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ABSTRACT
Background Studies suggest that Wilms tumours 
(WT) are caused by underlying genetic (5%–10%) and 
epigenetic (2%–29%) mechanisms, yet studies covering 
both aspects are sparse.
Methods We performed prospective whole- genome 
sequencing of germline DNA in Danish children 
diagnosed with WT from 2016 to 2021, and linked 
genotypes to deep phenotypes.
Results Of 24 patients (58% female), 3 (13%, all 
female) harboured pathogenic germline variants in WT 
risk genes (FBXW7, WT1 and REST). Only one patient 
had a family history of WT (3 cases), segregating with 
the REST variant. Epigenetic testing revealed one (4%) 
additional patient (female) with uniparental disomy of 
chromosome 11 and Beckwith- Wiedemann syndrome 
(BWS). We observed a tendency of higher methylation 
of the BWS- related imprinting centre 1 in patients with 
WT than in healthy controls. Three patients (13%, all 
female) with bilateral tumours and/or features of BWS 
had higher birth weights (4780 g vs 3575 g; p=0.002). 
We observed more patients with macrosomia (>4250 g, 
n=5, all female) than expected (OR 9.98 (95% CI 2.56 
to 34.66)). Genes involved in early kidney development 
were enriched in our constrained gene analysis, including 
both known (WT1, FBXW7) and candidate (CTNND1, 
FRMD4A) WT predisposition genes. WT predisposing 
variants, BWS and/or macrosomia (n=8, all female) were 
more common in female patients than male patients 
(p=0.01).
Conclusion We find that most females (57%) and 33% 
of all patients with WT had either a genetic or another 
indicator of WT predisposition. This emphasises the 
need for scrutiny when diagnosing patients with WT, as 
early detection of underlying predisposition may impact 
treatment, follow- up and genetic counselling.

INTRODUCTION
Wilms tumour (WT), or nephroblastoma, is a renal 
tumour of young children (median age: 3.5 years), 
accounting for 1 in 14 of all childhood cancers.1 2 
WT likely has embryonic origins, and, histologically, 
its tissue mimics the early stages in nephrogenesis 
possibly occurring as a product of abnormal renal 
development.3–5 This type of histologically driven 
cancer aetiology is believed to underlie several early 

childhood malignancies.6 7 Indeed, genetic alter-
ations known to cause or drive WT often impact 
genes with key roles in fetal kidney development.2

With the advent of improved sequencing tech-
nologies, molecularly driven theories of WT aeti-
ology have accelerated in recent decades (online 
supplemental figure 1). It is now appreciated that 
WT, despite being a generally non- familial disease, 
contains a significant component of underlying 
genetic and epigenetic causes.8–15 These include 
both ‘covert’ cancer predisposition syndromes 
(CPSs) where increased risk of distinct tumour 
types is the sole manifestation (eg, WT caused by 
REST, DICER1 and FBXW7 germline alterations), 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The renal cancer Wilms tumour (WT) accounts 
for 1 in 14 malignancies in children.

 ⇒ Expanded availability and use of comprehensive 
genomic technologies have accelerated the 
discovery of WT predisposing genetic and 
epigenetic conditions, yet few studies have 
studied this systematically and unselectively.

WHAT THIS STUDY ADDS
 ⇒ Our study, a 5- year, nationwide comprehensive 
germline study of children with WT, identified 
either underlying (epi)genetic causes or 
highly suggestive phenotypic traits in 33% of 
participants.

 ⇒ A distinct phenotype, consisting of very high 
birth weight, perilobar nephrogenic rests, 
advanced tumour stage and, notably, female 
sex, emerged, possibly underlying the well- 
established over- representation of females 
among patients with WT.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our study adds several novel insights 
contributing to a growing body of evidence 
that WTs are less sporadic than previously 
understood, with several clinical implications 
for prognosis, treatment and follow- up of 
patients, and tumour surveillance and family 
planning for both and their family members.
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as well as more ‘overt’ CPSs where cancer risk is one pheno-
typic feature among several (eg, chromosome 11p15.5- related 
disorders with overgrowth, anatomical malformations and/or 
intellectual disability). Often, clinical suspicion of an underlying 
genetic predisposition syndrome may not be raised.

A recent germline genomics study9 assessed the burden of 
CPSs among 91 familial and 799 singleton WT cases demon-
strating that 8% had an identifiable pathogenic variant in a CPS 
gene and that this percentage is higher (~30%) in familial cases. 
Importantly, the study did not assess epigenetics, yet estimated 
that around 2% of WT cases had germline epigenetic origin, 
that is, Beckwith- Wiedemann spectrum (BWSp) disease. A more 
recent study,16 focused on epigenetics, contests this latter esti-
mate, showing that 6 (29%; all female) of 21 patients with 
WT (12 female; 9 male) had a low- mosaic gain- of- methylation 
(GOM) of imprinting centre 1 (IC1, H19- ICR) on chromosome 
11p15.5 (an epimutation classically causative of BWS) in periph-
eral blood. These patients tended to have bilateral WT at diag-
nosis and nephrogenic rests on the tumour pathology.

Previous aetiological studies of WT have mostly been focused 
on either germline genetics or DNA methylation—and the 
studies have mostly been conducted on selected cohorts with a 
disproportionate number of cases with high- risk and/or familial 
disease.9 12 16 A key exception is a recent nationwide Dutch 
study,17 in which one- third of children with WT (42 of 126) 
were found to harbour WT predisposing factors. Of note, this 
included 13 patients with pathogenic epigenetic aberrations 
isolated to kidney DNA or heterozygous DIS3L2 variants, which 
were suggested as a bona fide WT CPS within the same work. 
Here, we present a prospective, nationwide study, performing 
both epigenetics and whole- genome comprehensive germline 
genomics, with the aim of characterising the contribution of 
monogenic diseases to WT in children. Our work adds to the 
growing literature on WT predisposition and contributes key 
findings regarding female over- representation among patients 
with WT and a novel evolutionary approach to WT predisposi-
tion gene discovery.

METHODS
In the interest of reproducibility, detailed methods are available 
in the online supplemental materials and are only described 
briefly below (see overview in figure 1).

Histology and stage were assessed and centrally reviewed for 
all tumours according to the International Society of Paediatric 
Oncology (SIOP) staging after preoperative chemotherapy.18 
Following diagnosis patients consented to the Sequencing of 
Tumour and Germline DNA—Implications and National Guide-
lines project, with inclusion from 1 July 2016 to 1 July 2021. 
Inclusion procedures and germline sequencing protocols have 
been published elsewhere.19 Whole- genome sequencing (WGS) 
was performed and rare variants in a panel of 390 selected 
genes20–22 were reviewed by a multidisciplinary team.23 Next, 
full genome predicted loss- of- function (pLoF) variants were 
filtered and subjected to constraint gene analysis, as previously 
presented.24–26

Additionally, pyrosequencing of IC1 was performed on 
peripheral blood and, when available, tumour DNA from indi-
viduals with WT and relevant controls, using methods described 
previously.27 Methylation- specific multiplex ligation- dependent 
probe amplification (MS- MLPA, ME030- C3, MRC Holland, 
Amsterdam, The Netherlands) was conducted according to the 
manufacturer’s instructions. All statistical tests were performed 
using R (V.3.6.1) and are indicated in- text whenever applied.

RESULTS
Over a period of 60 months, we prospectively included 596 
Danish paediatric pancancer patients nationwide. Among all 
included patients, 24 (4%) had a diagnosis of WT (n=23) or 
nephroblastomatosis (NB) (n=1) (24 out of 28 eligible; inclu-
sion 86%). Females comprised 58% of the participants (14 out 
of 24). The four patients with WT that declined inclusion were 
all female. Patient #11 had NB and only needle biopsy of the 
tumorous mass was performed (table 1). Nine patients (38%; 
50% of females and 20% of males) showed perilobar (5) or 
intralobar (4) nephrogenic rests on pathology.

Panel of cancer-related genes
Among 390 genes known to be related to cancer (somatically, 
germline or both), we classified 696 SNVs or SVs (online supple-
mental table 1). Of these, five likely pathogenic variants were 
found in three patients (patients #1–#3). Variants in three genes 
(REST, FBXW7 and WT1) were considered causative (figure 2 
and online supplemental table 4).

Tumor sample
pathology report (n=24)
methylation profile (n=16) - Staging

- Nephrogenic rests

Tumor classification

TA A TG C CG TA A TG C CG

Patient/family history
phenotype/pedigree report (n=24)

- Electronic medical records
- Four-generational pedigrees
- Birth/placental weight
- Phenotype checklist 

Phenome data

- 390 known cancer genes
- 2,986 evolutionarily constrained genes

Germline genetic analyses

- Beckwith-Wiedeman Spectrum 
critical region imprinting center 1 

Germline DNA sample
whole-genome sequencing (WGS) (n=24)
methylation profile (n=16)

Germline methylation analysis

- Beckwith-Wiedeman Spectrum 
critical region imprinting center 1

Tumor methylation analysis

Children with Wilms tumor
nationwide, 2016-2021 (n=24)

24 patients 
[100%, 58%F, 42%M]

SNVs in 390-gene panel 
+ 2 patients [FBXW7 & WT1]

2 of 24 patients 
[8%, 100%F, 0%M]

SVs in 390-gene panel 
+ 1 patient [REST]

3 of 24 patients 
[13%, 100%F, 0%M]

Methylation profile 
+ 1 patient [UPD11]

4 of 24 patients 
[13%, 100%F, 0%M]

M

Phenome profile 
+ 4 patients [↑BW, ↑PLR, ↑staging]

8 of 24 patients 
[33%, 100%F, 0%M]

SNV/SV constrained gene analysis
+ 2-4 patients [LoF variants]

10-12 of 24 patients 
[42-50%, 90-92%F, 8-10%M]

TA A TG C CG TA A TG C CG

Figure 1 On the left: an overview of the population, materials and analysis methods. On the right: an overview of the aetiological findings using different 
analyses/modalities. BW, birth weight; F, female; LoF, loss- of- function; M, male; PLR, perilobar nephrogenic rests; SNVs, single nucleotide variants; SVs, 
structural variants; UPD11, uniparental disomy of chromosome 11.
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Patient #1 harboured a 1.62 Mb structural germline dele-
tion (chr4:57,761,129- 59,377,004) that spanned seven genes 
including all the coding regions of the REST gene (and POLR2B, 
see below). The deletion was shown to be inherited paternally 
matching the patient’s family history with two paternal relatives 
(second and fourth degree) with WT in childhood. The first rela-
tive died of the disease at age 6 years and biological material was 
unavailable for study. The second, more distant relative was alive 
and microarray revealed that he was a carrier of the same 1.62 
Mb deletion, which thus segregated with WT. The proband’s 
father and the two obligate carriers were unaffected (figure 2).

