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abstract

PURPOSE Wilms tumor (WT) is associated with (epi)genetic predisposing factors affecting a growing number of
WT predisposing genes and loci, including those causing Beckwith-Wiedemann spectrum (BWSp) or WT1-
related syndromes. To guide genetic counseling and testing, we need insight into the prevalence of WT
predisposing (epi)genetic factors.

PATIENTS AND METHODS All children diagnosed with WT in the Netherlands between 2015 and
2020 were referred to a clinical geneticist. Phenotypic data, disease characteristics, and
diagnostic test results were collected. If no genetic predisposition was identified by targeted diagnostic testing,
germline (trio-)whole-exome sequencing and BWSp testing on normal kidney-derived DNA were offered.

RESULTS A total of 126 cases were analyzed of 128 identified patients. (Epi)genetic predisposing factors were
present in 42 of 126 patients (33.3%) on the basis of a molecular diagnosis in blood-derived DNA (n 5 26),
normal kidney-derived DNA (n5 12), or solely a clinical diagnosis of BWSp (n5 4). Constitutional, heterozygous
DIS3L2 variants were identified as a recurrent predisposing factor in five patients (4%), with a second somatic hit
in 4 of 5 tumors. Twenty patients (16%) were diagnosed with BWSp while four additional patients without BWSp
features harbored chromosome 11p15 methylation defects in normal kidney tissue. Remaining findings in-
cluded WT1-related syndromes (n 5 10), Fanconi anemia (n 5 1), neurofibromatosis type 1 (n 5 1), and a
pathogenic REST variant (n 5 1). In addition, (likely) pathogenic variants in adult-onset cancer predisposition
genes (BRCA2, PMS2, CHEK2, and MUTYH) were identified in 5 of 56 (8.9%) patients with available whole-
exome sequencing data. Several candidate WT predisposition genes were identified, which require further
validation.

CONCLUSION (Epi)genetic WT predisposing factors, including mosaic aberrations and recurrent heterozygous
DIS3L2 variants, were present in at least 33.3% of patients with WT. On the basis of these results, we encourage
standard genetic testing after counseling by a clinical geneticist.
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INTRODUCTION

Wilms tumor (WT, nephroblastoma) arises from a
developmental arrest in the embryonic kidney1 and
is frequently associated with (epi)genetic predis-
posing factors.2,3 Our understanding of WT predis-
position continues to evolve, as illustrated by the
identification of novel WT predisposition genes
(TRIM28, REST, and CTR9),4-8 the role of mosaic
aberrations,9 and the range of phenotypic variability.
With various study designs and definitions, previous
reports identified WT predisposition syndromes in
5%-24% of children with WT.10-13

We hypothesized that the prevalence may be even
higher when evaluating a cohort of patients with WT for
all currently known predisposing factors. Therefore, we
performed a phenotypic and genomic characterization
of a 5-year nationwide WT cohort by a stepwise ap-
proach including targeted diagnostic testing and, after
informed consent, whole-exome sequencing (WES) of
germline and parental DNA (trio-analysis). We aimed
to determine the prevalence of (epi)genetic predis-
posing factors, to correlate germline findings with
patients’ phenotypic and tumor characteristics, and to
identify novel WT predisposition genes.
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PATIENTS AND METHODS

Patients and Data Collection

From 2015 onwards, Dutch hospitals referred all patients
with (suspected) WT to the Princess Máxima Center for
Pediatric Oncology. All patients diagnosed between Jan-
uary 1, 2015, and January 1, 2020, were retrospectively
(2015-2018) or prospectively (2018-2020) invited for
participation in this study. The study was referred to as the
WES-KidTs study (whole-exome sequencing in children
with kidney tumors). Parents, patients, and/or legal rep-
resentatives were asked to give written informed consent for
biomaterial and data collection (Medical Research Ethics
Committee Utrecht: METC 18-033/M). This study conforms
to the Declaration of Helsinki as revised in 2013.

In the definition of WT, we included all patients with WT
and/or nephrogenic rests (WT precursor lesions14). Bilateral
disease was defined as bilateral WT, bilateral nephrogenic
rests, or WT with contralateral nephrogenic rests. Detailed
data were collected, including patient characteristics (sex,
birthweight, age at diagnosis, and medical and family
history), tumor characteristics (stage, histology, and pres-
ence of nephrogenic rests as specified in the pathology
report), and phenotypic findings during the clinical genetic
consultation.

In the definition of (epi)genetic WT predisposition, we did not
include (likely) pathogenic variants in adult-onset cancer
predisposition genes nor genetic diagnoses, which are un-
related toWT development on the basis of current knowledge.

