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Abstract

Background Genetic predisposition is particularly common in children with the kidney cancer, Wilms tumor. In 10%
of these children, this manifests as a family history of Wilms tumor or bilateral disease. The frequency and spectrum
of underlying changes have not been systematically investigated.

Methods We analyzed 129 children with suspected Wilms tumor predisposition, 20 familial cases, and 109 chil-
dren with bilateral disease, enrolled over 30 years in the German SIOP93-01/GPOH and SIOP2001 studies. We used
whole exome, whole genome, and targeted DNA sequencing, together with MLPA and targeted methylation assays
on tumor, blood, and normal kidney to determine predisposing changes.

Results Predisposing variants were identified in 117/129 children, comprising DNA variants (57%) and epigenetic
changes (34%). Most children had predisposition variants in genes previously implicated in Wilms tumor: most promi-
nently WTT (n=35) and less frequently TRIM28, REST, DIS3L2, CTR9, DICERT, CDC73, and NONO. Nine children carried
germline mutations in cancer predisposition genes not considered Wilms tumor predisposition genes, such as CHEK2,
CDKN2A, BLM, BRCA2, STK11, and FMN2.

Predisposition via epigenetic BWS-IC1 alterations occurred as early somatic events, reflected by partial (mosaic) loss
of imprinting or loss of heterozygosity at the IGF2/H19 locus in normal kidney or blood. These patients rarely had
a clinical diagnosis of Beckwith-Wiedemann syndrome (BWS).

Especially WT1-driven tumors follow a stereotypical pathway of germline WT7 mutations becoming homozygous

in renal precursor lesions through 11p LOH, which concomitantly activates imprinted IGF2 expression, with subse-
quent WNT pathway activation leading to tumor growth. There is a high rate of multicentric tumors, which may have
previously been missed in unilateral tumors. While Wilms tumor predisposition genes relied on somatic inactivation
of the second allele, this was different for general cancer predisposition genes. The latter cases were often associated
with additional oncogenic alterations, similar to tumors with epigenetic predisposition.
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Conclusions We identified two main mechanisms of Wilms tumor predisposition: either germline genetic alterations
of Wilms tumor and, less frequently, general cancer genes; or postzygotic mosaic imprinting defects activating IGF2.
These findings inform future genetic screening and risk assessment of affected children and lend support to liquid

biopsy screening for enhanced therapeutic stratification.

Keywords Wilms tumor, Nephroblastoma, Genomic imprinting, Hereditary cancer, Cancer predisposition, Pediatric

cancer, Multicentric tumors, WT1, BWS

Background

Wilms tumor (WT), or nephroblastoma, is the most
common pediatric renal tumor, affecting 1 in 10,000 chil-
dren, mostly before the age of 6 years. This embryonal
malignancy is thought to result from aborted or misdi-
rected development of the fetal kidney, which manifests
itself in a diverse spectrum of histological appearances
[1, 2]. There is limited correlation between histology and
underlying genetic causes, with W71 mutations prefer-
entially found in stromal type and TRIM28 mutations
in epithelial type tumors. Progression to anaplasia is
mainly driven by somatic 7P53 mutation. In the major-
ity of cases, however, there is no link between specific
genetic drivers and stromal, epithelial, and blastemal
contribution.

Although most cases of WT are sporadic, approxi-
mately 1-2% of patients have a family history of WT, and
7-8% are reported with bilateral disease [3—5]. Both are
expected to carry a genetic predisposition, in accordance
with the two-hit model, where the first mutation is pre-
sent already in the germline or occurs early in embryonic
development, while the second is acquired somatically at
a later stage [6]. The recent analysis of a WT cohort from
the Netherlands revealed a much higher rate of (epi)
genetic predisposition in WT of 33%. This suggests that
some of these predispositions must have been overlooked
in prior studies [7].

WT predisposition can either be associated with dif-
ferent genetic syndromes or with predisposition genes
without apparent syndromic features. Examples for the
latter are germline variants of TRIM28, REST, NYNRIN,
CDC?73, or FBXW?7 that can convey a risk for WT, but do
not seem to affect the development or function of other
organs [8]. Deletion of chromosome 11pl3 underlies
WAGR syndrome (Wilms tumor, Aniridia, Genitourinary
anomalies, Range of developmental delay) that includes
WT development due to WT1 inactivation [9, 10]. Other
syndromes associated with an elevated WT risk include
Denys-Drash syndrome (DDS, WTI point mutations)
[11], and several overgrowth syndromes: Perlman (bial-
lelic germline DIS3L2 mutation) [12], Simpson-Golabi-
Behmel (GPC3/GPC4), PIK3CA-related overgrowth
spectrum (PROS), and Beckwith-Wiedemann syndrome
(BWS) [13].

BWS is driven by epigenetic alterations of imprint-
ing at chromosome 11p15.5, and these patients are at
risk of developing embryonal tumors, including WT or
hepatoblastoma [14, 15]. Furthermore, loss of imprint-
ing (LOI) or loss of heterozygosity (LOH) overlapping the
BWS imprinting center 1 (BWS-IC1), especially the IGF2
locus, has been described as an epigenetic change in up
to 80% of sporadic WT [16—19]. The net result of having
paternal IC1 imprints on both chromosome 11p15 loci is
an elevated expression of IGF2. Deregulated imprinting
is the most frequent driver of WT formation but also a
relevant predisposing factor. The contribution of various
genetic and epigenetic changes to WT predisposition has
not been fully resolved, however.