Patient #2 harboured a nonsense germline variant in FBXW7 
(NP_361014.1:p.Arg278Ter) shown to be inherited from the 
mother who had an otherwise unremarkable medical history. 
The proband initially achieved remission, but relapsed with 
treatment- refractory metastatic disease which was ultimately 
fatal.

Patient #3 harboured a causative frameshift variant in WT1 
(NP_077744.3:p.Pro111Argfs*47) in addition to two likely 
pathogenic variants in SDHC and BUB3. The SDHC variant 
(NP_002992.1:p.Arg50Cys) was classified as likely patho-
genic in ClinVar as it has been observed in several patients with 
hereditary paraganglioma- pheochromocytoma syndrome and is 
absent from gnomAD. The same variant was observed in 2 of 
572 Danish children with cancers other than WT (acute myeloid 
leukaemia and osteosarcoma). The BUB3 splice acceptor variant 

Table 1 Summary characteristics for 24 patients with Wilms tumour

Characteristic N=24*

Sex

  Female 14 (58%)

  Male 10 (42%)

Age (month) 42 (29, 58)

Tumour side

  Bilateral 2 (8.3%)

  Left kidney 14 (58%)

  Right kidney 8 (33%)

Stage

  NB 1 (4.2%)

  I 7 (29%)

  II 5 (21%)

  III 7 (29%)

  IV 2 (8.3%)

  V 2 (8.3%)

Nephrogenic rests

  – 15 (62%)

  Intralobar 4 (17%)

  Perilobar 5 (21%)

*N (%); median (IQR).
NB, nephroblastomatosis.

Figure 2 Top: visual representation of the main genetic, methylation and phenotypic findings. BWS, Beckwith- Wiedemann syndrome; UPD11, uniparental 
disomy of chromosome 11. Bottom: four- generational pedigree, indicating the proband (IV.1; patient #1) in whom the microdeletion of chromosome 4, 
including the REST gene, was found and her family, in which two members developed Wilms tumour (one shown to carry the same microdeletion and one is 
a probable carrier, but had no tissue available for sequencing). d., age of death.

 on A
pril 18, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g-2022-108982 on 5 A
pril 2023. D

ow
nloaded from

 

http://jmg.bmj.com/


845Stoltze UK, et al. J Med Genet 2023;60:842–849. doi:10.1136/jmg-2022-108982

Cancer genetics

(NM_004725.3:c.755–2A>T) was absent from gnomAD. 
The proband had no family history of early cancers in four 
generations.

More than a 100 variants of unknown significance (VUSs) 
were identified. Yet, 13 VUSs in 10 genes were considered of 
interest as they affected genes previously linked to WT predis-
position (online supplemental tables 1 and 4). Of note, four 
missense variants in the NYNRIN gene were detected. This 
constituted a significantly higher rate than in all other in- house 
germline sequencing data from children with cancer (Poisson’s 
exact test; 4/24 vs 10/572, p=0.002). Two NYNRIN missense 
variants (NP_079357.2:p.Thr1172Met and p.Glu420Met) were 
identified in patient #15 and subsequent Sanger sequencing 
revealed that they were inherited from the father and mother, 
respectively, indicating compound heterozygosity. The proband 
had stage I WT of triphasic histology at <36 months of age 
as well as mild motor delay and a single café-au- lait macule 
(online supplemental table 1). Additionally, a 183 kb struc-
tural deletion of unknown significance spanning BARD1 (hg19; 
chr2:215591264- 215774591) was observed in patient #9: the 
deletion included the first 11 exons of the gene and hereby 
the patient was hemizygous for the A allele in SNP position 
rs7585356, associated with nephroblastoma risk.28 The same 
patient also harboured a heterozygous NYNRIN missense variant 
(NP_079357.2:p.Gly353Arg).

Epigenetics and BWS phenotypes
Clinical epigenetic testing (MS- MLPA) revealed uniparental 
disomy of chromosome 11 (UPD11) in patient #4 with several 
non- cancer phenotypic features, including lateralised over-
growth and macroglossia, all highly suggestive of BWS (online 
supplemental table 2). This patient had a birth weight of 4920 g 
(>98 percentile). Patient #7 likewise had features suggestive of 
BWSp, with mild lateralised overgrowth of the right leg and arm, 
minor umbilical hernia and neonatal hypoglycaemia in addi-
tion to WT. This alone establishes a clinical diagnosis of BWS, 
however, MS- MLPA and CDKN1C sequencing did not reveal 
a detectable causative finding. Nevertheless, in line with the 
clinical BWS diagnosis, this patient also had a high birth weight 
(4850 g, >98 percentile). Electronic medical records noted birth 
weights for 19 of 24 patients. Of these, a total of five patients 
had macrosomia with birth weights >4250 g; two (#4 & #7) 
with a BWS diagnosis and two (#5 & #6) with stage V WT, that 
is, bilateral. Together, patients with BWS or bilateral WT were 
all female and had significantly higher birth weight than the rest 
of the cohort (t- test; 4780 g vs 3575 g (95% CI 504 g to 1906 
g), p=0.002). Of note, patient #8 also had macrosomia (birth 
weight=4500 g), yet she presented with stage II WT and without 
further evidence of BWS. Collectively, the number of females 
with macrosomia in our cohort (n=5) was significantly higher 
than that expected based on publicly available birth weight data 
(Fisher’s exact test; 5/13 vs 1790/30 373 OR 9.98 (95% CI 
2.56 to 34.66), p<0.001). This association remained significant 
even when patient #4 (epigenetically confirmed BWS), patient 
#8 (clinical BWS) or both were excluded (p=0.004, p=0.02, 
respectively). Of note, patient #8 showed perilobar nephrogenic 
rests on the WT pathology and so did the two patients with 
macrosomia and bilateral disease (figure 2). Again, excluding the 
patients with known BWS, macrosomia was significantly associ-
ated with perilobular nephrotic rests (Fisher’s exact test; 3/3 vs 
2/19, p=0.007).

As introduced at the beginning of this paper, the phenotype 
that emerged (females with WT and one or more features of 

BWS, perilobar nephrogenic rests and/or bilateral/extensive 
disease) was recently suggested as a distinct aetiological group 
by Fiala et al,16 although birth weight and location of nephro-
genic rest were not reported in their study. We therefore under-
took a replication experiment based on the hypothesis that the 
females in our cohort with macrosomia and the other features 
mentioned would display equivalent DNA methylation changes 
to those reported by Fiala et al.

Pyrosequencing analysis of IC1 in peripheral blood revealed 
clear GOM in patient #4 (with UPD11). The remaining patients 
had IC1 methylation levels within the normal range, although 
slightly higher for the children with WT compared with controls 
(linear mixed- effects model, p=0.005, figure 3). Similarly, 
there was a tendency of higher methylation in individuals with 
macrosomia compared with those without, but the difference 
was not significant (linear mixed- effects model, p=0.143). IC1 
was hypermethylated in the tumour samples of 9 out of 10 indi-
viduals (figure 3). We did not observe any correlation between 
methylation levels in blood and tumour tissue (Pearson’s correla-
tion test, r=0.35, p=0.49).

MS- MLPA revealed borderline GOM of IC1 in the blood 
of an additional individual (patient #19, IC1 mean methyla-
tion=0.65, threshold indicative of GOM is set as >0.65 in the 
clinical set- up), who also had the highest IC1 methylation with 
pyrosequencing among those within the normal range (46.4%, 
online supplemental table 4). Furthermore, MS- MLPA detected 
UPD11 in the tumour tissue of an additional individual (patient 
#16, IC1 GOM and IC2 loss- of- methylation). With MS- MLPA, 
a tendency of higher blood IC1 methylation was observed in 
children with WT (online supplemental figure 2), but the differ-
ence was not significant (Welch’s t- test, p=0.054). In contrast to 
pyrosequencing, MS- MLPA showed a non- significant tendency 
towards lower blood IC1 methylation in individuals with macro-
somia compared with those without (online supplemental figure 
2, Wilcoxon rank- sum test, p=0.14). A moderate correlation 
was observed between pyrosequencing and MS- MLPA results 
(Pearson’s correlation test, r=0.46, p=0.01). For the tumour 
samples, MS- MLPA showed GOM in the same patients as 
pyrosequencing.