Diagnostic Procedures

Pediatric oncologists were instructed to refer all patients
with WT to a clinical geneticist. Testing for Beckwith-
Wiedemann spectrum (BWSp) was recommended for all
patients, except for those with an alternative (suspected)
diagnosis. BWSp testing was performed by methylation-
specific multiplex ligation-dependent probe amplification
(MS-MLPA), primarily using blood-derived DNA. On a

research basis, MS-MLPA was additionally performed us-
ing healthy kidney-derived DNA and tumor tissue, if this
material was available after nephrectomy (Data Supple-
ment, online only). Targeted WT1 analysis was recom-
mended for patients with a urogenital malformation,
bilateral/multifocal disease, and/or age , 2 years at di-
agnosis (Data Supplement). Other targeted genetic testing
was performed according to the judgment of the clinical
geneticist (Data Supplement).

Whole-Exome Sequencing

Patients in whom a clinical or molecular diagnosis of a WT
predisposition syndrome was identified upon standard
diagnostic testing were included for data collection only. In
all remaining patients, informed consent for germline WES
was requested. Patients were eligible if standard diagnostic
testing had been completed by September 1, 2020.

Patients’ germline DNA was assessed using a WES-based
30-gene WT gene panel (Data Supplement), including
single-nucleotide variant, small indel, and copy number
analyses (Data Supplement). If no causative variant was
identified after panel analysis, exome-wide (trio-)analysis
was performed using the patients’ and (if available) parents’
DNA. Participants could choose to limit the analysis to the
WES-based WT gene panel only.

Variants were filtered on the basis of population frequency
(gnomAD v3.1.1), quality metrics, protein effect, and
in silico conservation and prediction scores. For genes
included in the WT gene panel (Data Supplement), only
(likely) pathogenic variants were communicated with the
families. When variants of unknown significance were
identified in the gene panel, tumor tissue (if available) was
assessed by WES and/or single-nucleotide polymorphism
array analysis (Data Supplement) for loss of heterozygosity
(LOH) or somatic variants in this gene.

In the exome-wide trio-analysis, variants were additionally
filtered on the basis of inheritance mode, prioritizing de
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novo, homozygous, and compound heterozygous variants.
Genes that were considered strong candidates were sub-
mitted to GeneMatcher15, and if available, tumor tissue was
assessed for LOH or somatic variants. A subset of genes
was selected for meta-analysis on the basis of criteria
specified in the Data Supplement. Germline sequencing
data of all WT patients with informed consent for exome-
wide analysis were combined, and variants in selected
genes were extracted. In the resulting variant list, genes
with multiple rare truncating and/or missense variants were
prioritized.

Unsolicited findings were communicated with the families
only after approval by a local multidisciplinary committee
installed for this purpose at the Department of Genetics of
the University Medical Center Utrecht.

RESULTS

A total of 128 patients with WT were identified. Two patients
did not give informed consent for data collection (including
one patient who died before 2018), leaving 126 patients
(71 females and 55 males) available for analysis (Data
Supplement). The median age at WT diagnosis was 3.0
years (range, 0-18.9 years). Five patients (4.0%) had a
molecularly confirmed diagnosis of a WT predisposition
syndrome at the time of WT diagnosis, including BWSp
(n 5 3), Wilms tumor, aniridia, genitourinary anomalies,
and range of developmental delays syndrome (n 5 1), and
neurofibromatosis type 1 (NF1; n5 1; Table 1). One patient
had a family history of WT.

Genetic Examination and Diagnostic Testing

Of the 121 patients without a prior diagnosis of a WT
predisposition syndrome, 111 (91.7%) were examined by a
clinical geneticist (Data Supplement). Seven patients were
not referred, and three families refused referral for a clinical
genetic consultation. For these patients, phenotypic data
were extracted from the medical records. Targeted WT1
testing was performed in 56 of 126 (44.4%) patients and
diagnostic BWSp testing on blood-derived DNA in 97 of 126
(77.0%) patients. Additional MS-MLPA on normal kidney
tissue was performed in 53 of 97 (54.6%) patients. Other
targeted genetic testing was performed with various indi-
cations in six patients (Data Supplement).

Consent for Germline WES

Forty-three patients were not eligible for WES because a
genetic predisposition had already been identified by
germline-targeted testing and/or clinical criteria (n5 27) by
MS-MLPA on kidney tissue (n 5 3) or because diagnostic
genetic testing had not been performed (n5 13). Of the 83
patients who were eligible for germline WES after diagnostic
testing, we were able to approach 80 patients for WES, of
whom (parents of) 57 patients (71.3%) gave informed
consent. The consent was limited to the WT gene panel in
four patients. DNA collection failed in one patient, and WES
data were ultimately available for 56 patients. WES-based

copy number variant analysis was informative in 52 of 56
patients (93%).

