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One obvious phenotype of tumor cells is the lack of terminal differentiation. We previously classified
rhabdomyosarcoma cell lines as having either a recessive or a dominant nondifferentiating phenotype. To study
the genetic basis of the dominant nondifferentiating phenotype, we utilized microcell fusion to transfer
chromosomes from rhabdomyosarcoma cells into C2C12 myoblasts. Transfer of a derivative chromosome 14
inhibits differentiation. The derivative chromosome 14 contains a DNA amplification. MDM2 is amplified and
overexpressed in these nondifferentiating hybrids and in the parental rhabdomyosarcoma. Forced expression
of MDM2 inhibits MyoD-dependent transcription. Expression of antisense MDM2 restores MyoD-dependent
transcriptional activity. We conclude that amplification and overexpression of MDM2 inhibit MyoD function,
resulting in a dominant nondifferentiating phenotype.

Rhabdomyosarcomas are one of the most common solid
tumors of childhood. Sarcomas have traditionally been classi-
fied as rhabdomyosarcomas on the basis of morphology and
the expression of muscle structural genes, such as that for the
myosin heavy chain (MHC) or desmin. Expression of MyoD
has been shown to be the most sensitive marker for classifying
sarcomas as rhabdomyosarcomas (4, 38). Rhabdomyosarcomas
are grouped by histologic and cytogenetic criteria as either
embryonal or alveolar rhabdomyosarcomas: a balanced trans-
location between chromosomes 2 and 13, t(2;13)(q35;q14), is
associated with alveolar rhabdomyosarcomas (1). The PAX3
gene has been shown to be fused to a member of the forkhead
gene family in the t(2;13) translocation (1, 39). Loss of het-
erozygosity on the short arm of chromosome 11 encompassing
11p15.5 is associated not only with embryonal rhabdomyosar-
comas (38) but also with a number of other solid tumors (26),
suggesting the location of a tumor suppressor gene(s) for mul-
tiple tumor types in this region.
Recently, we have begun an analysis of five rhabdomyosar-

coma cell lines (RD, Rh18, Rh28, Rh30, and RhJT) for ex-
pression and function of the MyoD family (42). We showed
that even though MyoD is expressed in rhabdomyosarcoma
cells, it is nonfunctional in inducing differentiation. Hetero-
karyon formation between 10T1/2 cells and RD, Rh28, Rh30,
and RhJT cells results in differentiation of the heterokaryons
into muscle and restoration of transcriptional activation by
MyoD, indicating that these tumor lines display a recessive
nondifferentiating phenotype. In contrast, heterokaryon for-
mation with the rhabdomyosarcoma Rh18 and 10T1/2 cells did
not result in myogenesis, suggesting that Rh18 cells display a
dominant nondifferentiating phenotype.
In this paper, we show that transfer of a derivative chromo-

some 14 from Rh18 cells into the differentiation-competent
myoblast cell line C2C12 inhibits muscle differentiation and
the ability of MyoD to function as a transcription factor. The
derivative chromosome 14 contains a region of amplified DNA

originating from chromosome 12 and contains a number of
genes often amplified in sarcomas, including GLI, SAS, CDK4,
and MDM2. Testing of the amplified genes for the ability to
inhibit muscle-specific gene expression indicates that forced
expression ofMDM2 inhibits MyoD function and consequently
inhibits muscle differentiation. In addition, expression of anti-
sense MDM2 in C2C12 microcell hybrids containing the deriv-
ative chromosome 14 restores MyoD-dependent transcrip-
tional activation. Thus, amplification and overexpression of
MDM2 inhibit MyoD function, resulting in dominant inhibition
of muscle differentiation.

MATERIALS AND METHODS

Cells. C2C12 cells were from the American Type Culture Collection. Rh18
and Rh30 cells were provided by P. Houghton (13). All cell lines were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 15% calf
serum (HyClone Laboratories). Rh18 cells were stably transfected with pRSV
NEO by electroporation (at 300 V and 960 mF in phosphate-buffered saline)
(Bio-Rad), and approximately 2,000 clones were pooled and expanded for use as
donors in microcell fusions. Myogenic differentiation was induced by growing
cells to confluence and then incubating them in DMEM with 2% horse serum
(differentiation medium).
Microcell-mediated chromosome transfer. Rh18 cells or the C2(Rh18) pri-

mary microcell hybrids were micronucleated by treatment with 10.0 or 0.06 mg,
respectively, of colcemid per ml in DMEM plus 15% calf serum for 48 h. The
micronucleate cell populations were enucleated by centrifugation in the presence
of 5mg of cytochalasin B (Sigma) per ml, and the isolated microcells were fused
to C2C12 recipients as described previously (7a, 20a). Microcell hybrid clones
were isolated by using cloning cylinders after 3 to 4 weeks of selection in medium
containing 500 mg of Geneticin (Gibco) per ml.
Cell transfections. Cells were transiently transfected by the Lipofectamine

(Gibco-BRL) method. Approximately 3 3 105 cells were plated 1 day prior to
transfection into 60-mm-diameter tissue culture plates. On the day of transfec-
tion, the cells were washed twice with serum-free DMEM. Transfection mixtures
consisted of a total DNA content of 6 mg, with 0.5 to 1.0 mg being represented
by the reporter construct. The remaining amount of DNA consisted of other
constructs mentioned in Results. The lipid-DNA mixtures were added to the
washed cells and brought to a final volume of 2 ml with serum-free DMEM. The
transfection mixture was allowed to remain on the cells for 6 h, after which the
transfection solution was removed by aspiration. DMEM containing 15% calf
serum was added to the cells, and the cells were harvested after approximately
48 h.
CAT assays. Chloramphenicol acetyltransferase (CAT) activity was measured

by a phase extraction procedure (38a). In brief, 48 h after transfection, cell
extracts were generated by freeze-thawing cell pellets in 100 ml of 0.25 M Tris
(pH 7.5). Following treatment at 658C for 15 min to inactivate endogenous
acetylases, 30 ml of extract was assayed with 0.2 mCi of [3H]chloramphenicol
(Dupont-New England Nuclear) and 250 nM butyryl coenzyme A (Sigma) in a
total volume of 100 ml. The reaction was allowed to proceed for 2 to 12 h at 378C
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and was stopped by mixing with 200 ml of tetramethylpentadecane (TMPD)-
xylene (2:1) (Sigma), and then 130 ml of the upper phase was added to the
scintillation cocktail and the radioactivity was counted. Results are presented as
percent activity or fold activation with error bars indicating standard deviations.
Northern (RNA) analysis. Total cytoplasmic RNA was prepared as described

