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Introduction: Mdm2 inhibits p53 transactiva-

tion by forming a p53-Mdm2 complex on

chromatin. Upon DNA damage-induced com-

plex disruption, such latent p53 can be activat-

ed, but in cells overexpressing Mdm2 because of

a homozygous single nucleotide polymorphism

at position 309 (TRG) of mdm2, the complex is

highly stable and cannot be disrupted by DNA

damage, rendering p53 inactive.

Methods: To determine whether the p53

response phenotype is influenced differentially

in cells with variable mdm2 genotypes, we

compared responses to DNA damage and

targeted p53-Mdm2 complex disruption by

Nutlin-3 in the following wild-type p53 human

cancer cell lines: A875 and CCF-STTG-1 (G/G

for mdm2 SNP309), SJSA-1 (mdm2 genomic

amplification and T/T for mdm2 SNP309),

MCF-7 (estrogen-induced Mdm2 overexpres-

sion and T/G for mdm2 SNP309), ML-1 and

H460 (T/T for mdm2 SNP309), and K562 (p53-

null and T/G for mdm2 SNP309). We also

examined mdm2 gene-splicing patterns in these

lines by cloning and sequencing analyses.

Results: While Mdm2-overexpressing G/G

cells were resistant to p53 activation by DNA

damage, they were sensitive to Nutlin-3.

Strikingly, the p53 G1 checkpoint in G/G cells

was activated by Nutlin-3 but not by etopo-

side, whereas in other Mdm2-overexpressing

cells, both drugs activated p53 and subsequent

G1 arrest or apoptosis. cDNA clones lacking

exons 5-9 were generated at a high frequency

in cells overexpressing Mdm2.

Conclusion: Nutlin-3 and DNA damage distin-

guish a differential phenotype in human cancer

cells with G/G mdm2 SNP309 from other

Mdm2 overexpressers. Categorization of the

Mdm2 isoforms produced and their influence

on p53 activity will help in characterization and

treatment development for different cancers.

(Ethn Dis. 2008;18[Suppl 2]:S2-1–S2-8)
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INTRODUCTION

The p53 tumor suppressor protein
plays an important role in preventing

cancer development by arresting or killing
potentially tumorigenic cells. The protein

has a short half-life in normally prolifer-
ating cells due to rapid proteosomal

degradation but is stabilized after stress.1

The p53 protein must be restrained in

healthy cells to allow normal cell growth
but can be rapidly stimulated in response

to cellular stress.2 The p53 protein is a
transcription factor that activates several

downstream targets of different cellular
functions, including apoptosis, growth

arrest, and DNA repair.2 Consequently,
malignant progression is dependent upon

the loss of p53 function, either through
p53 mutations or defects in p53 signaling

pathways.

p53 transactivation can be inhibited

by Mouse Double Minute 2 (Mdm2)
overexpression through gene duplica-

tion, enhanced transcription, or transla-
tion.3 Wild-type p53 human tumor cells

often show Mdm2 overexpression. The
Mdm2 protein is a key inhibitor of p53

stability; p53 protein promotes mdm2
transcription via a p53-dependent pro-

moter in mdm2, and the Mdm2 protein
inhibits p53 protein function.3

Mdm2 inactivates p53 by tagging
the protein for proteosomal degrada-

tion. However, hypomorphic mdm2

mice expressing reduced Mdm2 levels
demonstrate enhanced p53 activity
without increased p53 protein levels,
indicating ubiquitination is not the only
way that Mdm2 inactivates p53.4

Mdm2 can complex with p53 on
chromatin to keep the protein latent
until activation is required, then the
complex can be released to facilitate
critical gene transcription.5 However,
we have demonstrated that in cells with
Mdm2 overexpression from a homozy-
gous single nucleotide polymorphism at
position 309 in mdm2 (SNP309
TRG), Mdm2 protein localizes with
stabilized p53 at p53 binding sites on
chromatin and blocks p53 transactiva-
tion.6 SNP309 causes increased SP1
affinity, directly leading to Mdm2
overexpression from its P2 promoter.7