(Epi)genetic Predisposing Factors

When combining the results of standard diagnostic testing,
BWSp testing on normal kidney tissue and WES panel
analysis, an (epi)genetic WT predisposition was identified in
42 of 126 patients (33.3%; Fig 1 and Table 1). This in-
cluded 26 patients with a molecular diagnosis in blood-
derived DNA, 12 patients with a diagnosis in normal kidney-
derived DNA, and four patients with solely a clinical di-
agnosis of BWSp. In seven patients (16.7%), the diagnosis
was established by WES analysis (WT gene panel). Addi-
tionally, several variants of unknown significance were
identified in the WT gene panel (Data Supplement) which
were not considered to be causative on the basis of in-
heritance mode and lack of LOH/somatic variants in the
tumor.

BWSp/11p15 aberrations. Twenty patients (15.9%) were
diagnosed with BWSp (Table 1), including eight patients
with a molecular diagnosis in blood-derived DNA. In eight
more patients who had at least one additional feature of
BWSp, a molecular diagnosis could not be confirmed in
blood but was established in normal kidney-derived DNA
(Data Supplement). Finally, in four patients, for whom no
resected kidney tissue was available for analysis, a clinical
diagnosis of BWSp was established according to the criteria
of the 2018 consensus statement by Brioude et al.16 Four
patients were not diagnosed with BWSp because they
lacked additional BWSp features, but they did display a
gain of methylation of imprinting control region 1 in normal
kidney-derived DNA (Data Supplement).

The 20 patients with BWSp had a median age of 3.6 years
at WT diagnosis (range, 0.5-7.2 years), and 14 of 20 pa-
tients (70%) displayed lateralized overgrowth (hemi-
hypertrophy), which was frequently subtle. WTs in patients
with BWSp were not characterized by any specific histo-
logical subtype but frequently accompanied by perilobar
nephrogenic rests (12 of 20, 60%). Among the eight pa-
tients with a confirmed molecular diagnosis in blood-
derived DNA, one patient lacked BWSp features other
than her WT diagnosis.

WT1 aberrations. Germline WT1 aberrations were identi-
fied in 10 patients (7.9%), including one patient with Wilms
tumor, anirida, genitourinary anomalies, and range of de-
velopmental delays syndrome (Table 1). These 10 patients
were characterized by a young age at diagnosis (median
1.3 years, range, 0.6-3.0), stromal type WT (8 of 10 pa-
tients, 80%), and intralobar nephrogenic rests (7 of 10
patients, 70%). Seven patients (70%) had bilateral disease
(n5 6) or unilateral WT with nephrogenic rests (n5 1), and
3 of 10 (30%) patients (all XY males) had urogenital
malformations, including hypospadias, bifid scrotum,
micropenis, and/or cryptorchidism.
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TABLE 1. Patients With (Epi)genetic Predisposing Factors Related to WT Development (n 5 42)

ID M/F, Age at WT (Epi)genetic Predisposing Factors
Identification of Predisposing

Factors Disease Type Additional Clinical Features

WESK054 M, 2 years 0 month BWSp: pUPD chr.11p15a MS-MLPA on blood and clinical
criteria

Unilateral, blastemal WT
and PLNR

Hemihypertrophy, helical ear pits, and horseshoe
kidney

WESK058 F, 6 months BWSp: pUPD chr.11p15a MS-MLPA on blood and clinical
criteria

Unilateral ILNR Hemihypertrophy, diastasis recti, and macroglossia

WESK145 F, 3 years 2 months BWSp: pUPD chr.11p15 MS-MLPA on blood Unilateral, stromal WT Noneb

WESK056 F, 4 years 8 months BWSp: pUPD chr.11p15 MS-MLPA on blood and clinical
criteria

Bilateral, WT with diffuse
anaplasia and PLNR

Hemihypertrophy and pyloric hypertrophy

WESK129 M, 4 years 1 months BWSp: pUPD chr.11p15a MS-MLPA on blood and clinical
criteria

Unilateral, WT with focal
anaplasia and PLNR

Hemihypertrophy, macroglossia, and ear creases

WESK130 F, 4 years 11 months BWSp: pUPD chr.11p15 MS-MLPA on blood and clinical
criteria

Bilateral, WT with diffuse
anaplasia, PLNR and
NB

Facial nevus flammeus and umbilical hernia

WESK117 M, 4 years 9 months BWSp: pUPD chr.11p15 MS-MLPA on blood and clinical
criteria

Bilateral, regressive WT
and PLNR

Macroglossia, birthweight . 2 SDS above mean, and
mild developmental delay

WESK039 F, 7 years 1 months BWSp: IC1 GOM MS-MLPA on blood Unilateral, mixed WT Hemihypertrophy, mild developmental delay, and
brother had leukemia (2 years)