previously (6). Five micrograms of total cytoplasmic RNA was used for Northern
analysis on 1.5% agarose gels containing 6.7% formaldehyde. RNA was trans-
ferred to GeneScreen (Dupont) by capillary transfer in 103 SSC (13 SSC is 150
mM NaCl plus 15 mM Na-citrate). RNA was cross-linked by exposure to UV
followed by baking at 808C for 2 to 4 h. Blots were prehybridized for several
hours at 428C in hybridization buffer (50% formamide, 1% bovine serum albu-
min [fraction V], 1 mM EDTA, 0.5M sodium phosphate [pH 7.2], 5% sodium
dodecyl sulfate [SDS]). Hybridizations were for 24 h at 428C in fresh hybridiza-
tion buffer containing 108 cpm of a randomly primed 32P-labeled DNA probe.
The filters were washed in 23 SSC–0.1% SDS for 15 min at room temperature,
in 0.13 SSC–0.1% SDS for 15 min at room temperature, and in two changes of
0.13 SSC–0.1% SDS at 558C for 15 min each. The blots were stripped for reuse
by being boiled for 2 min in double-distilled water.
Southern analysis. High-molecular-weight DNA (10 mg) was digested to com-

pletion with HindIII (New England Biolabs) and separated on 0.8% agarose gels
in 0.04 M Tris acetate–2 mM EDTA. The DNA was capillary transferred in 103
SSC to GeneScreen (Dupont) membranes and UV cross-linked as described
previously (3a). The blots were prehybridized and hybridized as for Northern
blots. Probes containing Alu sequences were processed and hybridized as de-
scribed by Budowle and Baechtel (2) to minimize background from repetitive
sequences. The blots were stripped for reuse in 0.2 N NaOH for 30 min.
Inter-Alu PCR. The PCR was carried out in a total volume of 50 ml with 1 mg

of DNA and 1 mM primer in 50 mM KCl–10 mM Tris HCl (pH 8.0)–1.5 mM
MgCl2–0.01% gelatin–200 mM dCTP, dATP, dGTP, and dTTP (Pharmacia)–1 U
of Taq polymerase (Cetus) for 30 cycles of 948C denaturation (1 min), 608C
annealing (30 s), and 728C extension (30 s) in an automated thermal cycler
(Cetus). The reaction was carried out in the presence of a single Alu primer, 517
(25).
Fluorescent in situ hybridization. DNA probes were nick translated by using

standard protocols to incorporate biotin-11-dUTP or digoxigenin-dUTP. Slides
of chromosomally normal male metaphase spreads were obtained from periph-
eral blood (48). Hybridizations were carried out on slides at 378C for 16 h. Final
probe concentrations varied from 40 to 60 ng/ml. Signal detection was carried out
as described by Trask and Pinkel (44). Amplification of the biotinylated probe
signal utilized alternating incubations of slides with antiavidin (Vector) and
fluorescein isothiocyanate (FITC)-Extravidin (Sigma). Amplification of digoxy-

genated probes utilized alternating incubations of slides with FITC-tagged sheep
antibodies made in rabbits and FITC-tagged rabbit antibodies made in sheep
(Boehringer Mannheim). Slides were stained with propidium iodide (0.3 mg/ml),
covered with coverslips, and viewed under UV fluorescence with FITC filters
(Zeiss). Metaphase spreads showing a probe signal were photographed with Fuji
color film (ASA 100) at ASA 400. Identifications of chromosomal loci were
obtained by sequentially staining the same metaphase spreads with chromomycin
A3-distamycin to produce fluorescent R-bands. R-banded metaphase spreads
were then photographed with technical pan 2415 film (Kodak) at ASA 400.

RESULTS

Inhibition of muscle-specific gene expression by different
Rh18 chromosomes. To study the genetic basis of the domi-
nant inhibitory phenotype of Rh18 cells, we utilized microcell
fusion to transfer chromosomes from Rh18 cells into the
mouse myoblast cell line C2C12. We chose C2C12 cells as
recipients because nondifferentiating variants occur at a low
frequency (;1026) (32). Rh18 chromosomes, randomly tagged
by transfection with the plasmid pRSVNEO (Neor), were
transferred into C2C12 cells by microcell fusion. Following
selection in medium containing G418, we screened approxi-
mately 100 hybrid clones for expression of the muscle pheno-
type by visual inspection (see Fig. 2). Ten nondifferentiating
clones, named the C2(Rh18) family, were isolated and ex-
panded. All 10 clones were assayed for expression of MHC by
indirect immunofluoresence. Three clones, C2(Rh18)-3,
C2(Rh18)-11, and C2(Rh18)-D, continued to show greater
than 90% reductions in the number of cells expressing MHC
compared with parental C2C12 cells (41a) and were chosen for
further analysis.
The expression of MyoD, myogenin, MHC, and myosin light

chain 1/3 (MLC) was assayed by Northern blot hybridization.
Figure 1 shows that clone C2(Rh18)-3 does not express detect-
able levels of the myogenic regulatory genes for MyoD and
myogenin or the differentiation-specific mRNAs for MHC or
MLC. Clones C2(Rh18)-11 and C2(Rh18)-D continued to ex-
press MyoD and myogenin, albeit at a reduced level, compared
with parental C2C12 cells and expressed low but detectable
levels of MHC and MLC. These results indicate that the trans-
fer of Rh18 chromosomes into C2C12 cells can result in at least
two different phenotypes, presumably because of retention of
different Rh18 chromosomes. One phenotype is characterized
by a complete lack of expression of MyoD and myogenin, and
a second is characterized by continued expression of MyoD
and myogenin; both result in a greater than 90% reduction in
the number of cells expressing muscle differentiation-specific
genes.
Characterization of loci responsible for the nonmuscle phe-

notype. Since microcell fusion can result in the transfer of
more than one chromosome, we next determined the number
of human chromosomes retained in the C2(Rh18) hybrids. We
used total human DNA to specifically “paint” human chromo-
somes in metaphase spreads from each of the three primary
microcell hybrid clones. All three hybrids retain two or three
human chromosomes (42a). Therefore, in order to determine
whether the Neor insertions are located in the chromosomes
that contain the dominant inhibitory loci and to determine the
chromosomal map positions of these loci, we conducted a
second round of microcell fusions. Each primary microcell
hybrid, C2(Rh18)-3, C2(Rh18)-11, and C2(Rh18)-D, was uti-
lized as a donor in microcell fusions with C2C12 cells. Second-
ary microcell hybrids were generated by selecting for transfer
of Neor by growth in medium containing G418 and were as-
sayed for expression of the muscle phenotype. Initially, the
secondary microcell hybrids were scored for the ability to form
myotubes under differentiation-inducing conditions by visual
inspection. From this analysis, it was obvious that C2(Rh18)-11