The mdm2 SNP309 also accelerates
tumor formation in a sex-specific and
hormone-dependent manner.8 Addi-
tionally, Mdm2 protein has been found
at p53 binding sites on chromatin in
other cell lines, including the wild-type
Mdm2-overexpressing cell line SJSA-1.9

Disruption of the p53-Mdm2 com-
plex represents the conceptual basis for
targeted chemotherapy to activate p53
transcription.10 Cytotoxic agents used in
cancer treatment act mainly by inducing
genotoxic stress that leads to p53 post-
translational modifications and disrup-
tion of the p53-Mdm2 complex.11

Recently, there have been efforts to
identify potent and selective small-mol-
ecule inhibitors of the p53-Mdm2
interaction with in vitro and in vivo
antitumor activity, without causing
DNA damage. One such class is a series
of cis-imidazoline analogs named Nut-
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lins.12 Nutlins are designed to fit into the
p53 binding pocket of Mdm2, thus
preventing an interaction between the
two proteins. By doing so, Nutlin
treatment can induce p53 transcriptional
activity. Nutlins are ineffective in cells
lacking either p53 or Mdm2 and are
nontoxic to mice.

We compared the effects of Nutlin-3
and etoposide on cell cycle transition and
p53 transactivation in human cells with
Mdm2 overexpression resulting from
several different genotypes including
SNP309. Etoposide is a clinically used
chemotherapeutic agent known to acti-
vate p53. The 50% inhibitory concen-
tration (IC50) for etoposide varies widely
across cell lines but has been reported to
range from 0.1 mM to 38 mM. Etoposide
induces cellular stress by inhibiting the
action of topoisomerase II, thus causing
double strand breaks; etoposide is cyto-
toxic to cells regardless of p53 status.

METHODS

Cell Culture
A875 and CCF-STTG-1 cells were a

gift from Arnold Levine; SJSA-1, MCF-
7, H460, and K562 cells were pur-
chased from American Type Culture
Collection; and ML-1 cells were a gift
from Michael Kastan. MANCA cells
were a gift from Andrew Koff. Cells
were grown in RPMI 1640 (Mediatech,
Herndon, Va) containing 10% fetal
bovine serum (Gemini, West Sacra-
mento, Calif) and 2500 units of
penicillin-streptomycin (Mediatech).
MCF-7 cells were supplemented with
10 nM estrogen (Sigma, Saint Louis,
Mo), charcoal-stripped serum, and
grown without phenol red. All cells
were incubated with 5% CO2 at 37uC
(98.6uF). Etoposide (Sigma) and Nut-
lin-3 (Calbiochem, San Diego, Calif)
were added where indicated.

Flow Cytometry
Fluorescence-activated cell sorting

(FACS) was performed on a FACScan

(BD Biosciences, San Jose, Calif). Cells
were centrifuged at 2000 rpm for seven
minutes at 4uC (39.2uF), washed with
phosphate-buffered saline (PBS), resus-
pended in PBS containing 2% bovine
serum albumin, 0.1% sodium azide, and
1% pluronic F-68, fixed in 30% ethanol,
and stored overnight at 4uC (39.2uF).
Before sorting, propidium iodide stain-
ing and RNase treatment were per-
formed for 30 minutes at 37uC (98.6uF).

cDNA
RNA was isolated by using QIA-

shredder columns and the RNeasy Mini
Kit (Qiagen, Valencia, Calif). Five
micrograms of RNA were used for
cDNA synthesis using the High Capac-
ity cDNA Archive Kit (Applied Biosys-
tems, Foster City, Calif).

Quantitative Reverse
Transcription-PCR (qRT-PCR)

The primer probes for gapdh (Ap-
plied Biosystems Pre-developed Assay
Reagents) mdm2, waf1, gadd45, puma,
and pig3 (Applied Biosystems/Celera
Assays-on-Demand) were combined
with Taqman Universal Master Mix
(Applied Biosystems) and cDNA. Poly-
merase chain reaction (PCR) in a 7500
Sequence Detection System (Applied
Biosystems) proceeded as follows: one
cycle, two minutes, 50uC (122uF); one
cycle, 10 minutes, 94uC (201.2uF); and
40 cycles, 15 seconds, 94uC (201.2uF);
and one minute, 60uC (140uF).