WESK003 M, 2 years 11 months BWSp: clinical diagnosis Clinical criteria Unilateral, mixed WT
with PLNR

Hemihypertrophy

WESK009 M, 9 months BWSp: clinical diagnosis Clinical criteria Unilateral, epithelial WT
with PLNR

Hemihypertrophy and umbilical hernia

WESK022 F, 1 year 0 month BWSp: clinical diagnosis Clinical criteria Unilateral, diffuse NB Hemihypertrophy, epicanthal folds, facial nevus
flammeus, hemangioma, and father had testicular
seminoma (30 years)

WESK025 M, 4 years 4 months BWSp: clinical diagnosis Clinical criteria Bilateral, blastemal WT
and PLNR

Hemihypertrophy

WESK062 F, 4 years 6 months BWSp: pUPD chr.11p15 MS-MLPA on kidney tissue and
clinical criteria

Bilateral, regressive WT
and PLNR

Hemihypertrophy

WESK055 F, 6 months BWSp: IC1 GOM MS-MLPA on kidney tissue and
clinical criteria

Unilateral, mixed WT Hemihypertrophy, facial nevus flammeus, helical ear
pits, and sacral dimple

WESK096 F, 4 years 3 months BWSp: IC1 GOM MS-MLPA on kidney tissue and
clinical criteria

Bilateral, regressive WT
and diffuse NB

Hemihypertrophy and mother had MITF-related
melanoma (39 years)

WESK128 M, 1 year 7 months BWSp: IC1 GOM MS-MLPA on kidney tissue and
clinical criteria

Bilateral, mixed WT and
PLNR

Hemihypertrophy

WESK014 F, 7 years 2 months BWSp: IC1 GOM MS-MLPA on kidney tissue
and $ 1 BWSp feature

Unilateral, regressive WT
and PLNR

Facial nevus flammeus and hemangioma

WESK088 F, 5 years 8 months BWSp: IC1 GOM MS-MLPA on kidney tissue
and $ 1 BWSp feature

Unilateral, blastemal WT
and PLNR

Birth weight . 2 SDS above mean

(continued on following page)
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TABLE 1. Patients With (Epi)genetic Predisposing Factors Related to WT Development (n 5 42) (continued)

ID M/F, Age at WT (Epi)genetic Predisposing Factors
Identification of Predisposing

Factors Disease Type Additional Clinical Features

WESK124 F, 2 years 0 month BWSp: IC1 GOM MS-MLPA on kidney tissue
and $ 1 BWSp feature

Unilateral, mixed WT Hemihypertrophy

WESK135 M, 2 years 0 month BWSp: IC1 GOM MS-MLPA on kidney tissue
and $ 1 BWSp feature

Bilateral diffuse NB Nephromegaly and syndactyly 3rd and 4th toe

WESK002 F, 3 years 8 months IC1 GOM, and no BWSp features MS-MLPA on kidney tissue Bilateral, regressive WT
and PLNR

None

WESK046 F, 5 years 0 month IC1 GOM, and no BWSp features MS-MLPA on kidney tissue Unilateral, regressive WT
and PLNR

None

WESK073 M, 4 years 9 months IC1 GOM, and no BWSp features MS-MLPA on kidney tissue Unilateral, regressive WT
and PLNR

Father had metastatic cancer (primary diagnosis
unknown; 32 years)

WESK121 F, 3 years 3 months IC1 GOM, and no BWSp features MS-MLPA on kidney tissue Unilateral, regressive WT
and PLNR

None

WESK033 F, 2 years 11 months WT1: c.1216_1223del and p.Ser406fs Targeted WT1 testing Unilateral, mixed WT Noneb

WESK049 F, 11 months WT1: c.1-?_6461?del and start loss Targeted WT1 testing Bilateral, stromal WT and
ILNR

None

WESK060 F, 2 years 2 months WT1: del exon 6 WES panel analysis Unilateral, stromal WT
and ILNR

None

WESK105 M, 9 months WT1: c.1223_1225delinsAAAG and
p.Leu408*

Targeted WT1 testing Bilateral, stromal WT and
ILNR

Hypospadia and bifid scrotum

WESK108 F, 7 months WT1: c.1213_1214del and p.Lys405fs Targeted WT1 testing Unilateral, stromal WT None

WESK113 M, 1 years 5 months WT1: c.457G.T and p.Glu153* Targeted WT1 testing Bilateral, stromal WT with
ILNR and diffuse NB

Bilateral cryptorchidism

WESK120 F, 1 years 0 month WT1: c.1387C.T and p.Arg463* Targeted WT1 testing Bilateral, stromal WT and
ILNR

None

WESK122 F, 1 years 9 months WT1: c.514C.T and p.Gln172* Targeted WT1 testing Unilateral, mixed WT None