FIG. 1. Expression of muscle-specific genes in Rh18-C2C12 microcell hy-
brids. Northern blot analysis of 5 mg of cytoplasmic RNA extracted from cells in
growth medium (G) and cells in differentiation medium (D) is shown. Northern
blots were probed with cDNAs corresponding to MyoD, myogenin, MHC, and
MLC. Ethidium bromide staining of the samples used for the Northern analysis
showed equal loading of all samples. HM, human myoblast.
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transmitted the nonmuscle phenotype with the Neor marker,
since five of six clones, named the C2Rh1811 family, did not
display myotube formation. Figure 2 shows a photomicrograph
of the secondary microcell hybrid C2Rh1811-6 compared with
parental C2C12 cells under differentiation-inducing condi-
tions. The nondifferentiating phenotype of the secondary mi-
crocell hybrids was confirmed by Northern blot hybridizations
and is similar to that of C2(Rh18)-11 (6a). In contrast, all of
the secondary microcell hybrid clones (at least 10 clones of
each) generated from C2(Rh18)-3 and C2(Rh18)-D displayed
extensive cell fusion and myotube formation; in addition,
Northern blot hybridizations showed that these secondary
clones expressed MLC and MHC mRNAs at parental C2C12
levels. Therefore, it is unlikely that the Neor insertions in these
two primary microcell hybrids are linked to inhibitory loci.
Characterization of the loci involved in inhibition of myogen-
esis in C2(Rh18)-3 and C2(Rh18)-D awaits the isolation of
additional primary clones with different Neor insertions.
To determine the human DNA content in the C2Rh1811

microcell hybrids, total human DNA was labeled and applied
to chromosome spreads of C2Rh1811-6. Hybridization to a
single human chromosome was detected (40a) (Fig. 3). G-
banding of metaphase spreads indicates that this chromosome
is a derivative chromosome 14 containing a large homoge-
neous staining region (HSR) (Fig. 3a and g). To determine
whether only chromosome 14 sequences are present on this
chromosome, we utilized fluorescent in situ hybridization
(FISH) with a chromosome 14-specific “paint” as a probe.
Figure 3b shows that chromosome 14 sequences are present in
the centromeric and telomeric regions of this chromosome but
are excluded from the HSR. Therefore, the HSR is likely to
contain sequences from elsewhere in the genome. To identify
the chromosomal origin of the HSR, we isolated human-spe-
cific probes from the derivative chromosome 14.
Inter-Alu PCR was developed to isolate human-specific se-

quences directly from somatic cell hybrids by using PCR with
primers directed at the human Alu repeat element (20, 24, 25).
Figure 4 shows the inter-Alu PCR products generated from

DNA isolated from the three primary microcell hybrids
C2(Rh18)-3, C2(Rh18)-11, and C2(Rh18)-D compared with
those generated from Rh18 and C2C12 DNAs. The smear of
PCR products from Rh18 DNA is expected and is derived
from amplification products from all chromosomes. Inter-Alu
PCR products are easily detected from C2(Rh18)-11 DNA but
not from C2(Rh18)-3 or C2(Rh18)-D DNA even though the
last two retain two or three human chromosomes. The intensity
of the ethidium bromide-stained bands of the inter-Alu PCR
products from C2(Rh18)-11, even after a relatively low number
of cycles, suggests that the derivative chromosome 14 contains
amplified DNA. Furthermore, increasing the number of cycles
during the PCR results in amplification of inter-Alu PCR prod-
ucts from C2(Rh18)-3 and C2(Rh18)-D (42a).
To determine whether the inter-Alu PCR products obtained

from C2(Rh18)-11 are derived from amplified DNA, we per-
formed Southern blot hybridizations under conditions that
suppress hybridization of Alu repeats (2). Inter-Alu PCR prod-
ucts were size fractionated on an agarose gel and isolated as
pools of fragments representing fragments with high (1,000 to
2,000 bp), middle (500 to 1,000 bp), and low (200 to 500 bp)
molecular sizes. Figure 5A and B show that both the high- and
middle-molecular-size probes detect amplified bands in Rh18,
C2(Rh18)-11, and the secondary microcell hybrid C2Rh1811-1
compared with primary human skin fibroblast (HSF) DNA. In
addition, the middle probe detects an unamplified band which
serves as an internal control for both the quantity and quality
of the HSF DNA. By utilizing different Alu primers and varying
the PCR conditions used to amplify the products, we have been
able to isolate 28 different inter-Alu PCR products that detect
amplified DNA in Rh18 and the derivative chromosome 14
microcell hybrids. We have mapped the inter-Alu PCR prod-
ucts, which detect amplified DNA, to normal chromosome 12
by utilizing Southern blot hybridizations to a somatic cell hy-
brid mapping panel (6a). In addition, chromosome 14-specific
probes (TGFB3, MAX, and FOS) do not detect amplified
DNA. Figure 5C shows that TGFB3 is not amplified in Rh18
DNA and is present in the microcell hybrid C2(Rh18)-11 in a
single copy. Similar results were obtained with MAX and FOS
probes (6a). Furthermore, utilizing FISH and a chromosome
12-specific “paint,” we showed that the DNA in the derivative
chromosome 14 HSR originated from chromosome 12 (Fig.
3c). Therefore, it seems likely that the derivative chromosome
14 consists of chromosome 14 sequences present in a single
copy and chromosome 12 sequences that have been amplified.
As shown below, the gene amplification is responsible for the
nonmuscle phenotype of C2(Rh18)-11.
To obtain a larger number of probes for the DNA amplifi-

cation, a cosmid library was constructed from the secondary
microcell hybrid C2Rh1811-6. The cosmid library was screened
with labeled human DNA to identify Alu-containing clones.
Approximately 3% of the total clones represented within the
C2Rh1811-6 cosmid library hybridize with the human-specific
probe; the remaining 97% presumably are derived from C2C12
DNA and represent mouse sequences. Twenty human-specific
cosmids were isolated and used as probes for Southern blot
hybridizations. Ten of 20 human-specific cosmids detected am-
plified DNA present on the derivative chromosome 14 (6a).
Thus, 1 to 2% of the cosmid clones in this library are derived
from the DNA amplification. Figure 3d to f show FISH of
three cosmid clones hybridizing to the derivative chromosome
14 HSR. These three cosmids were also localized by FISH to
normal 46XY chromosome spreads and were found to map to
12q13-15 (40a).
Identification of amplified genes. Amplification of cellular

