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ABSTRACT The MDM?2 oncogene encodes an inhibitor of
the p53 tumor suppressor protein that regulates p53 in a
negative feedback loop. MDM?2 gene amplification and over-
expression occur in several types of tumors and are often
associated with poor prognosis. An MDM?2 antisense phos-
phorothioate oligodeoxynucleotide has been identified that
effectively inhibits MDM?2 expression in tumor cells contain-
ing MDM?2 gene amplifications. Antisense inhibition of MDM?2
is associated with a decrease in MDM2-p53 complex forma-
tion, increase in p53-inducible gene expression, increase in
p53 transcriptional activity, and apoptosis. Significantly, in-
hibition of MDM?2 expression enhances the activation of p53 by
a DNA-damaging cancer chemotherapy agent in a synergistic
fashion. Therefore, the MDM?2 negative feedback pathway is an
important limiting factor in DNA damage-induced p53 acti-
vation. MDM?2 antisense oligonucleotides may be useful as
antitumor agents alone or as enhancers of other conventional
DNA-damaging drugs.

The MDM?2 oncogene was first cloned as an amplified gene on
a murine double-minute chromosome in the 3T3DM cell line,
a spontaneously transformed derivative of BALB/c 3T3 cells
(1). The gene encodes a 489-amino acid polypeptide that
contains a p53 binding domain, an acidic region, and three
putative zinc-binding motifs (one zinc-finger and one RING-
finger). Overexpression of the MDM?2 gene in NIH 3T3 cells
increases the tumorigenic potential of these cells, thus estab-
lishing MDM?2 as an oncogene (1). The MDM?2 gene can
immortalize rat embryo fibroblasts and cooperate with the
activated ras oncogene to transform these cells (2). The MDM?2
gene is amplified or overexpressed in about 40-60% of human
osteogenic sarcomas and about 30% of soft tissue sarcomas (3,
4), implicating its role in the development of these malignan-
cies.

An important function of MDM2 is to bind to the p53 tumor
suppressor protein, inhibiting its ability to act as a transcription
factor (5). p53 also activates MDM?2 expression at the level of
transcription (6, 7), suggesting that MDM?2 can function as a
negative feedback regulator of p53. Mouse embryos with
inactivated MDM?2 alleles die shortly after implantation. How-
ever, mice carrying inactivated MDM2 and p53 are viable (8,
9). This suggests that an important function of MDM?2 is to
negatively regulate p53. In cell culture experiments, MDM?2
overexpression abrogates the ability of pS3 to induce cell cycle
arrest and apoptosis (10, 11). In addition to regulating p53,
MDM2 has been shown to bind to the retinoblastoma protein
pRB (12), E2F (13), ribosomal protein L5 (14), and RNA (15)
and regulate the MyoD transcription factor (16). These activ-
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ities may also be responsible for or contribute to the trans-
forming properties of MDM?2.

MDM2 is also a substrate for an apoptosis-specific protease
(Caspase-3) during apoptosis (17, 18). Apoptotic cleavage
inactivates the RNA binding function of MDM2 without
affecting p53 binding (18). The cleavage by the apoptosis
protease is an evolutionarily conserved feature of MDM?2,
suggesting that MDM?2 has functions that are incompatible
with rapid cell death. These functions may also contribute to
the malignant phenotypes in tumors overexpressing MDM?2.

Tumors containing MDM?2 gene amplification often have
wild-type p53 (19), presumably inactivated by MDM?2. This
suggests that inhibition of MDM?2 expression in these tumors
may lead to activation of p53 and, possibly, cell death. Fur-
thermore, approximately half of the tumors still contain
genotypically wild-type p53 (including many of those overex-
pressing MDM?2). The p53 in these tumors may mediate some
of the cytotoxic effects of DNA-damaging cancer treatments.
If the MDM?2 negative feedback loop is an important modu-
lator of p53 activity during DNA damage, inhibition of MDM?2
expression may increase the magnitude of p53 activation, thus
enhancing the cytotoxic effects of DNA damage.

In this report, we describe the identification and character-
ization of an MDM?2 antisense phosphorothioate oligode-
oxynucleotide that inhibits MDM2 expression in tumor cells
containing MDM?2 gene amplifications. Inhibition of MDM?2
expression can result in the activation of pS3 and apoptosis.
Furthermore, inhibition of MDM?2 expression can cooperate
with a DNA-damaging agent to induce p53 activity to high
levels.