cDNA cloning
cDNA was combined with Taqman

Universal Master Mix and primers
flanking mdm2 exons 2 and 12 (for-
ward: TGTGTTCAGTGGCGATTG-
GAG, reverse: GGGGGATTCATTT-
CATTGCATG) for PCR in a
GeneAmp 5400 (Perkin Elmer, Wal-
tham, Mass) as follows: one cycle,
10 minutes, 95uC (203uF); 35 cycles,
30 seconds, 95uC (203uF), 30 seconds,
59uC (138.2uF), and 2 minutes 72uC
(161.6uF); and 10 minutes, 72uC
(161.6uF). PCR product was cloned

into the pCR II-TOPO plasmid by
using the TOPO TA Cloning Kit
(Invitrogen, Carlsbad, Calif). Plasmids
were isolated with the FastPlasmid Mini
Kit (Eppendorf, Hamburg, Germany),
digested with EcoRI (New England
Biolabs, Ipswich, Mass), and resolved
by agarose gel electrophoresis. Approx-
imately 500 ng of plasmid DNA was
sequenced by using M13 forward
(TGTAAAACGACGGCCAGT) and
reverse (CAGGAAACAGCTATGAC)
primers using an Applied Biosystems
Prism 3730 DNA Analyzer.

Identification of mdm2
Spliced Variants

cDNA sequences were compared
with full-length mdm2 sequence (Gen-
Bank AF527840.1) by using the
BL2SEQ program.13 A PERL script
based on Bio::Graphics, a BioPerl
(bioperl.org) module, was written to
graphically render BL2SEQ results by
using bidirectional sequencing output.
Genomic sequence was translated to
amino acid sequence by using the
ExPASy amino acid to protein transla-
tion tool (www.expasy.org/tools/dna).

RESULTS

Cancer cells overexpress oncogenic
Mdm2 by numerous mechanisms; es-
trogen receptor positive MCF-7 cells
increase Mdm2 expression in the pres-
ence of estrogen, which has been
proposed to inactivate the p53 check-
point.14 To study wild-type p53 inacti-
vation by Mdm2 at the cellular and
biochemical levels, we compiled human
cancer cell lines with variable mdm2
genotypes (Figure 1A).

Nutlin-3 Can Reactivate p53 in
Cancer Cell Lines with
Overexpressed Mdm2 When
Activation by Etoposide
is Compromised

We explored if Nutlin-3, a promis-
ing small molecule inhibitor of the p53-
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Mdm2 interaction, could reactivate

functionally compromised p53 in cells

overexpressing Mdm2. The cell lines

described (Figure 1A) were treated with

either Nutlin-3 or etoposide at concen-

trations previously demonstrated to

activate wild-type p53 protein.5,6 Using

qRT-PCR, we determined Nutlin-3

treatment induced greater activation of

p53 in G/G SNP309 cells than etopo-

side treatment (Figure 2, panel B). As

expected, the p53-null K562 cells

showed virtually no induction of p53

target genes in response to either drug

treatment (Figure 2, panel A). In A875

cells Nutlin-3 treatment induced .15-

fold activation of the p53 target pig3,
and in CCF-STTG-1 cells Nutlin-3

mediated activation of p53 targets waf1
and puma reached 10-fold. The other

p53 target genes tested in G/G mdm2
SNP309 cell lines were not induced as

highly by Nutlin-3 but generally

showed greater activation than seen

with etoposide. In MCF-7 cells with

estrogen-induced overexpression of

Mdm2, etoposide and Nutlin-3 treat-

ment resulted in similar p53 target gene

activation (Figure 2, panel C). Analysis

of these target genes in SJSA-1 cells with

wild-type p53 and wild-type Mdm2

gene amplification (Figure 2, panel C)

or in H460 and ML-1 cells with

normally expressed wild-type Mdm2

(Figure 2, panel D) showed variable

activation phenotypes after etoposide

treatment, as compared to Nutlin-3.

