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Abstract

The Wilms’ tumour gene 1 (WT1) single nucleotide polymorphism (SNP) rs16754 has recently been described as an
independent prognostic factor in acute myeloid leukaemia (AML) patients. It is of great interest to test whether WT1 SNPs
can be used as a molecular marker in other cancer types in order to improve risk and treatment stratification. We performed
sequencing analysis on all 10 exons of the WT1 gene in a total of 182 patients with clear cell renal cell carcinoma (ccRCC). Six
different SNPs were identified, in descending order for minor allele frequency: rs2234582, rs16754, rs1799925, rs5030315,
rs2234583, and rs2234581. At least one minor allele for WT1 SNP was identified in 61% of ccRCC patients. In the entire study
population, only 6% carried two copies of the minor allele. The genotypes of WT1 SNPs in 78 tumour-free kidney tissue
specimens were found to be in 95% concordance with corresponding tumour samples. No correlation was observed
between WT1 SNP genotypes and RNA expression level. WT1 SNP genotypes did not associate with clinical and pathological
characteristics. We found favourable outcomes associated with the homozygous minor allele for WT1 SNP. However, SNP
genotypes did not show to be of prognostic significance when comparing wild-type versus homozygous or heterozygous
for the minor allele in the entire cohort. None of the previously reported WT1 mutations in AML was found in the present
study. A novel WT1 missense mutation was identified in only one patient. Our data suggest that common WT1 mutations
are not involved in ccRCC. Due to too few cases harbouring the homozygous minor allele, the prognostic impact needs to
be verified in larger study populations.
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Introduction

Renal cell carcinoma (RCC) represents about 3% of all adult

malignancies [1]. The main subtypes of RCC are clear cell (75%),

papillary (10%) and chromophobe (5%) [2]. In Sweden, patient

survival has improved during the last decade and the 5-year

relative survival rate for renal cancer is 55% for men and 58% for

women [3].

Previous studies have demonstrated genetic abnormalities in

clear cell renal cell carcinoma (ccRCC), of which inactivation of

the tumour suppressor gene von Hippel-Lindau (VHL) plays a role

in the pathogenesis [4]. Inactivation of VHL can occur through

hypermethylation or mutations, including deletions, insertions,

missense, nonsense and splice junction alterations [5]. VHL

mutations were detected in 57% of ccRCC [6]. There was no

significant association between mutation type and clinical charac-

teristics [7].

The Wilms’ tumour gene 1 (WT1) is an important regulator of

cell growth and development in the embryo kidney, adult

urogenital system and central nervous system [8]. In 1990, WT1

was first described as a tumour suppressor gene in Wilms’ tumour

[9]. We have previously demonstrated that WT1 can act as a

tumour suppressor in RCC via multiple pathways leading to

down-regulation of hTERT [10]. However, subsequent research

has revealed that WT1 may function as an oncogene in other types

of cancers including leukaemia and breast cancer [11]. Thus, WT1

was recently proposed to act as a chameleon gene in malignancies

[12].

The WT1 gene is located on chromosome 11p13, contains 10

exons and encodes a 49–52 kDa protein. Sequencing analysis

demonstrated that WT1 mutations were shown in only 10% of

sporadic Wilms’ tumours [13]. However, WT1 mutations are

frequently found in certain urogenital anomaly syndromes such as

Denys-Drash syndrome [14] and Frasier syndrome [15]. WT1

mutations have also been demonstrated in approximately 10% of

T-acute lymphoblastic leukaemia (T-ALL) [16–17] and acute

myeloid leukaemia (AML) patients [18]. Furthermore, AML

patients with mutations in WT1 were significantly associated with

worse relapse-free survival and overall survival (OS) [19–22].

Recently, elevated clinical interests in leukaemia have been shown

regarding the prognostic impact of a single nucleotide polymor-

phism (SNP) rs16754 in WT1 exon 7. In a German study,

cytogenetically normal AML patients with rs16754 (AG) and

PLOS ONE | www.plosone.org 1 March 2013 | Volume 8 | Issue 3 | e58396



rs16754 (AA) genotypes were found to have better outcome

compared to patients with rs16754 (GG) genotype [23]. In a large

Cancer and Leukemia Group study, AML patients with rs16754

(GG) genotype had a more favourable outcome in a subset of

patients with FLT3-ITD [24]. However, in a Korean cohort, the

different genotypes of rs16754 did not have any significant impact

on clinical outcome in AML [25].

To test whether WT1 SNP genotypes are also associated with

outcome in ccRCC, we investigated the role of WT1 SNPs as

candidate polymorphisms for survival in 182 patients in the

context of other clinical parameters. Six different SNPs in WT1

were identified and we demonstrated at least one or two copies of

the minor allele in 61% of ccRCC tumour samples. WT1 SNP

genotypes did not correlate to clinical and pathological charac-

teristics and no differences were demonstrated between patients

with wild-type versus homozygous or heterozygous for the minor

allele in relation to OS and disease-specific survival (DSS) in the

entire cohort. In addition, we observed favourable outcome

associated with homozygous minor allele.

Materials and Methods

Ethics Statement
This study was approved by the Human Ethics Committee of

the Medical Faculty, Umeå University, Sweden (2007-071M).