WESK144 F, 2 years 0 month WAGR syndrome: del 11p15.1-p13a SNP array Bilateral, stromal WT and
ILNR

Aniridia and nystagmus

WESK147 M, 7 months WT1: c.1120C.T and p.Arg374* Targeted WT1 testing Bilateral, stromal WT and
ILNR

Micropenis and cryptorchidism

WESK006 F, 1 year 4 months Fanconi anemia: BRCA2 c.2548C.T,
p.Gln850*, c.7875A.T, and p.Arg2625Ser

Targeted BRCA2 testing Unilateral, mixed WT Café-au-lait spots, facial dysmorphisms, and
polydactyly

WESK045 M, 5 years 7 months NF1: NF1 c.4169T.C and p.Leu1390Proa Targeted NF1 testing Unilateral, regressive WT
and ILNR

Café-au-lait spots, axillar freckling, facial
dysmorphisms, tibial bowing, and father had
pancreatic carcinoma (38 years)

WESK102 F, 1 years 3 months REST: c.843delC and p.Cys281* WES panel analysis Bilateral, blastemal WT
and PLNR

Brother and aunt had WT (2 years, 3 years)

WESK018 F, 2 years 1 months DIS3L2: del exon 9 WES panel analysis Unilateral, mixed WT Abnormal meatus

(continued on following page)
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TABLE 1. Patients With (Epi)genetic Predisposing Factors Related to WT Development (n 5 42) (continued)

ID M/F, Age at WT (Epi)genetic Predisposing Factors
Identification of Predisposing

Factors Disease Type Additional Clinical Features

WESK019 F, 3 years 1 months DIS3L2: c.2510_2513delinsGA and
p.Phe837*

WES panel analysis Unilateral, mixed WT and
NR (type not
specified)

Father had dermato-fibrosarcoma protuberans (38
years)

WESK036 F, 5 years 4 months DIS3L2: c.1096G.T and p.Glu366* WES panel analysis Unilateral, mixed WT Noneb

WESK057 M, 2 years 0 month DIS3L2: del exon 9 WES panel analysis Unilateral, blastemal WT
and PLNR

None

WESK115 F, 3 years 9 months DIS3L2: del exon 9 WES panel analysis Unilateral, regressive WT Ear creases

NOTE. Variants are described on the following transcripts: WT1: NM_024426.5, BRCA2: NM_000059.3, NF1: NM_000267.3, REST: NM_005612.5, TRIM28: NM_005762.3, and DIS3L2:
NM_152383.5.

Abbreviations: BWSp, Beckwith-Wiedemann spectrum; F, female; GOM, gain of methylation; IC1, imprinting control region 1; ILNR, intralobar nephrogenic rests; M, male; MS-MLPA, methylation-
specific multiplex ligation-dependent probe amplification; NB, nephroblastomatosis; NF1, neurofibromatosis type 1; NR, nephrogenic rests; PLNR, perilobar nephrogenic rests; SDS, standard deviation
score; SNP, single-nucleotide polymorphism; WAGR, Wilms tumor, aniridia, genitourinary anomalies, and range of developmental delays; WES, whole-exome sequencing; WT, Wilms tumor.

aDiagnosed before WT development.
bPatient would not have been selected for genetic referral using the MIPOGG decision-support algorithm.
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Heterozygous DIS3L2 variants. Constitutional heterozygous
variants in DIS3L2, which was in our WT gene panel
because of the associated autosomal recessive Perlman
syndrome, were identified in 5 of 126 patients (4%;
Table 2). Among patients with available WES data,
DIS3L2 variants were identified in 4 of 56 (7.1%), in-
cluding two truncating (stopgain) variants and two de-
letions of exon 9. The fifth constitutional variant, again a
deletion of exon 9, was identified by single-nucleotide
polymorphism array analysis performed for clarifying an
ambiguous MS-MLPA result. A second somatic hit was
identified in 4 of 5 tumors, including a deletion of exon 9,
deletion of exons 1-10, and a somatic truncating DIS3L2
variant.

All five patients with constitutional DIS3L2 variants had
inherited the variant from an unaffected parent. The me-
dian age at diagnosis was 3.1 years (range, 2.1-5.4). Two
patients presented with metastatic WT while a third patient
developed a metastatic relapse. None of the patients had
bilateral disease, but one patient had multifocal WT with
perilobar nephrogenic rests. Histological WT subtypes in-
cluded mixed type WT (n5 3), regressive type WT (n5 1),
and blastemal and regressive type WTs in the patient with
multifocal disease. Minor phenotypic abnormalities were
observed in two patients, including an abnormal meatus
(n 5 1) and ear creases (n 5 1).