Figure 3 Jitter plot showing IC1 methylation levels using pyrosequencing 
of all individuals included in the methylation analysis. The methylation 
levels are calculated as an average of the five CpGs analysed, and the 
mean of the triplicates. The plot within the rectangle in the upper left 
corner shows only blood IC1 methylation levels in patients with WT and 
controls in a detailed scale. BWS, Beckwith- Wiedemann syndrome; IC1, 
imprinting centre 1; UPD11, uniparental disomy of chromosome 11; WT, 
Wilms tumour.
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Constrained gene analysis
As we have previously described, genes associated with high risk 
of cancer in childhood show highly significant constraint.24 This 
also holds true for genes associated with high WT risk, in which 
only 8% of expected pLoF occur in adult populations; markedly 
different from other genes (t- test; genes associated with monoal-
lelic risk of WT vs all other genes, loss- of- function observed 
versus expected upper fraction (LOEUF) score 20.5% vs 95.3%, 
p<0.001) (figure 4A).

In our cohort, 8 patients harboured a total of 12 predicted 
pLoF variants in 11 constrained genes, that is, genes exhib-
iting evolutionarily intolerance of such damaging alterations 
(figure 4A,B and online supplemental table 2).25 No pLoF vari-
ants were found in these 11 genes among 572 Danish children 
with cancers other than WT. Our constrained gene analysis 
(CGA) reidentified all three causative genetic variants found 
on the gene panel- based approach described above. In other 
words, 25% of the 12 variants found using CGA were imme-
diately appreciated as pathogenic. This raises the question of 

whether any of the remaining nine variants may play a role in 
WT aetiology.

Functional interaction, Gene Set Enrichment Analysis and 
Gene Ontology (GO) enrichment analysis were performed for 
constrained genes with pLoF variants using the String Database 
(String- db V.11) and the GO knowledgebase.29 30 String- db anal-
ysis of all 11 genes showed enrichment only for genes highly 
expressed in pronephros29 (four genes, 36%; FBXW7, WT1, 
SLIT2 and CTNND1, false discovery rate; o/e ratio 36.3 (95% 
CI 8.66 to 125.86), p=0.009). Excluding the three genes already 
known to be associated with high WT risk, pronephros expres-
sion in our findings remained significantly higher than expected, 
even among constrained genes only (Fisher’s exact test; 2/8 
vs 95/2966, p=0.026). Additionally, interactions were seen 
between 2 constrained genes (SMC2 and POLR2B) and 16 other 
known WT predisposition genes. The pLoF variants in SLIT2 
and POLR2B were seen in patient #4 with UPD11 and in patient 
#1 with haploinsufficiency of REST, respectively; both patients 
are described above.

Patient #20 harboured a CTNND1 pLoF variant 
(NP_001078927.1:p.Ser847Ter). This child was diagnosed 
with stage III WT at >72 months of age and showed perilobar 
nephrogenic rests on pathology. Extended phenotyping and 
EMR mining revealed that the patient had a wide fontanelle with 
abnormally delayed closure, blue hue of the sclera and that the 
proband’s father was born with unilateral renal agenesis. The 
same patient also harboured a pLoF variant (NP_001305266.1:p.
Gln48Ter) in the constrained gene FRMD4A, and patient 
#12 carried another pLoF variant (NP_001305266.1:p.
Leu227Thrfs*51) in that same gene (online supplemental tables 
2 and 4). Thus, two children (8%) in the WT cohort carried a 
pLoF variant in FRMD4A, versus none among the 571 children 
with cancers other than WT, and 11 (>0.01%) among 141 456 
adults in gnomAD.25 Patient #12 also carried an SMC2 pLoF 
variant (NP_006435.2:p.Ser133Trpfs*3) and was diagnosed 
with stage III WT at 36–72 months of age. No nephrogenic rests 
were noted on pathology. Patient #12 had small stature (−2 
SD weight; −2.5 SD height) and had been evaluated for Turner 
syndrome and coeliac disease prior to WT diagnosis.

DISCUSSION
In this prospective nationwide study, we show that patients 
with WT have a high rate of underlying CPS and that females 
with WT have a significantly higher birth weight than expected. 
The females with macrosomia had a tendency to have bilateral 
disease, and were significantly more likely to have perilobar 
nephrogenic rests on pathology. Nordic registry studies have 
previously found significantly higher birth weights in children 
with WT, an association shown to be limited to females.31 Our 
results suggest that this observation is linked to the low- mosaic 
11p15.5 GOM phenotype presented by Fiala et al,16 which we 
expand to include high birth weight and perilobar nephrogenic 
rests.

Our results support a distinct syndromic subentity on the 
BWSp, and we hypothesise that a significant portion of the over- 
representation of neonatal macrosomia in females with WT 
is due to discrete and/or low- mosaic epimutations of the IC1 
locus. However, the present DNA methylation data obtained by 
pyrosequencing and MS- MLPA did not replicate the findings 
of low- mosaic epimutations previously reported.16 Of note, the 
method used for methylation analysis in the present study differ 
from the methylation- sensitive, quantitative, real- time PCR 
used by Fiala et al. It is thus possible that the GOM previously 

Figure 4 Constrained genes and Wilms tumour (WT) risk. (A) Genomic 
view of all genes visualised with a chromatic scale; arranged according 
to chromosomal position on x- axis and loss- of- function observed versus 
expected upper fraction (LOEUF) score on y- axis. Genes monoallelically 
associated with high WT risk are highlight with names in black. 
Constrained genes with loss- of- function mutations found in our cohort 
are highlighted in red. (B) Eleven constrained genes found to harbour 
predicted loss- of- function (pLoF) variants in our cohort. On the left: a 
cluster of interactions is seen with textmining in green (co- mentioned in 
abstract), experimentally determined interaction in magenta (including 
in non- human organisms), co- expression in dark blue (including in non- 
human organisms) and protein homology in light blue. The cluster involves 
all the genes either known to cause WT, highly expressed in pronephros 
or both. The box illustrates the same 11 genes along with 16 other genes 
known to cause WT. Two genes (SMC2, POLR2B) from our cohort, which 
had no interactions in isolation, emerge as having several interactions with 
other WT predisposition genes. (C) Parent- of- origin analyses in select cases 
(figure 2, online supplemental tables 1 and 4).

 on A
pril 18, 2024 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g-2022-108982 on 5 A
pril 2023. D

ow
nloaded from

 

https://dx.doi.org/10.1136/jmg-2022-108982
https://dx.doi.org/10.1136/jmg-2022-108982
https://dx.doi.org/10.1136/jmg-2022-108982
https://dx.doi.org/10.1136/jmg-2022-108982
http://jmg.bmj.com/


847Stoltze UK, et al. J Med Genet 2023;60:842–849. doi:10.1136/jmg-2022-108982

Cancer genetics

observed in patients with WT with bilateral tumours is restricted 
to regions of IC1 not analysed in the present study. As a whole, 
we observed slightly higher methylation levels in the peripheral 
blood in the patient group than in age- matched controls, but 
the difference was only statistically significant (p<0.05) with the 
pyrosequencing analysis. This could be due to different regions 
of IC1 being analysed with pyrosequencing and MS- MLPA, but 
it has also been reported that pyrosequencing is more sensi-
tive in detecting partial or mosaic methylation changes than 
MS- MLPA.32 Furthermore, the pyrosequencing was conducted 
in triplicates, which increased the amount of data, and thus the 
statistical power of the analysis. The methylation levels for both 
controls and patients with WT were overlapping, illustrating 
that any true difference is unlikely to be useful for presymptom-
atic clinical identification of high- risk individuals.

Collectively, the pathogenic and likely causative genetic/
epigenetic events were de novo in two of four individuals (50%). 
As expected, none of these patients had any family history of 
WT. Another patient had a heterozygous whole gene deletion of 
the REST gene, shown here to segregate with WT in the family. 
We report another patient, who succumbed to WT, carrying a 
pathogenic LoF variant in FBXW7 in the germline. Among the 
three other WT cases with such variants reported in the litera-
ture, two have died (one from primary disease and one from a 
second primary osteosarcoma in adulthood, and the third has 
relapsed 2 years after initial diagnosis).9 In a cancer with very 
high cure rates, such findings may indicate that WT caused by 
an underlying pathogenic FBXW7 variant has a poor prognosis. 
Data were not available for proper survival analysis, but FBXW7 
germline status showed a significant, although entirely uncor-
rected, correlation with death (Fisher’s exact test; 3 of 4 vs 1 
of 38, p=0.001), when our data were combined with those of 
Mahamdallie et al (carriers of germline variants only).9 This 
tentative correlation warrants further study, but somatic FBXW7 
loss in several tumour types is correlated to resistance to chemo-
therapeutic agents and poorer disease outcome.33

We report a patient #15, with compound heterozygous 
missense mutations in the autosomal recessive WT predisposi-
tion gene NYNRIN. The three previously reported cases were 
compound heterozygous for LoF variants.9 Our observation 
of two missense variants located in trans in a patient with WT 
is novel and merits further investigation of NYNRIN variants, 
including non- LoF, within WT cohorts.

We show that pLoF variants in evolutionarily constrained 
genes were significantly more likely to play a role in kidney 
development; including CTNND1, not previously linked with 
WT predisposition. Today, the long- term survival of children 
with WT in high- income nations is high (~90%).26 34 Yet, 
throughout human35 and prehuman36 evolution, the cancer, 
typically presenting in the first 5 years of life, presumably 
meant that affected individuals did not survive into adulthood. 
Consequently, any genetic event causing the disease would be 
subject to natural selection. Based on this reasoning, we under-
took an analysis of the 2986 genes found to be evolutionarily 
constrained in the human gene pool.25 Three of the 11 genes 
found to be affected by pLoF variants in our CGA were already 
known to be WT predisposition genes, highlighting the utility of 
this analysis for variant prioritisation. Unquestioningly, not all of 
the remaining eight genes will impact WT risk, yet, as detailed 
below, the literature indicates that quite a number of the genes 
are central in processes related to kidney and WT developments.