We characterized children with suspected WT predis-
position based on familial or bilateral disease. Using data
from a large clinical cohort spanning three decades, we
identified the underlying genetic and epigenetic events,
revealing new insights into predisposition mechanisms.
This analysis revealed key insights into germline vs.
somatic mosaic predisposition, the heterogeneity of mul-
ticentric tumors, and the stereotypic sequence of events
in WT1-driven disease.

Methods

Sample collection

Tumor and control samples were obtained from the
German SIOP93-01/GPOH (8 patients) and SIOP2001/
GPOH (121 patients) studies (approved by the Ethik-
kommission der Arztekammer des Saarlandes, reference
numbers 23.4.93/Ls and 136/01 and 248/13). Informed
consent had been obtained from all patients/parents. All
samples were pseudonymized. Biobank operation was
approved by the Ethikkommission of the University of
Wiirzburg (reference 336/21_z-sc).

Sample processing

All samples had been snap-frozen, shipped on dry ice
from local hospitals, and stored at —80 °C. Sections of
frozen tumor and normal kidney were hematoxylin/
eosin-stained and inspected by a reference pathologist
(C.V.) for tumor cell content, cellular composition, signs
of nephrogenic rests, and anaplasia. Tumor and normal
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kidney DNA and RNA of frozen tissue were isolated in
parallel with QIAamp Mini Allprep kit (QIAgen) from
5 to 10 10 pm cryosections. DNA of PBMCs (periph-
eral blood mononuclear cells) was isolated as described
[20]. Whole exome sequencing was performed on 118
tumor, 17 adjacent kidney, and 61 blood samples. Whole
genome analysis was done on 46 tumor, 15 kidney, and 26
blood samples. Only targeted analyses of WT1, CTNNBI,
AMERI, or TRIM28 were performed on 32 tumor, 4 kid-
ney, and 17 blood samples. Copy number profiles were
extracted from WGS and WES data and independently
repeated on all tumor samples by MLPA. Methylation
testing of the BWS-IC1/2 region was also performed on
each of the tumor samples. For 18 cases where no frozen
kidney tissue was available for methylation analysis, DNA
was isolated from FFPE material with the QIAamp DNA
FFPE Advanced kit.

WES

Whole-exome sequencing (WES) was performed by
Novogene (Cambridge, UK) using the Agilent SureSe-
lect Human All Exon V6 Kit (Agilent Technologies, CA,
USA) with paired-end sequencing (PE-150) to obtain an
average of 40 million reads. Initial quality assessment was
performed using FastQC-v0.11.5 [21]. Adapters and low-
quality reads were trimmed using TrimGalore-v0.6.1 [22]
powered by Cutadapt-v2.3 [23].

Trimmed reads were mapped to the human reference
genome (hgl9) using BWA-MEM-v0.7.12 [24]. Sorting
and indexing were performed using Picard-v1.125 [25]
and SAMtools/HTSlib-v1.3 [26]. Duplicate reads were
marked with Picard. GATK-v4.0.11.0 and v3.5 [27] were
used for base recalibration and coverage calculation.

Germline variants including substitutions and small
indels were called using GATK4 HaplotypeCaller and
Scalpel-v0.5.3 [28]. Somatic substitutions and indels were
identified with GATK4-MuTect2 and VarScan2-v2.4.1
[29], and Scalpel. Variants were annotated with ANNO-
VAR [30] and visually examined using the IGV browser
[31]. Variants were reported if they had an impact on
the protein sequence or affected a splice site and are rare
in the population (<2% in 1000g2015aug_all, ExAC_
nontcga_ALL, gnomAD_exome_ALL, and gnomAD_
genome_ALL) and if the position is covered by at least
10 reads and the alternative allele is covered by at least 3
reads and comprised at least 5%. Additionally, Varscan2
was used to detect loss of heterozygosity and copy num-
ber variations (CN'Vs).

WGS

DNA processing, sequencing, and variant calling for
whole genome sequencing (WGS) were done as part
of The Little Princess Trust Knowledge Bank of Wilms
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Tumour, as described in [32]. Germline variants were
considered when not described as common SNPs in
gnomAD or ExAc (frequency<1%) and predicted to be
deleterious by variant prediction tools (Provean, SIFT,
Polyphen2). Regions of known WT genes were manu-
ally inspected with IGV or JBrowse for CNV or structural
variants not detected by variant callers.

Targeted analysis

Targeted Sanger sequencing of suspected genes was
performed in 15 stromal (WT1, CTNNBI1, and AMERI)
and 5 epithelial (TRIM28) predominant tumors. Suspi-
cious variants detected by WES or WGS were validated
by targeted Sanger sequencing of the respective region
in genomic DNA or cDNA. PCR was used to determine
copy-neutral loss of heterozygosity (LOH) at 11p (mark-
ers THOI1, D1151392) or 3p (D3S1358). Primer sequences
are given in Additional file 1: Table S1.

MLPA

The WT-specific probemix P380 Wilms Tumour (MRC
Holland) was used to determine copy number alterations
at 1p, 1q, MYCN, FBXW7, WTI, 16p, 16q, TP53, and
AMERI by MLPA (multiplex ligation-dependent probe
amplification). The methylation status of BWS-IC1/IC2
on chromosome 11p15.5 was determined by methyla-
tion-sensitive MLPA ME030-BWS/RSS (MRC Holland).
Data were analyzed using Coffalyzer.Net (MRC Holland);
the percentage of affected cells was determined based on
the mean of all probes in the respective region.

