73. N. Fedoroff, P. Masson, J. Banks, J. Kingsbury, in Plant Transposable Elements, O.
Nelson Ed. (Plenum, New York, 1988), p. 1.

74. P. S. Chomet, S. R. Wessler, S. L. Dellaporta, EMBO J. 6, 295 (1987).

75. D. Schwartz and E. S. Dennis, Mol. Gen. Genet. 205, 476 (1986).

76. D. Roberts, B. C. Hoopes, W. R. McClure, N. Kleckner, Cell 43, 117.

77. M. G. Neuffer, Genetics 53, 541 (1966).

78. A. Bianchi, F. Salamini, R. Parlavecchio, Genet. Agrar. 22, 335 (1969).

79. B. McClintock, Proc. Natl. Acad. Sci. U.S.A. 36, 344 (1950); E. B. Doerchschug,
Theor. Appl. Genet. 43, 182 (1973).

80. V. M. Peschke, R. L. Phillips, B. G. Gengenbach, Science 238, 804 (1987).

81. N. V. Fedoroff, Maize Genet. Coop. News Lett. 60, 18 (1986).

82. B. McClintock, Science 226, 792 (1984).

83. V. L. Chandler and V. Walbot, Proc. Natl. Acad. Sci. U.S.A. 83, 1767 (1986).

84. W. F. Doolittle and C. Sapienza, Nature 284, 601 (1980).

85. The wxB4 allele was isolated by R. A. Brink and R. B. Ashman and characterized
genetically by O. E. Nelson, Jr. [Genetics 60, 507 (1968)].

86. J. L. Kermicle, in Plant Transposable Elements, O. Nelson, Ed. (Plenum, New York,
1988), p. 85.

87. 1 thank%. Johnston, R. Malmberg, S. Ludwig, R. Okagaki, and R. Varagona for
helpful discussions, and G. Galau, W. Friedman, M. Fuller, A. Jaworski, and G.
Kochert for critical reading of the manuscript. I am especially grateful to B.
McClintock, O. E. Nelson, Jr., and M. G. Neuffer for encouragement and
inspiration. This work was supported in part by NIH grant GM32528.

Research Articles

MyoD1: A Nuclear Phosphoprotein Requiring
a Myc Homology Region to Convert
Fibroblasts to Myoblasts

STEPHEN J. TaArscoTT, ROBERT L. DAvVis, MATHEW ]. THAYER, PEI-FENG CHENG,
HArROLD WEINTRAUB, ANDREW B. LLASSAR

Expression of a complementary DNA (cDNA) encoding
the mouse MyoD1 protein in a variety of fibroblast and
adipoblast cell lines converts them to myogenic cells.
Polyclonal antisera to fusion proteins containing the
MyoD1 sequence show that MyoD1 is a phosphoprotein
present in the nuclei of proliferating myoblasts and differ-
entiated myotubes but not expressed in 10T1/2 fibro-
blasts or other nonmuscle cell types. Functional domains
of the MyoD1 protein were analyzed by site-directed
deletional mutagenesis of the MyoD1 cDNA. Deletion of
a highly basic region (residues 102 to 135) interferes with
both nuclear localization and induction of myogenesis.
Deletion of a short region (residues 143 to 162) that is
similar to a conserved region in the c-Myc family of
proteins eliminates the ability of the MyoD1 protein to
initiate myogenesis but does not alter nuclear localization.
Deletions of regions spanning the remainder of MyoD1
did not affect nuclear localization and did not inhibit
myogenesis. Furthermore, expression of only 68 amino
acids of MyoD1, containing the basic and the Myc simi-
larity domains, is sufficient to activate myogenesis in
stably transfected 10T1/2 cells. Genetic analysis maps the
MyoD1 gene to mouse chromosome 7 and human chro-
mosome 11.

DNA (cDNA) (1) depended on the initial observation that a
brief treatment of C3H10T1/2 fibroblasts (10T1/2 cells)
with 5-azacytidine yields, at high frequency, colonies capable of
forming muscle (up to 50 percent) (2), presumably because 5-
azacytidine incorporation into DNA results in the demethylation
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and subsequent expression of specific loci involved in myogenesis. It
was later shown (3) that the frequency of myogenic conversion after
treatment with 5-azacytidine is consistent with the activation of a
small number of genes and possibly a single gene. Furthermore,
genomic DNA transfections (4, 5) have shown that myoblast DNA,
but not DNA from 10T1/2 cells, has the capacity to convert 10T1/2
cells to muscle at a frequency consistent with the transfer of a single
genetic locus, an indication that 5-azacytidine does, in fact, lead to
an altered structure (that is presumably related to demethylation) of
10T1/2 DNA.

