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Despite the excellent survival rate of Wilms tumor (WT) patients, only approximately one-half of children who suffer tumor

recurrence reach second durable remission. This underlines the need for novel markers to optimize initial treatment. We

investigated 77 tumors using Illumina 370CNV-QUAD genotyping BeadChip arrays and compared their genomic profiles to

detect copy number (CN) abnormalities and allelic ratio anomalies associated with the following clinicopathological variables:

relapse (yes vs. no), age at diagnosis (�24 months vs. >24 months), and disease stage (low stage, I and II, vs. high stage, III

and IV). We found that CN gains at chromosome region 1q21.1-q31.3 were significantly associated with relapse. Additional

genetic events, including allelic imbalances at chromosome arms 1p, 1q, 3p, 3q, and 14q were also found to occur at higher

frequency in relapsing tumors. Interestingly, allelic imbalances at 1p and 14q also showed a borderline association with higher

tumor stages. No genetic events were found to be associated with age at diagnosis. This is the first genome wide analysis

with single nucleotide polymorphism (SNP) arrays specifically investigating the role of genetic anomalies in predicting WT

relapse on cases prospectively enrolled in the same clinical trial. Our study, besides confirming the role of 1q gains, identified

a number of additional candidate genetic markers, warranting further molecular investigations. VVC 2012 Wiley Periodicals, Inc.

INTRODUCTION

Thanks to an effective integration between

surgery, chemotherapy, and radiotherapy, the sur-

vival rate of patients affected with Wilms tumor

(WT), the most frequent pediatric renal cancer, is

now close to 90%. This modern approach repre-

sents a model of multimodal therapy for cancer

(Green et al., 1998; Tournade et al., 2001; de

Kraker et al., 2004; Mitchell et al., 2006). How-

ever, only approximately half of children who suf-

fer a tumor relapse reach second durable

remission. This underlines the need of prognostic

factors, either molecular and/or clinical, to guide

clinicians to timely select patients at higher risk

of relapse for more intense treatments.

Cornerstone prognostic factors in WT remain

tumor stage and the presence of diffuse anaplasia,

both in pretreated and in chemotherapy-naive
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cases (Faria et al., 1996), and blastemal-type tu-

mor after primary chemotherapy (Vujanic et al.,

2002). Indeed, the principle of using disease

stage and presence of diffuse anaplasia to select

postnephrectomy chemotherapy intensity and

radiotherapy remained basically unchanged dur-

ing the two consecutive national WT trials car-

ried out by the Italian Association of Pediatric

Hematology and Oncology (AIEOP).

Different studies, aimed at characterizing the

molecular genetics of WTs that are likely to

relapse, led to diverse, although in some cases

partially overlapping, results. Studies of loss of

heterozygosity (LOH), performed using microsa-

tellite markers, reported an association of LOH at

chromosome arms 1p, 11q, 16q, and 22q with an

adverse outcome (Grundy et al., 1994, 2005;

Klamt et al., 1998; Messahel et al., 2009; Witt-

mann et al., 2007). Comparative genomic hybrid-

ization (CGH) to metaphase chromosomes

displayed an increased frequency of 1q gains in

recurring tumors (Hing et al., 2001), an observa-

tion consistent with the overexpression of 1q

genes assessed by comparative expressed

sequence hybridization (CESH) (Lu et al., 2002).

Finally, microarray-based CGH (aCGH) at a ge-

nome wide resolution of approximately 1 Mb,

performed on 76 WT samples enriched for

recurred cases, identified gains on 1q as negative

prognostic factors and other anomalies, including

deletions on 12q and 18q, as associated with

relapse (Natrajan et al., 2006b). Different whole-

genome studies have been performed on WTs

using Affymetrix single nucleotide polymorphism

(SNP) array platforms ranging from 10K (Yuan

et al., 2005), to 250K, (Ohshima et al., 2009; Wil-

liams et al., 2010; Hawthorn and Cowell, 2011).

However, none of these studies was specifically

aimed at investigating the relation between the

observed chromosomal abnormalities and

patients’ outcome.

