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Mouse double minute 2 (MDM2) is a critical negative regulator of the tumor suppressor p53,
playing a key role in controlling its transcriptional activity, protein stability, and nuclear
localization. MDM2 expression is up-regulated in numerous cancers, resulting in a loss of
p53-dependent activities, such as apoptosis and cell-cycle arrest. Genetic amplification and
inheritance of MDM2 promoter single-nucleotide polymorphisms (SNPs) are the two best-
studied mechanisms for up-regulating MDM2 activity. This article provides an overview of
these events in human cancer, highlighting the frequent occurrence of MDM2 amplification
in sarcoma and the role of SNP309 and SNP285 in regulating MDM2 expression and cancer
risk. The availability of large-scale genomic profiling datasets, like those from The Cancer
Genome Atlas Research Network, have provided the opportunity to evaluate the conse-
quences of MDM2 amplification and SNP inheritance across high-quality tumor samples
from diverse cancer indications.

P53 is now clearly recognized as the most fre-
quently mutated gene in human cancer. Ge-

netic inactivation of this tumor suppressor and
transcription factor occurs in nearly half of all
human tumors (Kandoth et al. 2013), serving as
a testament to the strong selective growth ad-
vantage that this molecular event provides.
Indeed, it has been hypothesized that tumor
survival itself is not possible in the context of
an intact p53 pathway (Junttila and Evan 2009),
as the stressed environments in which tumors
develop would otherwise unleash p53, resulting
in cell-cycle arrest and, in many cases, apoptosis.
Under this scenario, tumors showing wild-type
p53 must abrogate p53 function in some other
way, and it has been proposed that many of these

tumors are impaired in their ability to stimulate
apoptosis (Tovar et al. 2006; Junttila and Evan
2009). One small but revealing fraction of these
p53WT tumors is thought to diminish p53 func-
tion by directly or indirectly increasing the ex-
pression of p53’s key negative regulator, a gene
called mouse double minute 2 (MDM2).

It is informative to view MDM2 from a his-
torical perspective. MDM2 was discovered in
a screen for genes amplified in a spontaneous-
ly transformed mouse cell line (Cahilly-Snyder
et al. 1987). In subsequent functional studies,
MDM2 was shown to be capable of inducing
tumorigenicity when overexpressed in this and
other rodent cells, implying that MDM2 could
act as an oncogene in these contexts (Fakharza-
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deh et al. 1991; Finlay 1993). In an independent
line of investigation, a protein known only as
p90 (named for its apparent molecular weight
by migration in SDS-PAGE) was discovered to
bind p53 (Hinds et al. 1990). These two parallel
story lines were linked when protein sequencing
revealed p90 to be MDM2, suggesting the pos-
sibility that MDM2 might regulate or mediate
the function of p53 (Momand et al. 1992). This
hypothesis was borne out when MDM2 was
shown to be capable of inhibiting p53-mediated
transcriptional activation of a plasmid contain-
ing a p53 response element (Momand et al.
1992; Oliner et al. 1993). This inhibitory func-
tion was shown to be conferred through the
ability of MDM2 to conceal the p53 activation
domain from the cellular transcription machin-
ery (Oliner et al. 1993). Additionally, MDM2
was observed to abrogate p53 function by two
other mechanisms: (1) targeting p53 for ubiq-
uitin-mediated degradation, and (2) exporting
p53 from the nucleus to the cytoplasm (Haupt
et al. 1997; Honda et al. 1997; Kubbutat et al.
1997; Roth et al. 1998).

In vivo confirmation that MDM2 antago-
nizes p53 function came from mouse knockout
studies in which p53 deletion rescued the em-
bryonic lethality of MDM2-null mice (Jones
et al. 1995; Montes de Oca Luna et al. 1995).
Additional support for an in vivo relationship
between these two proteins emerged from mu-
rine tumor studies in which MDM2 expression
was experimentally increased or decreased.
Transgenic overexpression of MDM2, under
the control of its native promoter (Jones et al.
1998) or a heterologous promoter (Lundgren
et al. 1997), induced spontaneous tumor for-
mation. Conversely, mice displaying reduced
MDM2 expression, caused by allelic haploinsuf-
ficiency (Alt et al. 2003; Terzian et al. 2007) or
hypomorphism (Mendrysa et al. 2006), devel-
oped fewer tumors than their normal counter-
parts when crossed into genetically engineered
tumor models.