We used subtracted cDNA hybridization to isolate the MyoD1
cDNA (7). MyoD1 is not expressed in 10T1/2 cells but is expressed -
in myoblast lines derived from 10T1/2 cells after treatment with 5-
azacytidine, as well as in other myoblast lines and primary muscle
both in vivo and in vitro (7). The MyoD1 ¢cDNA, when expressed
under the control of a viral long terminal repeat (LTR) and
transfected into several different fibroblast or adipoblast cell lines,
converts these cells to myoblasts (). It is important to distinguish
between the azacytidine gene (that is, the gene activated by 5-
azacytidine treatment of 10T1/2 cells), the genomically transferred
myogenic gene, and MyoD1 (the myogenic regulatory gene ulti-
mately identified by subtracted cDNA screening). Whether these are
all the same or different genes remains to be determined. In this
regard, it was recently shown (6) that transfection of a genomic
cosmid DNA sequence distinct from MyoD1 can result in the
activation of myogenesis in 10T1/2 cells.

The sequence of the MyoD1 cDNA contains a major open
reading frame of 318 amino acid residues. The sequence has a region
of 22 amino acid residues with a marked similarity to a region that is

The authors are in the Department of Genetics, Fred Hutchinson Cancer Research
Center, 1124 Columbia Street, Seattle, WA 98104. Joint appointments are held at the
University of Washington, Seattle, by S. J. Tapscott in the Department of Medicine, R.
L. Davis in the Department of Pathology, and H. Weintraub in the Department of
Zoology. )
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highly conserved in the family of Myc proteins. Also, this 22—amino
acid sequence is within a region of Myc that is important for two-
step oncogenic transformation (7). The Myc-MyoD1 similarity is
shared with the predicted protein products of four transcription
units of the achaete-scute complex of Drosophila (1, 8), which are
involved in neuronal determination and the development of the
nervous system.

To characterize the MyoD1 protein, we have generated polyclo-
nal antisera to trpE-MyoD1 fusion proteins and have used site-
directed deletional mutagenesis to study functional domains of the
MyoD1 protein. Our results show that MyoD1 is a nuclear phos-
phoprotein, and we identify two domains that are both necessary

Fig. 1. Immunoprecipitation of in 160-307 _ 60-219 3-318
vitro translated MyoD1 protin. ABCD ABC DA B CD
Antisera from rabbits immunized :
with each of the three fusion pro-

tein constructs containing MyoD1 =

amino acid residues 160 to 307, 60
to 219, and 3 to 318, as indicated,
were used to precipitate MyoD1
protein translated in vitro in a rab-
bit reticulocyte translation system
(NEN Research Products). (Lanes
A) Preimmune sera; (lanes B) im-
mune sera; (lanes C) immune sera competed with trpE protein; (lanes D)
immune sera competed with corresponding fusion protein. For the immuno-
precipitations, the in vitro translation mixture was diluted into RIPA buffer
(10 mM tris, pH 7.4, 150 mM NaCl, 1 percent NP-40, 1 percent sodium
deoxycholate, 0.1 percent SDS), incubated for 30 minutes on ice with
Pansorbin at 50 ul/ml (10 percent weight to volume; Calbiochem), centri-
fuged at 12,000¢ for 20 minutes, and divided into 1-ml portions; 10 pl of
the appropriate antiserum was then added to each. Competitions were
performed by direct addition of 20 pl of unfractionated bacterial cell extract
containing the induced trpE or trpE-MyoD1 fusion polypeptide (1 to 2 mg/
ml). Immunoprecipitates were incubated overnight at 4°C and collected the
next day on 20 pl (packed volume) of protein A agarose (Repligen). After 1
hour at 4°C with shaking, precipitates were centrifuged, washed once with
RIPA buffer, and then once with 10 mM tris (pH 7.4). The pellets were
resuspended in SDS gel sample buffer, heated to 90°C, centrifuged, and
processed on 10 percent polyacrylamide gels. Each antiserum specifically
precipitates the in vitro translated MyoD1 protein, which has a gel mobility
of about 45 kD.

and sufficient for myogenic activity: a highly basic region and the
region of Myc similarity.

Antisera to MyoD1 protein and immunoprecipitation. To
study the localization of the MyoD1 protein in myoblasts and
myotubes, we prepared rabbit antisera to bacterial fusion proteins.
Three restriction fragments of the MyoD1 cDNA were inserted into
a bacterial trpE expression vector, fusing the bacterial trpE polypep-
tide with the MyoD1 major open reading frame covering amino acid
residues 160 to 307, 60 to 219, and 3 to 318, respectively (9).
Whereas the last two fusion proteins contain the region of MyoD1
that has a high degree of similarity to a conserved region of the Myc
proteins, the first fusion protein construct lacks all but three amino
acids of the region of Myc similarity. After these vectors were
expressed in Escherichia coli, the trpE-MyoD1 fusion proteins were
gel-purified from bacterial lysates by SDS—polyacrylamide gel elec-
trophoresis (PAGE) and used to immunize rabbits (10).