MATERIALS AND METHODS

Synthesis of Oligonucleotides. Oligonucleotides were syn-
thesized using B-cyanoethyl phosphoramidite chemistry on an
automated synthesizer (Expedite 8909, PerSeptive Biosystems,
Framingham, MA) and purified by preparative reverse-phase
HPLC. Purity was determined by capillary gel electrophoresis,
3IP NMR, and mass spectrometry to be greater than 99%. Nine
20-mer antisense oligonucleotides were synthesized based on
the human MDM?2 coding region sequences and screened. The
sequence of HDMASS is GATCACTCCCACCTTCAAGG;
the sequence of M4 is GATGACTCACACCATCATGG. The
sequences of other oligonucleotides can be provided upon
request.

Cells and Reagents. The JAR, SISA (formerly OSA-CL),
and MCF-7 cells were obtained from the American Type
Culture Collection. CPT was purchased from the Midwest Co.
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(Beijing, China) and purity of the drug was determined by mass
spectrometry to be greater than 98%.

Plasmids and Antibodies. The BP100-luciferase reporter
plasmid, anti-MDM2 serum, anti-human p21 serum, and
Pab421 were provided by Dr. A. J. Levine. The thymidine
kinase—luciferase reporter was provided by Dr. W. Vedeckis.
The anti-MDM?2 monoclonal antibody 2A10 was described
previously (20).

Antisense Oligonucleotide Treatment. Cells were cultured
in DMEM with 10% fetal bovine serum (FBS). Before addi-
tion of oligonucleotides, cells were refed with DMEM con-
taining 1% FBS. Lipofectin (GIBCO/BRL) was incubated
with serum-free DMEM medium at room temperature for 45
min and then mixed with oligonucleotides for 10 min and
added to the culture. The final concentration of Lipofectin was
7 wg/ml, and final concentration of FBS was 0.75%. Controls
labeled as “No oligo” in the figures were all treated with
Lipofectin alone.
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FiG. 1. (A) Inhibition of MDM?2 expression by antisense oligonu-
cleotides. JAR cells were treated with MDM?2 antisense phosphoro-
thioate oligonucleotides for 18 h. Identical amounts of total protein
were immunoprecipitated using anti-MDM2 monoclonal antibody
2A10; the immunoprecipitates were then analyzed by Western blot
using a rabbit anti-MDM2 serum. The oligonucleotide HDMASS
(ASS5) inhibited MDM?2 expression by about 3-fold. M4 is a mutant
oligonucleotide of HDMASS containing 4 base mismatches; K is an
oligonucleotide against a kidney-specific ion channel gene. Relative
MDM2 levels were determined by phosphoimaging. (B) Alteration of
MDM2 mRNA by HDMASS. RNA was isolated from JAR cells
treated with antisense oligonucleotides for 18 h. Twenty micrograms
of total RNA were run on a denaturing agarose gel, and MDM2 mRNA
was detected by Northern blot hybridization. MDM2 mRNA from
HDMASS-treated cells had a reduced size but higher intensity. The
filter was subsequently probed for GAPDH mRNA to normalize
loading. (C) Induction of p21/WAF1 expression by HDMASS. JAR
cells treated with oligonucleotides were analyzed by immunoprecipi-
tation followed by Western blotting using a rabbit anti-human p21/
WAF1 serum. p21/WAF1 expression was induced up to 6.6-fold by
HDMASS.
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Western Blot Analysis. Western blot analysis was performed
as previously described (18). Cell lysates containing identical
amounts of protein were immunoprecipitated using antibodies
against the antigen as specified. The immunoprecipitates were
fractionated by SDS-PAGE and transferred to Immobilon P
filters (Millipore). The filters were incubated with 1/500
dilution of polyclonal antibodies (anti-MDM?2 or anti-p21) or
1/50 dilution of Pab421 hybridoma supernatant (anti-p53).
The filters were then incubated with 0.2 uwCi/ml '>’I-protein A
(Amersham), washed, and exposed to x-ray films. All incuba-
tions were carried out in PBS with 5% nonfat milk and 0.1%
Tween 20.