Other aberrations in known WT predisposition genes. Other
(likely) pathogenic, germline variants in known WT pre-
disposition genes were diagnosed in three patients. In these
patients, the presence of a germline variant was suspected
on the basis of the patient’s phenotype or family history, and
the findings included a familial REST variant, Fanconi
anemia, and NF1 (Table 1).

Findings in adult cancer predisposition genes. (Likely)
pathogenic variants in adult-onset cancer predisposition
genes were identified in 5 of 56 (8.9%) patients with
available WES data (Table 3). Two patients had heterozy-
gous variants in BRCA2 or PMS2 (WESK132), the genes
included in the WT gene panel because of the associated
recessive conditions that predispose to WT. No somatic
variant in the wildtype BRCA2 allele was identified, and the
mutational burden was too low to perform a mutational
signature analysis. The tumor of WESK132 showed
retained protein expression of PMS2 (immunohistochem-
ical staining), and there were no signs of microsatellite
instability (Idylla MSI v.1.4, seven MSI markers).

In one patient, exome-wide analysis revealed (likely)
pathogenic heterozygous variants in three genes (CHEK2,
MUTYH, and RNASEL), all inherited from her father who
had a history of testicular cancer and osteoblastoma.
Heterozygous MUTYH variants were identified in two ad-
ditional patients. A single WT sample was available to as-
sess the presence of a second-hit or MUTYH-related
mutational signature (COSMIC signature SBS36)17,18 which
was not identified, suggesting that the MUTYH variant did
not drive WT development in this patient.

Meta-analysis: novel candidate genes. On the basis of the
exome-wide trio-analysis, 77 genes were selected for meta-
analysis (Data Supplement). These included 31 genes with
verified de novo variants and 46 genes with inherited
variants (Data Supplement). For none of the genes, de novo
variants were identified in more than one patient. Missense
or truncating variants in the ubiquitin gene USP45 were
detected in four unrelated patients, including a de novo
missense variant (WESK007) and three inherited variants
(Data Supplement). For none of these patients, tumor

0 5 10 15 20 25 30 35 40 45 50

WT Predisposition Not Identified Despite WES

WT Predisposition Not Identified and No WES Performed

Fanconi Anemia (biallelic BRCA2 pathogenic variants)

NF1 Pathogenic Variant

REST Pathogenic Variant

DIS3L2 Pathogenic Variant (heterozygous)

WT1 Pathogenic Variant or WAGR Syndrome

chr.11p15 Aberrations in Normal Kidney Without Additional BWSp
Features

BWSp

WT predisposition not identified

Diagnosis in blood-derived DNA

Diagnosis in normal kidney-derived DNA

Clinical diagnosis

No. of Patients

FIG 1. (Epi)genetic predisposing factors in patients withWT and/or nephroblastomatosis (N5 126). BWSp, Beckwith-Wiedemann spectrum; WAGR,Wilms
tumor, aniridia, genitourinary anomalies, and range of developmental delays syndrome; WES, whole-exome sequencing; WT, Wilms tumor.
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tissue was available to assess LOH or second-hit somatic
variants. Notably, WESK007 had additional clinical char-
acteristics including developmental delay, multiple dys-
morphisms, and a urogenital malformation (shawl
scrotum). In this patient, a second (mosaic) de novo variant
affecting the MTA1 gene was observed. Variants in other
candidate genes were assessed in the meta-analysis but
not considered to be convincing on the basis of the in-
heritance pattern, in silico conservation and prediction
scores, and/or lack of LOH or second somatic variants in
tumor tissue.

Unrelated genetic diagnoses. Four patients had a genetic
diagnosis unrelated to WT development on the basis of
current knowledge, including 47,XYY syndrome (n 5 1),
KAT6A syndrome (n 5 1), and spondylodysplastic Ehlers-
Danlos syndrome (biallelic B3GALT6 variants, n 5 1). The
fourth patient was found to have PHIP-related develop-
mental delay (de novo truncating variant in PHIP) and
16p12.2 deletion syndrome.

Family history of cancer. Apart from the patient with familial
WT, 12 of 126 patients had a suspicious family history as
defined in Jongmans’ criteria.19 Recurrent cancer types in
affected relatives included childhood leukemia (4 relatives
in three families), testicular cancer (three relatives in three
families), melanoma (two relatives in two families), and
neuroblastoma (three relatives in two families). In these
families, we did not identify variants that could explain both
the WT and the relative’s cancer diagnosis.