Results
To elucidate genetic and epigenetic alterations that pre-
dispose to WT formation, we selected patients enrolled
in the two consecutive German SIOP93-01/GPOH and
2001 studies who were clinically suspected of having a
predisposition based on reported family history or bilat-
eral disease. Among the 2698 patients registered between
November 1994 and January 2022, there were 22 families
(34 affected individuals) and 265 bilateral cases (Fig. 1A).
These frequencies of 1.3% and 10% match literature val-
ues [3-5]. The term bilateral WT is used here to refer
to disease affecting both kidneys with neoplasms, either
WT and/or nephroblastomatosis. Nephroblastomatosis
is a term used to describe kidneys exhibiting multiple or
diffuse nephrogenic rests, putative precursors of W'T.
Appropriate tissues (tumor, normal tissue) were avail-
able from 14 families with 20 WT patients. One family
had three affected siblings, and in four families, mate-
rial from two affected children was available. In addition,
109 patients with bilateral disease were included, with
tumor material from both sides in 60 cases. We obtained
concurrent or subsequent metastases from 7 patients,
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Fig. 1 Sample characteristics and predisposing events in WT. A Patients with a family history of WT or bilateral disease were selected

from the German SIOP93-01/GPOH and SIOP2001/GPOH studies. Sufficient tumor and control tissue was available for 129 WT patients. After
histological validation of tumor and healthy kidney material, samples were subjected to MLPA for WT-specific copy number alterations and IGF2
imprinting status (BWS-ICR MS-MLPA). Tumor and control DNA was analyzed by either whole exome (WES), whole genome sequencing (WGS),

or targeted Sanger sequencing of presumed driver genes. B Types of germline predisposition events. Only individual independent germline events
are shown, i.e,, a family with more than one patient analyzed is counted as one event. A total of 62 patients had germline mutations in known

WT genes, while 11 patients had general cancer predisposing conditions, and 44 patients showed (mosaic) epigenetic events of the IGF2/H19

imprinting region

resulting in 196 tumor samples from 129 patients. An
adequate tumor cell content of over 80% in most cases
and at least 10% in regressive tumor samples was estab-
lished from adjacent tissue sections. Whenever possible,
we used DNA from blood samples and adjacent tumor-
free kidney as controls.

Genetic alterations were identified through WES in 118
tumor and 78 control samples. WGS data were available
for 31 cases (46 tumor, 41 control samples), and targeted
Sanger sequencing was performed on 30 WT samples
(22 stromal-type, 8 epithelial-type) suspected of WT1 or
TRIM28 mutations. Additionally, copy number profiling
and methylation-sensitive MLPA of the BWS imprinting
control regions (BWS-IC1/2) were conducted to evaluate
regions implicated in WT.

Genetic and epigenetic WT predisposition
Across 129 children, we found a genetic predisposi-
tion in 73 and epigenetic predisposing events in 44

(Fig. 1B, Additional file 1: Table S2, S3). WT1I alterations
were the most common germline genetic driver. 27% of
patients (35 patients) had truncating or missense muta-
tions, or structural alterations in the WTI gene already
in control tissue. TRIM28 was the second most frequent
genetic driver, altered in 9% of cases (12 patients, 2 being
monozygotic twins). Additional affected genes previ-
ously described as potential WT drivers were REST (6
patients), DIS3L2 (5 patients), CTR9, DICERI, CDC73,
and NONO (1 patient each). Familial cases were among
those with WT1, TRIM28, REST, DIS3L2, CTRY, and
CDC73 drivers.

Ten patients had germline mutations affecting cancer
predisposition genes not typically linked to WT: CHEK2
in 4 children, and BLM, BRCA2, CDKN2A, FMN?2,
PIK3C3, and STK11 in one patient each. Another patient
had Edwards syndrome (mosaic trisomy 18), a condi-
tion with increased risk for hepatoblastoma and WT.
Except for the mosaic NONO mutation and homozygous
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DIS3L2, BLM, and BRCA2 alterations in syndromic
patients (Perlman, Bloom, Fanconi anemia), all predis-
posing genetic changes occurred as heterozygous ger-
mline events.

Analysis of the BWS imprinting region on chromo-
some 11p15.5 revealed a high frequency of epigenetic
predisposing events. We found methylation alterations
in blood or normal kidney tissue in 34% (44/129) of chil-
dren. These children lacked other constitutional driver
mutations. In contrast to germline mutations, these
imprinting alterations often occurred as early somatic
events, reflected by a mosaic loss of imprinting (LOI) or
loss of heterozygosity (LOH) in normal kidney tissue or
variable presence in blood cells. Isolated hypermethyla-
tion of BWS-IC1 (IGF2/H19 region) was the most com-
mon alteration, seen in 38 patients. Another 5 patients
exhibited mosaic LOH, characterized by a biallelic pater-
nal methylation status with hypermethylation of IC1 and
hypomethylation of IC2. One patient had partial hypo-
methylation of only IC2 in blood DNA. There were no
familial cases that were epigenetically driven.

WT1 predisposition

WTI mutations are the most frequent genetic cause of
WT predisposition, and they are linked to subsequent
WNT activation. Among the 35 patients with germline
WTI alterations, there was a gender imbalance (13
female, 20 male), and two patients were XY females (1
DDS, 1 non-syndromic). In one family, maternal inherit-
ance is known (patient CIF). In the second, inheritance
is unknown, but 11p LOH with a completely pater-
nal IGF2/H19 methylation pattern suggests paternal
inheritance.