Patients and Tissue Samples
The study included 182 adult patients who were diagnosed with

ccRCC between 1985 and 2007. These patients were treated at

Umeå University Hospital, Umeå, Sweden based on guidelines

from the European Association of Urology [26]. The median age

of the patients was 65.5 years (range 38–87 years) and median

survival time was 49.5 months (range 1–300 months). For patients

providing corresponding tumour-free specimens the median age

was 67 years (range 38–87 years) and median survival time of 55.5

months (range 1–115 months).

A total of 260 tissue specimens including 182 ccRCC tumour

samples and 78 corresponding tumour-free renal cortical tissue

samples were sequenced for WT1 exons. The histological grading

of specimens was performed according to the Fuhrman system

[27]. Tumour stages were classified according to the TNM

classification 2002 [28]. Follow-up medical records of the patients

were used for survival analysis.

DNA and RNA Preparation
According to the manufacturer’s instructions, DNA was

extracted from frozen tissue specimens using MagAttract DNA

Mini M48 Kit with Qiagen BioRobot M48 (QIAGEN, Hilden,

Germany). Total RNA was isolated using the TRIzol method

(Invitrogen, Stockholm, Sweden). After extraction and isolation,

the DNA and RNA were stored at 280uC until use. cDNA was

synthesized by reverse transcription with the Superscript II

Reverse Transcriptase kit according to the manufacturer’s

protocol (Invitrogen).

Sequencing Analysis of the WT1 Genes
Using intron-exon flanking primer pairs, polymerase chain

reaction (PCR) technique was applied to amplify the whole coding

region of 10 exons of the WT1 gene. Twelve pairs of primers were

previously described [29]. Because of GC-rich sequences of exon

1, Hot Star Plus polymerase (QIAGEN, Hilden, Germany) was

used for DNA amplification as previously described [29]; for the

remaining exons 2 to 10, AmpliTaq Gold polymerase (Applied

Biosystems, Foster City, CA, USA) was used. The total reaction

volume of 25 mL contained approximately 50 ng DNA, 10 pmol

of each primer, deoxynucleoside triphosphates (10 mM each), and

Hot Star Plus polymerase (QIAGEN) or AmpliTaq Gold

polymerase (Applied Biosystems) with supplied buffers. DNA was

amplified using the following PCR conditions: 95uC for 10

minutes, 40 cycles of 95uC for 45 seconds, 57uC for 30 seconds,

and 72uC for 45 seconds; and finally 72uC for 7 minutes. PCR

Table 1. Characteristics of Wilms’ tumour gene 1 (WT1) single nucleotide polymorphism (SNP) in ccRCC tumour and
corresponding tumour-free renal cortical tissues.

SNP Exon n

Minor allele
frequency (%) Heterozygous (%) Homozygous (%) Wild-type (%) p value for HWE*

Tumour
Tumour-
free Tumour

Tumour-
free Tumour

Tumour-
free Tumour

Tumour-
free

rs2234581(CRA) 1 2 0.6% – 1.1% – 0% – 98.9% – 0.96

rs2234582(GRT) 1 57 16.8% 16.1% 29.1% 29.5% 2.2% 1.3% 68.7% 69.2% 0.66

rs1799925(CRT) 1 45 13.7% 12.9% 22% 23.1% 2.7% 1.3% 75.3% 75.6% 0.49

rs2234583(CRT) 1 19 6.6% 5.2% 12.1% 7.7% 0.5% 1.3% 87.4% 91% 0.91

rs16754(ARG) 7 52 16% 13.5% 25.3% 21.8% 3.3% 2.6% 71.4% 75.6% 0.57

rs5030315(ARG) 10 27 7.7% 5.8% 15.4% 11.5% 0 0 84.6% 88.5% 0.40

SNP, single nucleotide polymorphism; HWE, Hardy-Weinberg equilibrium.
doi:10.1371/journal.pone.0058396.t001

Table 2. Comparable number of WT1 SNP genotypes in 78
ccRCC tumour and corresponding tumour-free renal cortical
tissue pairs.

Number of
SNP*

Tumour specimens
(%)

Corresponding tumour-free
specimens (%)

0 36 (46.2%) 35 (44.9%)

1 13 (16.7%) 14 (17.9%)

2 25 (32%) 25 (32.1%)

3 3 (3.8%) 2 (2.6%)

4 1 (1.3%) 2 (2.6%)

SNP*, single nucleotide polymorphism with one or two copies of the minor
allele.
doi:10.1371/journal.pone.0058396.t002

SNPs in WT1 in Clear Cell Renal Cell Carcinoma
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products were purified by standard methods and subsequently

sequenced using Big Dye Terminator v3.1 Cycle Sequencing Kit

(Applied Biosystems) with M13 forward and reverse primer.

Sequence reactions were analyzed on an Applied Biosystems

3730xl DNA Analyzer (Applied Biosystems). Nucleotide sequences

were aligned using the Sequencher software v4.7 (Gene Codes

Corporation, Ann Arbor, MI, USA). The derived WT1 gene

sequences were identified by comparison with the corresponding

reference genes using GenBank (EMBL) (http://www.ncbi.nlm.

nih.gov/genbank/), BLAST (http://blast.ncbi.nlm.nih.gov/) and

dbSNP (http://www.ncbi.nlm.nih.gov/snp) searches.