We performed a genomic profiling by whole-

genome SNP arrays, with an average resolution of

8 Kb, on a group of prospectively enrolled WT

patients, in order to identify and/or validate chro-

mosomal regions showing copy number abnormal-

ities (CNAs) and allelic ratio anomalies in tumor

DNA, associated with clinical parameters. We

took advantage of the renewed structure of the

AIEOP WT Working Group, involving also an

organized bio-banking project, which provided a

unique opportunity to run biological studies and

correlations with clinical data for patients consec-

utively registered into clinical trials.

PATIENTS AND METHODS

Patients

The study included 70 WT patients prospec-

tively enrolled into the ongoing AIEOP WT-2003

protocol, and seven relapsing cases from the pre-

vious AIEOP WT-1992 protocol. AIEOP-WT-

2003 is a multicenter observational protocol,

registering all patients under 18 years of age at

the time of diagnosis of any primitive renal tu-

mor. In WT, the main therapeutic strategy relays

on up-front nephrectomy followed by adjuvant

chemotherapy and radiotherapy, depending on

tumor stage and presence of diffuse anaplasia as

described elsewhere (Spreafico and Fossati-Bel-

lani, 2006). Preoperative chemotherapy was

administered only in selected cases at higher risk

of intraoperative tumor rupture. The review

boards of the institutions (IRBs) registering the

patients approved the protocol. A specific

informed consent to the use of biological samples

for the aim of the study was obtained from the

parents or legal tutors of all enrolled patients.

Of the 77 patients enrolled, 34 were males and

43 females, with a median age at diagnosis of 46

months (range 2–172 months). The distribution of

the patients according to the age at diagnosis, tu-

mor stage, and presence of diffuse anaplasia is

reported in Supporting Information Table 1. Stage

V patients were excluded, since bilateral WT are

considered as tumors at high risk of relapse by defi-

nition. The median time to relapse in 17 relapsing

patients was 10 months (range 1–37 months), one

patient relapsed at 120 months; the median

relapse-free time in the 59 nonrelapsing patients

was 70 months (range 54–84 months).

Survival Analysis

The patterns of relapse free survival (RFS),

defined as the time elapsed from surgery to the

first evidence of tumor relapse/progression were

estimated by means of the Kaplan–Meier method

(Kaplan and Meier, 1958).

In order to assess the prognostic role of the

available clinical variables, a univariate Cox

regression model (Marubini and Valsecchi, 1995)

was implemented for each of them (i.e., tumor

stage, patient age at tumor onset, diffuse anapla-

sia). In this model each regression coefficient rep-

resents the logarithm of the hazard ratio (HR).

The hypothesis of HR ¼ 1.00 was tested using

the Wald Statistic. The variable age was dicho-

tomized according to the cut-off of 24 months,
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and the tumor stage was categorized as low stage

disease (Stages I and II) and high stage disease

(Stages III and IV). This choice was due to the

similar chemotherapy regimens received (vincris-

tine/actinomycin D for Stages I and II and vin-

cristine/actinomycin D/doxorubicin for Stages III

and IV).

The role as prognostic factors of chromosomal

abnormalities found preferentially associated with

tumors of relapsing patients, irrespective of the

above clinical parameters, was evaluated using a

multivariate Cox regression model. All statistical

analyses were performed with the SAS software

(Version 9.2; SAS Institute Inc. Cary, NC).

Genotyping

DNA was extracted from tumor tissue frag-

ments sampled by a pathologist following the

procedures already reported (Perotti et al., 2004).

DNA samples were analyzed using Illumina

370CNV-QUAD genotyping BeadChip arrays

(370 K). The Infinium II Genotyping reaction

steps were performed according to the manufac-

turer’s specifications (Illumina, San Diego, CA) at

the CBM genotyping service, Trieste, Italy (avail-

able at: http://www.cbm.fvg.it/services/genoty-

ping?l¼en). Normalized bead intensity data

obtained for each sample were analyzed with Illu-

mina Genome Studio v1.0.2 software that gener-

ates SNP genotypes from fluorescent intensities

using the manufacturer’s default cluster settings,

together with the normalized measure of the total

signal intensity for the two alleles of a SNP,

defined as the Log R ratio (LRR) and the nor-

malized measure of the allelic intensity ratio of

the two alleles, defined as the B allele frequen-

cies (BAF), which were used to detect CNAs and

allelic ratio anomalies.