All 35 germline WT1I variants are predicted to be del-
eterious to function: 28 truncating variants (14 nonsense,
12 frameshift, and 2 splice site mutations), 1 hotspot mis-
sense mutation (D464G), and 6 large WAGR or limited
WTI exon deletions or chromosomal rearrangements
(Fig. 2, and Additional file 2: Fig. S1). Complete loss of
WT1 function in tumors was due to somatic copy-neutral
LOH of 11p in 43/53 samples, while 10 were compound
heterozygous with 6 truncating mutations, 2 missense
substitution or in-frame insertion variants, and 2 dele-
tions of C-terminal exons (exons 6—10 or 7—10). These
compound heterozygous alterations occurred preferen-
tially in tumors with large (WAGR) or small structural
WTI1 variants that may prevent a reduction to homozy-
gosity. The second WT1I hit occurred independently on
both sides in all 11 informative bilateral cases, with the
LOH region differing in 6 cases and distinct somatic
SNVs in 5 cases (Additional file 1: Table S4).

WTI1 driver mutations were associated with somatic
CTNNBI mutations in 41/53 tumors. Most of these
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affected the phosphorylation sites of the GSK3-mediated
phosphodegron in exon 3 (n=37), while 4 tumors had
C-terminal alterations affecting the armadillo repeats
(K3351, W383G, W383R, N387K). Of the 12 samples that
lacked CTNNBI mutations, 3 had AMERI loss-of-func-
tion alterations instead. In a single case of WT1/CTNNBI
mutant primary tumors, the local relapse only carried the
WT1 Y295* mutation without apparent WNT activation,
but additional 1q gain and 16q loss as WT progression
markers. Eight out of the 9 remaining WTI-driven sam-
ples had been classified as nephroblastomatosis, with
neither CTNNBI nor AMERI mutations. In addition,
WNT-activating mutations were also absent from tumor-
associated nephrogenic rests (Additional file 1: Table S4)
supporting the stepwise progression from nephrogenic
rest to WT first proposed by Fukuzawa et al. [33].

Somatic WNT activation is an independent progres-
sion step that can occur multiple times (Fig. 3, Additional
file 1: Table S4). In each of 12 cases in which tumors
were available from both sides, CTNNBI and/or AMERI
mutations were different. In 10/32 tumors with >3 sepa-
rate ipsilateral samples, we likewise detected more than
one CTNNBI1/AMERI mutation indicative of originally
multicentric WT (Fig. 3).

WES or WGS were available for 20/35 patients with
WTI predisposition. Interestingly, none of the other
known WT genes was affected in these tumors. Further-
more, the frequency of CNVs was very low, with LOH
11p, affecting both WT1 and BWS-IC1/IC2, being the
main alteration (Additional file 2: Fig. S2, and summa-
rized in Fig. 5A).

TRIM28 predisposition

The second most frequent predisposition gene is TRIM28
that encodes a transcriptional regulator with multiple
roles in development and suppression of endogenous
retroviral transcription [34]. Twelve children harbored a
pathogenic TRIM28 germline mutation, with equal gen-
der distribution. Three children had a family history of
WT (PCU, GKB, AQP) with maternal inheritance, and
two were monozygotic twins (CDU+XDA) (previously
reported in [35], see Additional file 1: Table S2). Germline
events were primarily truncating TRIM28 mutations
(nonsense, indel or splice site), and in one child (PCU)
the first three exons were deleted (Fig. 2). The majority
of the 20 tumors analyzed had copy-neutral LOH 19q as
a somatic event. In two cases, TRIM?28 inactivation was
due to secondary deletion of a small (60-70 Mb) telom-
eric region of 19q.

TRIM?28-driven tumors were genetically uniform based
on WES/WGS analysis in 7 patients (12 tumors): besides
a somatic loss of TRIM28 function, there were no other
oncogenic drivers or chromosomal aberrations, and
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independently (each of 11 informative cases). In 12 cases with tumors from both sides, contralateral tumors harbored different WNT activating
alterations. Multiple biopsies (> 3) were available for 32 WT and these carried different CTNNB1/AMERT mutations within 10 of these tumors

unaltered BWS-IC1/2 imprinting (Fig. 5A). Surprisingly,
there was no genetic difference between morphologically
malignant epithelial tumors and neoplastic tissues exclu-
sively consisting of nephroblastomatosis.

Other WT genes

Germline variants in REST, a transcriptional repressor
with important functions in differentiation and embry-
onic development [36], were detected in six patients.
Three were siblings from one family, while the others had
bilateral WT, but no other affected family members. One
child with a non-familial WT (ZOZ) had BWS (mosaic
IGF2 LOI in the kidney) in addition to a pathogenic het-
erozygous REST germline mutation. The spectrum of
mutations included deletion of the whole REST gene,
missense, nonsense, and frameshift variants. Except
for one tumor with copy-neutral LOH 4q including the
mutant REST locus, all other tumors had independent
second somatic REST mutations.

DIS3L2 alterations were detected in 2 families (3
patients) and in 2 patients with Perlman syndrome.
DIS3L2 encodes an exoribonuclease that plays a crucial
role in WT tumorigenesis, especially via the let7-Lin28
pathway [37]. The three familial patients had germline
heterozygous deletions of exon 9. In the tumor, the sec-
ond allele was inactivated by independent deletions of
exons 9 or 13-21, or by promoter hypermethylation
with transcriptional silencing. The patients with Perlman
syndrome had homozygous germline mutations - either
frameshift or deletion of exons 6-13.