WT1 RNA Expression Using Real-time Quantitative PCR
(RQ-PCR)

Quantitative analysis of WT1 RNA expression was performed

using TaqMan technology in the 7900 HT Real-Time PCR

System (Applied Biosystems, Foster City, CA, USA). RQ-PCR

reactions were carried out in a 25 mL volume containing 12.5 mL

universal PCR master mix, each primer at a concentration of

0.5 mM, probe at 0.1 mM, and 50 ng of cDNA. Amplification

conditions, primers and probes for the WT1 gene were previously

described [10,30]. Standard curves were generated using a series

of dilutions of plasmid DNA carrying the WT1 or b-actin gene with

copy numbers from 100 to 107. The mean of triplicates of the WT1

gene copy numbers was divided by the mean of duplicates of copy

numbers of the b-actin gene.

Statistical Analysis
Statistical analysis was performed using SPSS (version 18)

statistical software. The Kruskal-Wallis test was used to compare

differences in the expression of independent variables. The x2 test

was used to test the significance of observed differences in

proportions. The Kaplan-Meier method was used to estimate the

distribution of DSS and OS. Differences in survival distribution

between different WT1 SNP genotype groups were compared

using the log-rank test. OS was defined as being from the date of

diagnosis to death of any cause, and DSS was defined as being

from the date of diagnosis to death by disease.

Results

1. Frequencies and Features of WT1 SNPs in ccRCC
Patients

Sequence analysis was performed on all 10 exons in WT1 in 182

ccRCC tumour specimens. A total of six different WT1 gene SNPs

were identified (Table 1). The genotypes of each SNP met Hardy-

Weinberg equilibrium (Table 1). One or two copies of the minor

allele were found in 95 tumour specimens in exon 1, 52 in exon 7

and 27 in exon 10 (Table 1). The minor allele frequencies of these

SNPs presented in order with 16.8% of rs2234582 in exon 1,

followed by 16% of rs16754 in exon 7, 13.7% of rs1799925 in

exon 1, 7.7% of rs5030315 in exon 10, 6.6% of rs2234583 in exon

1 and 0.6% of rs2234581 in exon 1 (Table 1). Similar frequencies

of these SNPs were presented in 78 corresponding tumour-free

renal cortical tissue samples except rs2234581 (Table 1). The

majority of the minor allele of these SNPs was heterozygous in

both tumour and tumour-free tissues (Table 1). At least one copy

of the minor allele could be detected in 111 of the 182 (61%)

tumour specimens.

Furthermore, SNP genotypes in 78 tumour and corresponding

tumour-free specimen pairs were compared. A high concordance

(95%) was demonstrated (Table 2). One patient carried no rare

SNPs in the tumour specimen but one heterozygous SNP minor

allele GRT in rs2234582 in the corresponding tumour-free

specimen. Another patient carried the minor allele of three SNPs

in the tumour specimen and these three together with a fourth

heterozygous genotype SNP rs16754 were detected in the

corresponding tumour-free specimen. Two patients carried total

of three or four minor alleles of the SNPs but only one SNP

genotype differed in their tumour and tumour-free samples

(Table 2).

2. No Correlation between WT1 RNA Expression and SNP
Genotypes

WT1 RNA expressions were analyzed by RQ-PCR in a total of

115 tissue samples including 100 tumour and 15 tumour-free

specimens. Similar to our previous findings [10], significantly

lower RNA expression in ccRCC was observed in comparison

with tumour-free renal cortical tissue (p = 0.001). WT1 RNA

expression was compared between different WT1 SNP genotype

groups. No difference in WT1 RNA expression levels was found in

tumours (p = 0.726) and tumour-free tissue samples (p = 0.779,

Table 3).

Table 3. No correlation between WT1 SNP genotypes and WT1 RNA expression in ccRCC.

Specimens SNP genotypes WT1/b-actin RNA level (61023) p

N Median (range) Mean ± SD

Tumours 0.726

Homozygous minor allele 7 0.057 (0.01–0.5) 0.12960.18

Heterozygous minor allele 57 0.029 (0–2.52) 0.21960.502

Wild-type 36 0.032 (0.001–1.316) 0.10660.236

Tumour-free tissues 0.779

Homozygous minor allele 0 2 2

Heterozygous minor allele 7 1.245 (0.599–4.29) 1.75861.252

Wild-type 8 1.335 (0.192–5.132) 1.54761.561

WT1, Wilms’ tumour gene 1; 2, homozygous minor allele was not identified in tumour-free tissues.
doi:10.1371/journal.pone.0058396.t003

SNPs in WT1 in Clear Cell Renal Cell Carcinoma
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3. No Correlation between WT1 SNP Genotypes and
Clinical and Pathological Characteristics in ccRCC Patients

WT1 SNP genotypes and its relation to clinical and pathological

characteristics are shown in Table 4. No significant differences

were found between patients with wild-type and homozygous or

heterozygous for the minor allele of the WT1 SNPs with regard to

age (p = 0.397), sex (p = 0.542), tumour stage (p = 0.947), tumour

size (p = 0.602), tumour grade (p = 0.718), DSS (p = 1) and OS

(p = 0.873).