The role of MDM2 as a bona fide human
oncogene was cemented when it was discovered
to be genetically amplified in more than a third
of human sarcoma samples (Oliner et al. 1992).
Subsequent studies revealed MDM2 amplifica-

tion in a range of tumor types outside of sar-
coma (Momand et al. 1998). These somatic
changes are not the only reported tumor-predis-
posing genetic alterations in MDM2. Indeed,
Bond et al. (2004, 2005) published the discovery
of a germline single-nucleotide polymorphism
(SNP) in the MDM2 promoter that increased
MDM2 expression, enhanced cancer risk, and
accelerated tumorigenesis. Together, MDM2
amplification and promoter polymorphism
represent the two most intensely studied alter-
ations in this gene, and this review will explore
the consequences of these alterations on MDM2
expression and tumorigenesis.

MDM2 AMPLIFICATION

Early cytogenetic studies characterizing chro-
mosomal abnormalities in soft-tissue sarcomas
identified recurrent aberrations associated with-
in the 12q13-14 locus (Turc-Carel et al. 1986;
Meltzer et al. 1991). On cloning the MDM2
gene, its locus was mapped to the same region
on chromosome 12 (Olineret al. 1992). Building
on the earlier evidence for aberrations at this
locus, a diverse panel of sarcoma samples was
profiled for genetic alterations in MDM2, iden-
tifying MDM2 amplification in a significant
number (17 of 47) of samples (Oliner et al.
1992). Analysis of broader panels of sarcoma
samples confirmed these initial findings, high-
lighting the presence of MDM2 amplifica-
tion in many histological subtypes of sarcoma,
including osteosarcoma, liposarcoma, lipoma,
leiomyosarcoma, rhabdomyosarcoma, malig-
nant schwannoma, fibrosarcoma, hemangio-
pericytoma, and malignant fibrous histiocy-
toma (Forus et al. 1993; Ladanyi et al. 1993;
Leach et al. 1993; Cordon-Cardo et al. 1994;
Florenes et al. 1994; Nakayama et al. 1995; Miller
et al. 1996; Patterson et al. 1997). In addition,
MDM2 amplification was shown to associate
with overexpression of both RNA (Oliner et al.
1992; Florenes et al. 1994) and protein (Oliner
et al. 1992; Patterson et al. 1997), and to occur in
a mutually exclusive manner with p53 mutation
(Leach et al. 1993; Florenes et al. 1994; Miller
et al. 1996). Together, these findings supported
the developing hypothesis that elevated MDM2
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expression via gene amplification represented
an alternative mechanism to p53 mutation to
inactivate the p53-signaling pathway and pro-
mote tumor progression in sarcoma.

Although MDM2 amplification is found in
many histological subtypes of sarcoma, two
subtypes in particular, well-differentiated and
dedifferentiated liposarcomas, show exception-
ally high MDM2 amplification rates (.90%)
(Coindre et al. 2010). Both of these subtypes
display relatively simple genomic profiles, har-
boring supernumerary rings or marker chro-
mosomes containing the 12q13-15 amplicon,
including MDM2 and cyclin-dependent kinase
4 (CDK4) (Chibon et al. 2002; Coindre et al.
2003, 2010). Given its prevalence in these two
subtypes, MDM2 amplification is frequently
evaluated as an ancillary means for the differ-
ential diagnosis of well-differentiated and de-
differentiated liposarcomas from closely related
adipocytic neoplasms (Binh et al. 2005; Shi-
mada et al. 2006; Coindre et al. 2010; Lokka
et al. 2014).

