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Abstract
Background—The variant polymorphism in the gene MDM2, SNP309, leads to increased level
of mdm2 protein and subsequent downregulation of p53 tumor suppressor pathway. Presence of
this single nucleotide polymorphism (SNP) has been associated with earlier tumorigenesis in
patients with Li-Fraumeni syndrome, as well as decreased survival in patients with CLL. In
addition, cells homozygous (G/G) for SNP 309 were found to have ten fold increase resistance to
topoisomerase II inhibitors in vitro.

Procedure—We genotyped children (n=575) with de novo acute myeloid leukemia (AML)
treated on three Children’s Oncology Group protocols (CCG 2941/2961/AAML 03P1) for the
presence of SNP309. Healthy blood donors were genotyped as control population.

Results—The variant G/G genotype was associated with an increased susceptibility to AML (OR
1.5; p=0.049). However, the presence of the variant allele at SNP309 did not modify disease
response or toxicity in children treated on CCG protocols 2941/2961.

Conclusions—The variant SNP 309 influences susceptibility to pediatric AML, but does not
impact overall response to therapy.
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INTRODUCTION
MDM2 is an oncogene that is overexpressed in many malignancies. [1–3]. The MDM2
protein provides negative feedback to the tumor suppressor gene, p53. Transcription of
MDM2 is activated by p53, which in turn leads to the degradation of p53. A normal
interaction between the two proteins allows p53 to be maintained at low levels in normally
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dividing cells [4]. A single nucleotide polymorphism at position 309 (SNP 309) in the
promoter region of MDM2 results in increased affinity for transcription factor Sp1 and
subsequent overexpression of MDM2, downregulation of p53 response and increased
tumorigenesis [5].

Overexpression of MDM2 in cancer cell lines has been shown to lead to selective resistance
to topoisomerase-II inhibiting drugs [6]. Cell lines homozygous for the variant G allele at
SNP309 have a 10-fold increase in the IC50 of etoposide as compared to those lines with
wild-type SNP 309. Although the exact mechanism is unclear, MDM2 down-regulates
topoisomerase II alpha expression, causing resistance to topoisomerase II-targeting drugs
such as etoposide, mitoxantrone, amsacrine and ellipticine. Furthermore, the presence of
SNP 309 has been shown to reduce survival in a number of malignancies, including adults
with CLL, with a 9-fold increased risk of mortality in homozygotes, likely as a consequence
of reduced p53 function [7].

As a result of these findings, we hypothesized that the variant SNP 309 genotype might
influence susceptibility to childhood acute myeloid leukemia (AML), as exposure to
therapeutic or environmental topoisomerase II inhibitors appears to be important in etiology
of childhood AML [8]. Furthermore, we hypothesized that children with AML with the
variant SNP 309 would have worse treatment outcomes because of resistance to the
topoisomerase II targeting agents, etoposide and daunomycin, and reduced functional p53
protein. We also hypothesized that those patients with the wild-type alleles who are more
susceptible to topoisomerase II inhibitors would demonstrate more treatment related
toxicity, such as longer time to hematologic recovery. To address these hypotheses, we
genotyped a cohort of children with AML and examined the effect of MDM2 genotype on
susceptibility and outcome of therapy.

MATERIALS AND METHODS
Patients

The study population consisted of 458 patients with de novo AML treated on Childrens
Cancer Group (CCG) protocols 2941 and 2961 between 1995 and 2002. Clinical data,
including age, sex, white blood cell count (WBC) at diagnosis, race, presence of chloroma,
CNS status, immunophenotyping and cytogenetic analysis were collected prospectively.
Cases were reviewed by central pathology and were classified by the French-American-
British (FAB) Cooperative Study Group criteria. All FAB categories, except FAB-M3, were
eligible and treated on the same chemotherapy regimens [9–11]. In addition, 117 children
with AML enrolled on the COG successor pilot study, AAML 03P1 were genotyped and
included in the susceptibility analysis only. Outcome data from this subset of patients is not
included in the analysis as the treatment regimen on this pilot study was different. Patients
or legal guardians consented to enrollment on the therapeutic studies after approval of the
study by the IRB of each participating institution, and to submission of samples for biologic
studies. The genotyping study and analysis was approved by the IRB of Cincinnati
Children’s Hospital Medical Center. Blood samples from 496 Caucasian healthy blood
donors served as controls for genotype frequencies in the normal population.