proto-oncogenes has been described for a number of different

FIG. 2. Lack of myotube formation in C2Rh1811-6. Phase-contrast micro-
graphs of myotube formation of mouse myoblast C2C12 cells and the secondary
microcell hybrid C2Rh1811-6 are shown. Cells were grown to confluence and
then placed in differentiation medium for 48 h. The multinucleated syncitium is
representative of myotube formation.
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tumor types, including rhabdomyosarcomas (8, 9, 22, 35). Since
the HSR present on the derivative chromosome 14 contains
chromosome 12 sequences and since a gene (GLI) known to
reside on chromosome 12, located at 12q13-14.3 (17), has been
shown to be amplified in 1 of 13 rhabdomyosarcomas (35), we
next determined whether genes located on chromosome 12
were present on the derivative chromosome 14. We have de-
termined that GLI, SAS, CHOP, LALB-A, RARG1, VDR,
COL2A, CDK4, andMDM2 are present on the derivative chro-
mosome 14 and show various levels of amplification. Figure 6
shows a representative Southern blot with MDM2 as a probe.
In addition, the following chromosome 12 genes do not reside
on the derivative chromosome 14: MYF-5, TEL, RAP1B,
CDK-2, CCND2, SP1, HOXC5, WNT1, A2MR, ATF-1, BTG,
ASCL1, PRPH, and ERBB-3.
The results presented above indicate that a genetic locus

present on the derivative chromosome 14 is capable of inhib-

iting muscle differentiation when transferred into C2C12 cells.
One method for characterizing genes identified by purely ge-
netic approaches is to analyze candidate genes that map to the
same chromosomal position. Since a number of studies have
demonstrated amplification and overexpression of cellular on-
cogenes in the DNA of tumors and since overexpression of a
number of different oncogenes inhibits myogenesis (18, 29), we
considered oncogenes present in the amplified region to be
candidates for the inhibitory locus.
MDM2 inhibits MyoD-dependent transcription. To determine

whether the failure to differentiate observed in C2(Rh18)-11 and
its secondary microcell hybrids was due to an inability of MyoD
to activate transcription, as well as to establish a simple assay
system to test candidate genes, we assayed muscle-specific
gene expression by transient transfection. The muscle-specific
reporter constructs consisted of the CAT gene driven by either
the muscle creatine kinase enhancer (MCKCAT) or four mul-

FIG. 3. Cytogenetic characterization of the derivative chromosome 14. (a) G-banded preparations of the derivative chromosome 14 present in the secondary
microcell hybrid C2Rh1811-6. (b) FISH with the derivative chromosome 14 probed with a chromosome 14-specific paint (Oncor). (c) FISH with the derivative
chromosome 14 probed with a chromosome 12-specific paint (Oncor). (d to f) FISH with the derivative chromosome 14 probed with human cosmid clones Cospil-4,
Cos60, and Cos85, respectively. These human cosmid clones detect single-copy DNA in normal human DNA and amplified DNA in Rh18 and C2Rh1811-6 DNAs as
assayed by Southern analysis (6a). (g) Schematic diagram of the derivative chromosome 14, showing the location of the HSR.
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timerized MyoD binding sites that were cloned upstream of the
herpes simplex virus thymidine kinase promoter (4RCAT).
Figure 7A shows that the secondary microcell hybrid,
C2Rh1811-6, contains significantly less MCKCAT and 4RCAT
activity than parental C2C12 cells, while the expression of
RSVCAT in the two cell lines was equivalent. Therefore, the

derivative chromosome 14 inhibits muscle differentiation and
decreases muscle-specific gene expression.
To test the candidate genes for the ability to inhibit muscle

differentiation, we have utilized the transient-transfection sys-
tem. To date, we have assayed CDK4, CHOP, and MDM2 for
the ability to inhibit expression of MCKCAT and 4RCAT. We
have not observed any significant effect of CDK4 or CHOP in
this assay (6a). In contrast, transfection of C2C12 cells with an
MDM2 expression vector (27) and various reporter constructs
demonstrates thatMDM2 is capable of inhibiting expression of
both MCKCAT and 4RCAT but has little or no effect on
RSVCAT (Fig. 7B). To test whetherMDM2 inhibition of mus-
cle-specific transcription is due to inhibition of MyoD, a sec-
ond series of transient transfections was performed. 10T1/2
cells lack the ability to initiate transcription from muscle-spe-
cific promoters in the absence of exogenously added MyoD.
Therefore, we assayed MyoD-dependent transactivation in
10T1/2 cells cotransfected with a MyoD expression vector and
an MDM2 expression vector. Figure 7C shows that MDM2
represses MyoD-dependent transactivation of the 4RCAT and
the MCKCAT constructs. Figure 7D shows that cotransfection
of 10T1/2 cells with increasing amounts of the MDM2 expres-
sion vector does not affect the level of MyoD RNA expressed
from the MyoD expression vector. These results indicate that
MDM2 is a potent inhibitor of MyoD function.
Antisense MDM2 restores MyoD-dependent transcription.

One criterion for a candidate inhibitory gene is that it be
expressed in the Rh18 cells, as well as in hybrids that retain the
inhibitory locus. We assayed expression of MDM2 in RNA
isolated from Rh18 and the derivative chromosome 14 micro-

FIG. 4. Inter-Alu PCR products from the primary nonmuscle microcell hy-
brids. PCR was carried out on 1 mg of genomic DNA with a single Alu primer.
The PCR products were separated by electrophoresis through a 1% agarose gel
and visualized by ethidium bromide staining. Increasing the cycle number results
in the generation of inter-Alu PCR products from C2(Rh18)-3 and C2(Rh18)-D
(not shown). M, molecular size markers; numbers indicate base pairs.

FIG. 5. Inter-Alu PCR products detect amplified DNA sequences. Southern blot hybridizations with 10 mg of genomic DNA are shown. Hybridizations were carried
out in hybridization buffer overnight at 658C. Probes were random prime labeled by using [32P]dCTP. Arrow A, amplified DNA sequences detected by the probe; arrow
U, unamplified DNA sequence detected by the probe. (A) Hybridization with pooled inter-Alu PCR products representing high-molecular-size weight products (1,000
to 2,000 bp). DNAs were extracted from primary HSFs; Rh18; the primary microcell hybrids C2(Rh18)-3, -11, and -D; and the secondary microcell hybrid C2R1811-1
[C2(Rh1811)-1]. (B) Hybridization with pooled inter-Alu PCR products representing middle-molecular-size products (500 to 1,000 bp). (C) Hybridization with TGFB-3
as a probe. TGFB-3 detects both mouse and human sequences. TGFB-3 does not detect amplified DNA in Rh18 or in the microcell hybrid C2(Rh18)-11. Lanes M,
molecular size marker.
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cell hybrids by Northern blot hybridization. Figure 8 shows that
Rh18 and the secondary microcell hybrids C2Rh1811-6 and
C2hiRh1811-0 express significantly more MDM2 mRNA than
control primary human myoblasts and primary HSFs. In con-
trast, the rhabdomyosarcomas Rh30, Rh28, RD, and RhJT,
which display a recessive nondifferentiating phenotype (42), do
not express high levels of MDM2 mRNA. Furthermore, the
recessive rhabdomyosarcomas do not contain MDM2 DNA
amplifications (6a, 16). In addition, a secondary microcell hy-
brid that retained myogenic potential, C2hiRh1811-E, does not
retainMDM2 amplification and does not express high levels of
MDM2mRNA. Thus, overexpression ofMDM2 correlates with
the presence of the inhibitory locus in Rh18 and in the micro-
cell hybrids that fail to differentiate into muscle.
To further test whether MDM2 is responsible for inhibition