The high frequency of amplification and
overexpression of MDM2 in sarcoma, together
with the fact that these events tend to occur in a
mutually exclusive manner with p53 mutations,
support the idea that MDM2 represents an at-
tractive therapeutic target in this setting. Nut-
lins, the first drug-like MDM2 inhibitors, are
a class of cis-imidazole small molecules that
bind to the hydrophobic p53-binding pocket
of MDM2 and prevent its interaction with
p53 (Vassilev et al. 2004). Disruption of the
interaction of the two proteins results in the
stabilization of p53 and activation of the down-
stream p53-dependent transcriptional program,
inducing cell-cycle arrest and/or programmed
cell death (Vassilev et al. 2004; Tovar et al. 2006).
In vitro studies evaluating the ability of nutlin-
3 to induce apoptosis in a small number of
MDM2-amplified sarcoma cell lines reported
clear induction of Annexin-V (Tovar et al.
2006) and TUNEL (Muller et al. 2007) staining
following treatment with nutlin-3. These find-
ings translated to the in vivo setting in which
daily administration of nutlin-3 induced exten-
sive tumor regression in established MDM2-
amplified osteosarcoma xenograft models (To-

var et al. 2006). Taken together, these results
suggest that (1) the p53-signaling pathway
downstream from MDM2 is structurally intact,
but functionally inactivated by virtue of MDM2
overexpression in the MDM2-amplified sar-
coma setting, and (2) that MDM2 antagonists
might be expected to show significant clinical
activity in this setting.

More recent studies have characterized the
activity of nutlin-3 in primary human sarcoma
tissue biopsies (Pishas et al. 2014). Here, the
investigators evaluated the ability of MDM2
amplification status to serve as a predictive bio-
marker to identify those patients most likely
to respond to the MDM2 antagonist. Immuno-
histochemical analysis of 24 explant sarcoma
tissues treated with nutlin-3 identified three bi-
opsies (one each of myxoid liposarcoma, Ewing
sarcoma, and chondrosarcoma) with robust
apoptotic responses (activated caspase-3). Sur-
prisingly, neither MDM2 amplification nor ex-
pression showed significant correlation with ap-
optotic response to nutlin-3. In fact, of the six
biopsies deemed to be MDM2 amplified, none
showed a robust apoptotic response to nutlin-3
treatment. Furthermore, of the three biopsies
that elicited the strongest apoptotic responses,
none displayed evidence of MDM2 amplifica-
tion or overexpression. The investigators then
performed a global transcriptomic analysis in
an effort to identify biomarkers with better
predictive strength. The results suggested that
the promoter methylation state of GADD45A
(growth arrest and DNA-damage-inducible,
a), a p53 target gene involved in coordinating
DNA repair and cell-cycle regulation, could
serve as a potential predictive biomarker of nut-
lin-3 efficacy in sarcomas. In contrast to the
aforementioned studies performed in MDM2-
amplified cell lines and tumor xenograft models
in which MDM2 amplification predisposed
cells to undergo apoptosis, these results high-
lighted that MDM2 amplification may not be
the ideal predictive biomarker of response to
MDM2 antagonists in sarcoma.

A proof-of-mechanism clinical trial with
RG7112, an MDM2 antagonist and member
of the nutlin family, was performed in chemo-
therapy-naı̈ve well-differentiated and dediffer-
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entiated MDM2-amplified liposarcoma (Ray-
Coquard et al. 2012). Patients received a
1440 mg/m2 dose of RG7112 for 10 days of a
28-day cycle (up to three cycles), followed by
surgical resection. The primary endpoint of
this study was the assessment of MDM2 inhi-
bition and p53 reactivation as measured by
changes in a panel of exploratory biomarkers,
including p53, p21, MDM2, Ki-67, MIC-1, and
apoptosis (TUNEL staining). Most patients
showed changes in the measured endpoints in
line with expectations for MDM2 inhibition
and p53 reactivation, suggesting that RG7112
was pharmacologically active on its intended
target. Changes in exploratory biomarkers in-
cluded increases in apoptosis, as measured by
TUNEL staining, and reduced proliferative ca-
pacity, as measured by Ki-67 expression. Fur-
thermore, MDM2 messenger RNA (mRNA)
expression and p53 and p21 protein expression
were elevated in tumor biopsies, along with
elevated levels of MIC-1 expression in patient
blood. Somewhat disappointingly, the best
response evaluation criteria in solid tumors
(RECIST) to RG7112 was a confirmed partial
response in one patient, with 14 patients show-
ing stable disease and five patients displaying
disease progression. Considering that these pa-
tients were primarily amplified for MDM2, one
might have expected more profound effects
with RG7112 in this setting. However, patients
were limited to one to three treatment cycles of
RG7112, which might have prevented a full as-
sessment of its efficacy potential.