Chemotherapy Treatment Regimen
CCG-2961 was a phase III randomized trial for patients age <21 years with previously
untreated acute myeloid leukemia (AML) or myelodysplastic syndrome (MDS) conducted
between August 1996 and December 2002. CCG-2941 was a feasibility pilot study for the
successor CCG-2961 trial and had a similar treatment plan. All patients received intensively
timed induction therapy with IDA-DCTER (idarubicin, dexamethasone, cytarabine,
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thioguanine, etoposide and daunomycin) given on days 0 to 3 followed by DCTER
(dexamethasone, cytarabine, thioguanine, etoposide and daunomycin) given on days 10 to
13. On recovery of white blood cell and platelet counts, patients were randomly assigned to
receive consolidation therapy with Regimen A i.e. DCTER or Regimen B, i.e., IDA-FLAG
(idarubicin, fludarabine, cytarabine and G-CSF). Intrathecal cytarabine was used for central
nervous system (CNS) prophylaxis. Following consolidation, patients with a matched
related donor proceeded to allogeneic marrow transplant with ablative conditioning
(busulfan and cytoxan). Those without a related donor received intensification with high-
dose cytarabine and L-asparaginase (Capizzi II) and additional intrathecal cytarabine.
Patients on the Capizzi II arm were further randomized to receive immune modulation with
interleukin-2 or standard follow-up care. Bone marrow transplant recipients were excluded
from this randomization [9–11].

Genotyping
DNA was extracted from diagnostic marrow samples using the TRIZOL(Invitrogen) reagent
according to the manufacturer’s directions and normalized to 10 ng/μl. A fluorescence based
allelic discrimination assay (Taqman, Applied Biosystems, Foster City, CA) was used for
genotyping for MDM2 polymorphism, SNP 309 (rs2279744). PCR cycling reactions were
performed in 96-well micro titer plates in a GeneAmp PCR System 9600 (Perkin-Elmer).
The primers used were: Forward primer 5′CGGGAGTTCAGGGTAAAGGT 3′ and reverse
primer 5′ CGACAGGCACCTGCGATAAT3′. The Fam (variant) probe was
TCCCGCGCCGCAG, and Vic (wild-type) probe was CTCCCGCGCCGAAG. The
thermocycling conditions were as follows: 2 step incubation at 50 C for 2 minutes and 95° C
for 10 minutes followed by 50 cycles of denaturation and annealing/extension at 95° C for
15 sec and 62° C for 1 minute, respectively. Each 25 μl reaction contained 10 ng DNA,
primers/probes as described above, GoldTaq polymerase, dNTP (Invitrogen), Buffer C and
Rox reporter dye. Results were analyzed by the automated TaqMan allelic discrimination
assay using sequence detection system 2.1 software (ABI TaqMan 7700, Applied
Biosystems). Ten percent of the genotyping was repeated with 100% concordance.

Statistical Analysis
Data were analyzed from CCG-2941 and CCG-2961 through April 2005 and October 2006,
respectively for both studies. The Kaplan-Meier test was used to calculate the estimates of
overall survival [OS], event-free survival (EFS) and disease-free survival (DFS) as defined
in section below [12]. Estimates are reported with their Greenwood standard errors [13].
Differences in these estimates were tested for significance using the log-rank statistic [14].
Cumulative incidence estimates were used to determine relapse rate (RR) and treatment-
related mortality (TRM) as detailed in previous publications [11]. Differences between RR
or TRM estimates were tested for significance using Gray’s test [15]. The significance of
observed differences in proportions was tested using the Chi-squared test and Fisher’s exact
test when data were sparse with p value < 0.05 used for significance. Children lost to follow-
up were censored at their date of last known contact. Data were censored 6 months prior to
April 2005 for CCG 2941 or October 2006 for CCG 2961.