Generation of Copy Number and Allelic Event

Calls, Quality Control and Comparisons

The SNPRank Segmentation algorithm within

Nexus Copy NumberTM v5 (Biodiscovery Inc., El

Segundo, CA) was used to process LRR and BAF

and perform the CN and allelic event calls (Parris

et al., 2010; Veenma et al., 2010; Voortman et al.,

2010; Halldorsdottir et al., 2011). Details of algo-

rithm features and of set analytical parameters are

provided as online Supporting Information.

We defined low-level CN gain and loss when

LRR values varied from 0.25 to 0.6 or from

�0.25 to �0.7, respectively, high level CN gain

when LRR values were >0.6 and homozygous

copy loss when LRR values were <�0.7. Nexus

automatically classifies three types of allelic ratio

anomalies on the basis of BAF and of the homo-

zygous frequency threshold (i.e., the minimum

percentage of the probes that in a region must

fall within a predefined BAF range): LOH, allelic

imbalance, and total allelic loss. We set a homo-

zygous frequency threshold of 95% and called an

LOH (i.e., the loss one allele) when BAF values

were >0.8 or <0.2 and an allelic imbalance (i.e.,

maintenance of both alleles, but with an altered

ratio) when BAF values varied from 0.2 to 0.4 or

from 0.6 to 0.8. Finally, we called a total allelic

loss (i.e., loss of both alleles) if the probes

showed a noncanonical profile with bands corre-

sponding to the different possible genotypes.

A paired comparison analysis on CN and allelic

ratios data was performed to identify aberrant

regions associated with the phenotypes under

investigation (relapse, age, stage) with the ad hoc

comparison tool provided by Nexus v5. This tool

allows comparing groups of profiles to look for

regions with significantly different frequency

between the groups (minimum difference thresh-

old: 15%, P value threshold: 0.05.) In this analysis

LOH events are tagged as allelic losses. The soft-

ware provides the Q-bound value that adjusts for

multiple testing by performing False Discovery

Rate (FDR) correction. Due to the exploratory

nature of this study, a Q-bound value cutoff of

0.2 was set to define possible biologically relevant

associations.

All the annotation and map information were

based on the hg18 release of the human genome,

and were retrieved from databases linked to

Nexus (e.g. UCSC, Ensembl, miRNA database,

Database of Genomic Variants, RepeatMasker).

RESULTS

Survival Analysis

Among the 77 patients included in the study,

there were 18 relapses and 4 deaths, with a

6-year probability of RFS and overall survival of

0.78 and 0.95, respectively (median followup

time, 71 months; range, 36–211 months). Two

relapses occurred in 24 patients younger than 24

months at diagnosis (8%), and 16 in 53 patients

older than 24 months at diagnosis (30%); 9 relap-

ses were in 55 Stage I and II patients (16%), and

9 in 22 Stage III and IV patients (41%).

Figure 1 shows the 6-year probability of RFS of

the 77 patients according to age at diagnosis and

SNP ARRAYS IN WTAND ASSOCIATION WITH RELAPSE 3

Genes, Chromosomes & Cancer DOI 10.1002/gcc



tumor stage. Table 1 reports the results of univari-

ate Cox regression analysis for the considered clin-

ical variables. Age at diagnosis (P ¼ 0.078) and

stage of disease (P ¼ 0.081) had a borderline prog-

nostic significance for RFS, whereas we did not

observe a prognostic role of diffuse anaplasia.

Chromosomal Regions Involved in CNAs and

Allelic Ratio Anomalies

The distribution of the chromosomal anomalies

detected by the SNP array analysis in the exam-

ined samples is shown in Figure 2. Highly fre-

quent genetic events, both CNAs and allelic ratio

anomalies, visible as peaks in Figure 2 were

observed in regions where constitutional CN var-

iations (CNVs) are located, including chromo-

some segments 3q26.1, 4q13.2 and 4q26, 5q13.2,

6p21.32, and 6p21.33, 8p11.23-p11.22, 8q24.3,

9p11.2, 15q11.1-q11.2, 16p13.3, 18q12.3, 20q11.1,

21p11.2-p11.1 (the Database of Genomic Var-

iants, available at: http://projects.tcag.ca/variation/).