Patient #20 harboured a nonsense variant (NP_001078927.1:p.
Ser847Ter) in the CTNND1 gene and showed perilobar rests on 
pathology—a phenotype typically associated with 11p15 locus 

dysregulation.37 No CTNND1 pLoF variants were seen among 
the 571 non- WT childhood patients with cancer of this study, 
and just six pLoF variants, mostly splicing, were observed in 
141 456 adults in gnomAD.25 CTNND1, highly expressed in 
pronephros, encodes the p120- catenin protein, which, in turn, 
interacts with the E- cadherin protein, aiding cell adhesion and 
tissue formation.29 Gain- of- function variants in the paralogous 
gene CTNNB1, encoding β-catenin of the catenin family, occur 
in 15%–50% of WTs and are known to drive paediatric cancers 
related to BWS, highlighting this pathway’s key role in WT 
formation.38 39 Germline CTNND1 LoF variants are known to 
cause the Mendelian autosomal dominant blepharocheilodontic 
syndrome (BCD, MIM: 617 681). The phenotype of patient 
#20 was abnormal, yet did not resemble BCD. Recently, a 
case series40 revealed that pathogenic CTNND1 variants in 13 
patients with BCD were associated with broad and sometimes 
discrete phenotypes driven both by p120- catenin’s epithelial 
function and by distinct mesenchymal molecular functions—
with the latter regulating the WNT signalling pathway. Of note, 
one of the 13 patients with BCD had childhood cancer (ovarian 
dysgerminoma). Patient #20 represents the first association 
between germline CTNND1 variants and WT.

Curiously, the same patient harboured a pLoF variant in the 
highly constrained FRMD4A, a gene also known to play a role 
in cellular adhesion, presenting a possible oligogenic cause. This 
was somewhat strengthened by the finding that patient #12 also 
carried a pLoF variant in FRMD4A. She too carried an additional 
pLoF variant in another gene, namely SMC2, which provides 
an integral subunit to the human condensin complex41; playing 
a driving role in human cancers. The gene is regulated directly 
by β-catenin and its expression is thus enhanced as part of the 
transcriptional activity of the WNT pathway. In isolation, these 
early findings in genes with high evolutionary intolerance to LoF 
variants in patients with WT cannot infer causality. Yet, incorpo-
rating constraint gene analysis in future studies should inform 
which genes merit further/functional studies. Individual findings 
may also be further investigated through somatic sequencing, 
which was outside the scope of the current study.

Our findings should be compared with a recent nationwide 
Dutch study by Hol et al,17 which represents the only other 
published comprehensive, unselected study of germline (epi)
genetics of patients with WT. Comparable to our sex ratio, the 
Dutch study included 56% females (71 of 126 participants). 
First, Hol et al did not focus on sex differences or birth weights. 
In the Dutch study, twice as many females as males had WT 
predisposing factors (28/71 vs 14/55, Fisher’s exact test; OR 
1.90, 95% CI 0.83 to 4.49, p=0.128). This too mirrors our 
data, which, when considering only the (epi)genetic diagnoses, 
did not yield a significantly skewed sex ratio (5/9 vs 0/10, Fish-
er’s exact test; OR Inf, 95% CI 0.75 to Inf, p=0.053). Only 
after considering macrosomia as a WT predisposition factor did 
our results reach significance. As Hol et al neither analysed nor 
reported birth weight data, it is unknown if the same tendency 
is present in their cohort. Second, Hol et al included a meta- 
analysis of variants in selected genes for the 42% (n=53) that 
had exome sequencing done. Of note, the selection had an inclu-
sion criterion for pLoF variants in genes with a high probability 
of being LoF intolerant (>0.5 pLI score)42. The pLI score (now 
superseded by the LOEUF score25) cut- off used by Hol et al 
results in a more inclusive analysis (5451 vs 2986 genes with 
the latter including 174 genes now considered constrained not 
captured by pLI). Supplementary results from the Dutch cohort 
indicate that 18 variants in 17 patients were retained based on, at 
minimum, this inclusion criterion. Despite being more inclusive, 
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this yielded a mutation rate 32% lower than our results. Indeed, 
only nine variants reported by Hol et al would have met the 
LOEUF criteria applied in this study, a significantly lower yield 
than ours (Poisson’s exact test; 9/24 vs 9/53, p=0.022). This is 
likely a reflection of the fact that performing WGS instead of 
WES led to increased variant detection in our study. Of note, the 
nine constrained genes with variants reported by Hol et al had 
no overlap with those identified in the constrained gene analysis 
of our cohort.

Strengths of this prospective study include population- based 
inclusion as well as comprehensive genomics, epigenetics, deep 
phenotyping and novel evolution- based bioinformatic analyses. 
The two main limitations were (1) the cohort size, that, although 
representing 5 years of nationwide inclusion, only numbered 
24 patients and (2) the discrepancies in the methods used to 
detect low- mosaic epimutation at IC1 on chromosome 11p15.5 
between our study and that of Fiala et al.16 The former may 
inadvertently skew the sex distribution of genetic variants, and 
indeed pathogenic variants in CPS genes have been reported in 
both sexes9 and in our cohort too, a pathogenic REST variant 
segregated with WT in a family where the two affected family 
members were male. However, we consider the finding of 
macrosomia in females, which builds on independent lines of 
existing evidence, to be a true difference in sex disparity in the 
phenotypes of patients with WT.

In conclusion, combined genomics and epigenetics directly 
detected the aetiology in 17% of children with WT. For females, 
we expanded the emerging picture of a sex- specific discrete 
BWSp phenotype, including macrosomia and perilobular rests 
on pathology, possibly explaining the epidemiologically observed 
over- representation and neonatal macrosomia of females with 
WT. Furthermore, we introduced constrained gene analysis for 
the study of genetic WT predisposition, successfully identifying 
known and novel candidate genes. In total, 50% had either 
phenotypic traits and/or (epi)genetics directly or possibly linked 
to WT risk. Notably, in our study, the majority of the females 
with WT evidently had an underlying (epi)genetic condition.
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Supplementary Materials: Germline (epi)genetics 

reveals high predisposition in females: a 5-year, nation-

wide, prospective Wilms tumor cohort 

Supplementary methods 

Tumor classification 

Histology and stage were assessed and centrally reviewed for all tumors according to the SIOP-

staging after preoperative chemotherapy1, and dictated the intensity of post-operative 

chemotherapy and sometimes radiotherapy for all patients. 

 

Patient inclusion & Germline DNA analyses 

Following diagnosis the patients consented to take part in the Sequencing of Tumor and Germline 

DNA - Implications and National Guidelines (STAGING) project. The current study focuses on 

patients with WT included in the STAGING study from July 1st 2016 until July 1st 2021. Inclusion 

procedures and germline sequencing protocols have been published elsewhere2. 

Briefly, leukocyte DNA was isolated from peripheral blood samples drawn alongside standard 

blood-sampling executed as part of treatment. When possible, parental blood samples were 

taken to establish whether detected pathogenic variants were inherited or occurred de novo. 

Whole genome sequencing (WGS) was performed using the HiSeqX or NovaSeq platforms 
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(Illumina, San Diego, CA, USA) with paired-end sequencing of 150-bp reads and target 30X 

average coverage. Reads were mapped to the hg19 reference genome sequence (GRCh37.p13; 

RefSeq assembly accession GCF_000001405.25) using GATK version 3.8 or the DNAseq pipeline 

(Sentieon, San Jose, CA, USA). VarSeq software (version 2.2.3, Golden Helix, Bozeman, MT, 

USA) was used to annotate variants. 

Rare variants (gnomAD frequency less than 0.1%) in a panel of 390 cancer related genes selected 

from the existing medical literature3,4 were reviewed by a multidisciplinary team of clinical 

geneticists, pediatric oncologists and bioinformaticians and classified in accordance with 

current international standards5. Variants classified as “pathogenic” or “likely pathogenic” may 

be referred to collectively as “pathogenic” in this study.  

 

In the whole genome detection of predicted loss-of-function (pLoF) variants, structural variants 

(SVs) were called for the full STAGING cohort based on aligned WGS data using Manta (1.4), 

CNVnator (0.3.3), CNV kit (0.9.6), Delly2 (0.8.1) and ExpansionHunter (2.5.6). Any SVs also 

detected in an in-house non-cancer cohort were removed, as were all non-exonic and/or non-

deletion SVs. Similarly, using R (3.6.1), called single nucleotide variants (SNVs) were filtered by 

removing intronic and non-LoF SNVs and by application of the following quality control (QC) 

parameters; coverage >15X, VAF >0.3 and <0.70, strand bias <10, allele count =2, indel size <10. 

SNVs with >2 exact matches among non-WT cancer patients were removed. 

The SV/SNVs remaining post-filtration were considered putative pLoF variants and subject for 

constraint gene analysis, which we have presented for childhood cancer predisposition 
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investigation previously6. Briefly, pLoF variants were filtered to those present in constrained 

genes only. Gene constraint was defined as any gene having a pLoF observed vs. expected 

upper bound fraction (LOEUF) score lower than 0.35. LOEUF scores were derived from 

canonical transcripts in Supplementary Dataset 11 in Karczewski et al7. The resulting variants 

underwent manual curation based on visual analysis of WGS data using Integrated Genome 

Viewer, comparison to The Genome Aggregation Database (gnomAD v2.1)7 for population 

frequencies and ClinVar8 for variant classification as well as scientific literature review.  