Numerous studies have reported evidence
for MDM2 amplification outside the sarcoma
setting, including pan-cancer analyses, which
have identified the MDM2 gene as being located
in one of the most statistically significant “peak”
regions of recurrent amplification in the cancer
genome (Beroukhim et al. 2010; Zack et al.
2013). More focused efforts have reported in-
frequent copy number (CN) gains in MDM2
across diverse tumor types, including malignant
glioma (Reifenberger et al. 1993), breast carci-
noma (Quesnel et al. 1994; McCann et al. 1995;
Choschzick et al. 2010), ovarian carcinoma
(Foulkes et al. 1995; Courjal et al. 1996; Mayr
et al. 2006), urothelial carcinoma (Habuchi

et al. 1994; Lianes et al. 1994), lung carcinoma
(Marchetti et al. 1995; Higashiyama et al. 1997;
Dworakowska et al. 2004; Job et al. 2010; Zhao
et al. 2014), and others. To gain a better under-
standing for the propensity of MDM2 amplifi-
cation across diverse cancer indications, The
Cancer Genome Atlas (TCGA) data (The Can-
cer Genome Atlas Research Network 2015) were
mined for evidence of primary tumor samples
harboring amplification of the MDM2 locus.
Functionally relevant MDM2 amplification
was defined as the CN above which MDM2 am-
plification and p53 mutation were mutually ex-
clusive, a phenomenon observed at MDM2 log2

CN ratio �2.25, or 9.5 copies per cell (Saiki
et al. 2015). Evidence of MDM2 amplification
was found in �1.2% of all TCGA primary tu-
mor samples (Table 1, Fig. 1A), although am-
plification rates were not uniform across tumor
types. Tumor types harboring MDM2 amplifi-
cation in .2% of primary tumor samples in-
cluded sarcoma (18.7%), glioblastoma multi-
forme (7.2%), bladder urothelial carcinoma
(2.9%), and cholangiocarcinoma (2.8%) (Table
1, Fig. 1A). Furthermore, a strong correlation
was observed between MDM2 amplification
and elevated MDM2 expression (Fig. 1B).

MDM2 OVEREXPRESSION

Although MDM2 amplification is one impor-
tant means by which MDM2 expression can
be up-regulated, other mechanisms for over-
expressing MDM2 have been proposed. One
such mechanism that has received significant
attention involves germline inheritance of a
SNP, SNP309, in the first intron of the MDM2
promoter (Bond et al. 2004). Most SNP309
studies have focused on the G and T alleles at
this position, which together comprise the vast
majority of genotypes (Bond et al. 2004). The
G/G genotype enhances the binding affinity of
the Sp1 transcription factor to the MDM2 pro-
moter by 1.2-fold in surface plasmon resonance
assays (Knappskog et al. 2011) and twofold in
electromobility shift assays (Bond et al. 2004),
and it increases MDM2 promoter activity by
�1.5-fold in transcriptional reporter assays
(Bond et al. 2004), all compared with the T/T
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Table 1. Annual U.S. incidence of MDM2-amplified tumorsa

Tumor type

MDM2 amplificationb

(TCGAc)

Annual incidenced

(U.S.)

Projected annual U.S.

incidence with

MDM2 amplification

Sarcoma 18.7% (48/257) 11,930 2231
Liposarcoma 78.6% (44/56) 5000e 3930
Glioblastoma multiforme 7.2% (42/581) 11,390f 820
Bladder urothelial carcinoma 2.9% (12/412) 74,000 2146
Cholangiocarcinoma 2.8% (1/36) 3000 84
Stomach adenocarcinoma 1.6% (7/442) 24,590 393
Testicular germ cell tumors 1.3% (2/150) 8430 110
Adrenocortical carcinoma 1.1% (1/90) 200 2
Lung adenocarcinoma 0.9% (5/528) 66,700g 600
Brain lower grade glioma 0.4% (2/513) 3000f,h 12
Breast invasive carcinoma 0.4% (4/1097) 234,190 937
Ovarian serous cystadenocarcinoma 0.3% (2/583) 13,190i 40
Cervical squamous carcinoma 0.3% (1/295) 12,900 39
Lung squamous cell carcinoma 0.2% (1/501) 57,170g 114
Uterine corpus endometrial