4. Homozygous Minor Allele for WT1 SNPs were
Associated with Favourable Clinical Outcome

We investigated the prognostic impact of the WT1 SNPs, in our

whole cohort of 182 ccRCC patients, with a median OS of 49.5

months (range 1–300 months) and a median DSS of 49 months

(range 1–293 months). In the subgroup of patients with

homozygous minor allele (6%), median OS was 91 months (range

9–243 months) and median DSS was 96.5 months (range 9–243

months). Patients with heterozygous minor allele (54.9%) had a

median OS of 41 months (range 1–300 months) and a median

DSS of 40 months (range 1–276 months). Wild-type patients (39%)

had a median OS of 49 months (range 1–293 months) and a

median DSS of 48 months (range 2–293 months). We observed no

significant differences in outcome between patients with wild-type

versus homozygous or heterozygous for the minor allele (Table 4).

Furthermore, we analysed the outcome associated with geno-

types separately in WT1 wild-type, heterozygous and homozygous

for the minor allele. Patients with homozygous minor allele had

longer OS and DSS than patients with heterozygous for the minor

allele (p = 0.020 for OS and 0.018 for DSS, Figure 1A and B) and

wild-type (p = 0.029 for OS and DSS, Figure 1A and B). No

difference in OS or DSS was found between patients with WT1

wild-type and heterozygous for minor allele (p = 0.610 for OS and

p = 0.652 for DSS, Figure 1A and B). In addition, we combined

patients with different WT1 genotypes in exon 1 and performed

Kaplan-Meier analysis. Patients with homozygous allele for WT1

in exon 1 were observed to have a favourable outcome for both

OS and DSS compared to patients with heterozygous (p = 0.026

for OS and p = 0.022 for DSS, Figure 2A and B) and wild-type

(p = 0.012 for OS and p = 0.010 for DSS, Figure 2A and B).

Patients with wild-type and heterozygous genotypes in exon 1 did

not differ significantly in OS or DSS (p = 0.772 for OS and

p = 0.809 for DSS, Figure 2A and B).

With regard to WT1 specific SNP genotype, WT1 SNP

rs2234581 was not evaluated due to too few cases (n = 2). There

was no correlation between WT1 genotype of the rs5030315 and

outcome (data not shown). Subgroup analysis of the SNP rs16754

showed that patients with homozygous minor allele had signif-

icantly favourable OS compared to heterozygous genotype

(p = 0.036, Figure 3A) and trend to longer DSS (p = 0.060,

Figure 3B). In comparison with wild-type genotype, survival time

did not differ significantly for patients with homozygous minor

allele (p = 0.107 for OS and p = 0.108 for DSS, Figure 3A and B)

and heterozygous genotype (p = 0.123 for OS and p = 0.462 for

DSS, Figure 3A and B).

5. A Novel Missense Mutation
Sequence analysis on 10 WT1 exons did not show any

insertions or deletions. Previous reported missense, nonsense or

frame-shift mutations in WT1 hot spots in leukaemia [19] or in

Wilms’ tumour [31] were not identified in the present study.

However, a novel heterozygous missense mutation in exon 1 at

nucleotide position 536 CRA was identified in only one patient.

Table 4. No correlation between WT1 SNP genotypes and
clinical and pathologic characteristics in patients with ccRCC.

All
patients Homozygous Heterozygous Wild-type p*

n 182 11 (6%) 100 (54.9%) 71 (39%)

Age
(years)

0.397

25–49 19
(10.4%)

1 (0.5%) 13 (7.1%) 5 (2.7%)

50–59 41
(22.5%)

7 (3.8%) 20 (11%) 14 (7.7%)

60–69 47
(25.8%)

3 (1.6%) 26 (14.3%) 18 (9.9%)

70–85 75
(41.2%)

0 41 (22.5%) 34 (18.7%)

Sex 0.542

Male 102
(56%)

6 (3.3%) 54 (29.7%) 42 (23.1%)

Female 80
(44%)

5 (2.7%) 46 (25.3%) 29 (15.9%)

Tumour
stage

0.947

T1 58
(31.9%)

5 (2.7%) 29 (15.9%) 24 (13.2%)

T2 28
(15.4%)

3 (1.6%) 14 (7.7%) 11 (6%)

T3 43
(23.6%)

1 (0.5%) 25 (13.7%) 17 (9.3%)

T4 53
(29.1%)

2 (1.1%) 32 (17.6%) 19 (10.4%)

Tumour
size

0.602

$70 mm 117
(64.3%)

9 (4.9%) 64 (35.2%) 44 (24.2%)

,70 mm 65
(35.7%)

2 (1.1%) 36 (19.8%) 27 (14.8%)

Tumour
grade

0.718

I 13
(7.1%)

1 (0.5%) 7 (3.8%) 5 (2.7%)

II 44
(24.2%)

3 (1.6%) 21 (11.5%) 20 (11%)

III 83
(45.6%)

4 (2.2%) 47 (25.8%) 32 (17.6%)

IV 42
(23.1%)

3 (1.6%) 25 (13.7%) 14 (7.7%)

DSS 1

Alive 60
(40%)

8 (5.3%) 28 (18.7%) 24 (16%)

Dead 90
(60%)

2 (1.3%) 53 (35.3%) 35 (23.3%)

OS 0.873

Alive 60
(33%)

8 (4.4%) 28 (15.4%) 24 (13.2%)

Dead 122
(67%)

3 (1.6%) 72 (39.6%) 47 (25.8%)

DSS, disease specific survival; OS, overall survival;
p*, significance compared between patients with WT1 SNP homozygous or
heterozygous for the minor allele versus wild-type.
doi:10.1371/journal.pone.0058396.t004

SNPs in WT1 in Clear Cell Renal Cell Carcinoma
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This changes the amino acid from proline to histidine at codon

179 (Figure 4). WT1 RNA expression was detected at a level of

0.048 (WT1/b-actin 61023). The patient was diagnosed with

ccRCC at tumour stage IV and died shortly after diagnosis.