of MyoD function in our hybrid system, we tested whether
expression of antisense MDM2 could restore muscle-specific
gene expression in the derivative chromosome 14 microcell
hybrids. The MDM2 cDNA was cloned in the antisense orien-
tation under control of the cytomegalovirus promoter. This
construct was cotransfected with either MCKCAT, 4RCAT, or
RSVCAT into the secondary microcell hybrid C2Rh1811-6.
Muscle-specific gene expression is restored when increasing
amounts of antisense MDM2 are transfected into these cells
(Fig. 9). In addition, since the 4RCAT construct is activated by

antisense MDM2, MyoD-dependent transcription is restored
by antisenseMDM2. We conclude that amplification and over-
expression of MDM2 inhibit MyoD function, resulting in a
dominant nondifferentiating phenotype.

DISCUSSION

One obvious phenotype of tumor cells is a lack of terminal
differentiation. Previously, we classified rhabdomyosarcoma
cell lines as having either a recessive or a dominant nondiffer-
entiating phenotype (42). To study the genetic basis of the
dominant nondifferentiating phenotype of Rh18 cells, we uti-
lized microcell fusion to transfer chromosomes from Rh18
cells into the mouse myoblast cell line C2C12. Rh18 chromo-
somes were tagged with a selectable marker and transferred
into C2C12 cells. Two different nonmuscle phenotypes were
obtained: one was characterized by a complete lack of expres-
sion of MyoD and myogenin, and another was characterized by
continued expression of MyoD and myogenin. Karyotypic
analysis indicates that a derivative chromosome 14 is respon-
sible for the MyoD- and myogenin-positive nondifferentiating
phenotype. The derivative chromosome 14 contains an ampli-
fication of chromosome 12 DNA sequences. MDM2 is ampli-
fied and overexpressed in Rh18 and in the nondifferentiating
microcell hybrids that retain the derivative chromosome 14.
Forced expression ofMDM2 in C2C12 cells, and in 10T1/2 cells
transfected with a MyoD expression vector, results in repres-
sion of MyoD-dependent transcription. In addition, expression
of antisenseMDM2 in C2C12 hybrids containing the derivative
chromosome 14 results in restoration of MyoD-dependent
transcriptional activity and therefore in restoration of muscle-
specific gene expression. We conclude that amplification and
overexpression of MDM2 in rhabdomyosarcomas lead to inhi-
bition of MyoD-dependent transcription, resulting in a domi-
nant nondifferentiating phenotype.
Gene amplification. Gene amplifications are easily detected

in tumors and transformed cell lines, while normal diploid cells
lack detectable gene amplifications (43). Gene amplifications
are often responsible for drug resistance in cultured mamma-
lian cells, and amplification of cellular oncogenes is often ob-
served in tumors. In both cases, rare clones are selected be-
cause overexpression of genes through increased copy number
is thought to confer a selective advantage (41). Detailed map-
ping studies of amplified DNA indicate that regions far larger
than the selected gene are always amplified. The size of the
amplification units can vary from a few hundred kilobases to as
many as 10 Mb (41). In addition, other chromosomal abnor-
malities, such as inversions, translocations, and deletions, are
often observed in conjunction with amplification. Given these
observations, perhaps it is not surprising that the DNA ampli-
fication described here involves multiple genes encompassing a
large region of genomic DNA, as well as involving two different
chromosomes, 12 and 14.
Amplification of cellular proto-oncogenes has been de-

scribed for a number of different tumor types, including rhab-
domyosarcomas (8, 9, 22, 35). A high frequency ofMDM2 gene
amplification has been observed in a variety of tumors, includ-
ing bone and soft tissue sarcomas (27) and gliomas (34). We
have shown here that a number of genes from chromosome 12,
includingMDM2,GLI, and CDK4, are coamplified in the rhab-
domyosarcoma cell line Rh18. While it is not presently known
how often MDM2 becomes amplified in primary rhabdomyo-
sarcomas, at least one other rhabdomyosarcoma cell line re-
tains amplifiedMDM2 (14a). Regardless,MDM2 amplification
is a common event in soft tissue sarcomas (16, 27) and there-
fore represents a frequent genetic alteration in the generation

FIG. 6. MDM2 is amplified in Rh18 and in the C2(Rh18)-11 microcell hy-
brids. Southern blot hybridizations withMDM2 cDNA as a probe are shown. Ten
micrograms of genomic DNA was extracted from primary HSFs (HSF113),
Rh18, C2C12, and the secondary microcell hybrid C2Rh1811-6. PAW, molecular
weight marker.
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FIG. 7. MDM2 represses MyoD-dependent transcription. (A) Parental C2C12 and the microcell hybrid C2Rh1811-6 were transfected with the muscle-specific
reporter constructs MCKCAT and 4RCAT and the control plasmid RSVCAT. Cells were harvested after 72 h, and CAT assays were performed. The CAT activity
expressed in C2C12 cells was set at 100%. C2Rh1811-6 cells expressed approximately 1% of the CAT activity from the 4RCAT construct and approximately 5% of the
CAT activity from the MCKCAT construct. The CAT activity expressed from the control RSVCAT construct was similar in the two cell lines. The graph shows results
of a representative experiment, with each experiment containing duplicate dishes. Duplicate dishes showed less than 10% difference. (B) C2C12 cells were cotransfected
with anMDM2 expression vector and the indicated reporter constructs. Increasing amounts ofMDM2, designated as fold excesses with respect to the reporter construct,
were added. Values represent the percentages of CAT activity obtained in the absence of MDM2. All transfections were kept at a total of 6 mg of DNA by substituting
an empty expression vector for the MDM2 expression vector. The values represent the averages from three separate experiments, with each experiment containing
duplicate dishes. (C) 10T1/2 cells were transfected with 0.5 mg of a MyoD expression vector, 0.5 mg of the indicated reporter constructs, and increasing amounts of
MDM2. MyoD induced CAT activity 60-fold on 4RCAT and 10-fold on MCKCAT compared with control transfections in the absence of MyoD. Increasing amounts
of MDM2, designated as fold excesses with respect to the reporter construct, were added. Values represent the percentages of CAT activity obtained in the absence
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of tumors. Interestingly, a similar DNA amplification is present
in the recessive rhabdomyosarcoma cell line Rh30. In contrast
to Rh18 cells, however, Rh30 cells contain amplified GLI and
CDK4 but not MDM2 (6a, 16). In addition, C2C12 microcell
hybrids that retain the Rh30 GLI and CDK4 amplified region
continue to differentiate into muscle (42b). This result is con-
sistent with our observation thatMDM2 amplification results in
a dominant nondifferentiating phenotype expressed in Rh18
cells, while Rh30 cells display a recessive phenotype and lack
amplification ofMDM2. Thus, amplification of GLI and CDK4
in Rh30 cells does not result in dominant inhibition of MyoD
function. However, the functional consequences of GLI and
CDK4 amplification for other tumor phenotypes, such as
genomic instability or altered growth rate, can be assayed by
using the system described here.
MDM2, MyoD, and the cell cycle. In addition to promoting