We synthesized MyoD1 protein in an in vitro rabbit reticulocyte
translation system primed with full-length MyoD1 RNA generated
by T3 RNA polymerase, and immunoprecipitated the translation
product with each antiserum. The in vitro translation product has a
gel mobility of approximately 45 kD. This protein is precipitated by
all three antisera (Fig. 1). The addition of a molar excess of the trpE-
MyoD1 fusion protein competitively blocks its precipitation, where-
as the trpE protein alone does not compete successfully.

Having established that the antisera precipitate in vitro translated
MyoD1 protein, we used the antisera to precipitate proteins from in
vivo labeled cells. Either 10T1/2 cells or a myogenic cell line
expressing MyoD1 messenger (mRNA) that was derived from
10T1/2 cells by treatment with 5-azacytidine (aza-myoblasts) were
cultured for 2 hours in methionine-free medium supplemented with
[*3S]methionine and a total cell lysate was used for immunoprecip-
itation. All three antisera to MyoD1 precipitate a set of proteins
ranging between 45 and 48 kD from preparations of aza-myoblasts
(Fig. 2A, lanes B) but not from 10T1/2 cells (Fig. 2B, lanes B). The
precipitation of this set of proteins was blocked by the addition of
the trpE-MyoD1 fusion protein (lanes D) but not by the trpE
protein alone (lanes C). Two of the antisera also precipitate larger
proteins from both 10T1/2 cells and aza-myoblasts, although in this
case the precipitated proteins are different for each antiserum. These

Fig. 2. Immunoprecipitation of in vivo labeled A B

MyoD1 protein. Immunoprecipitations of prolif- 160-307  _ 60-219 3-318 160-307 _ 60-219 3-318
erating aza-myoblasts (A) or 10T1/2 cells (B) are SABCUD A BC DABGDE F/ S ABCDABCDABCD
shown for antisera to each of the three fusion 200 j : e '

proteins, as indicated. (Lanes S) Molecular size ik o, iy mnT
standards (kilodaltons); (lanes A), pre-immune 97 | ofme i g

sera; (lanes B) immune sera; (lanes C) immune 68 T i

sera competed with trpE protein; (lanes D) im- E e :

mune sera competed with immunizing fusion N =

protein. (Lane Fﬁlkalinc phosphatase tgcatmcnt 43 i u “ -

was performed on second-round immunopre- o

cipitates. (Lane E) Mock phosphatase treatment.

Proliferating aza-myoblasts or 10T1/2 cells on 10-
cm tissue culture dishes, were washed twice with
tris-saline and labeled for 2 hours in methionine-
free medium supplemented with 15 percent dia-
lyzed fetal calf serum and 125 p.Ci/ml L-[>*S]methionine (>1000 Ci/mmol,
NEN). Cells were then washed with tris-buffered saline, scraped from the
dish in phosphate-buffered saline (PBS) with 5 mM EDTA, centrifuged, and
lysed by addition of RIPA buffer with 10 mM iodoacetamide and 0.1
percent aprotinin, and then sonicated. Lysates were first cleared with
Pansorbin (as described in Fig. 1), and 10 pl of antiserum was-added to each.
Immunoprecipitates were collected on protein A agarose; washed two times
with RIPA buffer, once with RIPA lacking SDS and with 1M NaCl; once
again with RIPA; and once with 10 mM tris pH 7.4. The pellets were then
resuspended in 50 wl of 10 mM tris (pH 7.4) with 1 percent SDS, heated to
90°C for 10 minutes, spun, and resuspended in RIPA buffer containing the
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appropriate antiserum for a second immunoprecipitation and processed
similarly. For alkaline phosphatase treatment the protein A agarose matrix
was washed twice in 100 mM tris (pH 8.0), 50 mM MgCl,, 0.1 percent
aprotinin, and then resuspended in 45 pl of the same buffer without (lane E)
or with (lane F) the addition of 5 pl (0.7 units) of bacterial alkaline
phosphatase (BAP) (Sigma). (BAP has no reported diesterase activity.)
Reactions were incubated for 45 minutes at 30°C, washed twice in RIPA
buffer and once in 10 mM tris (pH 7.4), and resuspended in SDS gel sample
buffer. As a control, similar reactions were performed in the presence of 20
mM Na,HPO, which inhibited the phosphatase reactions by competition.
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proteins can be distinguished from MyoD1 in subsequent analysis
because of their cell type distribution and by comparison of
immunoreactivity with each different antiserum.