Definitions
Overall survival (OS) is defined as time from study entry to death from any cause. Event-
free survival (EFS) is defined as time from study entry to failure at the end of two courses,
relapse or death from any cause. Disease-free survival (DFS) is defined as time from the end
of one course of therapy to failure at the end of two courses, relapse or death from any
cause. DFS was also defined as time from the end of two courses for CR patients to relapse
or death from any cause. Relapse rate (RR) is defined as time from the end of one course of
therapy to failure at the end of two courses, relapse or death from progressive disease where
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deaths from non-progressive disease were competing events. Treatment related mortality
(TRM) is defined as time from study entry to death from non-progressive disease where
failures at the end of two courses, relapses and deaths from progressive disease were
competing events.

RESULTS
AML susceptibility

Genotype frequencies for the MDM2 SNP 309 polymorphism were examined in 575
children with de novo AML to determine whether genotype influences susceptibility to
AML. Race is an important variable influencing SNP 309 genotype frequencies. The
majority (69%) of children in our study were Caucasian, so to examine the impact of MDM2
SNP309 genotype on susceptibility to AML we compared genotype frequency of Caucasian
cases with Caucasian controls only. Cases from 3 studies, CCG 2941, 2961 and 03P1 were
combined to optimize sample size. Genotype frequencies differed significantly between
cases and controls (p=0.049, Table I), with increased risk of AML in children with a G/G
genotype (OR 1.5, CI 1.03–2.20). The genotype frequencies in the normal controls
demonstrated Hardy-Weinberg proportions (Table I). However, the distribution of genotypes
in the cases did not reflect Hardy-Weinberg equilibrium, in agreement with our hypothesis
that the G-allele modifies risk of AML in children. No significant differences were observed
with respect to age, gender or other AML prognostic factors such as cytogenetic
abnormalities, WBC at diagnosis according to genotype (Table II).

MDM2 SNP 309 and Outcome
Outcomes were studied in children enrolled on CCG 2941 and 2961. Outcomes were not
studied in the 117 children enrolled on COG AAML 03P1, as these children received a
different treatment regimen, and outcome data are not currently mature. Overall survival
(OS) was not significantly different among the genotype groups (T/T, T/G, G/G) when
measured from study entry (T/T 52 ± 8%, T/G 46 ± 8%, G/G 57 ± 10%; p=0.42), the end of
induction (T/T 63 ± 8%, T/G 51 ± 8%, G/G 63 ± 12%; p=0.22), or the end of course two
after randomization (T/T 67 ± 9%, T/G 55 ± 9%, G/G 67 ± 12%; p=0.249). No significant
differences between genotype groups were observed with respect to event-free survival
(EFS), disease-free survival (DFS), relapse rate (RR) or treatment related mortality when
measured from any time point (Table III).

Response to induction therapy was evaluated separately. When each genotype was examined
independently, no significant differences were seen for rates of complete remission (CR) (G/
G 82%, T/G 85%, T/T 75% p=0.062) (Table IV) or induction failure (G/G 7%, T/G 7%, T/T
7% p=0.984). Patients with the wild-type T/T genotype were more likely to have a partial
response (10% vs G/G 6%, T/G 3% p=0.045). This difference in response, however, was not
seen after course two and did not translate into difference in OS, DFS or RR.