tumor formation, anchorage-independent growth, and cellular
immortalization, expression of transforming oncogenes inhib-
its cellular differentiation in several different cell lineages. In
muscle cells, expression of oncogenic tyrosine kinases (v-src
and v-fps), growth factor receptors (v-erbB), nuclear oncogene
products (v-myc, c-myc, v-erbA, and E1A), and the activated
forms of signal-transducing G proteins (H-ras and N-ras) can
inhibit terminal differentiation to various extents (5, 7, 10, 14,
30, 31, 37, 45). We previously demonstrated that ras and fos
prevent myogenesis by inhibiting expression of MyoD (19).
Identification of the specific pathway by which each of these
oncogenes and growth factors inhibits myogenesis may provide
clues as to how MyoD integrates information coming from
many aspects of cellular function.
The oncogenic properties ofMDM2 have been postulated to

result from direct interaction with a number of cell cycle-
regulatory proteins.MDM2 interacts directly with p53 (27) and
blocks p53-mediated transactivation by inhibiting the activa-
tion domain of p53 (3, 12, 23, 28, 46, 49). In addition, MDM2
has been shown to interact directly with pRB, resulting in
stimulation of E2F/DP1 transcriptional activity and inhibition
of the pRB growth-regulatory function (47). Furthermore,
MDM2 interacts with the activation domain of E2F1, resulting
in stimulation of E2F1/DP1 transcriptional activity (21). Taken
together, these results suggest thatMDM2 not only relieves the
proliferative block mediated by either p53 or pRB but also
promotes proliferation by stimulating the S-phase-inducing
transcriptional activity of E2F/DP1.
Differentiating muscle cells fuse to form multinucleated

myotubes and permanently withdraw from the cell cycle. This
process is controlled by regulatory interactions involving
MyoD family members and various cell cycle proteins (18, 29).
MyoD transactivation of muscle-specific genes requires wild-
type pRB (11) or high levels of the pRB-related protein p107
(36). In addition, transcriptional activation by MyoD has been
shown to be inhibited by high levels of the G1-phase cyclin,
cyclin D1 (33, 40). Furthermore, cyclin D1 interacts with and
promotes phosphorylation of pRB, resulting in stimulation of
E2F/DP1 activity (15). While the mechanism by which MDM2
inhibits MyoD function remains unknown, it seems reasonable
to speculate that MDM2 either directly interferes with MyoD
transactivation, as it does for p53, or inhibits MyoD indirectly

FIG. 8. MDM2 is overexpressed in Rh18 and the derivative chromosome 14
microcell hybrids. Northern blot hybridizations to 5 mg of cytoplasmic RNAs
extracted from primary human myoblasts; primary HSFs (HSF113); C2C12; the
secondary microcell hybrids C2Rh1811-6, C2hiR1811-0, and C2hiR1811-E,
Rh18; and the recessive rhabdomyosarcomas Rh30, Rh28, RD, and RhJT are
shown. The probes were a full-length MDM2 cDNA or a-tubulin. MDM2 tran-
scripts are detected from all cell lines following longer exposure (not shown).

FIG. 9. Expression of antisense MDM2 relieves repression of MyoD func-
tion. The microcell hybrid C2Rh1811-6 was transfected with increasing amounts
of an antisense MDM2 expression vector and 1 mg of the indicated reporter
construct. Values represent fold activation by antisense MDM2 compared with
that with an empty expression vector. All transfections were kept at a total of 6
mg of DNA by substituting an empty expression vector for the antisense MDM2
expression vector. The values represent the averages from three separate exper-
iments, with each experiment containing duplicate dishes.

of MDM2. All transfections were kept at a total of 6 mg of DNA by substituting an empty expression vector for the MDM2 expression vector. The values represent the
averages from three separate experiments, with each experiment containing duplicate dishes. (D) 10T1/2 cells were cotransfected as described for panel C, and RNA
was extracted and processed for Northern blot hybridization. The probes were a full-length MyoD cDNA or a-tubulin. Lanes: 1, 4RCAT; 2, 4RCAT and MyoD; 3,
4RCAT and MyoD; 4, MCKCAT; 5, MCKCAT and MyoD; 6, MCKCAT, MyoD, and 0.5 mg of MDM2; 7, MCKCAT, MyoD, and 2.5 mg of MDM2; 8, MCKCAT,
MyoD, and 4.0 mg of MDM2; 9, pSPORT2; 10, control C2C12 RNA (5.0 mg).
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by stimulating S-phase-promoting factors such as E2F/DP1
and/or cyclin D1 or by blocking pRB mediated MyoD trans-
activation. Regardless, the system described here, which com-
bines somatic cell and molecular genetics, should allow for the
characterization of the molecular mechanisms functioning in
rhabdomyosarcomas to inhibit differentiation.

ACKNOWLEDGMENTS

We thank P. Houghton for providing rhabdomyosarcoma cell lines
and B. Vogelstein for the MDM2 expression vector. We also thank D.
Goodman, R. M. Liskay, and E. Lewis for critical reviews of the
manuscript.
M.J.T. was supported by grants from the American Cancer Society

and the Life and Health Insurance Medical Research Fund, and S.J.T.
was supported by grants from the American Cancer Society and the
Markey Molecular Medicine Center at the University of Washington.

REFERENCES

1. Barr, F. G., N. Galili, J. Holick, J. A. Biegel, G. Rovera, and B. S. Emanuel.
1993. Rearrangement of the PAX3 paired box gene in the paediatric solid
tumour alveolar rhabdomyosarcoma. Nat. Genet. 3:113–117.