carcinoma
0% (0/544) 54,870 -

Kidney carcinomak 0% (0/886) 61,560 -
Colorectal adenocarcinomal 0% (0/628) 132,700 -
Head and neck squamous cell

carcinoma
0% (0/522) 42,440 -

Thyroid carcinoma 0% (0/504) 62,450 -
Prostate adenocarcinoma 0% (0/498) 220,800 -
Liver hepatocellular carcinoma 0% (0/370) 35,660 -
Esophageal carcinoma 0% (0/184) 16,980 -
Pancreatic adenocarcinoma 0% (0/184) 48,960 -
Pheochromocytoma and

paraganglioma
0% (0/175) 2850j -

Thymoma 0% (0/123) 530 -
Skin cutaneous melanoma 0% (0/105) 73,870 -
Mesothelioma 0% (0/87) 3000 -
Uveal melanoma 0% (0/80) 2580 -
Uterine carcinosarcoma 0% (0/56) 1600 -
Lymphoid neoplasm diffuse large

B-cell lymphoma
0% (0/48) 23,950 -

Total 1.2% (128/10,479) 7528–9227
aData adapted and updated from Saiki et al. (2015).
bBased on MDM2 log2 CN ratio �2.25.
cThe occurrence of MDM2 amplification was derived from tumor sample data generated by the TCGA Research Network

(cancergenome.nih.gov).
dExcept as noted, estimates of annual U.S. incidence were taken from the American Cancer Society (2015).
eData from Schwartz (2014).
fData from Dolecek et al. (2012).
gData from Lung Cancer Research Foundation (2015).
hData from Pouratian et al. (2007).
iData from Levanon et al. (2008).
jData from Young and Kaplan (2014).
kData for renal clear cell carcinoma (0/531), papillary cell carcinoma (0/289), and chromophobe carcinoma (0/66) were

combined.
lData for colon adenocarcinoma (0/463) and rectum adenocarcinoma (0/165) were combined.

MDM2 Amplification and Overexpression

Cite this article as Cold Spring Harb Perspect Med 2015;6:a026336 5

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

http://cancergenome.nih.gov
http://cancergenome.nih.gov
http://cancergenome.nih.gov


1000

400

100

40

10

4

–1 0 1 2 3 4 5

MDM2 copy number (log2 ratio)

ACC

KICH

= p53MUT

= p53WT

OV

KIRP

PCPG

LUSC

BLCA

GBM

LUAD

SKCM

KIRC

BRCA

CESC

LIHC

UVM

PRAD

LGG

HNSC

UCS

STAD

COAD

PAAD

THCA

READ

UCEC

–3 –2 –1 0

MDM2 copy number (log2 ratio)

T
C

G
A

 tu
m

or
 ty

pe

1 2 3 4 5

A

B

M
D

M
2 

R
P

K
M

Figure 1. (A) Mouse double minute 2 (MDM2) copy number (CN) and p53 mutation status for The Cancer
Genome Atlas (TCGA) primary tumor samples. Tumor samples have been annotated as p53 wild type (WT) or
mutant (MUT) by color and shape. Samples have been grouped by tumor type: adrenocortical carcinoma
(ACC), bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell car-
cinoma (CESC), colon adenocarcinoma (COAD), glioblastoma multiforme (GBM), head and neck squamous
cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal
papillary cell carcinoma (KIRP), lower grade glioma (LGG). (Legend continued on following page.)
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genotype. Cultured cells with the G/G genotype
were shown to express much higher average
MDM2 mRNA levels than cells bearing the
T/T genotype (Bond et al. 2004), but a closer
look at this result revealed that much of this
difference was driven by a single G/G-genotype
cell line (CCF-STTG1) reported to harbor an
elevated MDM2 CN, ranging from 18.7 to 52
copies per cell (He et al. 1994; Cancer Cell Line
Encyclopedia 2015). The G/G and T/T cell
line sets used in this expression comparison
were also quite small in number (four lines
per genotype), were unmatched for tumor
type, and were of mixed p53 mutational sta-
tus, raising the possibility that the observed
MDM2 expression differences were unrelated
to the SNP309 genotype. A separate study com-
paring basal transcription from the SNP309 G
and T alleles in a G/T heterozygous cell line
revealed 1.48-fold greater expression of the G
allele than the T allele (Hu et al. 2007a). Addi-
tionally, mice in which the endogenous MDM2
intron 1 was replaced with human intron 1
(with either SNP309 G/G or T/T) showed
higher MDM2 transcription in the G/G geno-
type than the T/T genotype in some tissues
(Post et al. 2010).