Northern Blot Analysis. Total cellular RNA was isolated by
using the RNeasy Kit (Qiagen). Twenty micrograms of total
RNA were fractionated on a formaldehyde denaturing gel and
transferred onto a Biotrans membrane (ICN). The filter was
hybridized with a random-primed probe synthesized using a
1350-bp MDM?2 cDNA fragment (from the start codon to the
Ncol site at codon 450). Hybridization was carried out in a
buffer containing 1% SDS, 1 M NaCl, and 10% dextransulfate
for 18 h at 65°C. The filter was washed with 2X SSC buffer (0.3
M NacCl, 0.03 M sodium-citrate) and exposed against film. For
detection of glyceraldehyde-phosphate dehydrogenase
(GAPDH) mRNA, the filter was stripped and rehybridized
with a full-length 1.2-kb human GAPDH cDNA probe.

Detection of Internucleosomal DNA Cleavage. Floating cells
were harvested from the treated and control plates. The cell
pellets were incubated in a digestion buffer (100 mM NaCl/10
mM Tris-HCl, pH 8.0/1 mM EDTA/0.5% SDS/0.2 mg/ml
proteinase K) at 37°C for 18 h. The lysate was extracted with
phenol-chloroform, and the DNA was precipitated with 2
volumes of isopropanol. The DNA precipitate was dissolved in
50 pl of TE with 50 wg/ul RNase A and incubated for 15 min
at 37°C. Sample buffer (5X buffer: 50% glycerol/0.1 M
Tris-HCI, pH 7.5/0.1% SDS/0.1 M EDTA/0.01% xylene
cyanole/0.01% bromphenol blue) was added, and the DNA
was fractionated on a 2% agarose gel. The gel was stained with
0.5 pg/ml ethidium bromide for 30 min and destained for 2 h
in H20.

DNA Damage Treatment and Luciferase Assay. Camptoth-
ecin (CPT) was dissolved in PBS containing 25% DMSO. The
solution was added to the cell culture medium at indicated
concentrations simultaneously with the addition of oligonucle-
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F1G.2. Activation of a p53-responsive reporter gene by HDMASS.
JAR cells stably transfected with the p53-inducible BP100-luciferase
plasmid (JAR-BP100-luc) were treated with 200 nM oligonucleotide
for 24 h. Luciferase activities in the treated cells were determined and
shown as luciferase activity/unit protein. HDMASS activated the
pS3-responsive reporter expression by 7-fold. JAR cells stably trans-
fected with a luciferase reporter driven by the tk promoter (JAR-TK-
luc) and H1299 cells (p53-null) stably transfected with BP100-
luciferase (H1299-BP100-luc) were tested similarly. HDMASS did not
activate the reporters in these controls. The results are the average of
at least four experiments for each data point.
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FiG. 3. Reduction of p53-MDM2 complex by HDMASS. Protein
lysates from JAR cells treated with antisense oligonucleotides were
immunoprecipitated with an anti-p53 monoclonal antibody Pab421.
The immunoprecipitates were run on an SDS-PAGE, transferred to a
filter, and blotted with Pab421 (Top) to detect p53 level or anti-MDM?2
serum (Middle) to detect the coprecipitated MDM2. p53 level did not
change after HDMASS treatment. The amount of MDM2 coprecipi-
tated with p53 was reduced by HDMASS. Total MDM2 levels were
also determined by immunoprecipitating with 2A10 and blotting with
anti-MDM2 serum (Bottom). The lower molecular weight MDM?2
species (Bottom) do not contain an intact p53 binding domain and were
not coprecipitated with p53 (40).

otide—Lipofectin mixture. After the incubation, luciferase
activities were determined using a luciferase assay kit (Tropix,
Bedford, MA).

RESULTS

Antisense Inhibition of MDM2 Expression. Antisense phos-
phorothioate oligodeoxynucleotides specific against human
MDM?2 were tested for inhibition of MDM?2 expression in two
cell lines: JAR (choriocarcinoma) and SJSA (osteosarcoma)
(3, 21). Both cell lines contain amplified MDM?2 genes, over-
expression of MDM2 protein, and wild-type p53.
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The cells were treated with antisense oligonucleotides in the
presence of cationic lipids to facilitate the cellular uptake of
oligonucleotides (22). Steady-state levels of MDM2 protein
were determined by immunoprecipitation with an anti-MDM?2
monoclonal antibody 2A10 (20), followed by Western blot
using an anti-MDM2 polyclonal rabbit serum. After screening
nine oligonucleotides, the oligonucleotide HDMASS (“AS5”
in figures) was found to reproducibly decrease MDM?2 protein
levels in both cell lines 3-5-fold at concentrations of 100-400
nM (Fig. 14). Optimal effect was observed using 200 nM
HDMASS. This effect was not observed with an oligonucle-
otide against an unrelated ion channel gene (K) or a HDMAS5
mismatch control oligonucleotide containing 4 base mis-
matches with the same target (M4).