 

Epigenetic germline and tumor analyses 

Peripheral blood DNA was isolated from individuals with WT and age and sex-matched 

controls. An individual with molecularly confirmed BWS and IC1 hypermethylation was 

included as a positive control. When available, tumor DNA was isolated from patients. Bisulfite 

conversion was performed on 200 ng of DNA using an EZ-DNA Methylation-Gold kit (Zymo 

Research, Irvin, CA, USA), according to the manufacturer’s instructions, and eluted in a volume 

of 10 µL. Approximately 20 ng of bisulfite converted DNA was amplified in triplicates using a 

Pyromark PCR kit (Qiagen, Hilden, Germany) and primers targeting a 208 bp region of IC1. 

Methylation quantification at five CpG sites at IC1 was carried out with 10 µL of PCR product 

on a Pyromark Q48 autoprep, and analyzed with Pyromark Q48 software. The PCR and 

pyrosequencing primers and parameters are detailed by Pignata et al.9. The mean of the 

triplicates was calculated, and the average methylation value of the five analyzed CpG sites was 

used. An individual was considered to have GOM at IC1 if the methylation level was higher 
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than the normal range, which was defined as the average methylation level of the controls 

plus/minus three standard deviations. A normal IC1 methylation range for kidney tissue 

established by Pignata et al. (34-66%)9 was used to detect GOM in tumor tissue.  

Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA, ME030-C3, 

MRC Holland, Amsterdam, The Netherlands) was conducted according to the manufacturer’s 

instructions. The mean of the four probes at IC1 was calculated and used in the analysis. The 

threshold for GOM at IC1 is set as > 0.65 in the clinical set-up. 

 

A linear mixed model with technical replicate number as a random effect was used to assess the 

association between blood IC1 methylation levels by pyrosequencing and Wilms tumor or 

macrosomia. Other statistical tests used are specified in the text. 

 

Statistical analyses 

Statistical analyses were conducted using IBM SPSS Statistics (v.25) and R (v.3.6.1). The 

statistical tests used are specified. 
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Supplementary Table 1: Classification of both single nucleotide variants (SNV) and 

structural variants (SV) found in 390 genes across all patients 
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Supplementary Table 2: Causative variants (both genetic and epigenetic) and predicted loss-of-function variants (pLoF) in constrained genes. 

 

Causative genetic and epigenetic variants (n=4) 
Pt # Age at Dx 

[in months] 

WT 

stage 

Gene Ontology HGVS c. 
[region affected for SV] 

HGVS p.  
[size for SV] 

VAF  
[alt/X] 

Inheritance  Family history Extended phenotype gnomAD alleles 

[freq. 

(count/number)] 

1 36-72 III REST Deletion chr4:57,761,129-59,377,004 1.62Mb (spanning 7 genesa) 49% [22/45]* Paternal Two WT casesb Unremarkable 0.00   (0/21,478) 

2 >72 IV FBXW7 Nonsense NM_033632.3:c.832C>T NP_361014.1:p.Arg278Ter 58% [16/38] Maternal Unremarkable Facial scoliosis etc.c 0.00 (0/249,772) 

3 <36 I WT1 Frameshift NM_024426.4:c.332del NP_077744.3:p.Pro111Argfs*47 33% [20/40] De novo Unremarkable Fetal hydronephrosisd 0.00 (0/114,890) 

4 36-72 I UPD11 Chromosoma

l 

chr11:204,228-47,983,477 47.78Mb (spanning p15.5-11.2) 20-25% De novo Unremarkable Classic BWSe N/A 

 

 

Additional pLoF variants in constrained genes (n=9) 
Pt # Age at Dx 

[in months] 

WT 

stage 

Gene Ontology HGVS c. 
[region affected for SV] 

HGVS p.  
[size for SV] 

VAF  
[alt/X] 

Inheritance  Family history Extended phenotype gnomAD alleles 

[freq. 

(count/number)] 

1 36-72 III POLR2B Deletion chr4:57,761,129-59,377,004 1.62Mb (spanning 7 genesa) 49% [22/45]* Paternal Two WT casesb Unremarkable 0.00   (0/21,478) 

2 >72 IV ZCCHC8 Frameshift NM_017612.4:c.1074_1077del NP_060082.2:p.Tyr359Ilefs*53 52% [32/61] N/A Unremarkable Facial scoliosis etc.c 0.00 (0/270,388) 

4 36-72 I SLIT2 Nonsense NM_004787.3:c.1849C>T NP_004778.1:p.Arg617Ter 37% [10/27] N/A Unremarkable Classic BWSe 0.00 (0/249,578) 

10 36-72 I KCNA4 Nonsense NM_002233.3:c.1348C>T NP_002224.1:p.Arg450Ter 38% [16/42] N/A Unremarkable Unremarkable 0.00 (0/249,644) 

12 36-72 III 
FRMD4A Frameshift NM_001318337.1:c.678dup NP_001305266.1:p.Leu227Thrfs*51 45% [15/33] N/A 

Unremarkable Small stature 
0.00 (0/282,512) 

SMC2 Frameshift NM_006444.2:c.398_402del NP_006435.2:p.Ser133Trpfs*3 49% [17/35] N/A 0.00 (0/234,676) 

14 <36 II OTUD4 Nonsense NM_001102653.1:c.2635C>T NP_001096123.1:p.Arg879Ter 68% [28/41] N/A Unremarkable Unremarkable 0.00 (0/282,758) 

20 >72 III 
FRMD4A Nonsense NM_001318337.1:c.142C>T NP_001305266.1:p.Gln48Ter 49% [33/68]] N/A Agenesis of the 

kidney (father) 

Wide fontanelle, sclera 

with blue hue 

4.69e-5 (7/149,308) 

CTNND1 Nonsense NM_001085458.1:c.2540C>A NP_001078927.1:p.Ser847Ter 53% [25/47] N/A 0.00 (0/242,410) 

 
Pt #; patient number (females in bold), Dx; diagnosis, WT; Wilms Tumor, HGVS; Human Genome Variation Society, c.; coding DNA, SV; structural variant, p.;protein, VAF; variant allele frequency, X; 

coverage, UPD; uniparental disomy, BWS; Beckwith-Wiedemann Syndrome, pLoF; predicted loss-of-function. 
aIGFBP7, IGFBP7-AS1, LOC101928851, NOA1, POLR2B, REST, UBE2CP3 
bPaternal uncle [2nd-degree relative, WT (archived pathology report) at 4 years old, deceased at 6 years old, not tested] & Paternal grandmother’s sister’s son [4th-degree relative, WT (archived pathology 

report) at 4 years old, alive and well, carries an identical 1.62Mb [chr4:57,761,129-59,377,004 heterozygous deletion]. The proband’s father, and the obligate carriers (paternal grandmother and her sister) 
were unaffected. 
cEpichantus, facial scoliosis, septal heart defect and two congenital accessory skin tags on the cheek and behind the ear. Several teeth were later surgically removed, although this may be related to chemo 

treatments. All were noted on this study’s phenotype checklist. 
dAffected the left kidney where the patient later developed WT. 

eMacrosomia, lateralized overgrowth of the left leg [+3 cm circumference, +1.5cm length], macroglossia & epicanthus  

*VAF estimated across the span of the deletion and the bordering regions. 
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Supplementary Table 3: Variants of unknown significance (VUSs) of interest.  

 

Pt # Gene Names Ontology Protein change [nucleotide 

change] 

VAF[alternat

e/total] 

CADD 

score 

gnomAD alleles 

[freq. 

(count/number)] 

 

Clinvar 

5 NYNRIN Missense p.Ala175Val [c.524C>T] 0.46[42/92] 23.3 0.00 (0/225,860) Not reported 

5 CTR9 Missense p.Tyr385Cys [c.1154A>G] 0.40[14/35] 25.7 1.62e-5 (4/247,004) Not reported 

5 ASXL1 Missense p.Ala1312Val [c.3935C>T] 0.55[26/47] 11.1 8.17e-4 (231/282,778) LB 

6 DICER1 Missense p.Thr60Ile [c.179C>T] 0.57[17/30] 15.5 4.95e-5 (14/282,740) VUS 

6 NSD1 Initiator p.Asp23Gly [c.68A>G] 0.56[20/36] 23 3.98e-6 (1/251,442) VUS 

9 NYNRIN Missense p.Gly353Arg [c.1057G>A] 0.46[13/28] 15.1 6.07e-5 (17/280,254) Not reported 

9 BARD1 Deletion chr2:215,591,264-215,774,591 ~0.51[24/49] N/A 0.00 (0/21,694) Not reported 

12 NBN Frameshift p.Gln279Thrfs*6 [c.834dupA] 0.42[13/31] 37 0.00 (0/251,318) Not reported 

15 NYNRIN Missense p.Thr1172Met [c.3515C>T] 0.26[7/27] 20.4 8.03e-6 (2/248,982) Not reported 

15 NYNRIN Missense p.Glu420Met [c.1258_1259delinsAT] 0.41[14/34] 24.3 0.00 (0/277,536) Not reported 

19 CTNNB1 Missense p.Glu155Asp [c.465A>T] 0.51[20/39] 19.2 0.00 (0/251,200) Not reported 

22 PALB2 Missense p.Glu211Gly [c.632A>G] 0.58[23/40] 0 0.00 (0/251,406) VUS 

24 REST Missense p.Pro141Arg [c.422C>G] 0.43[19/44] 23.3 1.98e-4 (56/282,762) VUS 
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Elaboration on Supplementary Figure 1: While Beckwith-Wiedemann syndrome was described 

as early as 1963, the identification of specific genes involved in the CPSs underlying WT 

predisposition was only possible beginning in the 1990s. Though not yet understood to include 

WT in the phenotypic spectrum at the time, TP53 was the first of the 21 genes related to WT 

predisposition discovered in 1990. The year after WT1 was discovered as the cause of WT1 

disorder. Both genes were identified through candidate gene analysis. This approach, along 

with linkage analysis, ushered in an era of discovery that uncovered the molecular basis for 

many of the “overt” syndromes which had been recognized clinically for decades. Broadly, 

these syndromes tend to have moderate to severe non-WT phenotype. 