The most compelling results from the initial
report describing the discovery of SNP309 in-
volve epidemiological comparisons suggesting
that humans who inherit the G/G genotype suf-
fer accelerated tumor formation (Bond et al.
2004). However, data from subsequent studies
conflict as to the relevance of MDM2 SNP309 to
human cancer risk. For example, a combined
analysis of 11 breast cancer studies, five colorec-
tal cancer studies, and seven lung cancer studies
involving 11,633 cases and 12,907 controls
found that the SNP309 G/G variant does not

impact the risk of breast or colorectal cancer, but
it does confer a modestly increased risk in lung
cancer (Wilkening et al. 2007). A breast cancer
meta-analysis of 12,986 cases and 12,993 con-
trols reported that MDM2 SNP309 status was
a risk factor in Chinese populations, but not
in non-Chinese populations (Economopoulos
and Sergentanis 2010). A meta-analysis of
14,770 cases and 14,524 controls covering 25
studies across multiple tumor types and ethnic-
ities found that SNP309 was a low-penetrance
susceptibility tumor marker (Hu et al. 2007b).
In four of these 25 studies, p53 mutational sta-
tus was profiled, and no differences in SNP309-
associated risk were seen when comparing
p53WT and p53Mutant tumors. Studies in lung
cancer (Lind et al. 2006) and gastric cancer (Oh-
miya et al. 2006) showed increased risk in the
G/G genotype in the p53Mutant group. This is a
counterintuitive result, given that there should
be no selective oncogenic advantage conferred
by mutationally inactivating p53 if SNP309-in-
duced MDM2 overexpression has already shut
down the p53 pathway. A similarly puzzling re-
sult came from a study in which the T/T geno-
type, but not the G/G or T/G genotypes, in-
creased breast cancer risk in the p53Mutant

population relative to the p53WT population
(Boersma et al. 2006). In contrast, a colorectal
cancer study showed that somatic p53 mutation
abolishes the ability of the SNP309 G-allele to
accelerate tumorigenesis (Menin et al. 2006),
which is in line with model-based prediction.

A potential explanation for the inconsistent
relationship between SNP309 genotype and
cancer risk emerged with the finding that an
activated estrogen receptor (ER) signaling path-
way may be required for SNP309 to accelerate
tumor formation (Bond et al. 2006; Bond and

Figure 1. (Continued) Liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous
cell carcinoma (LUSC), ovarian carcinoma (OV), pancreatic adenocarcinoma (PAAD), pheochromocytoma
and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), skin cuta-
neous melanoma (SKCM), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA), uterine corpus
endometrial carcinoma (UCEC), uterine carcinoma (UCS), and uveal melanoma (UVM). (B) Scatterplot of
MDM2 CN (log2 CN ratio) versus expression (reads per kilobase of transcript per million [RPKM]) for p53WT