Excluding these regions, the chromosome arms

most frequently involved in CN gains and losses

were 1q (16% of cases) and 1p (14%), 7p (14%),

11q (9%), 14q (16%), 16q (13%), 17p (9%), and

22q (9%), respectively. Most frequent allelic ratio

anomalies were LOH on chromosome arms 1p

(12%), 11p (30%), 11q (13%), 16q (14%), and 22q

(12%), and imbalances on chromosome arms 1q

(25%), 6p (16%), 6q (18%), 12 (17%), and 13q

(17%).

Among the focal aberrations detected, a few were

already described in WT. In five samples we

observed focal anomalies, ranging from 507 to 825 kb

in length, involving the MYCN gene region on chro-

mosome 2. Four WTs (one anaplastic and three with

favorable histology) showed both low level CN gains

and allelic imbalances involving partially overlapping

regions (chr2:15,360,821–16,184,933; chr2:15,495,

567–16,097,299; chr2:15,495,567–16,243,938; chr2:15,

674,238–16,493,632; Supporting Information Fig. 1),

while one tumor showed an allelic imbalance only

(chr2:15,616,596–16,123,355). In two cases we

observed homozygous deletions at 2q37.1, occurring

within a wider region of LOH, and detected as both

homozygous copy loss, based on LLR values, and

total allelic loss, based on BAF values (Supporting

Information Fig. 2). In one sample, WT126, the

homozygous deletion spanned approximately 1.4 Mb

(chr2:232,733,847-234,154,262) and involved 24

genes, including DIS3L2 and the microRNA gene

miR-562. In the other case, WT227, the deletion was

much smaller, encompassing approximately 50 kb

(chr2:232,699,872–232,749,125), and involved the

DIS3L2 and miR-562 genes only. To the best of our

knowledge, this is the smallest homozygous deletion

involving miR-562 reported to date in a WT (Drake

et al., 2009). This finding provides further support to

the hypothesis that the loss of this microRNA, which

regulates EYA1, a critical gene for renal develop-

ment, may contribute to WT development.

Chromosomal Abnormalities and Relapse

The comparison of genomic profiles, for both

CNAs and allelic ratio anomalies, in relapsing and

Figure 1. Six years probability of relapse free survival (RFS) of the
77 patients according to age at diagnosis and disease stage. Upper
panel: the dashed line represents the RFS of patients �24 months of
age at diagnosis and the continuous line the RFS of patients >24
months of age at diagnosis. Lower panel: the dashed line represents
the RFS of patients with low stage (I and II) and the black line the
RFS of patients with high stage (III and IV) disease. N, at risk, number
of patients considered for each indicated time interval.
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nonrelapsing patients, is graphically shown in Figure

3. Regions with a significant difference in the fre-

quency of aberrations between the two groups, using

the specified parameter thresholds (minimum differ-

ence >15%; P value <0.05), are reported in detail in

Supporting Information Table 2. Tumors from

relapsing patients showed a higher frequency of CN

gains at different regions on chromosome segment

1q21.1–q44 and of CN losses on chromosome seg-

ments 1p36.32–p36.31, 1p36.21, 1p34.1, 1p32.3,

1p32.2–p31.3, 1p31.1–p22.3, 1p21.1, 16q22.1–q22.2

and 16q23.3–q24.2. A higher frequency of allelic

losses was observed at regions on chromosome seg-

ments 1p36.33–p36.31, 1p36.21, 1p36.13, 1p36.12,

1p36.11, 1p35.2, 1p34.2, 1p33–p32.3, 1p32.2, 1p32.1,

1p31.3, 1p31.1-p22.3, 1p21.1, 5q13.2, 6p22.1,

11p14.3, 12q12, 16q22.1 and of allelic imbalances on

chromosome segments 1p36.33, 1p36.32, 1p35.3,

1p31.1, 1p22.3, 1p22.2, 1p13.3, 1q21.1–q42.2,

1q42.3, 1q43, 1q44, 3p26.3–p11.2, 3q11.2–q23,

3q25.1–q25.2, 3q26.1, 6p21.32, 11p15.4, 11p12,

14q12–q21.1, 14q21.2, 14q22.1–q24.3, 16q13,

16q23.1, 16q24.2, and 21q11.2.