The advent of next generation sequencing, genome-wide mutation analysis and, more recently, 

rare variant burden analysis, has led to discoveries of new “covert” syndromes, where the 

phenotype appears to be restricted to increased WT risk. This shift is illustrated in 

Supplementary Figure 1. 
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Patient #

Females with WT (n=14) Males with WT (n=10)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Age at diagnosis in months 36-72 >72 <36 36-72 36-72 36-72 >72 <36 36-72 36-72 36-72 36-72 <36 <36 <36 <36 <36 >72 <36 73 >72 <36 36-72 36-72
WT stage III IV I I V V III II I I NB III VI II I I II I II III III III III II
Causative genetic variant REST FBXW7 WT1 - - - - - - - - - - - - - - - - - - - - -
Causative epigenetic variant - - - UPD11 - - - - - - - - - - - - - - - - - - - -

Macrosomia (>4,250g) 4000-
4249

3500-
3749

3000-
3249 >4750 >4750 4250-

4499
4500-
4750

4500-
4750 <3000 3750-

3999
3000-
3249

3000-
3249

3500-
3749 - - 3500-

3749
4000-
4249 - 4000-

4249
3750-
3999 - 4000-

4249 - <3000

Placental wieght 750-
999

750-
999 - 750-

999 >1250 500-
749 - 750-

999 <500 750-
999 - 500-

749
500-
749

500-
749 <500 500-

749
500-
749

1000-
1249

500-
749 - 500-

749 - 500-
749

500-
749

Nephrogenic rest (pathology report) intra - - - peri peri - peri - peri intra - intra - - - - - intra peri - - - -
Blood PyroSeq IC1 methylation - 44 41 55 44 43 45 - 42 43 42 45 - - 43 43 43 42 46 43 - - - -
Blood MS-MLPA IC1 methylation - 59 51 63 53 47 54 - 54 57 61 50 - - 61 56 57 48 65 58 - - - -
Tumor PyroSeq IC1 methylation - - - 83 83 69 89 - 76 90 - - - - - 82 81 43 76 - - - - -
Tumor MS-MLPA IC1 methylation - - - 94 92 74 99 - 90 100 - - - - - 96 89 58 92 - - - - -
pLoF in constrained gene (1st) REST FBXW7 WT1 SLIT2 - - - - - KCNA4 - FRMD4A - OTUD4 - - - - - FRMD4A - - - -
pLoF in constrained gene (2nd) POLR2B ZCCHC8 - - - - - - - - - SMC2 - - - - - - - CTNND1 - - - -
VUS (1st) - - - - NYNRIN DICER1 - - NYNRIN - - NBN - - NYNRIN - - - CTNNB1 - - PALB2 - REST
VUS (2nd) - - - - CTR9 NSD1 - - BARD1 - - - - - NYNRIN - - - - - - - - -
VUS (3rd) - - - - ASXL1 - - - - - - - - - - - - - - - - - - -
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Supplementary Materials: Germline (epi)genetics 

reveals high predisposition in females: a 5-year, nation-

wide, prospective Wilms tumor cohort 

Supplementary methods 

Tumor classification 

Histology and stage were assessed and centrally reviewed for all tumors according to the SIOP-

staging after preoperative chemotherapy1, and dictated the intensity of post-operative 

chemotherapy and sometimes radiotherapy for all patients. 

 

Patient inclusion & Germline DNA analyses 

Following diagnosis the patients consented to take part in the Sequencing of Tumor and Germline 

DNA - Implications and National Guidelines (STAGING) project. The current study focuses on 

patients with WT included in the STAGING study from July 1st 2016 until July 1st 2021. Inclusion 

procedures and germline sequencing protocols have been published elsewhere2. 

Briefly, leukocyte DNA was isolated from peripheral blood samples drawn alongside standard 

blood-sampling executed as part of treatment. When possible, parental blood samples were 

taken to establish whether detected pathogenic variants were inherited or occurred de novo. 

Whole genome sequencing (WGS) was performed using the HiSeqX or NovaSeq platforms 
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(Illumina, San Diego, CA, USA) with paired-end sequencing of 150-bp reads and target 30X 

average coverage. Reads were mapped to the hg19 reference genome sequence (GRCh37.p13; 

RefSeq assembly accession GCF_000001405.25) using GATK version 3.8 or the DNAseq pipeline 

(Sentieon, San Jose, CA, USA). VarSeq software (version 2.2.3, Golden Helix, Bozeman, MT, 

USA) was used to annotate variants. 

Rare variants (gnomAD frequency less than 0.1%) in a panel of 390 cancer related genes selected 

from the existing medical literature3,4 were reviewed by a multidisciplinary team of clinical 

geneticists, pediatric oncologists and bioinformaticians and classified in accordance with 

current international standards5. Variants classified as “pathogenic” or “likely pathogenic” may 

be referred to collectively as “pathogenic” in this study.  

 

In the whole genome detection of predicted loss-of-function (pLoF) variants, structural variants 

(SVs) were called for the full STAGING cohort based on aligned WGS data using Manta (1.4), 

CNVnator (0.3.3), CNV kit (0.9.6), Delly2 (0.8.1) and ExpansionHunter (2.5.6). Any SVs also 

detected in an in-house non-cancer cohort were removed, as were all non-exonic and/or non-

deletion SVs. Similarly, using R (3.6.1), called single nucleotide variants (SNVs) were filtered by 

removing intronic and non-LoF SNVs and by application of the following quality control (QC) 

parameters; coverage >15X, VAF >0.3 and <0.70, strand bias <10, allele count =2, indel size <10. 

SNVs with >2 exact matches among non-WT cancer patients were removed. 

The SV/SNVs remaining post-filtration were considered putative pLoF variants and subject for 

constraint gene analysis, which we have presented for childhood cancer predisposition 
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investigation previously6. Briefly, pLoF variants were filtered to those present in constrained 

genes only. Gene constraint was defined as any gene having a pLoF observed vs. expected 

upper bound fraction (LOEUF) score lower than 0.35. LOEUF scores were derived from 

canonical transcripts in Supplementary Dataset 11 in Karczewski et al7. The resulting variants 

underwent manual curation based on visual analysis of WGS data using Integrated Genome 

Viewer, comparison to The Genome Aggregation Database (gnomAD v2.1)7 for population 

frequencies and ClinVar8 for variant classification as well as scientific literature review.  

 

Epigenetic germline and tumor analyses 

Peripheral blood DNA was isolated from individuals with WT and age and sex-matched 

controls. An individual with molecularly confirmed BWS and IC1 hypermethylation was 

included as a positive control. When available, tumor DNA was isolated from patients. Bisulfite 

conversion was performed on 200 ng of DNA using an EZ-DNA Methylation-Gold kit (Zymo 

Research, Irvin, CA, USA), according to the manufacturer’s instructions, and eluted in a volume 

of 10 µL. Approximately 20 ng of bisulfite converted DNA was amplified in triplicates using a 

Pyromark PCR kit (Qiagen, Hilden, Germany) and primers targeting a 208 bp region of IC1. 

Methylation quantification at five CpG sites at IC1 was carried out with 10 µL of PCR product 

on a Pyromark Q48 autoprep, and analyzed with Pyromark Q48 software. The PCR and 

pyrosequencing primers and parameters are detailed by Pignata et al.9. The mean of the 

triplicates was calculated, and the average methylation value of the five analyzed CpG sites was 

used. An individual was considered to have GOM at IC1 if the methylation level was higher 
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than the normal range, which was defined as the average methylation level of the controls 

plus/minus three standard deviations. A normal IC1 methylation range for kidney tissue 

established by Pignata et al. (34-66%)9 was used to detect GOM in tumor tissue.  

Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA, ME030-C3, 

MRC Holland, Amsterdam, The Netherlands) was conducted according to the manufacturer’s 

instructions. The mean of the four probes at IC1 was calculated and used in the analysis. The 

threshold for GOM at IC1 is set as > 0.65 in the clinical set-up. 

 

A linear mixed model with technical replicate number as a random effect was used to assess the 

association between blood IC1 methylation levels by pyrosequencing and Wilms tumor or 

macrosomia. Other statistical tests used are specified in the text. 

 

Statistical analyses 

Statistical analyses were conducted using IBM SPSS Statistics (v.25) and R (v.3.6.1). The 

statistical tests used are specified. 
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Supplementary Table 1: Classification of both single nucleotide variants (SNV) and 

structural variants (SV) found in 390 genes across all patients 
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Supplementary Table 2: Causative variants (both genetic and epigenetic) and predicted loss-of-function variants (pLoF) in constrained genes. 

 

Causative genetic and epigenetic variants (n=4) 
Pt # Age at Dx 

[in months] 

WT 

stage 

Gene Ontology HGVS c. 
[region affected for SV] 

HGVS p.  
[size for SV] 

VAF  
[alt/X] 

Inheritance  Family history Extended phenotype gnomAD alleles 

[freq. 