The result showed that the common types of WT1 mutations

found in other types of malignancies were not demonstrated in

ccRCC.

Discussion

The prognostic significance of WT1 mutation and WT1 SNPs

has been demonstrated in other types of malignancies, mostly in

AML [19,21–24,32]. The present study evaluated WT1 gene

variations in ccRCC patients. We identified six different SNP

genotypes, with 61% of patients harbouring at least one minor

allele. WT1 mutations commonly found in AML and Wilms’

tumour were not detected in our cohort of ccRCC patients. No

association between SNP genotypes and WT1 RNA expression

level was found. We observed that patients with homozygous

minor allele had favourable outcome compared to patients with

wild-type and heterozygous minor allele. Similarly, longer OS and

DSS were shown for patients homozygous for the minor allele for

rs16754 compared to patients with heterozygous genotype. These

results indicate that the prognostic impact of WT1 SNPs in ccRCC

is considerably weak due to too few patients harbouring the

homozygous minor allele.

The International HapMap 3 consortium database has collected

genetic data from the global population since 2002 (http://

hapmap.nbci.nlm.nih.gov/) [33–34]. The minor allele frequency

of WT1 SNP rs2234582 was reported in 15.9% of HapMap

European subjects. The minor allele frequency of rs2234582 in the

present study was at a similar degree, with 16.8% of ccRCC

tumour specimens and 16.8% of tumour-free specimens. In Asian

populations, the minor allele frequency of rs2234582 was only

6.3% while the frequency in American populations is similar to

that of Europe. SNP rs1799925 minor allele frequency was 15.3%

in European subjects, 29.3% in American subjects and 69.6% in

Asian subjects in the HapMap database. Similar to European

subjects, 13.7% of the ccRCCs carried at least one copy of the

minor allele for rs1799925 in the present study. The minor allele

frequency of rs2234583 was reported in 5.9% of European

subjects while we found the frequency to be about 6.6% in our

tested samples. In Asian subjects, the frequency was only 1.2%.

Similar minor allele frequencies of rs5030315 were detected in

both our subjects and European subjects, while it was lower in

Asian populations. In the present study, the rare SNP rs2234581

was indeed a rare finding, demonstrated in only two tumour

samples. No collected data on rs2234581 could be found in the

HapMap database. The minor allele frequency of rs16754 in the

present study was 16% and demonstrated to be in agreement with

data from the HapMap database for European subjects (15.9%).

However, a Korean study found a significant difference in

frequency compared to the German study [25]. The collected

data suggest that the variation in rs16754 frequencies can be

attributed to ethnicity of the group.

We have previously demonstrated that the WT1 RNA

expression was significantly lower in ccRCC compared to

tumour-free renal cortical tissue, indicating that down-regulation

Figure 1. Survival analysis of Wilms’ tumour gene 1 (WT1) single nucleotide polymorphism (SNP) in ccRCC based on genotypes. (A)
Kaplan-Meier curves of Overall Survival (OS) for patients with SNP genotypes in WT1 and (B) Disease-specific survival (DSS) for patients with WT1 SNP
genotype.
doi:10.1371/journal.pone.0058396.g001

SNPs in WT1 in Clear Cell Renal Cell Carcinoma

PLOS ONE | www.plosone.org 5 March 2013 | Volume 8 | Issue 3 | e58396



of WT1 acts as a tumour suppressor in ccRCC [10]. These

findings were supported by a larger cohort in the present study.

When relating WT1 RNA expression to SNP genotypes, we did

not find any correlation. It has been proposed that synonymous

SNPs may change protein amount, structure or function through

altering mRNA structure and stability, kinetics of translation and

alternate splicing [35]. However, it is unclear whether RNA

expression could be affected by the major or minor allele. One

argument could be that an alternative WT1 (AWT1) transcript, co-

expressed with WT1 in renal and hematopoietic cells [36], may

affect detection of WT1 using primers and probes in exon 1 and 2.

In this study, primers and probes for measuring WT1 RNA level

were selected according to a quality-control study involving 11

European LeukemiaNet laboratories [37]. We tested multiple

primers and probe sets spanning different WT1 exons for 40

ccRCC samples and significant correlation was observed (data not

shown). The mechanism of down-regulated WT1 expression in

ccRCC may not be due to WT1 SNP genotypes. Other

mechanisms, for example DNA methylation or related oncogenic

pathways, may be involved in the decreased WT1 expression in

ccRCC. In contrast, WT1 was found to be overexpressed in

leukaemia [37–41]. Previous studies have suggested that WT1 may

play an oncogenic role in this type of tumour [42–43]. In AML

patients, studies from Germany and the Netherlands found no

significant differences in relation to WT1 SNP rs16754 [23,44],

whereas a study by the Children’s Oncology Group presented that

patients harbouring rs16754 minor allele had elevated WT1

mRNA expression [32]. According to the Children’s Oncology

Group, their findings may be explained by rs16754 genotype

variations involving translation kinetics which could potentially

affect protein folding and thereby protein function [32].