Etoposide provoked greater p53 target

gene activation than Nutlin-3 in SJSA-1

and H460 cells, while in ML-1 cells

Nutlin-3 was more effective (Figure 2,

panels C and D). In the H460 cell line,

etoposide caused activation of waf1,

gadd45, and pig3 of $30-fold. Nutlin-

3 activation levels for both H460 and

ML-1 cells were slightly higher but

comparable to those seen in mdm2
SNP309 cells (Figure 2, panel D). The

Mdm2 overexpressing and non-overex-

pressing cell lines responded similarly to

Nutlin-3, suggesting Nutlin-3 can acti-

vate the p53 pathway across different

strata of p53-Mdm2 cellular pheno-

types, while DNA damage by etoposide

results in cell type variability.

Cell Cycle Analysis of Human
Cancer Cells Treated with
Etoposide or Nutlin-3

Using FACS analysis, we compared

the influence of Nutlin-3 and etoposide

on the growth of these cell lines. Nutlin-

3 treatment of K562 cells (p53-null)

showed no change in the cell cycle

profile (Figure 3, panel A). In agree-

ment with published Nutlin-3 data,12

we saw cell cycle arrest as the predom-

inant outcome after Nutlin-3 treatment

in wild-type p53 cancer cell lines

(Figure 3). Nutlin-3-mediated G1 ar-

rest occurred in G/G mdm2 SNP309

cells (Figure 3, panel B), the Mdm2

estrogen-induced overexpresser and the

mdm2 genomic amplification overex-

Fig 1. mdm2 SNP309 cells have functionally compromised p53 due to a p53-Mdm2
complex. A) Table depicting the different cell lines used in the project, their origins,
and mdm2 and p53 status. B) Model demonstrating that in cells homozygous for G/G
mdm2 SNP309, p53 is induced after DNA damage and does not dissociate from the
excessively expressed Mdm2 protein. This association does not interfere with the
ability of p53 to bind to DNA but does impair its transcriptional activity. This model
has been slightly modified from one published previously.6

NUTLIN REVEALS DIFFERENT CELL PHENOTYPES - Arva et al

Ethnicity & Disease, Volume 18, Spring 2008 S2-3



presser (Figure 3, panel C), and one

wild-type Mdm2 normal expresser (Fig-

ure 3, panel D, H460). The notable

exception was ML-1 cells (normal wild-

type Mdm2 expression) with increased

sub-G1 DNA content after Nutlin-3

treatment, indicating apoptosis (Fig-

ure 3, panel D, ML-1). The etoposide-

provoked cell cycle profiles showed a

profound change in cancer cells with

wild-type p53 and normal wild-type

mdm2 expression (Figure 3, panel D),

with a major increase in sub-G1 DNA

content for both. A875 and CCF-

STTG-1 cells were resistant to etopo-

side-induced G1 arrest or apoptosis but

were sensitive to induction of G1 arrest

by Nutlin-3. Compared to etoposide,

data suggest that Nutlin-3 treatment

can provoke a more consistent activa-

tion of the p53-mediated checkpoints,

with a trend towards cell cycle arrest

even in the presence of a homozygous

G/G mdm2 SNP309 genotype.

Cloning of mdm2 cDNA from
SNP309 Cancer Cells Shows
Large Deletions

Many alternatively spliced forms of

mdm2 exons 1-12 are produced in

cancer cells,15 and DNA damage can

facilitate changes in splicing patterns of

mdm2 mRNA.16 The mdm2 gene has

two well-characterized promoters (P1

and P2), and when transcription begins

from the P2 promoter, the traditional

mRNA includes exons 2 through 12.17

We are working to determine the

predominant spliced variants in G/G

SNP309 cells. Using nested PCR prim-

er sets for mdm2 we observed that

products of different sizes were more

commonly generated in SNP309 cells

(data not shown).