(count/number)] 

1 36-72 III REST Deletion chr4:57,761,129-59,377,004 1.62Mb (spanning 7 genesa) 49% [22/45]* Paternal Two WT casesb Unremarkable 0.00   (0/21,478) 

2 >72 IV FBXW7 Nonsense NM_033632.3:c.832C>T NP_361014.1:p.Arg278Ter 58% [16/38] Maternal Unremarkable Facial scoliosis etc.c 0.00 (0/249,772) 

3 <36 I WT1 Frameshift NM_024426.4:c.332del NP_077744.3:p.Pro111Argfs*47 33% [20/40] De novo Unremarkable Fetal hydronephrosisd 0.00 (0/114,890) 

4 36-72 I UPD11 Chromosoma

l 

chr11:204,228-47,983,477 47.78Mb (spanning p15.5-11.2) 20-25% De novo Unremarkable Classic BWSe N/A 

 

 

Additional pLoF variants in constrained genes (n=9) 
Pt # Age at Dx 

[in months] 

WT 

stage 

Gene Ontology HGVS c. 
[region affected for SV] 

HGVS p.  
[size for SV] 

VAF  
[alt/X] 

Inheritance  Family history Extended phenotype gnomAD alleles 

[freq. 

(count/number)] 

1 36-72 III POLR2B Deletion chr4:57,761,129-59,377,004 1.62Mb (spanning 7 genesa) 49% [22/45]* Paternal Two WT casesb Unremarkable 0.00   (0/21,478) 

2 >72 IV ZCCHC8 Frameshift NM_017612.4:c.1074_1077del NP_060082.2:p.Tyr359Ilefs*53 52% [32/61] N/A Unremarkable Facial scoliosis etc.c 0.00 (0/270,388) 

4 36-72 I SLIT2 Nonsense NM_004787.3:c.1849C>T NP_004778.1:p.Arg617Ter 37% [10/27] N/A Unremarkable Classic BWSe 0.00 (0/249,578) 

10 36-72 I KCNA4 Nonsense NM_002233.3:c.1348C>T NP_002224.1:p.Arg450Ter 38% [16/42] N/A Unremarkable Unremarkable 0.00 (0/249,644) 

12 36-72 III 
FRMD4A Frameshift NM_001318337.1:c.678dup NP_001305266.1:p.Leu227Thrfs*51 45% [15/33] N/A 

Unremarkable Small stature 
0.00 (0/282,512) 

SMC2 Frameshift NM_006444.2:c.398_402del NP_006435.2:p.Ser133Trpfs*3 49% [17/35] N/A 0.00 (0/234,676) 

14 <36 II OTUD4 Nonsense NM_001102653.1:c.2635C>T NP_001096123.1:p.Arg879Ter 68% [28/41] N/A Unremarkable Unremarkable 0.00 (0/282,758) 

20 >72 III 
FRMD4A Nonsense NM_001318337.1:c.142C>T NP_001305266.1:p.Gln48Ter 49% [33/68]] N/A Agenesis of the 

kidney (father) 

Wide fontanelle, sclera 

with blue hue 

4.69e-5 (7/149,308) 

CTNND1 Nonsense NM_001085458.1:c.2540C>A NP_001078927.1:p.Ser847Ter 53% [25/47] N/A 0.00 (0/242,410) 

 
Pt #; patient number (females in bold), Dx; diagnosis, WT; Wilms Tumor, HGVS; Human Genome Variation Society, c.; coding DNA, SV; structural variant, p.;protein, VAF; variant allele frequency, X; 

coverage, UPD; uniparental disomy, BWS; Beckwith-Wiedemann Syndrome, pLoF; predicted loss-of-function. 
aIGFBP7, IGFBP7-AS1, LOC101928851, NOA1, POLR2B, REST, UBE2CP3 
bPaternal uncle [2nd-degree relative, WT (archived pathology report) at 4 years old, deceased at 6 years old, not tested] & Paternal grandmother’s sister’s son [4th-degree relative, WT (archived pathology 

report) at 4 years old, alive and well, carries an identical 1.62Mb [chr4:57,761,129-59,377,004 heterozygous deletion]. The proband’s father, and the obligate carriers (paternal grandmother and her sister) 
were unaffected. 
cEpichantus, facial scoliosis, septal heart defect and two congenital accessory skin tags on the cheek and behind the ear. Several teeth were later surgically removed, although this may be related to chemo 

treatments. All were noted on this study’s phenotype checklist. 
dAffected the left kidney where the patient later developed WT. 

eMacrosomia, lateralized overgrowth of the left leg [+3 cm circumference, +1.5cm length], macroglossia & epicanthus  

*VAF estimated across the span of the deletion and the bordering regions. 
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Supplementary Table 3: Variants of unknown significance (VUSs) of interest.  

 

Pt # Gene Names Ontology Protein change [nucleotide 

change] 

VAF[alternat

e/total] 

CADD 

score 

gnomAD alleles 

[freq. 

(count/number)] 

 

Clinvar 

5 NYNRIN Missense p.Ala175Val [c.524C>T] 0.46[42/92] 23.3 0.00 (0/225,860) Not reported 

5 CTR9 Missense p.Tyr385Cys [c.1154A>G] 0.40[14/35] 25.7 1.62e-5 (4/247,004) Not reported 

5 ASXL1 Missense p.Ala1312Val [c.3935C>T] 0.55[26/47] 11.1 8.17e-4 (231/282,778) LB 

6 DICER1 Missense p.Thr60Ile [c.179C>T] 0.57[17/30] 15.5 4.95e-5 (14/282,740) VUS 

6 NSD1 Initiator p.Asp23Gly [c.68A>G] 0.56[20/36] 23 3.98e-6 (1/251,442) VUS 

9 NYNRIN Missense p.Gly353Arg [c.1057G>A] 0.46[13/28] 15.1 6.07e-5 (17/280,254) Not reported 

9 BARD1 Deletion chr2:215,591,264-215,774,591 ~0.51[24/49] N/A 0.00 (0/21,694) Not reported 

12 NBN Frameshift p.Gln279Thrfs*6 [c.834dupA] 0.42[13/31] 37 0.00 (0/251,318) Not reported 

15 NYNRIN Missense p.Thr1172Met [c.3515C>T] 0.26[7/27] 20.4 8.03e-6 (2/248,982) Not reported 

15 NYNRIN Missense p.Glu420Met [c.1258_1259delinsAT] 0.41[14/34] 24.3 0.00 (0/277,536) Not reported 

19 CTNNB1 Missense p.Glu155Asp [c.465A>T] 0.51[20/39] 19.2 0.00 (0/251,200) Not reported 

22 PALB2 Missense p.Glu211Gly [c.632A>G] 0.58[23/40] 0 0.00 (0/251,406) VUS 

24 REST Missense p.Pro141Arg [c.422C>G] 0.43[19/44] 23.3 1.98e-4 (56/282,762) VUS 
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Elaboration on Supplementary Figure 1: While Beckwith-Wiedemann syndrome was described 

as early as 1963, the identification of specific genes involved in the CPSs underlying WT 

predisposition was only possible beginning in the 1990s. Though not yet understood to include 

WT in the phenotypic spectrum at the time, TP53 was the first of the 21 genes related to WT 

predisposition discovered in 1990. The year after WT1 was discovered as the cause of WT1 

disorder. Both genes were identified through candidate gene analysis. This approach, along 

with linkage analysis, ushered in an era of discovery that uncovered the molecular basis for 

many of the “overt” syndromes which had been recognized clinically for decades. Broadly, 

these syndromes tend to have moderate to severe non-WT phenotype. 

The advent of next generation sequencing, genome-wide mutation analysis and, more recently, 

rare variant burden analysis, has led to discoveries of new “covert” syndromes, where the 

phenotype appears to be restricted to increased WT risk. This shift is illustrated in 

Supplementary Figure 1. 
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file:///L:/LovbeskyttetMapper/STAGING loggede data/Wilms tumorer/WT_pt_graph_table_2.html 1/1

Patient #

Females with WT (n=14) Males with WT (n=10)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Age at diagnosis in months 36-72 >72 <36 36-72 36-72 36-72 >72 <36 36-72 36-72 36-72 36-72 <36 <36 <36 <36 <36 >72 <36 73 >72 <36 36-72 36-72
WT stage III IV I I V V III II I I NB III VI II I I II I II III III III III II
Causative genetic variant REST FBXW7 WT1 - - - - - - - - - - - - - - - - - - - - -
Causative epigenetic variant - - - UPD11 - - - - - - - - - - - - - - - - - - - -

Macrosomia (>4,250g) 4000-
4249

3500-
3749

3000-
3249 >4750 >4750 4250-

4499
4500-
4750

4500-
4750 <3000 3750-

3999
3000-
3249

3000-
3249

3500-
3749 - - 3500-

3749
4000-
4249 - 4000-

4249
3750-
3999 - 4000-

4249 - <3000

Placental wieght 750-
999

750-
999 - 750-

999 >1250 500-
749 - 750-

999 <500 750-
999 - 500-

749
500-
749

500-
749 <500 500-

749
500-
749

1000-
1249

500-
749 - 500-

749 - 500-
749

500-
749

Nephrogenic rest (pathology report) intra - - - peri peri - peri - peri intra - intra - - - - - intra peri - - - -
Blood PyroSeq IC1 methylation - 44 41 55 44 43 45 - 42 43 42 45 - - 43 43 43 42 46 43 - - - -
Blood MS-MLPA IC1 methylation - 59 51 63 53 47 54 - 54 57 61 50 - - 61 56 57 48 65 58 - - - -
Tumor PyroSeq IC1 methylation - - - 83 83 69 89 - 76 90 - - - - - 82 81 43 76 - - - - -
Tumor MS-MLPA IC1 methylation - - - 94 92 74 99 - 90 100 - - - - - 96 89 58 92 - - - - -
pLoF in constrained gene (1st) REST FBXW7 WT1 SLIT2 - - - - - KCNA4 - FRMD4A - OTUD4 - - - - - FRMD4A - - - -
pLoF in constrained gene (2nd) POLR2B ZCCHC8 - - - - - - - - - SMC2 - - - - - - - CTNND1 - - - -
VUS (1st) - - - - NYNRIN DICER1 - - NYNRIN - - NBN - - NYNRIN - - - CTNNB1 - - PALB2 - REST
VUS (2nd) - - - - CTR9 NSD1 - - BARD1 - - - - - NYNRIN - - - - - - - - -
VUS (3rd) - - - - ASXL1 - - - - - - - - - - - - - - - - - - -
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Supplementary Materials: Germline (epi)genetics 

reveals high predisposition in females: a 5-year, nation-

wide, prospective Wilms tumor cohort 

Supplementary methods 

Tumor classification 

Histology and stage were assessed and centrally reviewed for all tumors according to the SIOP-

staging after preoperative chemotherapy1, and dictated the intensity of post-operative 

chemotherapy and sometimes radiotherapy for all patients. 