Antisense oligodeoxynucleotides often act by inducing
RNase H cleavage of the target mRNA at the heteroduplex
region, resulting in truncation and further degradation. To
determine the inhibitory mechanism of HDMASS, total
mRNA was isolated from JAR cells treated with the oligonu-
cleotide, and MDM?2 mRNA was detected by Northern blot
hybridization. Treatment with HDMASS caused a slight de-
crease in the molecular weight of MDM2 mRNA (Fig. 1B).
This is consistent with RNase H cleavage at the target of
HDMASS (~700 nucleotides from the 5’ end), which would
reduce the molecular weight of the mRNA (~5500 nucleo-
tides) (3) by ~12%. There was also an increase in the intensity
of the MDM?2 mRNA band (~2.5-fold), suggesting that tran-
scription of MDM?2 was induced by HDMASS. This may be a
result of p53 activation due to decreased MDM?2 protein levels.
Similar results were also obtained using the SJSA cells (data
not shown).

To further determine whether p53 activity was elevated after
treatment with HDMASS, the protein expression level of a
p53-inducible gene, p21/WAF1 (23), was examined by West-
ern blot using a polyclonal rabbit serum against human p21. A
dose-dependent induction of p21 expression by HDMASS was
observed, up to 6.6-fold at the optimal concentration of 200
nM (Fig. 1C). The nonspecific or mismatch control oligonu-
cleotides (K and M4) did not significantly induce expression of
p21. Treatment of the p53-null tumor cell line H1299 with
HDMASS did not induce p21 expression (data not shown).
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F1G. 4. Induction of apoptosis by HDMASS. (4) Apoptotic morphology. JAR cells were treated with antisense oligonucleotides for 30 h and
photographed using a phase-contrast microscope. HDMASS induced significant cell death. Dying cells show morphologies characteristic of
apoptosis, such as membrane blebbing and shrinkage. The control oligonucleotide (M4) induced significantly less apoptosis. (B) Internucleosomal
DNA cleavage in floating cells. JAR cells were treated with 400 nM antisense oligonucleotides for 24 h. Floating cells were harvested, and
chromosomal DNA was extracted and analyzed by agarose gel electrophoresis.
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This suggests that p53 transcription activity was increased
following inhibition of MDM2 expression.

Activation of p53 Transcription Function. To directly mea-
sure p53 transcriptional activity, a pS3-responsive luciferase
reporter BP100-luc, containing the p53 binding site from
intron I of the MDM?2 gene (6), was transfected into JAR cells
with a neomycin-resistant marker plasmid. Stable G418-
resistant colonies were pooled and treated with HDMASS.
HDMASS reproducibly induced BP100-luc expression up to
7-fold (Fig. 24). Control oligonucleotides caused little or no
increase in p53 activity. A luciferase gene driven by the
thymidine kinase gene promoter (tk-luc, unresponsive to p53)
stably transfected into JAR cells was not activated by HD-
MASS (Fig. 2B). HDMASS also did not activate BP100-luc
transfected into H1299 cells, a p5S3-null lung tumor cell line
(Fig. 2C). Similar effects of HDMASS were also observed
using the SJSA cells (data not shown). These results demon-
strate that HDMASS can specifically activate p53 in cell lines
overexpressing MDM?2.

Mechanism of p53 Activation. MDM?2 inhibits p53 by di-
rectly binding to its transactivation domain (20, 24). This may
block the function of this domain or increase the degradation
rate of p53 (25-27). To further delineate the mechanism of p53
activation by HDMASS, protein lysates from JAR cells treated
with HDMASS were immunoprecipitated using an anti-p53
antibody Pab421. Both the p53 protein level and the amount
of coprecipitated MDM?2 were then detected by Western blot
using anti-p53 or anti-MDM?2 antibodies. Consistent with the
assumption that p53 is inactivated by the overexpressed
MDM2, significant amounts of MDM2 were found to copre-
cipitate with p53 in the untreated JAR cells. p53 level did not
change significantly after treatment with the antisense oligo-
nucleotides (Fig. 3). However, the amount of MDM2 copre-
cipitated with p53 was significantly reduced after treatment
with HDMASS. The levels of both p53-bound MDM?2 and total
MDM?2 were reduced by 3-fold in this experiment. These
results indicate that (i) inhibition of MDM2 expression de-
creased the amount of MDM2-p53 complex and (if) HDMASS
activates p53 mainly by increasing the level of free (functional)
pS3 but not total p53 protein.