After adjustment for multiple testing by FDR

correction, the only differences between the two

groups of patients that showed Q-values below the

defined threshold for biological relevance (range:

0.006–0.18) were those observed in the frequency

of CN gains at 11 regions encompassing two distinct

contigs mapped to 1q21.1–q31.3 (chr1:142,649,580–

146,361,657 and chr1:146,391,799–193,426,615).

These regions were found to be gained in 28% (n ¼

5) to 39% (n ¼ 7) of 18 relapsing patients vs. 0% to

5% (n ¼ 3) of 59 non relapsing patients. Interest-

ingly, the two identified contigs overlap a 1q22–q25

interval of CN gains detected by aCGH that

showed the highest level of association with relapse

among regions amplified on 1q in WTs (Natrajan

et al., 2006b).

A multivariate analysis performed including the

1q region with the highest level of association

with relapsing patients (chr.1:148,129,525–

148,150,365; Q-bound ¼ 0.006), dichotomized as

‘‘gain’’ vs. ‘‘no gain,’’ age at diagnosis, tumor

stage, and presence of diffuse anaplasia, showed

1q gain as a prognostic factor independent from

the clinical parameters (P ¼ 0.006) (Supporting

Information Table 3).

A few of the other identified anomalies prefer-

entially associated with tumors from relapsing

patients were focal and scattered along the ge-

nome and, therefore, might represent spurious

observations, while others clustered at specific

chromosomal arms encompassing large segments.

The latter included allelic imbalances at different

regions on chromosome arms 1p, 1q, 3p, 3q, and

14q (Q-bound range: 0.46–0.48).

Chromosomal Abnormalities and Other

Clinicopatholological Variables

Genomic profiles, for both CNAs and allelic ra-

tio anomalies, were then compared between the

patients with low stage disease (I and II) and

TABLE 1. Univariate Cox Models for Relapse Free Survival

Clinical variable Hazard ratio

95% Confidence interval

PLower limit Upper limit

Age at diagnosis (>24 vs. �24 months) 3.776 0.863 16.520 0.078
Stage (III þ IV vs. I þ II) 2.334 0.900 6.058 0.081
Diffuse anaplasia (yes vs. no) 0.654 0.087 4.936 0.681

Figure 2. CNA frequency plot (upper panel) and allelic ratio anomaly frequency plot (lower panel) of
the 77 WT patients. The percentage of samples with an aberration at a specific region along the genome
is indicated along the y-axis. CN gains are plotted in green above the baseline, CN losses in red below
the baseline. Allelic imbalances are plotted in purple above the baseline, allelic losses in brown below
the baseline. The position of constitutional CNVs is indicated in pink.
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those with high stage disease (III and IV).

Regions with a significant difference in the fre-

quency of genetic alterations between the two

groups after the initial statistical analysis are

reported in detail in Supporting Information

Table 4 and graphically shown in Supporting

Information Figure 3. CN gains at regions on

chromosome segments 1q21.1, 1q21.2, 1q42.13–

q43, 1q44, 7q11.22, CN losses on chromosome

segments 1p31.1, 1p22.3, 11q22.1, allelic losses

on chromosome segments 1p36.32, 1p31.1, 2p12,

5q13.2, 7q22.1, 7q31.1, and allelic imbalances on

chromosome segments 1p36.33, 1p36.32–p36.11,

1p35.3, 1p34.2, 1p34.1, 1p33, 1p32.3, 1p32.2,

1p31.3, 1p31.1, 1p22.3-p22.1, 1p21.3, 1p21.2,

1p21.1, 1p13.3, 1p13.2–p11.1, 2p24.3, 6p21.33,

14q11.2, 14q12–q21.1, 14q22.1–q32.32, 17p13.2,

17p13.1, 17p11.2, 22q13.32 were more frequently

observed in high stage disease patients, while

allelic losses at 6p22.1 were found with higher

frequency in low stage disease cases.