Studies have recently demonstrated that the minor allele of SNP

rs16754 has a favourable effect on OS and relapse-free survival in

AML [23–24,32,45]. This effect was most prominent for high-risk

patients, defined as FLT3-ITD positive and/or NPM1 wild type

[23]. The authors hypothesized that the minor allele of rs16754

might be associated with increased drug sensitivity [23], thereby

affecting patient outcome. In the case of the MDR1 gene, a

synonymous SNP altered the function of MDR1 gene product P-

glycoprotein despite similar mRNA and protein levels [46].

Similarly to the findings from AML studies, we observed that

patients homozygous for the rs16754 minor allele had longer OS

and DSS compared to patients heterozygous for the minor allele.

Furthermore, patients carrying homozygous minor allele for SNPs

in exon 1 also had favourable clinical outcome. Unfortunately, too

few patients had the homozygous minor allele and therefore we

were not able to evaluate whether the prognostic impact was

independent in multivariable analysis. In rs16754, the rare codon

CGA (6.2 per thousand) is replaced by the more frequently used

codon CGG (11.4 per thousand, frequencies obtained from the

Codon Usage Database [47]). Thus, the substitution of a rare

codon for a more frequently used codon leads to increased

translation kinetics that could potentially affect protein function as

it has been demonstrated in vitro in E. coli [48]. In contrast with

collected data on rs16754 as a positive prognostic factor, other

studies demonstrated no significant impact in AML [25,44].

In the present study, a novel missense mutation was identified in

a patient with a stage IV ccRCC at diagnosis. In addition to the

Figure 2. Prognostic impact of Wilms’ tumour gene 1 (WT1) single nucleotide polymorphisms (SNPs) in exon 1 in ccRCC. (A) Overall
Survival (OS) for patients with wild-type, heterozygous and homozygous minor allele in exon 1 and (B) Disease-specific survival (DSS) for patients with
wild-type, heterozygous and homozygous minor allele in exon 1.
doi:10.1371/journal.pone.0058396.g002

SNPs in WT1 in Clear Cell Renal Cell Carcinoma

PLOS ONE | www.plosone.org 6 March 2013 | Volume 8 | Issue 3 | e58396



536 CRA mutation, this patient also carried the heterozygous

minor allele for the rs2234582 and rs16754. The de novo mutation

was located in exon 1, coding for the proline/glutamine-rich

transcriptional-regulation domain. This patient had a shorter

survival time (4 months) than the median OS of 49.5 months in

our study. This was the only WT1 mutation detected in our

subjects. Infrequent mutations of the WT1 gene was reported by a

Japanese study consisting of 34 primary urinary tract cancers

including 22 RCC patients [49]. The results may imply that

common WT1 gene mutations are not involved in RCC.

In conclusion, our study has shown the occurrence of one or two

copies of the WT1 SNP minor allele in 61% of ccRCCs. In order

of descending minor allele frequency, SNP rs2234582 was most

frequent followed by rs16754, rs1799925, rs5030315, rs2234583

and rs2234581. No correlation was found between WT1 SNP

genotypes and clinical and pathological characteristics. However,

differences in clinical outcome were observed between patients

with homozygous minor allele versus heterozygous or wild-type.

Considering its low frequency, larger confirmatory studies would

be necessary.
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NORDCAN: Cancer Incidence, Mortality, Prevalence and Survival in the

Nordic Countries, Version 5.1. Association of the Nordic Cancer Registries.

March 2012 ed: Danish Cancer Society.

4. Iliopoulos O, Kaelin WG, Jr. (1997) The molecular basis of von Hippel-Lindau

disease. Mol Med 3: 289–293.

5. Nickerson ML, Jaeger E, Shi Y, Durocher JA, Mahurkar S, et al. (2008)

Improved identification of von Hippel-Lindau gene alterations in clear cell renal

tumors. Clin Cancer Res 14: 4726–4734.

Figure 3. Prognostic impact of Wilms’ tumour gene 1 (WT1) single nucleotide polymorphism (SNP) rs16754 in ccRCC. (A) Overall
Survival (OS) for patients with rs16754 wild-type, heterozygous and homozygous minor allele and (B) Disease-specific survival (DSS) for patients with
rs16754 wild-type, heterozygous and homozygous minor allele.
doi:10.1371/journal.pone.0058396.g003

Figure 4. Chromatogram showing the nucleotide sequence
with the novel heterozygous missense mutation 536 CRA in
WT1.
doi:10.1371/journal.pone.0058396.g004

SNPs in WT1 in Clear Cell Renal Cell Carcinoma

PLOS ONE | www.plosone.org 7 March 2013 | Volume 8 | Issue 3 | e58396



6. Gnarra JR, Tory K, Weng Y, Schmidt L, Wei MH, et al. (1994) Mutations of

the VHL tumour suppressor gene in renal carcinoma. Nat Genet 7: 85–90.
7. Banks RE, Tirukonda P, Taylor C, Hornigold N, Astuti D, et al. (2006) Genetic

and epigenetic analysis of von Hippel-Lindau (VHL) gene alterations and

relationship with clinical variables in sporadic renal cancer. Cancer Res 66:
2000–2011.