Singular cases of familial predisposing mutations
were: A patient with a heterozygous deletion of CTR9
exons 8-9, that became homozygous due to LOH 11p
in the left and right tumor. In this family, the father and

two children had Wilms tumor. One patient (DKS) had
a CDC73 truncating (Y293*fs) germline variant that
was inherited from the father, while another sister car-
ries the mutation and has no WT at the age of 17.

We found a heterozygous germline DICERI G803E
mutation in one child without a clinical diagnosis
of DICER1 syndrome. DICERI encodes an endori-
bonuclease involved in miRNA processing. The G803E
mutation affects an evolutionarily conserved amino
acid residue and a similar G803R mutation has been
described in a large family where 2 of 11 mutation
carriers developed WT, and 4 of 11 individuals with
germline G803R had other phenotypes of DICER1 syn-
drome [38]. The child (LWW) had bilateral nephro-
blastomatosis which later progressed to unilateral WT.
The nephroblastomatosis lesions carried an additional
somatic frameshift mutation in DICERI, or a somatic
copy-neutral LOH including the DICERI locus. The
latter progressed to a diffuse anaplastic WT with TP53
R175H mutation.

The NONO R75H hot spot mutation appeared as a
mosaic mutation in a girl (ZJN): a small fraction of nor-
mal kidney cells (AF 0.03, 2/76 reads) already had the
alteration that became heterozygous in the tumor DNA
(AF 0.57). Sequencing of tumor-derived cDNA revealed
monoallelic expression of the NONO R75H mutation,
indicating that the active X-chromosome was affected.

In general, tumors driven by germline WT gene
alterations showed bi-allelic inactivation of the driver
gene, by either copy-neutral LOH, loss of the remain-
ing wildtype allele, an independent somatic event, or
promoter hypermethylation with gene silencing. In 5 of
19 tumors, additional known WT genes (AMERI, SIX2,
MAX, SALL1, SUFU, GPC3) were altered, and 4 tumors
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had additional mutations in general cancer genes
(TP53, NRAS, KRAS). There was also a higher number
of CNVs in this subgroup (Additional file 2: Fig. S2).

General cancer predisposition genes

In 10/129 patients, we found germline variants in gen-
eral cancer predisposition genes including CHEK2, BLM,
BRCA2, CDKN2A, STK11, and candidate cancer predis-
position genes, FMN2 and PIK3C3. Four patients har-
bored heterozygous CHEK?2 germline alterations, R562Q
and 1157T and twice T367Mfs*15. The latter two are
common in the population (AF 0.3% and 0.5%), but they
appear to confer an increased risk for multiple cancers,
e.g., breast and prostate cancer [39, 40]. The remaining
wild-type allele of CHEK2 was lost through LOH 22q in
2/6 tumors.

A homozygous BLM truncation was detected in a
patient (QFA) with signs of dysmorphia of unknown ori-
gin at the time of diagnosis. The mutation is consistent
with the phenotype of Bloom syndrome, which confers
a high risk to develop different types of cancer including
WT at an early age [41]. Biallelic germline BRCA2 trun-
cating mutations were found in one familial case (WYE),
where 2/3 children developed WT, but there was no
tumor material to analyze somatic alterations.

Germline variants not previously reported in WT were:
CDKN2A R24Q (XJN) and STK11 L245F (QXN), both of
which became homozygous in the tumor through LOH.
The germline CDKN2A R24Q variant is associated with
familial melanoma [42]. The patient with the STKIiI
mutation later developed adrenocortical carcinoma, fol-
lowed by a diagnosis of Peutz-Jeghers syndrome 11 years
later.

An intriguing heterozygous FMN2 nonsense mutation
was detected in blood DNA of a patient with bilateral WT
(QVX). FMN?2 is proposed to control spindle positioning
and chromosome segregation, especially in meiosis, and
loss of function leads to polyploidy [43]. Trisomies 7, 9,
12, and 18 were present in both primary tumors and as a
subclonal event in normal kidney (20%), which indicates
early (embryonic) occurrence of these trisomies. Triso-
mies 12 and 18 are frequent somatic alterations in WT
and may represent the initial tumor drivers.

A heterozygous PIK3C3 missense mutation (R642H)
was observed in one non-syndromic patient (WCN).
PIK3C3 is a regulator of autophagy and, in addition, could
induce oncogenic transformation and enhance tumor cell
proliferation, growth, and invasion through mechanisms
independent of autophagy [44]. The mutation affects a
conserved residue within the catalytic domain of PIK3C3
and is predicted to be pathogenic by common prediction
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tools. It has been reported as a somatic mutation in the
Cosmic database in various cancer types.

Tumors initially driven by general cancer genes depend
on additional somatic mutations. These were found in
10/14 tumors, affecting WT genes (e.g. DGCR8, DRO-
SHA, MYCN) and genes with known oncogenic prop-
erties, like APC2, UPF1, PHCI, and L3MBTL3 (Fig. 2,
summarized in Fig. 5A). Chromosomal copy number
alterations were much more frequent with a mean of 4.7
(0-10) events (Additional file 2: Fig. S2).