2. Budowle, B., and F. S. Baechtel. 1990. Modifications to improve the effec-
tiveness of restriction fragment length polymorphism typing. Appl. Theor.
Electrophor. 1:181–187.

3. Chen, J., V. Marechal, and A. J. Levine. 1993. Mapping of the p53 and
mdm-2 interaction domains. Mol. Cell. Biol. 13:4107–4114.

3a.Church, G. M., and W. Gilbert. 1984. Genomic sequencing. Proc. Natl. Acad.
Sci. USA 81:1991–1995.

4. Dias, P., D. M. Parham, D. N. Shapiro, B. L. Webber, and P. J. Houghton.
1990. Myogenic regulatory protein (MyoD1) expression in childhood solid
tumors: diagnostic utility in rhabdomyosarcoma. Am. J. Pathol. 137:1283–
1291.

5. Falcone, G., F. Tato, and S. Alema. 1985. Distinctive effects of the viral
oncogenes myc, erb, fps, and src on the differentiation program of quail
myogenic cells. Proc. Natl. Acad. Sci. USA 82:426–430.

6. Favaloro, J., R. Freisman, and R. Kamen. 1980. Transcription maps of
polyoma virus-specific RNA: analysis by two dimensional nuclease S1 gel
mapping. Methods Enzymol. 65:718–749.

6a.Fiddler, T., and M. Thayer. Unpublished observations.
7. Fiszman, M. Y., and P. Fuchs. 1975. Temperature-sensitive expression of
differentiation in transformed myoblasts. Nature (London) 254:429–431.

7a.Fournier, R. E. K. 1981. A general high-efficiency procedure for production
of microcell hybrids. Proc. Natl. Acad. Sci. USA 78:6349–6353.

8. Garson, J. A., J. Clayton, P. McIntyre, and J. T. Kemshead. 1986. N-myc
oncogene amplification in rhabdomyosarcoma at release. Lancet i:1496.
(Letter.)

9. Garvin, A. J., W. S. Stanley, D. D. Bennett, J. L. Sullivan, and D. A. Sens.
1986. The in vitro growth, heterotransplantation, and differentiation of a
human rhabdomyosarcoma cell line. Am. J. Pathol. 125:208–217.

10. Gossett, L. A., W. Zhang, and E. N. Olson. 1988. Dexamethasone-dependent
inhibition of differentiation of C2 myoblasts bearing steroid-inducible N-ras
oncogenes. J. Cell Biol. 106:2127–2137.

11. Gu, W., J. W. Schneider, G. Condorelli, S. Kaushal, V. Mahdavi, and B.
Nadal-Ginard. 1993. Interaction of myogenic factors and the retinoblastoma
protein mediates muscle cell commitment and differentiation. Cell 72:309–
324.

12. Haines, D. S., J. E. Landers, L. J. Engle, and D. L. George. 1994. Physical
and functional interaction between wild-type p53 and mdm2 proteins. Mol.
Cell. Biol. 14:1171–1178.

13. Hazelton, B. J., J. A. Houghton, D. M. Parham, E. C. Douglass, P. M.
Torrance, H. Holt, and P. J. Houghton. 1987. Characterization of cell lines
derived from xenografts of childhood rhabdomyosarcoma. Cancer Res. 47:
4501–4507.

14. Holtzer, H., J. Biehl, G. Yeoh, R. Meganathan, and A. Kaji. 1975. Effect of
oncogenic virus on muscle differentiation. Proc. Natl. Acad. Sci. USA 72:
4051–4055.

14a.Houghton, P. Personal communication.
15. Kato, J., H. Matsushime, S. W. Hiebert, M. E. Ewen, and C. J. Sherr. 1993.

Direct binding of cyclin D to the retinoblastoma gene product (pRb) and
pRb phosphorylation by the cyclin D-dependent kinase CDK4. Genes Dev.
7:331–342.

16. Khatib, Z. A., H. Matsushime, M. Valentine, D. N. Shapiro, C. J. Sherr, and
A. T. Look. 1993. Coamplification of the CDK4 gene with MDM2 and GLI
in human sarcomas. Cancer Res. 53:5535–5541.

17. Kinzler, K. W., S. H. Bigner, D. D. Bigner, J. M. Trent, M. L. Law, S. J.
O’Brien, A. J. Wong, and B. Vogelstein. 1987. Identification of an amplified,
highly expressed gene in a human glioma. Science 236:70–73.

18. Lassar, A. B., S. X. Skapek, and B. Novitch. 1994. Regulatory mechanisms

that coordinate skeletal muscle differentiation and cell cycle withdrawal.
Curr. Opin. Cell Biol. 6:788–794.

19. Lassar, A. B., M. J. Thayer, R. W. Overell, and H. Weintraub. 1989. Trans-
formation by activated ras or fos prevents myogenesis by inhibiting expres-
sion of MyoD1. Cell 58:659–667.

20. Ludecke, H.-J., G. Senger, U. Claussen, and B. Horsthemke. 1989. Cloning
defined regions of the human genome by microdissection of banded chro-
mosomes and enzymatic amplification. Nature (London) 338:348–350.

20a.Lugor, T. G., B. Handelin, A. M. Killary, D. E. Housman, and R. E. Fournier.
1987. Isolation of microcell hybrid clones containing retroviral insertions
into specific human chromosomes. Mol. Cell. Biol. 7:2814–2820.

21. Martin, K., D. Trouche, C. Hagemeier, T. S. Sorensen, N. B. La-Thangue,
and T. Kouzarides. 1995. Stimulation of E2F1/DP1 transcriptional activity by
MDM2 oncoprotein. Nature (London) 375:691–694.

22. Mitani, K., H. Kurosawa, A. Suzuki, Y. Hayashi, R. Hanada, K. Yamamoto,
A. Komatsu, N. Kobayashi, Y. Nakagome, and M. Yamada. 1986. Amplifi-
cation of N-myc in a rhabdomyosarcoma. Jpn. J. Cancer Res. 77:1062–1065.

23. Momand, J., G. P. Zambetti, D. C. Olson, D. George, and A. J. Levine. 1992.
The mdm-2 oncogene product forms a complex with the p53 protein and
inhibits p53-mediated transactivation. Cell 69:1237–1245.

24. Nelson, D. L., A. Ballabio, M. F. Victoria, M. Pieretti, R. D. Bies, R. A. Gibbs,
J. A. Maley, A. C. Chinault, T. D. Webster, and C. T. Caskey. 1991. Alu-
primed polymerase chain reaction for regional assignment of 110 yeast
artificial chromosome clones from the human X chromosome: identification
of clones associated with a disease locus. Proc. Natl. Acad. Sci. USA 88:
6157–6161.