We utilized TA cloning of RT-PCR

products to construct mdm2 cDNA

clones, with primers flanking exons 2

and 12. Using 2-12 cDNA clones from

the cell lines in Figure 1A, we have

begun to examine spliced variants

resulting from the mdm2 P2 promoter

(which is more active than P1 in G/G

Fig 2. Nutlin-3 can reactivate p53 in cancer cell lines with overexpressed Mdm2
when activation by etoposide is compromised. Quantitative reverse transcription–
polymerase chain reaction was used to detect fold induction of the mdm2, waf1,
gadd45, puma, and pig3 transcripts in K562 (panel A), A875 and CCF-STTG-1 (panel
B), SJSA-1 and MCF-7 (panel C), and H460 and ML-1 (panel D) cells. Exponentially
growing cells were either left untreated (white bars), treated with 8 mM etoposide
(50 mM for MCF-7 cells) (black bars), or 10 mM Nutlin-3 (gray bars), for 24 hours. All
results were normalized to untreated samples and gapdh values. Results are
representative of three independent experiments, and error bars indicate
standard deviation.
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SNP309 cells). Two spliced variants we
isolated were similar to those previously

associated with tumor formation,
MDM2-F18 and MDM2-C.19 MDM2-

C has transforming ability and is fre-
quently detected in human cancer. The

cDNA clones we obtained are missing
exons 5–9 and have been named P2

MDM2-C because they are derived from
the P2 promoter. The frequency of

P2 MDM2-C clones obtained suggests
that Mdm2-spliced variants related to

Fig 3. Cell cycle analysis of human cancer cells treated with etoposide or Nutlin-3. Fluorescence-activated cell sorting (FACS)
analysis of K562 (panel A), A875 and CCF-STTG-1 (panel B), SJSA-1 and MCF-7 (panel C), and H460 and ML-1 (panel D) cells.
Exponentially growing cells were either left untreated (left panel), treated with 8 mM etoposide (50 mM for MCF-7 cells) (center
panel), or treated with 10 mM Nutlin-3 (right panel) for 48 hours. Cells were harvested, fixed in 30% ethanol, and cellular DNA was
stained with propidium iodide before FACS analysis. Cell cycle phase is indicated on the graphs in the bottom panel.
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SNP309 require further investigation, as
the region spliced out is required for
Mdm2-mediated p53 degradation.20

Other clone sequences of the high-
frequency, or novel splicing, were ana-
lyzed with the ExPASy nucleic acid to
protein translation tool (www.expasy.
org/tools/dna). Figure 4 shows that these
clones can produce in-frame truncated
Mdm2 products. The spliced variants
shown in Figure 4 have retained the
same amino acids as the full-length
protein, thus indicating their potential
to produce product in vivo. The se-
quences of the P2 promoter clones
obtained have been submitted to the
National Center for Biotechnology In-
formation database and can be retrieved

(accession numbers: P2-MDM2-C1
EU07674, P2-MDM2-10 EU076747,
P2-MDM2-C EU076748, P2-MDM2-
FL EU076749).

DISCUSSION

Standard DNA-damaging drugs do
not adequately disrupt the p53-Mdm2
chromatin associated complex in G/G
SNP309 cells (Figure 1B).6 To explore
an alternative option, we used a human
cancer cell line-based study to investi-
gate the effectiveness of Nutlin-3 in
activating the p53 tumor suppressor
pathway in cell lines that do not
respond adequately to standard chemo-

therapeutics. Nutlin-3 has shown prom-
ise in cell culture and mouse model
studies. This is the first study to
examine its effects in G/G mdm2
SNP309 cells and in breast cancer cells
with Mdm2 overexpressed because of
prolonged estrogen exposure.

The inactivation of wild-type p53 by
oncogenic proteins is a common phe-
nomenon in human cancers. Oncogenic
Mdm2 can inactivate p53 by at least
two pathways: E3 ubiquitin-mediated
proteolysis and inhibition of p53 tran-
scription by formation of a chromatin
associated complex. Conventional
DNA-damaging chemotherapeutics in-
adequately release the p53-Mdm2 chro-
matin complex in G/G mdm2 SNP309

Fig 4. Spliced variants have the potential to produce in-frame truncated Mdm2 products. cDNA was prepared by using reverse
transcription–polymerase chain reaction (RT-PCR). Using specific primers flanking exons 2 and 12 of mdm2, PCR products were
generated, cloned, and sequenced. The resulting nucleotide sequences were translated by using the translation tool found at
www.ExPASy.org. The output amino acid sequences were compared to the Mdm2 full-length protein as depicted above, where
letters represent amino acids.
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cells. We have shown by qRT-PCR that
Nutlin-3 treatment of mdm2 G/G
SNP309 cells causes p53 target gene
activation that is comparable to activa-
tion in cancer cell lines with low Mdm2
protein levels, while etoposide treatment
does not (Figure 2). The ability of
Nutlin-3 to activate p53 transcriptional
activity was similar in cell lines with
Mdm2 overexpressed from G/G
SNP309, estrogen exposure, gene am-
plification, or in normally expressing
wild-type mdm2 cells.