Epigenetic predisposition

Forty-four of the 56 patients for whom no predisposing
DNA sequence alteration could be identified showed
epigenetic WT predisposition. Forty-three patients
exhibited complete or often mosaic hypermethylation
of BWS-IC1 (HI19/IGF2 region) in healthy control tis-
sues: 38 cases with at least partial LOI at IC1 in kidney
or blood and 5 cases with LOH 11p15 affecting both IC1
and IC2. In one case, hypomethylation of IC2 was seen
- a common cause of BWS that seems to be very rare in
WT, however [45]. IC1 imprinting alterations leading
to biallelic IGF2 expression are frequent events in W'T,
and they are associated with BWS when present in con-
stitutional DNA. However, only six of our patients had
been diagnosed with symptoms of overgrowth (4 BWS, 2
hemihypertrophy).

Tumors based on epigenetic predisposition are likely
dependent on additional, secondary somatic driver muta-
tions (Figs. 2 and 5A). These include several WT genes
like miRNA processing genes, MYCN, SIX1/2, and
CTNNB1/AMERI, as well as known cancer genes, e.g.,
TP53, MAP3K4, and PIK3CA. In addition, we found
mutations in several genes not yet described as recur-
rently affected in WT, but with known oncogenic prop-
erties in other cancer types (BCL9L, CSEIL, EEFIAI,
GNAS, KDM5B, RAII). These may merit further inves-
tigation in future cohort studies. There was an interme-
diate level of CNVs (0-14, mean 2.5) in these tumors,
suggesting a strong need for additional oncogenic
changes.

Mosaic imprinting defects

To further study the mosaic nature of imprinting defects,
we analyzed multiple control samples (blood and/or
kidney) from 25 patients, with paired blood and kid-
ney DNA available for 16 of them. Blood samples often
showed little or no evidence of imprinting defects, with a
maximum of 20% affected cells, consistent with the rare
diagnosis of BWS features (Fig. 4). On the other hand,
corresponding kidney samples had a much higher pro-
portion of cells with imprinting defects, ranging from
10% to almost complete hypermethylation (median 50%).
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In all six cases with material available from both kidneys,
IGF2 imprinting defects were detected in both, indicating
an early origin, before the separation of precursors lead-
ing to left and right kidney primordia. The low levels of
imprinting defects in blood DNA suggest that several of
the 12 unresolved cases - 7 with LOI in the tumor - may
result from epigenetic predisposition that could not be
verified due to the lack of normal kidney controls.

Relapse and progression

Tissues from six local relapses at 6-35 months and
from one late metastatic event were available for study.
The local relapses appeared to represent independent
metachronous Wilms tumors as they shared the pre-
disposing mutation, but only a limited number of fur-
ther progression events (Additional file 1: Table S2). In
WTI-driven tumors, the extent of LOH corresponded to
the ipsilateral primary tumor. Thus, it seems likely that
smaller dormant lesions remained in the kidney after
nephron-sparing surgery and subsequently progressed
to full malignancy, fueled by an independent set of sec-
ondary mutations. The subsequent lung metastasis from
a child with WT1 predisposition differed from the right
primary tumor in the extent of the LOH 11p, suggesting
that it was derived from the left primary tumor, which
was not available for study. The sometimes higher num-
ber of genetic alterations or the TP53 mutation in one
of the recurrences is consistent with the corresponding
older age.

Syndromic associations
Predisposition features had been described at diagno-
sis in 36% (47/129) of the patients (Fig. 5B, Additional

file 1: Table S2). This included family history (20
patients), clinically defined syndromes (DDS, WAGR,
Perlman, Edwards, BWS, hemihypertrophy; 20
patients), urogenital malformation and cryptorchidism
(6 patients), or unclassified features (1 patient).

Syndromes or a corresponding clinical phenotype
had been reported for 14/32 sporadic WTI-driven
cases. Five patients diagnosed with Denys-Drash syn-
drome harbored typical exon 8/9 missense (D464QG)
or nonsense mutations (R430*, R458%), but also N-ter-
minal truncating mutations (M309fs*1, A123fs*69).
Unexpectedly, 5 additional patients carried the same
constitutional exon 8/9 nonsense mutations (1 X R430%,
4 x R458*), but lacked an initial diagnosis of DDS. Three
patients with WAGR syndrome had large germline
deletions at 11p13 including WTI1. Isolated genitouri-
nary malformations were seen in 6 male patients with
truncating WT1 mutations. Most of these patients pre-
sented with synchronous bilateral tumors, but three
had metachronous bilateral disease (intervals of 4.3 to
7 years), and one (QLH) developed a WT1-based sec-
ondary AML (acute myeloid leukemia).

No syndromic features were reported in the TRIM28-
based cases, besides familial overgrowth in one patient
(KAR). In patients with REST, CTR9, and CDC73
germ-line mutations, there were likewise no clinical
signs other than family history. While homozygous
DIS3L2 and BLM mutations came to attention early on
through the development of corresponding syndromes,
BRCA2, DICERI, and STKII-associated syndromes
were only diagnosed after the initial WT diagnosis.
None of the patients with other cancer predisposition
gene mutations showed clinical abnormalities. Only
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14% of patients (6/44) with epigenetic predisposition
presented with clinical evidence (BWS, hemihypertro-
phy) of the underlying defect.

Clinical and histopathological characteristics

Tumors in children with typical WT gene drivers were
diagnosed at a younger age than epigenetically predis-
posed tumors or those with general cancer predisposition
mutations (Fig. 5C). In bilateral disease, nephroblasto-
matosis is diagnosed far more frequently than in unilat-
eral cases (29.5% vs. 2.5%), which is also reflected in our
cohort (21%) (Fig. 5B, 5D).

