-10 embryonic breast muscles and
of myogenic cells generated in MyoD-converted cultures.
Between 30 and 50% of all cells in both secondary and tertiary
cultures prepared from primaries are postmitotic and myo-
fibrillar protein' (19, 24). In sharp contrast, less than 0.1%
and 0.0% differentiated into muscle in the secondary and
tertiary cultures, respectively, prepared from the MyoD-
converted cultures. Clearly the capacity for MyoD-converted
cells to continue to yield proliferation competent myogenic
progeny was very limited compared to some subset of
presumptive myoblasts in conventional primary muscle cul-
tures. This difference could be attributed to overexpression
of MyoD (14, 25).

Subversion of the Ongoing Differentiation Program ofChon-
droblasts and RPE Cells by MyoD. To determine the status of
the original differentiation program of converted chondro-
blasts, infected cultures were double-stained with antibodies
against chondroitin sulfated proteoglycan or type II collagen
chains and with either desmin or MHC. Converted desmin+
or MHC+ cells were never positive for either intracellular
chondroitin sulfated proteoglycan or type II collagen chains.
Conversely, the numerous cells that stained positively for the

FIG. 2. (A and B) Double-stained postselected day-4 cultures of converted chondroblasts. (A) Anti-desmin (fluorescein). (B) Anti-MHC
(rhodamine). Arrows point to three elongated desmin+/MHC- myoblasts. (A and B, bar = 20 gm.) (C and D) Double-stained postselected day-4
culture of converted gizzard smooth muscle cells. (C) Anti-desmin (rhodamine). (D) Anti-MHC (fluorescein). Note the elongated mononucleated
desmin+/MHC- myoblasts. (C and D, x530.)
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FIG. 3. Representative postmitotic elongated mononucleated myoblasts from different types of converted cultures. (A and B) Converted
dermal fibroblast stained for desmin (fluorescein) and titin (rhodamine), respectively. (C and D) Converted RPE cell stained for desmin
(fluorescein) and for MHC (rhodamine), respectively. (C) Combination of bright field and fluorescence microscopy to document the very rare
occurrence of melanin granules in a myogenic cell. (E and F) Converted chondroblast stained for myomesin (rhodamine) and troponin-I
(fluorescein), respectively. (G and H) Converted RPE cell stained for desmin (fluorescein) and MHC (rhodamine), respectively. (I and J)
Converted dermal fibroblast to reveal the localization of desmin (fluorescein) and titin (rhodamine), respectively; note the transverse
arrangement of the desmin intermediate filaments, a condition characteristic only of mature myofibrils (23). (A-F, bar = 20 ,tm; G-J, bar =
50 um.)

cartilage-specific molecules in the converted cultures were
invariably desmin- and myofibrillar protein-. Most cells in
cultures of chondroblasts infected with the vector carrying
the neomycin-resistance gene, but lacking MyoD, were pos-
itive for both chondroblast markers; no cells in these cultures
were either desmin+ or myofibrillar protein'.

Table 1. Replication in MyoD-converted fibroblasts

[cH]Thymidineo % of desmin' cells
cells, % of

Day total cells MHC [3H]Thymidine- [3H]Thymidine'
2 23.4 - 56.0 7.0

+ 37.0 0.0
4 9.7 - 3.4 0.7

+ 95.9 0.0
6 3.2 - 10.0 0.0

+ 90.0 0.0
8 0.2 - 7.6 0.0

+ 92.4 0.0

Day-2 postselected cultures of dermal fibroblasts were exposed to
[3H]thymidine after growing in normal medium for an additional 2, 4,
6, or 8 days. Cells in each series were exposed to [3H]thymidine for
8 hr and then immediately fixed. They were double-stained with
antibodies to desmin and MHC, covered with emulsion, and devel-
oped. Values of [3H]thymidine' cells as a percent of total cells in the
dish reflect the overall depression in replication as the cells become
confluent (Fig. 1 B and D). Then 100 desmin+ mononucleated cells
from each series were inspected at random. Each desmin+ mono-
nucleated cell was scored as MHC+ or MHC- and as [3H]thymidine+
or [3H]thymidine-.