8. Scharnhorst V, van der Eb AJ, Jochemsen AG (2001) WT1 proteins: functions in
growth and differentiation. Gene 273: 141–161.

9. Haber DA, Buckler AJ, Glaser T, Call KM, Pelletier J, et al. (1990) An internal

deletion within an 11p13 zinc finger gene contributes to the development of
Wilms’ tumor. Cell 61: 1257–1269.

10. Sitaram RT, Degerman S, Ljungberg B, Andersson E, Oji Y, et al. (2010)
Wilms’ tumour 1 can suppress hTERT gene expression and telomerase activity

in clear cell renal cell carcinoma via multiple pathways. Br J Cancer 103: 1255–
1262.

11. Yang L, Han Y, Suarez Saiz F, Minden MD (2007) A tumor suppressor and

oncogene: the WT1 story. Leukemia 21: 868–876.
12. Huff V (2011) Wilms’ tumours: about tumour suppressor genes, an oncogene

and a chameleon gene. Nat Rev Cancer 11: 111–121.
13. Little M, Wells C (1997) A clinical overview of WT1 gene mutations. Hum

Mutat 9: 209–225.

14. Pelletier J, Bruening W, Kashtan CE, Mauer SM, Manivel JC, et al. (1991)
Germline mutations in the Wilms’ tumor suppressor gene are associated with

abnormal urogenital development in Denys-Drash syndrome. Cell 67: 437–447.
15. Barbaux S, Niaudet P, Gubler MC, Grunfeld JP, Jaubert F, et al. (1997) Donor

splice-site mutations in WT1 are responsible for Frasier syndrome. Nat Genet
17: 467–470.

16. Renneville A, Kaltenbach S, Clappier E, Collette S, Micol JB, et al. (2010)

Wilms tumor 1 (WT1) gene mutations in pediatric T-cell malignancies.
Leukemia 24: 476–480.

17. Tosello V, Mansour MR, Barnes K, Paganin M, Sulis ML, et al. (2009) WT1
mutations in T-ALL. Blood 114: 1038–1045.

18. King-Underwood L, Renshaw J, Pritchard-Jones K (1996) Mutations in the

Wilms’ tumor gene WT1 in leukemias. Blood 87: 2171–2179.
19. Hollink IH, van den Heuvel-Eibrink MM, Zimmermann M, Balgobind BV,

Arentsen-Peters ST, et al. (2009) Clinical relevance of Wilms tumor 1 gene
mutations in childhood acute myeloid leukemia. Blood 113: 5951–5960.

20. Hou HA, Huang TC, Lin LI, Liu CY, Chen CY, et al. (2010) WT1 mutation in
470 adult patients with acute myeloid leukemia: stability during disease evolution

and implication of its incorporation into a survival scoring system. Blood 115:

5222–5231.
21. Paschka P, Marcucci G, Ruppert AS, Whitman SP, Mrozek K, et al. (2008)

Wilms’ tumor 1 gene mutations independently predict poor outcome in adults
with cytogenetically normal acute myeloid leukemia: a cancer and leukemia

group B study. J Clin Oncol 26: 4595–4602.

22. Virappane P, Gale R, Hills R, Kakkas I, Summers K, et al. (2008) Mutation of
the Wilms’ tumor 1 gene is a poor prognostic factor associated with

chemotherapy resistance in normal karyotype acute myeloid leukemia: the
United Kingdom Medical Research Council Adult Leukaemia Working Party.

J Clin Oncol 26: 5429–5435.
23. Damm F, Heuser M, Morgan M, Yun H, Grosshennig A, et al. (2010) Single

nucleotide polymorphism in the mutational hotspot of WT1 predicts a favorable

outcome in patients with cytogenetically normal acute myeloid leukemia. J Clin
Oncol 28: 578–585.

24. Becker H, Maharry K, Radmacher MD, Mrozek K, Metzeler KH, et al. (2011)
Clinical outcome and gene- and microRNA-expression profiling according to

the Wilms tumor 1 (WT1) single nucleotide polymorphism rs16754 in adult de

novo cytogenetically normal acute myeloid leukemia: a Cancer and Leukemia
Group B study. Haematologica 96: 1488–1495.

25. Choi Y, Lee JH, Hur EH, Kang MJ, Kim SD, et al. (2012) Single nucleotide
polymorphism of Wilms’ tumor 1 gene rs16754 in Korean patients with

cytogenetically normal acute myeloid leukemia. Ann Hematol 91: 671–677.

26. Ljungberg B, Hanbury DC, Kuczyk MA, Merseburger AS, Mulders PF, et al.
(2007) Renal cell carcinoma guideline. Eur Urol 51: 1502–1510.

27. Fuhrman SA, Lasky LC, Limas C (1982) Prognostic significance of morphologic
parameters in renal cell carcinoma. Am J Surg Pathol 6: 655–663.

28. Greene FL, Sobin LH (2002) The TNM system: our language for cancer care.
J Surg Oncol 80: 119–120.

29. Gaidzik VI, Schlenk RF, Moschny S, Becker A, Bullinger L, et al. (2009)

Prognostic impact of WT1 mutations in cytogenetically normal acute myeloid

leukemia: a study of the German-Austrian AML Study Group. Blood 113:

4505–4511.