In general, WT'1-driven tumors had stromal predomi-
nant histology (38/53) or were classified as nephroblas-
tomatosis (9/53). They carried nephrogenic rests in 89%
of the cases, 72% being intralobar, 4% perilobar, and 13%
both or unspecified. In contrast, the majority of TRIM28
mutant tumors had epithelial histology (14/20) or were
classified as nephroblastomatosis (4/20), and all but one
had perilobar nephrogenic rests. Tumors based on other
WT genes or general cancer predisposition mutations
and /GF2 imprinting defects were histologically more
diverse: stromal or epithelial histology was rare, but
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triphasic or regressive tumors were frequent (43%) and
there was a high rate of high-risk histology (21%).

In total, 23/129 (18%) patients developed a second-
ary event, and eight patients died - one from therapy,
five from disease progression, and two from underlying
syndromes. While patient HDU with Perlman syndrome
died due to multi-organ involvement, patient WYE with
Fanconi anemia suffered from a second malignancy (glio-
blastoma/anaplastic oligodendroglioma).

Discussion

Our cohort represents the largest collection of consecu-
tively collected bilateral and familial WT cases reported
to date, allowing the contribution of different predispo-
sition mechanisms to Wilms tumorigenesis to be esti-
mated. In 91% (117/129) of cases, we determined the
underlying predisposing alteration present in the ger-
mline or in early somatic cells, exceeding prior success
rates. More than half of the tumors (73/129) were driven
by genetic DNA sequence alterations, and another third
(44/129) had (mosaic) epigenetic predisposition to WT
formation. Most of the affected genes were recessive,
requiring a second somatic hit.

The largest subgroup of 35 cases was due to a WTI-
based predisposition. There was a striking escalation pat-
tern from predisposed kidneys with heterozygous WT1
mutations to nephrogenic rests or nephroblastomatosis
exhibiting complete WT1 inactivation together with two
paternal imprints on BWS-IC1, while full conversion to a
malignant WT seems to rely on additional activation of
WNT signaling. The latter occurred mostly via CTNNBI
exon 3 mutations that inactivate a phosphodegron motif
(83%). In a smaller number of cases, mutations of the
CTNNBI armadillo repeats or inactivation of AMERI,
which is part of the 3-catenin destruction complex, were
found. This is consistent with earlier reports on sporadic
tumors with nephrogenic rests, where WN'T activation in
WT1-driven cases was limited to tumor tissue but absent
from nephrogenic rests [33]. AMERI mutations occurred
together with CTNNBI mutations, but only the less fre-
quent type affecting the Arm repeats, not the phospho-
degron variants. This same pattern is seen in data from
the TARGET analysis [46] and it may be related to the
differential potency of CTNNB1 Arm repeat vs. phos-
phodegron mutations [47].

The WNT activating mutations often differed between
sides and even within one side in presumably multifocal
tumors, providing further evidence of a stepwise progres-
sion from precursor lesions to WT. The paucity of other
secondary driver mutations and the low incidence of
copy number alterations fit well to the picture of a rather
stereotypic development of these tumors: (1) the initial
heterozygous germline W71 mutations in all kidney cells,
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(2) complete WT1 inactivation and concomitant upregu-
lation of IGF2 expression via two paternal IC1 imprints,
and (3) WNT activation via CTNNBI and/or AMERI.

TRIM28-mediated predisposition appears to act
even more simplistic with biallelic mutations in both
nephrogenic rests and tumor samples as the only
genetic change, but the determinants of progres-
sion from nephrogenic rest to WT remain unresolved
[35]. All other predisposing mutations were rare, and
the spectrum of affected genes was limited compared
to sporadic WT. A similar restriction in the num-
ber of potential drivers was seen in the COG study
where 25/61 cases could be attributed to a predispos-
ing mutation, with WT1 (N=9), NYNRIN (N=4), and
TRIM28 (N=3) being affected most frequently [48].
This reduced spectrum may be due to some of the typi-
cal WT driver mutations/genes being incompatible
with normal kidney development even in the heterozy-
gous state, only allowing for late somatic inactivation
that would not lead to bilaterality.

The number of epigenetic alterations on chromosome
11p15 as the predisposing event was surprisingly high
(34%), but only a minority of these patients (6/44) were
clinically known to have BWS or hemihypertrophy. This
is consistent with the frequent mosaicism observed in
BWS that poses a challenge to genetic testing [49]. In
43/44 of epigenetically predisposed cases, BWS-IC1
was affected. In a meta-analysis of 1370 epigenotyped
patients with BWS, only 0.1% (1/836) with isolated IC2
hypomethylation developed WT, whereas 6.2% (21/341)
with paternal uniparental disomy (pUPD) affecting IC1
and IC2, and 21.1% (26/123) with IC1 hypermethylation
had WT [15]. This clearly identifies IC1 as the most rel-
evant imprinting center for WT predisposition, which
supports our findings.

In our bilateral cases, imprinting defects must have
occurred as early somatic mosaics in mesodermal cells
whose descendants still contribute to both sides of the
body. The lack or limited presence of imprinting defects
in blood samples is consistent with a time point after
the separation of hematopoietic and metanephric cell
lineages that may vary between patients. It is thus pos-
sible that some of the 12 cases that lacked evidence of a
predisposing alteration, but showed LOI in tumor cells,
may likewise originate via imprinting defects. However,
the lack of a normal kidney sample for confirmation, or
a random low abundance of cells with altered imprinting
may have precluded detection.