After FDR correction, a borderline level of

relevance (Q-bound ¼ 0.21) was observed for

allelic imbalances at several regions on chromo-

some arms 1p (1p36.33, 1p36.32, 1p36.31-p36.23,

1p36.22, 1p36.21, 1p36.13, 1p36.12, 1p35.3, 1p33,

1p31.1, 1p22.3, 1p22.2, 1p22.1, 1p13.3, 1p13.2–

p11.1) and 14q (14q13.2, 14q22.1, 14q24.1–q32.32),

which were found to be involved in anomalies in

18 to 36% of patients with high stage disease vs. 0

to 7% of patients with low stage disease.

Regions showing a significant difference in the

frequency of genetic alterations between patients

with an age at diagnosis �24 months and those

with an age at diagnosis >24 months after the ini-

tial statistical analysis are detailed in Supporting

Information Table 5 and graphically shown in

Supporting Information Figure 4. CN gain at chro-

mosome segment 1q31.3–q32.1, allelic imbalances

at chromosome segments 1q21.1, 1q21.3–q24.1,

1q25.1, 1q31.1, 1q31.2–q31.3, 1q32.1-q42.13,

1q42.2, and 1q43 were more frequent in older

patients, while CN loss at 4q13.2 and allelic losses

at 11p15.1, 11p11.2, and 17q23.2 were detected

with higher frequency in younger patients. How-

ever, none of these associations maintained statis-

tical significance after FDR correction.

DISCUSSION

A fundamental goal of modern pediatric oncol-

ogy trials in WT is how to better tailor the

Figure 3. Identification of chromosomal regions with significant dif-
ference in the frequency of aberrations between relapsing and nonrelaps-
ing patients. Frequency difference plots (FDPs) between the two groups
considered, as well as the frequency plots of each group, are shown for
both CNAs (A) and allelic ratio anomalies (B). CN gains and losses and
allelic imbalances and losses are plotted in colors as in Figure 2. In the
CNA FDP, if the magnitude of a gain or a loss is greater in the relapsing
tumor group, then the gain is plotted in green above the baseline and the
loss is plotted in red below the baseline and vice versa. In the allelic event

FDP, if the magnitude of an allelic imbalance or allelic loss is greater in
relapsing tumor group, then the allelic imbalance is plotted in purple
above the baseline and the allelic loss in brown below the baseline and
vice versa. Marks on the ‘‘significant’’ tracks displayed below the FDPs
indicate regions of significant difference between the two groups based
on the set parameters (minimum difference threshold: 15%, P value
threshold: 0.05). In (A) red bars depict regions of CN loss and green
bars regions of CN gain. In (B) purple bars depict regions of allelic imbal-
ance and brown bars regions of allelic loss.
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intensity of therapy to the risk of treatment fail-

ure. Previous studies in WT identified different

regions of chromosomal gain/loss proposed as

prognostic/predictive factors (Grundy et al., 1994,

2005; Klamt et al., 1998; Messahel et al., 2009;

Natrajan et al., 2006b; Wittmann et al., 2007).

Among them, the only factor currently used in

clinical practice to stratify WT patients and to

treat them accordingly, is a combined LOH at 1p

and 16q (Perlman, 2005). These biomarkers allow

identifying a subset of favorable-histology WT

patients who have a significantly increased risk of

relapse and death, as supported by the National

Wilms Tumor Study-5 NWTS-5 trial (Grundy

et al., 2005). However, according to that study,

the proportion of patients predicted to relapse

solely on the basis of the concomitant occurrence

of LOH at both loci was relatively low comparing

with the whole number of actually relapsing

patients. More recently, a study from the United

Kingdom Children’s Cancer and Leukemia

Group confirmed the prognostic impact of 16q

LOH in 426 favorable-histology WTs, while 1p

LOH showed no significant association with RFS

(Messahel et al., 2009). LOH analyses performed

using microsatellite markers identified further

regions proposed to be associated with a poor

outcome, including 11q and 22q (Klamt et al.,

1998; Wittmann et al., 2007). While studies focus-

ing on 1p and 16q LOH accrued a large cohort of

patients (Grundy et al., 2005; Messahel et al.,

2009), those on 11q and 22q LOH need further

validation due to the relatively small number of

investigated cases (Klamt et al., 1998; Wittmann

et al., 2007).