TCGA primary tumor samples. Functionally relevant MDM2 amplification was defined as the CN above
which MDM2 amplification and p53 mutation were mutually exclusive (dashed line at MDM2 log2 CN ratio
�2.25 in A and B).
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Levine 2007). Like Sp1, the ER binds a region of
the MDM2 promoter that includes SNP309
(Okumura et al. 2002; Kinyamu and Archer
2003; Phelps et al. 2003), and estrogen up-reg-
ulates MDM2 transcription to a greater extent
(1.28-fold higher) in the context of the SNP309
G allele than the Tallele (Hu et al. 2007a). Stud-
ies of diffuse large B-cell lymphoma, soft-tissue
sarcoma, breast cancer, and colorectal cancer
have shown an earlier age of onset in females,
but not males, carrying the SNP309 G allele,
an effect accentuated or seen exclusively in
women under the average age of menopause
(age 51) or whose tumors, in the case of breast
cancer, are scored as highly ER positive (re-
viewed in Bond and Levine 2007). An analysis
of cancer patients with Li–Fraumeni syndrome
(inherited p53 mutation carriers) showed that
female gender and SNP309 G genotype cooper-
ate synergistically to accelerate tumorigenesis
(Atwal et al. 2008). To avoid tumor-type biases,
this study excluded gender-specific cancers, fo-
cusing only on soft-tissue sarcomas, osteosar-
comas, and leukemias.

The discovery of an additional modifier of
MDM2 SNP309 G, a nearby MDM2 intronic
polymorphism called SNP285 C, provided the
potential to further reconcile the apparently
conflicting results seen in epidemiological stud-
ies linking SNP309 G with increased cancer risk
(Paulin et al. 2008; Knappskog et al. 2011). The
SNP285 C allele is only observed on the SNP309
G haplotype, indicating that these two SNPs
are in linkage disequilibrium (Paulin et al.
2008; Knappskog et al. 2011). The SNP285 C/
SNP309 G combination haplotype is present
in 6%–8% of Caucasians, but is absent in Asian
and African American populations (Knappskog
et al. 2011, 2014). In a survey of healthy con-
trols from Norway, the Netherlands, the United
Kingdom, and Finland, SNP285 C/SNP309 G
constituted a minority (11%) of SNP309 G
haplotypes (Knappskog et al. 2011). SNP285
C functionally opposes SNP309 G and it does
so by neutralizing the SNP309 G–mediated
increase in Sp1 affinity for the MDM2 promo-
ter (Knappskog et al. 2011). In fact, SNP285
C more effectively attenuates Sp1-binding affin-
ity than SNP309 G enhances it, thus provid-

ing SNP285 C/SNP309 G a net reduction in
Sp1 binding relative to wild type (SNP285 G/
SNP309 T) and conferring a potential cancer-
protective function. The above findings imply
that the SNP285 C/SNP309 G subset of SNP309
G alleles might be at least partially responsible
for the lack of observable association between
SNP309 G and cancer risk in some studies in-
volving Caucasians (Hu et al. 2007b; Economo-
poulos and Sergentanis 2010). Indeed, in Cau-
casians with breast cancer, exclusion of SNP285
C/SNP309 G carriers enabled identification
of an association between SNP309 G and can-
cer risk, a link that was not discernable in the
full SNP309 G population (Knappskog et al.
2011). In ovarian cancer, removing SNP285
C/SNP309 G carriers strengthened an already
statistically significant SNP309 G–mediated in-
crease in cancer risk (Knappskog et al. 2011).
This is a counterintuitive result, as the vast
majority of ovarian cancers are p53Mutant (The
Cancer Genome Atlas Research Network 2015)
and should, therefore, be unaffected by SNPs
that modulate MDM2-expression levels. To-
gether, the published data around SNPs 285
and 309 present a conflicting picture as to the
importance of these polymorphisms in modu-
lating cancer risk.