30. Andersson C, Li X, Lorenz F, Golovleva I, Wahlin A, et al. (2012) Reduction in

WT1 gene expression during early treatment predicts the outcome in patients

with acute myeloid leukemia. Diagn Mol Pathol 21: 225–233.

31. Royer-Pokora B, Beier M, Henzler M, Alam R, Schumacher V, et al. (2004)

Twenty-four new cases of WT1 germline mutations and review of the literature:

genotype/phenotype correlations for Wilms tumor development. Am J Med

Genet A 127A: 249–257.

32. Ho PA, Kuhn J, Gerbing RB, Pollard JA, Zeng R, et al. (2011) WT1

synonymous single nucleotide polymorphism rs16754 correlates with higher

mRNA expression and predicts significantly improved outcome in favorable-risk

pediatric acute myeloid leukemia: a report from the children’s oncology group.

J Clin Oncol 29: 704–711.

33. Altshuler DM, Gibbs RA, Peltonen L, Dermitzakis E, Schaffner SF, et al. (2010)

Integrating common and rare genetic variation in diverse human populations.

Nature 467: 52–58.

34. The International HapMap Consortium (2003) The International HapMap

Project. Nature 426: 789–796.

35. Sauna ZE, Kimchi-Sarfaty C, Ambudkar SV, Gottesman MM (2007) Silent

polymorphisms speak: how they affect pharmacogenomics and the treatment of

cancer. Cancer Res 67: 9609–9612.

36. Dallosso AR, Hancock AL, Brown KW, Williams AC, Jackson S, et al. (2004)

Genomic imprinting at the WT1 gene involves a novel coding transcript

(AWT1) that shows deregulation in Wilms’ tumours. Hum Mol Genet 13: 405–

415.

37. Cilloni D, Renneville A, Hermitte F, Hills RK, Daly S, et al. (2009) Real-time

quantitative polymerase chain reaction detection of minimal residual disease by

standardized WT1 assay to enhance risk stratification in acute myeloid leukemia:

a European LeukemiaNet study. J Clin Oncol 27: 5195–5201.

38. Cilloni D, Messa F, Arruga F, Defilippi I, Gottardi E, et al. (2008) Early

prediction of treatment outcome in acute myeloid leukemia by measurement of

WT1 transcript levels in peripheral blood samples collected after chemotherapy.

Haematologica 93: 921–924.

39. Inoue K, Ogawa H, Sonoda Y, Kimura T, Sakabe H, et al. (1997) Aberrant

overexpression of the Wilms tumor gene (WT1) in human leukemia. Blood 89:

1405–1412.

40. Inoue K, Sugiyama H, Ogawa H, Nakagawa M, Yamagami T, et al. (1994)

WT1 as a new prognostic factor and a new marker for the detection of minimal

residual disease in acute leukemia. Blood 84: 3071–3079.

41. Ostergaard M, Olesen LH, Hasle H, Kjeldsen E, Hokland P (2004) WT1 gene

expression: an excellent tool for monitoring minimal residual disease in 70% of

acute myeloid leukaemia patients - results from a single-centre study.

Br J Haematol 125: 590–600.

42. Osaka M, Koami K, Sugiyama T (1997) WT1 contributes to leukemogenesis:

expression patterns in 7,12-dimethylbenz[a]anthracene (DMBA)-induced leuke-

mia. Int J Cancer 72: 696–699.

43. Sugiyama H (2001) Wilms’ tumor gene WT1: its oncogenic function and clinical

application. Int J Hematol 73: 177–187.

44. Hollink IHIM, van den Heuvel-Eibrink MM, Zimmermann M, Balgobind BV,

Arentsen-Peters STCJM, et al. (2010) No Prognostic Impact of the WT1 Gene

Single Nucleotide Polymorphism rs16754 in Pediatric Acute Myeloid Leukemia.

Journal of Clinical Oncology 28: E523–E526.

45. Chen X, Yang Y, Huang Y, Tan J, Chen Y, et al. (2012) WT1 mutations and

single nucleotide polymorphism rs16754 analysis of patients with pediatric acute

myeloid leukemia in a Chinese population. Leuk Lymphoma.

46. Kimchi-Sarfaty C, Oh JM, Kim IW, Sauna ZE, Calcagno AM, et al. (2007) A

‘‘silent’’ polymorphism in the MDR1 gene changes substrate specificity. Science

315: 525–528.

47. Nakamura Y, Gojobori T, Ikemura T (2000) Codon usage tabulated from the

international DNA sequence databases: status for the year 2000. Nucl Acids Res:

Oxford Journals. 292.

48. Komar AA, Lesnik T, Reiss C (1999) Synonymous codon substitutions affect

ribosome traffic and protein folding during in vitro translation. FEBS Lett 462:

387–391.

49. Kageyama Y, Yamamura Y, Oshima H, Ikawa Y (1995) Infrequent mutations of

the WT1 gene in primary cancers of the adult urinary tract. Jpn J Clin Oncol 25:

173–178.

SNPs in WT1 in Clear Cell Renal Cell Carcinoma

PLOS ONE | www.plosone.org 8 March 2013 | Volume 8 | Issue 3 | e58396