25. Nelson, D. L., S. A. Ledbetter, L. Corbo, M. F. Victoria, S. R. Ramirez, T. D.
Webster, D. H. Ledbetter, and C. T. Caskey. 1989. Alu polymerase chain
reaction: a method for rapid isolation of human-specific sequences from
complex DNA sources. Proc. Natl. Acad. Sci. USA 86:6686–6690.

26. Newsham, I., U. Claussen, H. J. Ludecke, M. Mason, G. Senger, B.
Horsthemke, and W. Cavenee. 1991. Microdissection of chromosome band
11p15.5: characterization of probes mapping distal to the HBBC locus.
Genes Chromosome Cancer. 3:108–116.

27. Oliner, J. D., K. W. Kinzler, P. S. Meltzer, D. L. George, and B. Vogelstein.
1992. Amplification of a gene encoding a p53-associated protein in human
sarcomas. Nature (London) 358:80–83.

28. Oliner, J. D., J. A. Pietenpol, S. Thiagalingam, J. Gyuris, K. W. Kinzler, and
B. Vogelstein. 1993. Oncoprotein MDM2 conceals the activation domain of
tumour suppressor p53. Nature (London) 362:857–860.

29. Olson, E. N. 1992. Interplay between proliferation and differentiation within
the myogenic lineage. Dev Biol. 154:261–272.

30. Olson, E. N., G. Spizz, and M. A. Tainsky. 1987. The oncogenic forms of
N-ras or H-ras prevent skeletal myoblast differentiation. Mol. Cell. Biol.
7:2104–2111.

31. Payne, P. A., E. N. Olson, P. Hsiau, R. Roberts, M. B. Perryman, and M. D.
Schneider. 1987. An activated c-Ha-ras allele blocks the induction of muscle-
specific genes whose expression is contingent on mitogen withdrawal. Proc.
Natl. Acad. Sci. USA 84:8956–8960.

32. Peterson, C. A., H. Gordon, Z. W. Hall, B. M. Paterson, and H. M. Blau.
1990. Negative control of the helix-loop-helix family of myogenic regulators
in the NFB mutant. Cell 62:493–502.

33. Rao, S. S., C. Chu, and S. S. Kohtz. 1994. Ectopic expression of cyclin D1
prevents activation of gene transcription by myogenic basic helix-loop-helix
regulators. Mol. Cell. Biol. 14:5259–5267.

34. Reifenberger, G., J. Reifenberger, K. Ichimura, P. S. Meltzer, and V. P.
Collins. 1994. Amplification of multiple genes from chromosomal region
12q13-14 in human malignant gliomas: preliminary mapping of the ampli-
cons shows preferential involvement of CDK4, SAS, and MDM2. Cancer
Res. 54:4299–4303.

35. Roberts, W. M., E. C. Douglass, S. C. Peiper, P. J. Houghton, and A. T. Look.
1989. Amplification of the gli gene in childhood sarcomas. Cancer Res.
49:5407–5413.

36. Schneider, J. W., W. Gu, L. Zhu, V. Mahdavi, and B. Nadal-Ginard. 1994.
Reversal of terminal differentiation mediated by p107 in Rb2/2 muscle
cells. Science 264:1467–1471.

37. Schneider, M. D., M. B. Perryman, P. A. Payne, G. Spizz, R. Roberts, and
E. N. Olson. 1987. Autonomous expression of c-myc in BC3H1 cells partially
inhibits but does not prevent myogenic differentiation. Mol. Cell. Biol.
7:1973–1977.

38. Scrable, H. J., D. K. Johnson, E. M. Rinchik, and W. K. Cavenee. 1990.
Rhabdomyosarcoma-associated locus and MYOD1 are syntenic but separate
loci on the short arm of human chromosome 11. Proc. Natl. Acad. Sci. USA
87:2182–2186.

38a.Seed, B., and J.-Y. Sheen. 1988. A simple phase-extraction assay for chlor-
amphenicol acetyltransferase activity. Gene 67:271–277.

39. Shapiro, D. N., J. E. Sublett, B. Li, J. R. Downing, and C. W. Naeve. 1993.
Fusion of PAX3 to a member of the forkhead family of transcription factors
in human alveolar rhabdomyosarcoma. Cancer. Res. 53:5108–5112.

40. Skapek, S. X., J. Rhee, D. B. Spicer, and A. B. Lassar. 1995. Inhibition of
myogenic differentiation in proliferating myoblasts by cyclin D1-dependent
kinase. Science 267:1022–1024.

5056 FIDDLER ET AL. MOL. CELL. BIOL.



40a.Smith, L., and M. Thayer. Unpublished observations.
41. Stark, G. R., M. Debatisse, E. Giulotto, and G. M. Wahl. 1989. Recent

progress in understanding mechanisms of mammalian DNA amplification.
Cell 57:901–908.

41a.Tapscott, S., and M. Thayer. Unpublished observations.
42. Tapscott, S. J., M. J. Thayer, and H. Weintraub. 1993. Deficiency in rhab-

domyosarcomas of a factor required for MyoD activity and myogenesis.
Science 259:1450–1453.

42a.Thayer, M. Unpublished observations.
42b.Thulin, J., and M. Thayer. Unpublished observations.
43. Tlsty, T. D. 1990. Normal diploid human and rodent cells lack a detectable

frequency of gene amplification. Proc. Natl. Acad. Sci. USA 87:3132–3136.
44. Trask, B., and D. Pinkel. 1990. Flow cytometry. Academic Press, New York.

45. Webster, K. A., G. E. Muscat, and L. Kedes. 1988. Adenovirus E1A products
suppress myogenic differentiation and inhibit transcription from muscle-
specific promoters. Nature (London) 332:553–557.

46. Wu, X., J. H. Bayle, D. Olson, and A. J. Levine. 1993. The p53-mdm-2
autoregulatory feedback loop. Genes Dev. 7:1126–1132.

47. Xiao, Z. X., J. Chen, A. J. Levine, N. Modjtahedi, J. Xing, W. R. Sellers, and
D. M. Livingston. 1995. Interaction between the retinoblastoma protein and
the oncoprotein MDM2. Nature (London) 375:694–698.

48. Yunis, J. J., and M. E. Chandler. 1978. High-resolution chromosome anal-
ysis in clinical medicine. Prog. Clin. Pathol. 7:267–288.

49. Zauberman, A., Y. Barak, N. Ragimov, N. Levy, and M. Oren. 1993. Se-
quence-specific DNA binding by p53: identification of target sites and lack of
binding to p53-MDM2 complexes. EMBO J. 12:2799–2808.

VOL. 16, 1996 AMPLIFICATION OF MDM2 INHIBITS MyoD 5057