Since phosphorylation could account for the apparent size varia-
tion of the MyoD1 protein, we incubated a precipitated sample with
bacterial alkaline phosphatase (BAP) (lane F) or without BAP (lane
E) prior to gel electrophoresis. The phosphatase treatment resulted
in a single intensified band at 45 kD, supporting the conclusion that
the larger species represent phosphorylated forms of MyoD1 pro-
tein.

Localization of MyoD1 protein to the nuclei of myoblasts and
myotubes. The 10T1/2 cells have a low spontaneous myogenic
potential [of the order of 1 in 10® cells (4)] and do not contain

Fig. 3. Immunofluorescent localization of MyoD1 protein in myoblasts and
10T1/2 cells. (A) Aza-myoblasts in growth medium labeled with antiserum
to MyoD1 (anti-MyoD1) without competition. (B) Aza-myoblasts in
growth medium labeled with anti-MyoD1 competed with trp-E protein. (C)
Aza-myoblasts in growth medium labeled with anti-MyoD1 competed with
fusion protein. (D) 10T1/2 cells in growth medium labeled with anti-
MyoD1 competed with trp-E protein. (E) C2C12 myoblasts in growth
medium labeled with anti-MyoD1 without competition. (F) C2C12 myo-
blasts after 24 hours in differentiation medium labeled with anti-MyoD1
without competition. Cells were fixed for 10 minutes in PBS with 2 percent
paraformaldehyde, permeabilized in PBS with 0.1 percent Triton X-100 and
stained with diluted (1:250) rabbit anti-MyoD1 followed by diluted (1:500)
rhodamine conjugated donkey antiscrum to rabbit IgG (Jackson Labora-
tory). The antiserum was blocked by prior incubation with a molar excess of
cither trpE protein or fusion protein as indicated.
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detectable amounts of MyoD1 mRNA or immunoprecipitable
MyoD1 protein. In contrast, aza-myoblasts are highly myogenic and
contain MyoD1 mRNA and protein. In proliferating aza-myoblasts,
the antiserum to MyoD1 demonstrates nuclear localization in a
diffuse, punctate pattern that is excluded from the nucleoli (Fig.
3A). Adsorption of the antiserum with the trpE protein does not
diminish the nuclear staining but does block the cytoplasmic
staining (Fig. 3B). Adsorption of the antiserum with the trpE-
MyoD1 fusion protein used for immunization extinguishes the
nuclear staining (Fig. 3C). In contrast to the aza-myoblasts, the
nuclei of 10T1/2 cells do not stain with the antiserum (Fig. 3D), nor
do the nuclei from a wide variety of nonmyogenic cells. The
antiserum does stain nuclei in other myogenic cells, including mouse
C2C12 myoblasts (11) (Fig. 3E) and chicken primary myoblasts.
During mitosis the bulk of MyoD1 is not associated with chromo-
somes, suggesting that it is either not associated with DNA or, like
many other nuclear proteins, including Mvc (12), it becomes

Lt

Fig. 4. Myoblasts and myotubes double-labeled with anti-MyoD1 (A and B)
and either a monoclonal antibody to myosin heavy chain (MF20) (23) (A)
or a monoclonal antibody to snRNP (anti-Sm) (C), demonstrating the
variability of MyoD1 expression in the mononucleated cells in differentiating
cultures, while the myotube nuclei uniformly express high levels of MyoD1.
(A) Aza-myoblasts after 20 hours in differentiation medium. A newly formed
myotube, whose nuclei all express MyoD1, is surrounded by undifferentiated
mononucleated cells expressing variable levels of MyoD1 (rhodamine,
MyoD1; fluorescein, myosin heavy chain). (B and C) Aza-myoblasts 20
hours in differentiation medium showing localization of anti-MyvoD1 (B)
and anti-Sm (C). Clustered MyoD1 positive nuclei are in carly myotubes.
Arrows indicate nuclei with low levels of MyoD1. Cells were fixed for 20
minutes in 1 percent paraformaldchyde and permeabilized in PBS with 0.25
percent Triton X-100. Secondary antibodies specifically generated for dou-
ble-labeling were used (Jackson Laboratory).
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Fig. 5. The MyoD1 expression vector and eachof Transient transfection Stable