Induction of Apoptosis. JAR cells treated with HDMASS
also showed significant increase in apoptosis. Cells exhibiting
a blebbing of the cellular membrane began to appear after
incubation with the antisense oligonucleotide for 8 h (Fig. 44).
Incubation with the oligonucleotide for 24 h or longer resulted
in ~80% loss of attached cells. Control oligonucleotides
caused significantly less cell death. Genomic DNA extracted
from floating cells induced by HDMASS showed nucleosome-
sized low molecular weight bands (Fig. 4B), characteristic of
apoptosis. HDMASS did not cause visible apoptosis in the
H1299 cells, which lacks p53 (data not shown). These results
suggest that the apoptosis induced by HDMASS is due to
activation of p53.

Cooperation Between MDM?2 Inhibition and DNA Damage.
The level of p53 protein and its transcriptional activity can be
induced by DNA damage and is an important factor in
mediating the cytotoxic effects of many cancer treatments,
including chemotherapy and radiation (28, 29). To determine
whether the presence of the MDM?2 feedback loop limits the
magnitude of p53 activation by DNA damage, we tested the
ability of HDMASS to enhance DNA damage-induced acti-
vation of p53 and cell death.

JAR cells containing stably integrated BP100-luc reporter
were treated with CPT, a topoisomerase I inhibitor that causes
DNA strand breaks (30). CPT alone activated the p53-
responsive reporter 3—4-fold after 48 h of incubation (Fig. 54).
Incubation with 200 nM HDMASS alone for 48 h resulted in
a 17-fold activation of p53. However, coincubation with CPT
and HDMASS resulted in up to a 90-fold induction of p53
activity in the JAR cells. A similar synergistic effect between

Proc. Natl. Acad. Sci. USA 95 (1998)
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FiG. 5. Coactivation of p53 and induction of cell death by HD-
MASS and DNA damage. (4) JAR cells stably transfected with
BP100-luc were treated with a topoisomerase I inhibitor, CPT, and
oligonucleotides for 48 h. Induction of p53 activity was measured by
luciferase assay and shown as luciferase activity/unit protein (average
of two experiments). (B) MCEF-7 cells were incubated for 24 h with
CPT, BP100-luc, and CMV-lacZ reporter plasmids and oligonucleo-
tides in the presence of cationic lipids. Relative luciferase activity was
determined using B-galactosidase activity as an internal control. (C)
JAR cells were incubated with CPT and 100 nM HDMASS for 48 h.
Protein concentrations of attached cells were determined after re-
moving floating apoptotic cells. The protein concentration of un-
treated sample was set as 100% survival.
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F1G. 6. Potential therapeutic uses of the MDM?2 antisense oligonucleotide. (4) In normal cells, the p53 tumor suppressor protein is regulated
by the MDM?2 oncogene through a negative feedback mechanism. p53 induces MDM2 expression, and p53 is inactivated when MDM?2 is
overexpressed. (B) MDM?2 is overexpressed in certain tumors and results in inactivation of p53. This may contribute to malignant growth. (C) Many
cancer treatments work by causing DNA damage. Antisense inhibition of MDM?2 in cells with wild-type p53 can significantly enhance p53 activity.
(D) In tumors with MDM?2 overexpression, antisense inhibition of MDM2 alone may activate p53 to a level sufficient for tumor inhibition.

HDMASS and CPT was also observed in the MCF-7 cells, a
breast tumor cell line with wild-type p53 but no amplification
of MDM2 (31, 32) (Fig. 5B). Coincubation with CPT and
HDMASS (100 nM) also resulted in significantly increased cell
death (Fig. 5C). Therefore, inhibition of MDM2 expression can
synergistically cooperate with DNA damage to induce p53
transcriptional activity to high levels.