At the time of infection all RPE cells display 10-30 melanin
granules per cell. As shown in Fig. 3 C and D, melanin
granules have been found in some postmitotic myoblasts as
well as in some multinucleated myotubes. It is to be empha-
sized, however, that melanin granules were extremely rare in
myofibrillar protein' cells. Less than 0.05% of myofibrillar
protein+ cells were positive for melanin granules. It is more
likely that these rare melanin granules were carried over from
the originally infected cells rather than having been actively
assembled in the converted cells.
From these data we suggest that irrespective ofhow MyoD

activates the myogenic program in functional chondroblasts
and RPE cells conversion rapidly down-regulates expression
of their respective ongoing differentiation programs.

DISCUSSION
There are considerable differences between normal myo-
genic cells and myogenic lines, as well as considerable
differences among various myogenic lines. For example,
myoblasts in many lines have been reported (i) to differen-
tiate biochemically prior to withdrawing from the cell cycle,
(ii) to down-regulate the synthesis of myofibrillar proteins
and reenter the cell cycle when exposed to mitogens, and (iii)
to become postmitotic as a consequence of, not as a precon-
dition for, fusion into myotubes (9-11). BC3H1 cells although
they transcribe several myogenic genes, never withdraw
from the cell cycle, always respond to mitogens, never fuse,
and do not assemble recognizable myofibrils (12, 13). Some
L8 lines, while fusing to form desmin+ myosacs, fail to
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assemble recognizable thick or thin filaments, whereas other
L8 lines, under the same culture conditions, assemble thick
filaments but do not assemble a-actinin/troponin-I/a-actin
I-Z-I complexes (unpublished data). Our original expecta-
tion was that different normal terminal phenotypes infected
by MyoD would behave like one or another myogenic cell
line. We also expected that the converted cell's original
differentiation program would set constraints on what sub-
fractions of the myogenic program would be expressed. The
data instead demonstrate that four terminal phenotypes with
various degrees of relatedness to the myogenic lineage re-
spond to MyoD in the same way. Furthermore, this response
follows a sequence identical to that observed during normal
myogenesis whether in myotomes, limb buds, or conven-
tional cultures (1-8).
From the data presented in Sassoon et al. (26), it is likely

that, in mouse somites and limb buds, at most, one to two
generations separate the first cells with MyoD transcripts
from the first postmitotic myoblasts. This correlation of
limited replication in MyoD' cells is also observed in our
cultures. In Xenopus, however, if all muscle cells are derived
from MyoD' gastrula cells, then clearly such transcripts by
themselves do not limit subsequent replication (27). It will be
important to learn which type of myogenic cell in the normal
myogenic lineage initiates transcription of the MyoD gene
and whether these also are the cells that effectively translate
the mRNA (3). In this context it is worth mentioning that in
preliminary experiments, chicken blastula cells infected with
MyoD do not convert into recognizable myogenic cells and
do not replicate significantly (unpublished observations).

It has been argued that the genes that directly govern the
diversification of cells belong to a different family from those
that control polarity, positional information, growth, and
morphogenesis. In normal development, cell diversification,
it was hypothesized (3-7, 28), depends on the sequential
transcription of a small number of "master switch" genes.
The finding that MyoD generates myogenic cells indepen-
dently of surrounding cell adhesion molecules, collagens,
proteoglycans, and other tissue-specific extracellular mole-
cules is at least consistent with this view. If converted
myogenic cells require specific extracellular molecules to
express their respective differentiation programs, they them-
selves must be the source of such molecules.
On the other hand, the rounded and stunted RPE-converted

cells document the importance of appropriate extracellular
molecules in providing microenvironments permissive for
growth and morphogenesis. The atypical morphology is con-
sistent with the poor adhesion of the emergent converted cells
to a matrix secreted by the surrounding nonconverted RPE
cells. Alternatively, the poor morphology may reflect an
incompatibility between conversion by MyoD and the intra-
cellular milieu of RPE cells. We favor the former explanation
because (i) converted RPE cells have the same atypical
morphology seen with normal myogenic cells plated on inap-
propriate substrates or fed with inadequate media (29) and (ii)
early RPE-converted cells prior to the formation of striated
myofibrils are similar in appearance to their normal myogenic
counterparts.

Unexpectedly, we failed to detect any obvious relationship
between the susceptibility to conversion by MyoD and the
distance of the four phenotypes to the myogenic lineage.
Until more is known about the mechanism of conversion and
until possible other master switch genes for other cell lin-
eages are isolated, it is premature to speculate as to the
significance of this observation.
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