the rfputa:lcq Myi)(]))%l/gxprclfsion dvcctors dwcf:‘rc domains  Acidic C/H Basic MYC transfection
transfected into cells and assayed for Myosin  Desmin Muscle colonies
MyoD1 expression and myogenic activity. For the 100 200 300 MyoD1  Myosin .-:‘::'::;n “Total colonies
transient transfections cultures were double- (%) (%) (%)

stained with a monoclonal antibody to myosin ‘" ™ N N 0 (309
heavy chain (MF-20) and either anti-MyoD1 or ~ Wildtype [ I 3 100 + 18 (60)
antibody to desmin (anti-desmin) (24), as de-  om:3s6 1 I . 7} 87 + 83 (259)
scribed in the lcggnd to Fig. 6. The domains of  pumesee T N — . 18 100 + 7 (20

the MyoD1 protein are the acidic region (amino  pu001as . . 0 - o (13
acids 1 to 60); the cysteine and histidine rich - w3
region (amino acids 62 to 101); the basic region ~ 2M*1¢2 € — 1 ° N + 04 (2a8°
(amino acids 102 to 124); the Myc similarity =~ DM:170-209 [ 1 ] o7 92 + 14 (s8)
region (amino acids 141 to 162); and the  pm21s260 ) — 38 02 * 23 (90)
COOH-terminal region (amino acids 163 to  py.er —— pu o + 2
318). Deletion numbers refer to amino acid resi- ™70 . ) ®

dues deleted, inclusive. DM, deletion mutant; ’ o + 7 69
TM, truncation mutant; myosi/MyoD1, per-  uaer” © — N NI N 12 (289)

centage of MyoD1-positive cells that contain my-
osin heavy chain; desmin/myosin, percentage of
myosin heavy chain—positive cells that also contain desmin; nuclear restric-
tion, + indicates restriction of MyoD1 immunoreactivity to the nucleus and
— indicates both cytoplasmic and nuclear immunoreactivity; muscle colo-
nies/total colonies, percentage of total colonies showing myogenesis, paren-

cytoplasmic during mitosis. It is possible, however, that a small
amount of MyoD]1 protein is specifically bound to a subset of
nuclear sites even during mitosis.

In the replicating myoblast population, there is a significant
variability in the intensity of the nuclear MyoD1 immunoreactivity.
An apparently continuous gradient of MyoD1 immunoreactivity
exists with some cells staining relatively intensely, most cells in a
mid-range, and some with no detectable MyoD1 immunoreactivity
(see Fig. 3, A, B, and E). The same degree of variability is seen in
every subclone analyzed. When myoblasts are switched from growth
medium—Dulbecco’s modified essential medium (DMEM) plus 15
percent fetal calf serum—to differentiation medium (DMEM plus 2
percent horse serum), the variability of MyoD1 expression becomes
more extreme and the overall effect is a loss of the middle range of
expression (Fig. 3F).

When aza-myoblasts or C2C12 myoblasts are cultured in differen-
tiation medium at sufficiently high cell density, many of the
myoblasts fuse to form myotubes. We examined MyoD1 immunore-
activity in the myotube nuclei and in the mononucleated cells that
fail to differentiate. Myoblasts were grown to confluence in growth
medium and cultures were processed for immunohistochemistry at
varying times after the medium was changed to differentiation
medium. At both the earliest time point (20 hours, when myotubes
have only a few nuclei) (Fig. 4, A and B) and at the latest time point
examined (6 days after the switch to differentiation medium) all of
the nuclei in the myotubes show relatively uniform MyoD1 immu-
noreactivity. In contrast, the myosin negative mononucleated cells
still present in these cultures continue to demonstrate significant
variability in MyoD1 expression at all times. (Nuclei with low levels
of MyoD1 are indicated by arrows in Fig. 4B.)

One possible explanation for the variation in staining would be
variable penetrance of antibodies into the nuclei. Therefore we
double-labeled aza-myoblasts and C2C12 myoblasts with antisera to
MyoD1 and antibodies to either small nuclear ribonucleoproteins
(snRNP), DNA, histone H2b, or histone H3 (13). While the
MyoD1 immunoreactivity demonstrates significant cell to cell varia-
tion (Fig. 4B), the antibodies to the non-MyoD1 nuclear elements
show a fairly uniform staining of the myoblast nuclei (as shown for
antibodies to snRNP in Fig. 4C).

Site-directed deletional mutagenesis of MyoD1l. We have
demonstrated that MyoD1 is a nuclear protein that is modified by
phosphorylation. We have shown previously that MyoD1 confers a
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thesis shows total number of colonies; NI, no immunoreactivity seen with
anti-MyoD1, anti-myosin, or anti-desmin, as indicated; *, one colony of 500
to 1000 cells contained 28 myosin-positive cells in a sectored distribution
that is suggestive of spontaneous myogenic conversion of 10T1/2 cells (4).