The emergence of large-scale genomic pro-
filing performed under standardized condi-
tions has afforded the ability to further evaluate
whether MDM2 promoter SNPs play a role in
human cancer development. The concept that
the SNP309 G allele predisposes people to high-
er cancer risk is predicated on the idea that the
G allele enhances MDM2 expression. To test the
validity of this proposed relationship, TCGA
data (The Cancer Genome Atlas Research Net-
work 2015) were mined via ArrayStudio (Omic-
soft TCGAL, and 2015 Q1 release, Cary, NC)
and the Cancer Genomics Hub (Wilks et al.
2014) to search for an association between the
SNP309 G allele and increased MDM2 expres-
sion. To avoid any possibility of elevated MDM2
CN confounding the analysis, only tumors
with MDM2 log2 CN ratio ,1 (i.e., less than
four copies per cell) were included. A pan-
cancer analysis of p53WT TCGA tumors with
MDM2 log2 CN ratio ,1 revealed no differenc-
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Figure 2. Relationship between single-nucleotide polymorphism (SNP)309 genotype and mouse double minute
2 (MDM2) expression (reads per kilobase of transcript per million [RPKM]) for (A) p53WT The Cancer Genome
Atlas (TCGA) primary tumor samples containing MDM2 log2 copy number (CN) ratio ,1.0, (B) grouped by
gender, or (C) limited to female patients with initial age of diagnosis ,51 (premenopausal). (D-F) Relation-
ships between SNP309 genotype and age at initial diagnosis (years) for the same corresponding groups. Mean
and standard deviation for MDM2 expression or age at initial diagnosis within each genotype have been shown.
With one exception, no significant differences were observed in MDM2 expression or age at initial diagnosis
when comparing either the G/G and T/G populations or G/G and T/T populations (Student’s two-tailed t-test
assuming unequal variances). Although a statistically significant difference was observed in MDM2 expression
when comparing the G/G and T/G populations in premenopausal females (C, p-value ¼ 0.006), the direction
of the difference was counter to that expected based on previous reports of the G/G genotype correlating with
elevated MDM2-expression levels. Furthermore, MDM2 expression did not trend with G allele dosage. (G-I)
Tumor-type composition for each of the SNP309 genotype populations for the corresponding groups analyzed
in (A-F), respectively (see Fig. 1 for tumor-type abbreviations).
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es in MDM2 expression in tumors harboring
the SNP309 G/G, G/T, and T/T genotypes
(Fig. 2A). Similarly, no relationship between
the SNP309 G allele and MDM2 expression
was observed when subdividing the samples
by gender (Fig. 2B) or when restricting the
analysis to women under the average age of
menopause (Fig. 2C). Further analysis of these
same tumor subsets similarly failed to expose
any association between SNP309 status and age
of initial cancer diagnosis (Fig. 2D–F). It is for-
mally possible that these negative findings (Fig.
2A–F) could be attributable to differences in
tumor-type composition across the SNP309 ge-
notypes present in TCGA (Fig. 2G–I). Howev-
er, this seems unlikely given that mean MDM2
expression did not differ markedly across tumor
types (Fig. 3; mean RPKM 15.4 + 4.9), sug-
gesting that tumor type is not a strong modifier
of MDM2 mRNA levels. Last, in an analysis

agnostic to MDM2 promoter SNP status, no
relationship was seen between MDM2 mRNA
level and age of initial cancer diagnosis (Fig. 4).
Together, these data suggest that (1) MDM2
SNP309 does not alter MDM2 expression or
modulate cancer risk across a large swath of
human tumors, and (2) MDM2 expression it-
self is not a determinant of cancer risk in these
tumors. Nevertheless, these results cannot rule
out the possibility that MDM2 promoter SNPs
might confer subtle changes in cancer risk in
narrow populations of cancers.

As discussed above, MDM2 amplification is
associated with elevated MDM2 mRNA expres-
sion (Fig. 1B), and it is reasonable to assume that
this level of MDM2 overexpression would be
required to functionally inactivate p53. To de-
termine whether comparable levels of MDM2
overexpression are achievable by other means,
we mined TCGA data (The Cancer Genome At-
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las Research Network 2015) in search of tumors
with similarly elevated MDM2 levels but normal
MDM2 CN (log2 CN ratio ,1). We reasoned
that functionally elevated MDM2 expression
would be mutually exclusive with p53 mutation
and, therefore, set an expression threshold that
excluded all p53Mutant tumors (Fig. 5). As ex-
pected, the vast majority of MDM2-amplified
tumors also exceeded this expression threshold
(Fig. 5). Based on this analysis, only a small
fraction of all tumors with normal MDM2
CN (�0.5%) reached MDM2-expression levels
similar to those achieved by MDM2 amplifica-
tion. Together, the results discussed herein im-
plicate MDM2 amplification as the dominant
mechanism through which human tumors raise
MDM2 levels to abrogate p53. Even so, the rate
of MDM2 amplification pales in comparison
to other mechanisms for inactivating the p53
pathway, such as mutation of p53 itself.
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