Here, we performed a genome wide scan for

CNAs and allelic ratio anomalies with the specific

aim to identify chromosomal regions associated

with clinical variables including relapse, disease

stage, and age at diagnosis. This study adds some

new aspects to the scenario of the already pub-

lished genome wide high-resolution analyses per-

formed to search for chromosomal regions

associated with relapse in WT (Hing et al.,

2001;Natrajan et al., 2006b, 2007).

In fact, our study represents the first whole ge-

nome analysis performed on cases for the major-

ity prospectively enrolled in the same controlled

clinical trial, while previously reported studies

were carried out on series of patients treated

according to different protocols and enriched for

relapsing cases (Hing et al., 2001; Natrajan et al.,

2006b, 2007). In addition, this is the first high-re-

solution analysis investigating the role of CNAs

in predicting WT relapse performed with a com-

mercially available platform, while previously

published studies have been carried out with

CGH on metaphases (Hing et al., 2001) or on

home-made BAC clone arrays (Natrajan et al.,

2006b, 2007). This will allow independent valida-

tion studies to be performed using the same plat-

form and the same standardized conditions.

Furthermore, the choice of a high resolution

whole-genome SNP array platform allowed us to

also detect, in addition to CN gains and CN

losses, genetic events affecting allelic ratio,

including allelic losses and imbalances, which do

not necessarily lead to CNAs. The use of a dedi-

cated segmentation algorithm (Nexus Copy

NumberTM) on raw fluorescence data allowed us

to define at a high resolution the boundaries of

the regions most significantly associated with the

clinical variables investigated. Such an algorithm

is widely used for CNAs and allelic ratio anoma-

lies detection, particularly in the field of cancer

genome profiling (Chen et al., 2011; Duy et al.,

2011; Halldorsdottir et al., 2011; Ismail et al.,

2011; Paulson et al., 2011) with an overall high

rate of consensus calls across studies that supports

its accuracy (Darvishi, 2010; Matsuzaki et al.,

2009). Although it has been recently reported

that Nexus may be affected with an overcall of

CNAs, especially with more relaxed analysis pa-

rameters (Dellinger et al., 2010) in the present

study, the use of Nexus with conservative param-

eters (in particular, as for the significance thresh-

old and the minimum number of probes per

segment), allowed us to find a good trade off

between sensitivity and specificity in CNAs

detection (Darvishi, 2010).

We found that CN gains at different regions on

chromosome segment 1q21.1–q31.3 were signifi-

cantly associated with relapse in WT patients,

consistent with previously published observations

(Hing et al., 2001; Natrajan et al., 2006b). There-

fore, our results represent a validation of such

data using a different analytical approach. The

1q21.1–q31.3 region identified by our approach

contains a number of genes whose expression has

been already characterized in WTs in association

with relapse. The expression levels of RAB25,
HDGF, CRABP2, NES, and NTRK1, promising

candidate cancer genes on the basis of previous

studies on WTs and other tumor types (Cheng

et al., 2004; Donovan et al., 1994; Williams et al.,

2004; Li et al., 2005), were found not to be corre-

lated with CNAs and relapse (Natrajan et al.,

2006b). On the other hand, the overexpression
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and amplification of CACNA1E, a gene encoding

the ion-conducting a1 subunit of voltage depend-

ent R-type calcium channels, has been correlated

with relapse in WTs (Natrajan et al., 2006a).

Other 1q genes that have been found to be over-

expressed in relapsing WTs are PMF1, SETDB1,
SLC39A1, SMG5, SEMA6C, ENSA, ADAM15,
DPM3, RAG1AP1, CD1D, WDR424A, PBX1, Ufc1,
QSCN6, VAMP4, KIAA0492 (Huang et al., 2009).