Fig. 6. Transfection of the MyoD1 expression vector into 10T1/2 cells
activates myosin heavy chain expression in a transient assay. In this field,
several cells contain MyoD1 protein in their nucleus (rhodamine) and a
subset of these cells also are expressing myosin heavy chain (fluorescein).
Approximately 2 to 5 percent of cells in cultures transfected with the MyoD1
expression vehicle show MyoD1 immunoreactivity. Parallel cultures trans-
fected with the expression vehicle lacking the MyoD1 insert, as a control, do
not contain any cells with either MyoD1 or myosin heavy chain immunore-
activity. Subconfluent cultures of 10T1/2 cells were transfected with 5 pg of
the MyoD1 expression vector as calcium phosphate precipitate in DMEM
containing 10 percent fetal calf serum and 30 wM chloroquine. After 18
hours the media was replaced with serum-free DMEM containing insulin
(10 pg/ml) and transferrin (5 pg/ml). Two days later, cells were fixed with 2
percent paraformaldehyde in PBS for 10 minutes, permeabilized in PBS with
0.25 percent Triton X-100 for 10 minutes, and double-labeled with anti-
MyoD1 and a monoclonal antibody to myosin heavy chain (MF-20). A
rhodamine conjugated donkey antiserum to rabbit IgG was used to localize
anti-MyoD1 and a fluorescein-conjugated goat antiserum to mouse IgG was
used to localize the MF-20 monoclonal antibody.

myogenic potential in several different fibroblast cell lines (7).
Presumably, specific domains of the MyoD1 protein interact with
other cellular elements to confer the properties of nuclear localiza-
tion and the potential to initiate myogenesis. In order to identify
functionally significant domains of the MyoD1 protein, we under-
took a site-directed deletional analysis of the MyoD1 protein. The
sequence of the MyoD1 cDNA contains several regions of interest
regarding potential functional domains (see Fig. 5): the amino
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Table 1. Chromosome mapping of the MyoD1 gene in the murine and
human genomes. Hybrid cell line DNA’s were probed with the MyoD1
c¢DNA. The cell lines ABM-31, ABM-30, ABM-28, and 17 T-1 were mouse-
hamster hybrids, and the cell lines FF4-3a, F(8.14)Q, A4-3a, F(2.8)D,
F(7.8)A, and F(11)Y were mouse-rat hybrids. The HDM series clones were
human-mouse hybrids. The presence or absence of mouse chromosome 7
was concordant with the presence or absence of the MyoD1 diagnostic band.
The MyoD1 sequences also map to the homologous human chromosome,
11. The murine and human chromosome complement of the hybrid cell lines
was determined by karyotyping and by DNA markers.

Source

of DNA Chromosome complement

MyoD1

Mouse
10, 12, 13, 14, 15, 16, 18, 19
7,9,12, 14, 15,17
.9, 10, 12, 15, 16
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terminus is highly enriched in acidic. residues; several clustered
histidines and cysteines are present between amino acids 62 and
101; a highly basic region is present between residues 102 and 124;
and a short, 22-residue segment between amino acids 141 and 162
shows a strong similarity to a conserved segment in mouse, chicken,
and hurhan c-Myc, chicken v-Myc, and mouse N-Myc and L-Myc
proteins, as well as to the predicted protein products of four
transcription units in the Drosophila achaete-scute complex (1, 8).

Specific in-frame, oligonucleotide-directed deletions were made
in a MyoD1 ¢cDNA expression vehicle (14) and both a transient
transfection assay and stable transfected polyclones were analyzed to
determine the myogenic competence of each mutant. In the tran-
sient assay the wild-type MyoD1 expression vehicle induced expres-
sion of myosin heavy chain and desmin in approximately 72 percent
of the MyoD1 positive 10T1/2 cells (Fig. 5). An example of such a
transient assay is shown in Fig. 6. For each of the mutants, the
percentage of MyoDI-positive cells that have activated myosin
heavy chain and desmin expression is shown in Fig. 5.