DISCUSSION

With a comprehensive and stepwise approach of diagnostic
genetic testing and research-based WES analysis in a
unique national unselected cohort of children with WT, we
determined the prevalence of (epi)genetic predisposing
factors, including mosaic aberrations and clinical BWSp
diagnoses, to be at least 33.3%. This level of (epi)genetic
predisposition is higher than 5%-24% that has been re-
ported in previous studies.10-13

BWSp was diagnosed in 16% of all patients, compared with
only 1%-8% in earlier reports.10-12 This higher frequency
was due to the fact that we applied clinical criteria16 and
performed MS-MLPA on resected healthy kidney tissue in

addition to blood-derived DNA. It can be argued that
chromosome 11p15 aberrations detected in resected
kidney tissue, represent tissue-specific, somatic events.9,20

However, for patients who had at least one additional
feature of BWSp, we consider it likely that these aberrations
were also present in other tissues. In these patients,
methylation changes in blood-derived DNA may have been
present below the detection threshold of our MS-MLPA
(approximately 10%). In the future, the development of
more sensitivemolecular techniquesmay increase the yield
of BWSp testing in blood-derived DNA.21

Constitutional, heterozygous DIS3L2 variants were iden-
tified in 4% of all patients with WT (7% of patients with
WES data), indicating that this gene is a bonafide WT
predisposition gene. These children lacked a clearly
recognizable phenotype. Biallelic DIS3L2 pathogenic
variants cause Perlman syndrome,22 a congenital over-
growth syndrome with a high risk of WT development.23

Somatic DIS3L2 variants have been demonstrated in 1%-
5% of WTs22,24,25 and deletions or LOH in 4%-30%.22,25,26

On the basis of incidental reports, heterozygous germline
variants in DIS3L2 were previously suggested to cause an
increased WT risk.24-27 Additionally, patients with rare
constitutional deletions of 2q37.1/DIS3L2 have been re-
ported to develop WT.28 In our cohort, three of five con-
stitutional DIS3L2 aberrations were exon 9 deletions,
which are predicted to cause an in-frame deletion of 58
amino acids, resulting in reduced ribonuclease activity as
demonstrated in transfected HEK293 cells.22 Exon 9 is
flanked by two approximately 5 Kb LINE-1 repeats causing
genomic instability.29 Homozygous exon 9 deletions have
been reported in Perlman syndrome,22 whereas hetero-
zygous exon 9 deletions are present in 0.05% of healthy
individuals (11 of 21,364 alleles in gnomAD SVs v.2.1).
The identified second somatic hits strongly suggest that
constitutional heterozygous DIS3L2 variants contribute to
WT development. However, their presence in unaffected
parents and population databases implies a reduced
penetrance.

Similar to previous childhood cancer studies,27,30-33 we
identified heterozygous, pathogenic germline variants in
adult-onset cancer predisposition genes (BRCA2, PMS2,
CHEK2, and MUTYH) in 8.9% of patients with available

TABLE 2. Constitutional Heterozygous DIS3L2 Variants: Inheritance and Second Somatic Events (n 5 5)
ID Germline DIS3L2 Variant Inheritance Somatic DIS3L2 Event in Tumor Sample

WESK018 Deletion of exon 9 Maternal Deletion of exon 1-10

WESK019 c.2510_2513delinsGA p.Phe837* (exon 21) Maternal Deletion of exon 9

WESK036 c.1096G.T p.Glu366* (exon 9) Paternal Copy number neutral LOH of exon 9

WESK057 Deletion of exon 9 Paternal c.1835dup (exon 15) and p.Pro613Alafs*8

WESK115 Deletion of exon 9 Paternal Not identified

NOTE. Variants are described on transcript NM_152,383.5.
Abbreviation: LOH, loss of heterozygosity.
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WES data. It remains unclear whether these variants
contributed to WT development. For comparison, in WES
data of 1,640 healthy Dutch individuals, pathogenic vari-
ants in dominant cancer predisposition genes were

identified in 0.7% and heterozygous pathogenic MUTYH
variants in 1.9%.34 Analysis of the mutational profile
extracted from a single available WT sample did not reveal a
contribution of MUTYH to tumor development.

TABLE 3. Patients With (likely) Pathogenic Variants in Genes Associated With Adult-Onset Cancer (n 5 5)

ID M/F, Age at WT

Germline Variant(s):
All Variants Are

Heterozygous Inheritance Family History of Cancer?
Disease Type

(index)
Mutational

Signature Analysis

WESK042 M, 4 years 6 months MUTYH: c.536A.G and
p.Tyr179Cys

Maternal No Unilateral,
multifocal:
blastemal and
mixed WT

No relevant
signatures
identified

WESK051 F, 3 years 4 months MUTYH: c.1187G.A and
p.Gly396Asp

CHEK2: c.1100delC and
p.Thr367fs

RNASEL: c.793G.T and
p.Glu265*

Paternal (all
three
variants)

Testicular cancer and osteoblastoma
(father, age 21 and 35 years,
respectively)