Toxicity
Detailed toxicity data were analyzed for each course by genotype, as well as length of
hospitalization (data not shown). In course one, the patients with a G/G genotype were
significantly more likely to have any reported toxicity (74% vs 57% T/G or 62% T/T,
p=0.026). Specifically, gastrointestinal toxicity was significantly increased in children with a
G/G genotype (67% G/G vs 45% T/G or 52% T/T, p=0.002). However, this difference was
not replicated in course two (p=0.842), indicating need for caution in interpreting this
finding. The incidence of stomatitis was significantly increased in children with a G/G
genotype (16% G/G vs 5% T/G or 6% T/T, p= 0.008). There were no differences in length
of hospitalization according to genotype.
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DISCUSSION
In this study, we analyzed the frequency of a functional promoter polymorphism (SNP 309)
in the gene MDM2 in a large group of children with AML treated on a cooperative group
study. Our findings indicate that the presence of this genetic variant modifies susceptibility
to leukemia. Children with the G/G genotype have an increased susceptibility to AML. We
initially hypothesized, based on in vitro data that this variant modifies sensitivity to
topoisomerase II inhibitors, that the homozygous variant genotype would decrease
susceptibility to AML. Therapeutic topoisomerase II inhibitors such as etoposide are a
potent cause of secondary AML. In addition, natural topoisomerase inhibitors exist in the
environment, particularly in fruits and vegetables which contain quercetin, beverages such
as tea, cocoa and red wine which contain catechins, and soy, which is a sources of genistein
[8]. Increasing levels of maternal consumption of dietary topoisomerase II inhibitors are
associated with an increased risk of de novo infant AML with MLL rearrangement [8].
Therefore, we speculated that the homozygous variant G/G genotype would offer a
protective effect against natural topoisomerase inhibitors due to its resistance to
topoisomerase II inhibitors and decrease susceptibility to AML. However, our data do not
support this hypothesis, but rather demonstrate that the homozygous variant genotype
increases susceptibility to AML. The variant G allele of MDM2 has increased binding of the
transcription factor Sp1, leading to increased expression of MDM2, and reduced expression
of p53, reducing susceptibility of the cell to p53 induced apoptosis. Increased risk of AML
in children with the homozygous variant genotype may be due to a failure of apoptosis in
cells that have received DNA damage, so preserving potential oncogenic mutations. Our
finding of increased risk of malignancy in association with the homozygous variant
genotype is in agreement with a number of prior studies. Studies of solid tumors including
renal cell carcinoma, colorectal cancer, pancreatic cancer, gastric carcinoma, lung cancer,
soft tissue sarcoma and neuroblastoma have reported an increased risk of malignancy in
persons with a homozygous variant genotype, with odds ratios typically between 1.5 and 2.0
[16–23]. More recently, this genotype was found to be associated increased susceptibility to
AML in an older cohort of patients (median age 35) [24].

We also hypothesized that the presence of the SNP 309 variant allele might modify response
to therapy, as the variant has been shown to modulate sensitivity to topoisomerase II
inhibitors, and the homozygous variant genotype has been associated with inferior survival
in a number of solid tumors [2,18,19,22,25–27]. Our data showed no differences in survival
according to MDM2 genotype. These data do not support our original hypothesis, as we
expected an inferior response to therapy in persons with the variant genotype. We saw some
minor increase in toxicity in patients with the G/G genotype, but caution is needed in
interpreting these data also as data regarding 37 specific toxicities were collected, and these
may also be chance findings. It is notable that our study of outcome is the first to include a
group of patients all treated with chemotherapy on a uniform clinical trial, allowing us a
better opportunity to directly examine the impact of genotype on chemotherapy response,
rather than perhaps other biological features of solid tumors that modify survival, as many
adult patients with solid tumors do not receive chemotherapy.

Our data contrast with a report of a very significant effect of SNP 309 genotype on outcome
of therapy in adults with CLL [7]. In CLL, deletion or reduced function of p53 is associated
with more aggressive disease and reduced survival [7]. The SNP 309 variant G allele causes
over-expression of MDM2 protein and reduction in production of p53 in CLL, leading to a
more aggressive disease course, similar to that seen in patients with CLL with deleted or
mutated p53. The difference between this study and our results may indicate lesser
importance for p53 status in response to chemotherapy in children with AML compared with
CLL.
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Multiple comparisons were made in the analysis of outcomes and toxicities, and the majority
of the observations were negative. Great caution must be used in interpreting the somewhat
limited positive findings of increased toxicity in this analysis as they may represent the
consequence of multiple comparisons alone. The significant finding of increased
susceptibility to AML was based on a simple analysis of genotype frequency in cases vs.
controls. These observations regarding the influence of genotype and susceptibility to AML,
were also based on a priori hypothesis that susceptibility would be modified and can be
regarded with more confidence. However, in common with all association studies, these
observations need to be repeated in a independent dataset for confirmation
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