As demonstrated by deletion mutant DM:3-56 and truncation
mutant TM:167, remarkably large regions of the MyoD1 protein
can be deleted from either the NH,-terminal end or the carboxyl-
terminal end without interfering with either myogenic activity or
nuclear localization. Only two regions appear necessary for myogen-
ic activity. Deletion of the region of similarity to Myc and the
proteins of the achaete-scute complex (DM:143-162) completely
eliminates myogenic activity but does not alter nuclear localization.
A second, highly basic, region (DM:102-135) appears to be
necessary both for nuclear partitioning of the MyoD1 protein and
for myogenic activity. In this case, MyoD1 immunoreactivity is
present in both the cytoplasmic and nuclear compartments, making
it doubtful that the failure to activate the myogenic program is
merely a consequence of the loss of nuclear partitioning. While other
regions were not demonstrated to be necessary for myogenic
activity, deletion of the cysteine- and histidine-rich domain
(DM:63-99), while leading to a clear myogenic signal, did result in
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a substantial reduction of the percentage of transfected cells express-
ing myosin heavy chain. One unexplained finding in this set of
experiments is that the frequency of MyoDlIl-positive cells after
transfection with the two nonmyogenic deletion mutants
(DM:102-135 and DM:143-162) was approximately 10 to 50
times lower when compared to wild type. Since these two deletion
mutant expression vectors were highly efficient in producing stable
transformants of 10T1/2 cells expressing the mutant MyoD1 pro-
tein with the same nonmyogenic phenotype (see below), we have
not pursued an explanation for their reduced penetrance in the
transient assay system.

A second analysis of the activity of the mutants was performed in
stable polyclones of transfected 10T1/2 cells. We cotransfected
10T1/2 cells with pCMVneo (15) and either the wild-type or a
mutant MyoD1 expression vehicle and then selected for resistance to
G418. All of the mutants that showed myogenic activity in the
transient assay gave rise to myogenic clones, as determined by fusion
and expression of myosin heavy chain (Fig. 5). Colonies derived by
transfection with deletion mutants DM:102-135 and DM:143—
162 did not show significant amounts of myogenesis although they
did demonstrate significant MyoD1 immunoreactivity, supporting
the results from the transient assays that these two domains are
necessary for MyoD1 myogenic activity. It is not clear whether the
very low level of myogenesis seen after transfection with DM:143—
162 represents a cDNA-mediated event or a spontaneous myogenic
conversion (see legend to Fig. 5).

Since the above results indicated that the basic and Myc similarity
regions were necessary for myogenesis, we undertook to determine
if, within the context or our assay system, expression of these two
regions would be sufficient to convert 10T1/2 cells to myoblasts. A
deletion mutant expression vehicle coding for a 68—amino acid
polypeptide containing the basic and Myc homology region was
constructed (DM:4-101;TM:167) and analyzed for myogenic ac-
tivity in both transient and stable transfection assays (Fig. 5). In the
transient assay, a few cells were very faintly fluorescent for MyoD1
and myosin, but the amount of fluorescence was not sufficiently
above background to be definitely scored as either MyoD1 immuno-
reactivity or myogenic conversion. In contrast, expression of this
68—amino acid region in stable transfections is sufficient for myo-
genic conversion at a frequency similar to that of the wild-type
protein (Fig. 5).

Chromosomal assignment of the MyoD1 gene. To establish
the genetic localization of the MyoD1 gene within the murine and
human genome and to determine whether this assignment correlates
with any other previously defined myogenic locus, we probed DNA
from a series of mouse X hamster or mouse X rat somatic cell
hybrids with a 1.3-kb fragment of the MyoD1 ¢DNA. Hind III
restriction fragments of 10.7 kb and 2.6 kb were detected in the
mouse control DNA. Cross-hybridizing bands of 12.0 kb and 2.1 kb
were present in the rat genome and a single band of 1.5 kb was
present in hamster control DNA. Scoring the hybrid cell lines for
the mouse-specific MyoD1 fragments assigns this genomic locus to
mouse chromosome 7 (Table 1). There are no discordancies be-
tween the presence or absence of chromosome 7 in the hybrids and
the presence or absence of the murine restriction fragments.

Comparative mapping of mouse and human genomic sequences
has revealed conservation of syntenic linkage association between
mouse chromosome 7 and human chromosome 11. Therefore, we
analyzed six human X mouse somatic cell hybrid clones, two of
which contained human chromosome 11, for retention of human-
specific MyoD1 restriction fragments. The MyoD1 probe hybrid-
ized with a 6.4-kb Hind III fragment in human control DNA.
Scoring these hybrid cell lines for the human-specific fragment
assigns this locus to human chromosome 11 (Table 1). Children
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with Beckwith-Wiedeman syndrome have a greatly increased risk for
the development of three embryonal tumors—hepatoblastoma,
rhabdomyosarcoma, and Wilm’s tumor. This syndrome has been
associated with the somatic development of homozygosity for loci
residing on chromosome 11 (16). It is interesting that MyoD1 and a
locus involved in the development of rhabdomyosarcomas both map
to human chromosome 11.