In addition to activating p53 tran-
scription in G/G mdm2 SNP309 cells,
Nutlin-3 also induced growth arrest,
evident by increases in G1 and G2
phases and a decrease in S phase
(Figure 3). While Nutlin-3 activated
the p53 G1 cell cycle checkpoint in
G/G SNP309 cells, the DNA damage-

inducing drug etoposide did not. How-

ever, in SJSA-1 cells that overexpressed
Mdm2 (gene amplification) at a higher
level than in the G/G SNP309 cells
(Arva and Bargonetti, unpublished da-

ta), etoposide activated the G1 growth
arrest p53 pathway (Figures 2 and 3),
suggesting either the Mdm2 protein
produced in G/G SNP309 cells differs

from that produced from the amplifi-
cation genotype or that Mdm2 works in
combination with cell type-specific
factors and the DNA damage pathway

in order to activate the p53 G1 arrest
checkpoint in SJSA-1 cells. It is inter-
esting that etoposide caused the most
robust activation of p53 targets in H460
cells, even as compared to ML-1 cells,

which like H460 are also wild-type for
p53 and T/T for mdm2 SNP309. H460
cells may be more sensitive to the

induction of double strand breaks, or

there may be other genotypic differences

between these cells that drive particular

drug responses.

Because transcription factor loading

can influence splicing,21 it would not be

surprising if SNP309-induced transcrip-

tion from the mdm2 P2 promoter

prompted changes in mdm2 splicing.

Additionally, DNA damage-induced

stress changes mdm2 splicing.16 Impor-

tantly, our data from G/G SNP309

mdm2 cDNA clones and p53 activity

analyses suggest alternative forms of

Mdm2 are produced from the G/G

SNP309 genotype. The region we see

spliced out in cDNA clones includes

exon 9, an important region for ubiq-

uitin-mediated p53 degradation,20

which coincides with the fact that the

Mdm2 protein in G/G SNP309 cells

does not inhibit p53 by increased

proteolysis but inhibits p53 by chroma-

tin-mediated inhibition.6 While we

have identified that cells overexpressing

Mdm2 often produce alternatively

spliced mdm2 mRNA from the P2

promoter, these messages are co-ex-

pressed with other spliced variants in

the cell population. It would be inter-

esting to determine if the expression of

these clones in different human cell

types will affect growth patterns.

In conclusion, we see that Nutlin-3

can activate p53 in G/G SNP309 cells

by disrupting the p53-Mdm2 complex

to allow for p53 target gene transcrip-

tion and G1 cell cycle arrest as the

predominant outcome after treat-

ment.10 Thus, Nutlin-3 can activate

the p53 pathway in a situation where

DNA damage cannot.

IMPLICATIONS FOR
IMPROVING
HEALTH DISPARITIES

Individuals homozygous for G/G

mdm2 SNP309 have higher cancer

incidence, develop cancer earlier, and

have more recurrent tumors. Addition-

Fig 5. Nutlin-3 can release the p53-Mdm2 complex in mdm2 SNP309 cells. A model
illustrating that in cells homozygous for G/G mdm2 SNP309, p53 transcriptional
activity is blocked through a chromatin-bound inhibitory complex that might contain
an alternative Mdm2 isoform. DNA damage is unable to release p53 from this
complex; however, the p53-Mdm2 antagonist, Nutlin-3, activates p53 function.
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ally, some of these cancers are hormone

sensitive and can be provoked by

estrogen. The increased tumor inci-

dence in minority populations likely

results from gene-environment interac-

tions, and the mdm2 SNP309-estrogen

interaction may associate with certain

health disparities. The use of Nutlin-3

as a chemotherapeutic agent could allow

for better across-the-board treatment of

different cancers.
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