Unilateral, mixed
WT

NA

WESK072 F, 2 years 11 months BRCA2: c.9672dup and
p.Tyr3225fs

Paternal Breast cancer (paternal grandmother,
age 46 years) and childhood
leukemia (mother, age 5 years and
maternal grandfather’s sister, age 5
years)

Unilateral, mixed
WT and PLNR

Low mutational
burden and
signature
analysis not
possible

WESK110 F, 2 months MUTYH: c.536A.G and
p.Tyr179Cys

Maternal No Unilateral, mixed
WT

NA

WESK132 M, 3 years 10 months PMS2: c.137G.A and
p.Ser46Asn

Maternal No Unilateral,
regressive WT

NA

NOTE. Variants are described on the following transcripts: MUTYH: NM_001128425.1, CHEK2: NM_007194.3, RNASEL: NM_021133.4, BRCA2:
NM_000059.3, and PMS2: NM_000535.7.
Abbreviations: F, female; M, male; NA, not applicable; PLNR, perilobar nephrogenic rests; WT, Wilms tumor.

If negative

WES-based WT panela

Variant and copy number analysis
WT1, CDKN1C, TRIM28, REST, CTR9, DIS3L2,

TP53, DICER1, HACE1, FBXW7, NYNRIN,
CDC73, PIK3CA, BLM, TRIM37, BUB1B,

TRIP13, CEP57, GPC3, GPC4, ASXL1, and NF1

BWSp testing in blood and (if available) resected
normal kidney tissue

BWSp testing in blood and (if available) resected
normal kidney tissue

WES-based WT panela

Variant and copy number analysis
WT1, CDKN1C, TRIM28, REST, CTR9, DIS3L2,

TP53, DICER1, HACE1, FBXW7, NYNRIN,
CDC73, PIK3CA, BLM, TRIM37, BUB1B,

TRIP13, CEP57, GPC3, GPC4, ASXL1, and NF1

< 2 years and/or familial WT ≥ 2 years

Targeted testingAge at WT diagnosis

No Yes

Clinical features suggestive of a specific (epi)genetic diagnosis?

If negative

If negative

FIG 2. Suggested strategy for germline genetic testing in children with WT. aAdult-onset cancer predisposition genes were excluded for ethical
reasons and may be assessed by targeted testing in children who are clinically suspected of Fanconi anemia (BRCA2 and PALB2) or
constitutional mismatch repair deficiency (PMS2, MSH2, MSH6, and MLH1). BWSp, Beckwith-Wiedemann spectrum; WES, whole-exome
sequencing; WT, Wilms tumor.
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Similarly, the contribution of NF1 to WT development is not
entirely clear. An association has been suggested in a
report in which 3 of 342 children with WT were found to
have NF1.35 Since then, several case reports have been
published supporting this association.36-39 However, the
risk of WT development in patients with NF1 is considered
too low (, 1%) to recommend WT surveillance.40

This study was limited by the fact that not all patients un-
derwent (complete) genetic testing and/or WES analysis be-
cause of physicians’ and families’personal choices.Moreover,
future reanalysis of the WES data may provide novel insights,
when, for instance, even better tools for splice effect prediction
and copy number variant detection become available. This
study reflects (epi)genetic aberrations in a Dutch population of
children with WT and does not account for the differences in
(epi)genetic predisposing factors which appear to exist be-
tween different geographical populations.41-43

Our exome-wide trio-analysis approach did not yield strong
candidate WT predisposition genes outside the gene panel,
which illustrates the complexity of searching for novel WT
predisposition genes. In contrast to unsolved familial WT
pedigrees, where a monogenic cause is suspected,4 epi-
genetic factors and postzygotic mosaicism play an

important role in isolated (nonfamilial) WT. Moreover, yet to
be identified WT predisposition genes may exhibit reduced
penetrance as demonstrated for DIS3L2.

On the basis of the results of this study, we encourage
standard genetic testing after counseling by a clinical ge-
neticist for all children with WT. In settings where this is not
feasible, decision-support algorithms such as the MIPOGG
tool12 can be used to prioritize children for genetic testing.
Using such a tool reduces the rate of genetic referrals, al-
though our findings indicate that some diagnoses aremissed
with this approach. Among the 42 patients with identifiedWT
predisposition in this study, three (7%) would not have been
selected for genetic testing using MIPOGG, including a
patient with a germline WT1 variant, germline DIS3L2 var-
iant, and molecularly confirmed BWSp. Targeted testing is
advised if a child has clinical features suggestive of a specific
(epi)genetic diagnosis. For all other patients, we propose a
diagnostic strategy (Fig 2) which includes (mosaic) BWSp
testing and/or WES-based panel analysis. This is justified by
the high prevalence of (epi)genetic predisposing factors,
including mosaic aberrations and recurrent heterozygous
DIS3L2 variants, as demonstrated in this study.
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