Among these, ADAM15 and SETDB1 seem the

most interesting for a possible role in WT, since

the overexpression of the metalloproteinase

ADAM15 is associated with the progression of

prostate and breast cancer (Kuefer et al., 2006),

and SETDB1, an enzyme that methylates histone

H3 on lysine 9, has been found to be amplified

in melanoma, and overexpressed in nonsmall cell

lung cancer cell lines (Ceol et al., 2011; Watanabe

et al., 2008).

Interestingly the 1q region enriched for CNAs

preferentially associated with relapse contains

regions reported as constitutionally polymorphic

in copy number (the Database of Genomic Var-

iants, available at: http://projects.tcag.ca/variation/).

This suggests that also germline CNVs might

have an impact on relapse in WT. To verify this

possibility, further analyses on the normal DNA of

WT patients are needed.

The positive and negative predictive values

associated with CN gains at the above chromosome

1q regions ranged between 0.667 and 1.00 (median,

0.778) and between 0.819 and 0.843 (median,

0.836), respectively. However, the pertinent sensi-

tivity was relatively low (38.8%; range, 27.7%–

38.8%), implying that other molecular alterations

are likely to be associated with tumor relapse. Con-

sistently, a few genetic events clustering at specific

chromosomal arms were found to occur at higher

frequency in relapsing tumors, including allelic

imbalances at 1p, 1q, 3p, 3q and 14q, although

with Q-values >0.2. The preferential association of

allelic imbalances at 1q parallels that observed for

1q gains, indicating that the latter preferentially

involve a single allele. The higher frequency of

allelic imbalances at 1p in tumors of relapsing

patients is consistent with previous investigations

that showed an association with worse prognosis of

allelic alterations at this chromosome arm, detected

as LOH by conventional microsatellite analyses

(Grundy et al., 1994, 2005).

Remarkably, the association with allelic imbal-

ances involving most of chromosomes 3 and 14q

represents a novel report, which warrants further

investigations.

We also observed a preferential association

between relapse and anomalies on 16q. However,

as they involved a few very restricted and scat-

tered regions we were unable to confirm formerly

reported association with prognosis in WT

patients, although this might be due to the rela-

tively small sample set examined in our study

compared with previous surveys (Grundy et al.,

1994, 2005; Klamt et al., 1998; Messahel et al.,

2009; Wittmann et al., 2007).

We found that allelic imbalances in a number

of regions on chromosome arms 1p and 14q

showed a borderline association with tumor

Stages III and IV. This evidence suggests that

these regions might contain genes involved in tu-

mor progression, and would explain the higher

frequency of these anomalies that we observed in

relapsing patients, given the well-established

association of high stage disease with poorer out-

come. A few studies had previously suggested the

importance of the age at diagnosis in the progno-

sis of WT together with other established factors.

Children younger than 24 months at initial diag-

nosis and small-volume Stage I tumors were

found to have a better outcome than older chil-

dren (Green et al., 1993, 2001; Pritchard-Jones

et al., 2003). Furthermore, lower frequencies of

the putative adverse prognostic markers 1p and

16q LOH have been reported in children

younger than 24 months with Stage I tumors

weighing less than 550 grams (Grundy et al.,

2005). We also observed that age at diagnosis

(>24 vs. �24 months) had a prognostic role (HR

¼ 3.776) although not statistically significant (P ¼
0.078). This might suggest that WTs arising at

different ages are pathologically distinct entities,

with different aggressiveness. However, our anal-

yses failed to provide molecular evidences sup-

porting such hypothesis, since no genetic

alteration preferentially associated with different

ages of disease onset was observed.

Interestingly, the lack of preferential associa-

tion of 1q CN gains with both tumor stage and

age at diagnosis suggests that these anomalies

might be markers of relapse independent from

these clinical variables. This was confirmed by

the results of the multivariate analysis.

In conclusion, our observations indicate that

genome wide studies, performed on prospectively

enrolled series of WT cases are able to identify

molecular markers potentially useful to optimize

clinical treatment. Our study provides useful new

information for the selection of chromosomal

regions potentially associated with prognosis in
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WT, to be validated in prospectively enrolled

cohorts of patients.
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