A similar variability has been seen in a smaller series of
WTs, where clonal expansions in kidney precursors were
characterized, carrying methylation changes at the IC1
region [50]. Likewise, alterations at the IC1 locus - mostly
hypermethylation - have been reported in lymphocyte
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DNA of 3% (13/437) of non-syndromic WT patients with
sporadic tumors that lacked features of growth disorders
[51]. These data argue for a continuum from a>20% WT
risk in BWS with IC1 hypermethylation to increasingly
lower risks with mosaic IC1 imprinting defects, depend-
ing on their time of occurrence and grade of mosaicism.

The frequent mosaic IC1 imprinting alterations indi-
cate that not only tumors, but also adjacent kidney sam-
ples should be tested for such changes, in order to detect
mosaic individuals. There is no correlation between the
reporting of a clinical diagnosis of BWS or hemihyper-
trophy and the proportion of affected blood or normal
kidney cells, and in most cases, there was no prior evi-
dence for syndromic features. Therefore, one cannot rely
on prior syndrome diagnostics. Tumors may, in turn,
inform on the occult presence of a mosaic status, which
can then be investigated further.

An important outcome of this study is that a large frac-
tion of children with predisposition can be identified
even in technically less equipped countries. This is espe-
cially true for stromal and epithelial tumors and those
with epigenetic predisposition that together encompass
more than 2/3 of cases. Here, a cost-effective approach
of histopathology, or immunohistochemistry followed
by targeted sequencing, or a simple MLPA-based test of
imprinting will be highly informative, similar to the esca-
lating analysis done for some of the samples described in
this study: WT'1-mutant bilateral tumors exhibit stromal
morphology, which informs genetic testing. While boys
with germline WTI mutation frequently present with
urogenital malformation and cryptorchidism, girls are
phenotypically normal and WTI germline mutations
are easily overlooked. Thus, one may consider determin-
ing the WT1I status of all stromal tumors (in particular if
intralobar nephrogenic rests are present) and, if mutated,
to test germline DNA to identify patients at risk and their
siblings at an early stage. Some patients with WT1 muta-
tions go on to develop WT1-driven AML later in life that
could also be amenable to surveillance.

Epithelial WT should likewise be tested for TRIM28
mutations as this is the second most prevalent mutation
in bilateral cases. Our prior work has demonstrated that
50% of all epithelial WT carry such mutations, with half
of them being present in germline DNA without syndro-
mic features [35]. Such cases with risks for patients and
siblings might otherwise be overlooked.

The restricted number of genes that may carry predis-
posing variants facilitates the development of a targeted
panel, which will allow for efficient screening of affected
children. Given that more than 10% of cases are bilateral
or familial and that there are presumably additional uni-
lateral cases with predisposing mutations, general genetic
screening of WT appears to be a worthwhile endeavor.
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This is even more true because some of the predispos-
ing variants may carry a risk for other cancers or diseases
later in life, examples being mutations in BRCA2, STK11,
BLM, and CDKNZ2A, among other genes. Germline WT'1
mutations often lead to impaired kidney function in later
life. Here in particular, liquid biopsy testing in parallel
to preoperative chemotherapy can indicate such risks
and lead to a preference for nephron-sparing surgery in
order to preserve the functional renal parenchyma as far
as possible. For all other cases with predisposing muta-
tions, the possibility of metachronous tumors may like-
wise favor a more conservative surgical approach.

The number of patients with genetic predisposition
may be underestimated in our study, as unilateral mul-
tifocal tumors are difficult to identify and demarcate,
and they are often analyzed just once. Especially, the
stereotypic progression in WT1-mutant tumors permits
clear identification of multiple independent transform-
ing events. Thus, multifocality, as illustrated by distinct
WNT activation events in our series of multi-sampled
tumors, may have gone unnoticed in prior studies.

Weaker or less penetrant predisposing alleles may also
only lead to unilateral disease that is not covered by our
approach. Thus, the fraction of tumors arising in predis-
posed children will be higher than previous estimates
of around 10%, in line with the report by Hol et al. [7].
This all argues in favor of combining tumor plus germline
genetic analyses in Wilms tumor patients, if not already
covered by liquid biopsy. A drawback is the frequent lack
of family information, also in our study. It is therefore dif-
ficult at present to estimate penetrance and thus, actual
risks for siblings or descendants, but heightened aware-
ness and the broad application of molecular diagnostics
should help to alleviate this problem in the future.

Conclusions

Our study shows that there are two prevailing mecha-
nisms of predisposition to bilateral WT: either germline
genetic alterations acting through mutant WT'1, TRIM28,
and a small number of additional WT and general cancer
genes; or to a slightly lesser extent, postzygotic mosaic
imprinting defects of BWS-IC1, which controls IGF2
expression. While WTI- and TRIM28-based oncogen-
esis follows a strict and predictable pattern, the other
predisposition genes and epigenetic alterations use
more diverse pathways to achieve the full tumorigenic
state. They also use a wider range of secondary driv-
ers and chromosomal alterations. Taken together, our
data provide a clear path for future molecular diagnos-
tics of Wilms tumor predisposition that can be directly
implemented in treatment protocols. The high propor-
tion of genetic tumor predisposition strongly supports
liquid biopsy screening at diagnosis. Besides tumor risk
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classification, it can provide convincing arguments for
nephron-sparing surgery to maximize renal tissue pres-
ervation, given the risk of metachronous contralateral
disease or syndromic limitations in renal function.
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