DISCUSSION

In this study, we demonstrated that it is possible to inhibit
expression of MDM?2 in human tumor cells containing MDM?2
gene amplifications using phosphorothioate oligodeoxynucle-
otides. Inhibition of MDM?2 expression in these cells results in
activation of p53 and can lead to apoptosis, an important tumor
suppression activity of p53. The oligonucleotide HDMASS is
effective at concentrations of 100-200 nM despite the over-
expression due to gene amplification and autoactivation by
pS3.

The results also strongly suggest that HDMASS stimulates
p53 by the antisense mechanism, as mismatch control oligo-
nucleotide and oligonucleotide for an unrelated target have no
effect on MDM?2 or p53. Importantly, correlations were dem-
onstrated between p53 activation and the ability of the oligo-
nucleotide to alter the size of MDM2 mRNA, reduce MDM?2
protein steady-state level, and reduce the amount of MDM?2—-
p53 complex. Although short single strands of DNA (19-30-
mer) can activate p53 DNA binding activity in vitro (33), the
20-mer control phosphorothioate oligodeoxynucleotides used
in this study had no effect on p53 activity when introduced into
the cells by lipofection. This could be due to the different
chemical structure of the oligonucleotides or inaccessibility to
pS3.

DNA damage stimulates pS3 mainly by increasing the level
of p53 protein through stabilization (34). The mechanism by
which the MDM?2 antisense oligonucleotide activates p53 (i.e.
reduction of the level of MDM2-p53 complex in the cell)
suggests that antisense inhibition of MDM?2 may synergistically
enhance the p53-stimulatory effect of DNA damage. Cotreat-
ment using HDMASS and the DNA-damaging drug CPT

showed that the magnitude of p53 activation is comparable to
a synergistic effect. Therefore, the ability of conventional
chemotherapy to stimulate p53 in tumors may be significantly
enhanced by simultaneously inhibiting MDM?2.

The expression of MDM?2 in cell culture is largely dependent
on p53 activation; therefore, the MDM?2 negative feedback
mechanism in its simplest form will not be able to completely
inactivate p53. The degree of feedback inhibition by MDM?2
would be determined by the sensitivity of the MDM2 promoter
to p53 induction. It is of interest to determine to what degree
MDM?2 inhibits p53 activity in the absence or presence of stress.
Our results suggest that the MDM?2 negative feedback loop
strongly limits the level of p53 activity in the cell in the absence
or presence of DNA damage. The suppressive effect of MDM?2
is present in cells without MDM?2 gene amplification because
the p53 in MCF-7 cells can be activated 7-fold by inhibiting
MDM?2 expression [the MCF-7 MDM?2 level is 20-fold lower
than JAR cells (J. Chen, unpublished result)].

As summarized in Fig. 6, our results validate the hypothesis
that MDM?2 gene amplification in tumors results in inactivation
of p53 (Fig. 6B) and reveal that the MDM?2 negative feedback
pathway is a major limiting factor in DNA damage-induced p53
activation (Fig. 64). The inhibitory effect of MDM?2 during
DNA damage response can be detected in cells with or without
MDM?2 gene amplification (JAR and MCF-7). Therefore, in
tumors overexpressing MDM?2, inhibition of MDM?2 expression
alone may activate p53 to a level sufficient to induce apoptosis
(Fig. 6D). In cells with functional p53 but no MDM2 overex-
pression, p53 can be more effectively stimulated by combining
DNA damage with MDM? inhibition (Fig. 6C).

Several types of tumors (osteosarcomas, gliomas, breast
tumors, lymphomas) often overexpress MDM2 (19, 35-37).
Antisense inhibition of MDM?2 in these tumors should re-
activate p53 and reduce other p53-independent oncogenic
activities of MDM?2 (12, 13, 38). Furthermore, about 50% of
tumors still contain wild-type p53 (39); treatment of these
tumors with DNA-damaging drugs may benefit from antisense
inhibition of MDM?2. Gene therapy involving introduction of
p53 into p53-deficient tumors may also benefit from inhibition
of the MDM?2 negative feedback loop.
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Inhibition of MDM?2 may be inherently selective against
tumors, as p53 activation often causes growth arrest in non-
transformed cells and apoptosis in transformed cells. The
pS3-independent functions of MDM?2 are dispensable for sur-
vival in the mouse (9, 10); therefore, nonmalignant cells may
tolerate temporary loss of MDM?2.
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