MyoD1: A master regulatory protein with multiple levels of
control. MyoD1 is a nuclear phosphoprotein whose expression is
restricted to proliferating myoblasts and differentiated myotubes.
While MyoD1 activates lineage markers (MyoA and MyoH) (1) in
replicating myoblasts, these cells do not activate muscle structural
genes until growth factors are withdrawn or depleted. In this regard,
the “activity” of MyoD1 is at least partially regulated by exogenous
factors, possibly through phosphorylation and possibly by interac-
tions with serum induced proteins, including c-fos or c-Myc. Not
only does the activity of the MyoD1 protein seem to be controlled,
but once the gene is developmentally or experimentally activated,
the amount of MyoD1 protein also seems to be controlled since
individual myoblast nuclei, but not myotube nuclei, vary in their
MyoD1 immunoreactivity. Our initial experiments suggest several
factors that affect the quantitative variation in amounts of MyoD1:
exogenous mitogens, cell density, and, possibly, position in the cell
cycle. Tight control over the amount of MyoD1 and its activity may
be required to ensure that myoblasts fuse only in the G1 period of
the cell cycle. An extension of this rationale would also explain why
serum withdrawal, which prevents entry into S phase, is required for
activation of the terminal myogenic program.

Deletional analysis of MyoD1 demonstrates that of the recogniz-
able motifs in the protein—the acidic region, the cysteine:histidine
region, the basic region, the Myc similarity region, and the COOH-
terminal region—only the Myc similarity region and the basic
region seem to be necessary for conversion of 10T1/2 cells to
myoblasts. In fact, expression of only 68 amino acids of MyoDl,
containing the basic and Myc similarity domains, is sufficient to
activate myogenesis in stably transfected 10T1/2 cells. We assume,
although cannot yet prove, that many of the domains that are not
necessary for myogenesis serve important regulatory functions that
are not easily assessed in our assay system.

Recent data (17) indicates that the MyoD1 protein expressed
from a viral LTR can activate the endogenous gene in stably
transfected 10T1/2 cells. Whether a similar activation of the endoge-
nous gene occurs during the time course of a transient transfection
assay is not clear. While this consideration must temper our
discussion of the mechanism by which the functional deletion
mutants activate myogenesis, it does not alter our conclusion that
the region of Myc similarity and the basic region are necessary and
sufficient for myogenesis within the context of our assay system.

MyoD1, Myc, and the proteins of the achaete-scute complex
regulate different aspects of cell determination or differentiation (or
both), yet all three contain a similar 22—amino acid sequence. This
region is necessary for the myogenic activity of MyoDI1 and is
within a region of Myc known to be important for two-step
transformation (8). While the molecular function of this conserved
region remains unknown, it does not scem unreasonable to suggest
that other proteins with similar areas of homology may regulate
determination and differentiation in other lineages or modulate
differentiation within the muscle lineage. For example, both C2C12
cells and the rat myoblast line L6 express a protein during differenti-
ation, mdf1 (previously BU65) (18), which contains 73 amino acids
with 75 percent identity to a corresponding region of MyoD1 that
includes both the basic and the Myc similarity domains (19). It is
possible that mdfl may either participate in a paralle] myogenic
pathway or modulate a MyoD1-dependent pathway. The conserva-
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tion of the basic and Myc similarity domains between these two
proteins emphasizes the potential importance of these regions in
effecting DNA or protein interactions (or both). We have some data
showing that MyoD1 is a sequence-specific DNA binding protein
(17).

MyoD1 protein activates the expression of lineage markers
(MyoA and MyoH) in proliferating myoblasts, as well as muscle
structural genes in differentiating myocytes (1), behaving as if it
were a master regulatory gene for muscle determination and differ-
entiation. RNA analysis of various fetal and adult mouse tissues has
revealed that MyoD1 RNA is expressed only in skeletal muscle (7).
This has recently been confirmed by in situ hybridization studies in
developing mouse embryos (20). Because the expression of MyoD1
is apparently restricted to skeletal muscle, it is unlikely that MyoD1
participates in a combinatorial network, such as has been postulated
for the Drosophila segmentation and homeotic genes (21), to effect
the differentiation of cell types other than skeletal muscle. It is
possible, however, that such a combinatorial system, established
during the very early stages of embryogenesis, converges to activate
the MyoD1 gene, which, in turn, participates in a divergent pathway
to activate the entire myogenic program. Furthermore, sincé
MyoDl1 is able to initiate myogenesis not only in fibroblast and
adipoblast cell lines but also in some nonmesodermal cell types (22);
it is not unreasonable to consider whether, in coordination with
constitutive factors present in many cell types, MyoD1 alone may be
capable of activating the myogenic program. These questions are
now experimentally approachable.
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