 

Patient inclusion & Germline DNA analyses 

Following diagnosis the patients consented to take part in the Sequencing of Tumor and Germline 

DNA - Implications and National Guidelines (STAGING) project. The current study focuses on 

patients with WT included in the STAGING study from July 1st 2016 until July 1st 2021. Inclusion 

procedures and germline sequencing protocols have been published elsewhere2. 

Briefly, leukocyte DNA was isolated from peripheral blood samples drawn alongside standard 

blood-sampling executed as part of treatment. When possible, parental blood samples were 

taken to establish whether detected pathogenic variants were inherited or occurred de novo. 

Whole genome sequencing (WGS) was performed using the HiSeqX or NovaSeq platforms 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Med Genet

 doi: 10.1136/jmg-2022-108982–8.:10 2023;J Med Genet, et al. Stoltze UK

https://www.zotero.org/google-docs/?ndx3qM
https://www.zotero.org/google-docs/?SL9FUe


2 

(Illumina, San Diego, CA, USA) with paired-end sequencing of 150-bp reads and target 30X 

average coverage. Reads were mapped to the hg19 reference genome sequence (GRCh37.p13; 

RefSeq assembly accession GCF_000001405.25) using GATK version 3.8 or the DNAseq pipeline 

(Sentieon, San Jose, CA, USA). VarSeq software (version 2.2.3, Golden Helix, Bozeman, MT, 

USA) was used to annotate variants. 

Rare variants (gnomAD frequency less than 0.1%) in a panel of 390 cancer related genes selected 

from the existing medical literature3,4 were reviewed by a multidisciplinary team of clinical 

geneticists, pediatric oncologists and bioinformaticians and classified in accordance with 

current international standards5. Variants classified as “pathogenic” or “likely pathogenic” may 

be referred to collectively as “pathogenic” in this study.  

 

In the whole genome detection of predicted loss-of-function (pLoF) variants, structural variants 

(SVs) were called for the full STAGING cohort based on aligned WGS data using Manta (1.4), 

CNVnator (0.3.3), CNV kit (0.9.6), Delly2 (0.8.1) and ExpansionHunter (2.5.6). Any SVs also 

detected in an in-house non-cancer cohort were removed, as were all non-exonic and/or non-

deletion SVs. Similarly, using R (3.6.1), called single nucleotide variants (SNVs) were filtered by 

removing intronic and non-LoF SNVs and by application of the following quality control (QC) 

parameters; coverage >15X, VAF >0.3 and <0.70, strand bias <10, allele count =2, indel size <10. 

SNVs with >2 exact matches among non-WT cancer patients were removed. 

The SV/SNVs remaining post-filtration were considered putative pLoF variants and subject for 

constraint gene analysis, which we have presented for childhood cancer predisposition 
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investigation previously6. Briefly, pLoF variants were filtered to those present in constrained 

genes only. Gene constraint was defined as any gene having a pLoF observed vs. expected 

upper bound fraction (LOEUF) score lower than 0.35. LOEUF scores were derived from 

canonical transcripts in Supplementary Dataset 11 in Karczewski et al7. The resulting variants 

underwent manual curation based on visual analysis of WGS data using Integrated Genome 

Viewer, comparison to The Genome Aggregation Database (gnomAD v2.1)7 for population 

frequencies and ClinVar8 for variant classification as well as scientific literature review.  

 

Epigenetic germline and tumor analyses 

Peripheral blood DNA was isolated from individuals with WT and age and sex-matched 

controls. An individual with molecularly confirmed BWS and IC1 hypermethylation was 

included as a positive control. When available, tumor DNA was isolated from patients. Bisulfite 

conversion was performed on 200 ng of DNA using an EZ-DNA Methylation-Gold kit (Zymo 

Research, Irvin, CA, USA), according to the manufacturer’s instructions, and eluted in a volume 

of 10 µL. Approximately 20 ng of bisulfite converted DNA was amplified in triplicates using a 

Pyromark PCR kit (Qiagen, Hilden, Germany) and primers targeting a 208 bp region of IC1. 

Methylation quantification at five CpG sites at IC1 was carried out with 10 µL of PCR product 

on a Pyromark Q48 autoprep, and analyzed with Pyromark Q48 software. The PCR and 

pyrosequencing primers and parameters are detailed by Pignata et al.9. The mean of the 

triplicates was calculated, and the average methylation value of the five analyzed CpG sites was 

used. An individual was considered to have GOM at IC1 if the methylation level was higher 
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than the normal range, which was defined as the average methylation level of the controls 

plus/minus three standard deviations. A normal IC1 methylation range for kidney tissue 

established by Pignata et al. (34-66%)9 was used to detect GOM in tumor tissue.  

Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA, ME030-C3, 

MRC Holland, Amsterdam, The Netherlands) was conducted according to the manufacturer’s 

instructions. The mean of the four probes at IC1 was calculated and used in the analysis. The 

threshold for GOM at IC1 is set as > 0.65 in the clinical set-up. 

 

A linear mixed model with technical replicate number as a random effect was used to assess the 

association between blood IC1 methylation levels by pyrosequencing and Wilms tumor or 

macrosomia. Other statistical tests used are specified in the text. 

 

Statistical analyses 

Statistical analyses were conducted using IBM SPSS Statistics (v.25) and R (v.3.6.1). The 

statistical tests used are specified. 
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Supplementary Table 1: Classification of both single nucleotide variants (SNV) and 

structural variants (SV) found in 390 genes across all patients 
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Supplementary Table 2: Causative variants (both genetic and epigenetic) and predicted loss-of-function variants (pLoF) in constrained genes. 

 

Causative genetic and epigenetic variants (n=4) 
Pt # Age at Dx 

[in months] 

WT 

stage 

Gene Ontology HGVS c. 
[region affected for SV] 

HGVS p.  
[size for SV] 

VAF  
[alt/X] 

Inheritance  Family history Extended phenotype gnomAD alleles 

[freq. 

(count/number)] 

1 36-72 III REST Deletion chr4:57,761,129-59,377,004 1.62Mb (spanning 7 genesa) 49% [22/45]* Paternal Two WT casesb Unremarkable 0.00   (0/21,478) 

2 >72 IV FBXW7 Nonsense NM_033632.3:c.832C>T NP_361014.1:p.Arg278Ter 58% [16/38] Maternal Unremarkable Facial scoliosis etc.c 0.00 (0/249,772) 

3 <36 I WT1 Frameshift NM_024426.4:c.332del NP_077744.3:p.Pro111Argfs*47 33% [20/40] De novo Unremarkable Fetal hydronephrosisd 0.00 (0/114,890) 

4 36-72 I UPD11 Chromosoma

l 

chr11:204,228-47,983,477 47.78Mb (spanning p15.5-11.2) 20-25% De novo Unremarkable Classic BWSe N/A 

 

 

Additional pLoF variants in constrained genes (n=9) 
Pt # Age at Dx 

[in months] 

WT 

stage 

Gene Ontology HGVS c. 
[region affected for SV] 

HGVS p.  
[size for SV] 

VAF  
[alt/X] 

Inheritance  Family history Extended phenotype gnomAD alleles 

[freq. 

(count/number)] 

1 36-72 III POLR2B Deletion chr4:57,761,129-59,377,004 1.62Mb (spanning 7 genesa) 49% [22/45]* Paternal Two WT casesb Unremarkable 0.00   (0/21,478) 

2 >72 IV ZCCHC8 Frameshift NM_017612.4:c.1074_1077del NP_060082.2:p.Tyr359Ilefs*53 52% [32/61] N/A Unremarkable Facial scoliosis etc.c 0.00 (0/270,388) 

4 36-72 I SLIT2 Nonsense NM_004787.3:c.1849C>T NP_004778.1:p.Arg617Ter 37% [10/27] N/A Unremarkable Classic BWSe 0.00 (0/249,578) 

10 36-72 I KCNA4 Nonsense NM_002233.3:c.1348C>T NP_002224.1:p.Arg450Ter 38% [16/42] N/A Unremarkable Unremarkable 0.00 (0/249,644) 

12 36-72 III 
FRMD4A Frameshift NM_001318337.1:c.678dup NP_001305266.1:p.Leu227Thrfs*51 45% [15/33] N/A 

Unremarkable Small stature 
0.00 (0/282,512) 

SMC2 Frameshift NM_006444.2:c.398_402del NP_006435.2:p.Ser133Trpfs*3 49% [17/35] N/A 0.00 (0/234,676) 

14 <36 II OTUD4 Nonsense NM_001102653.1:c.2635C>T NP_001096123.1:p.Arg879Ter 68% [28/41] N/A Unremarkable Unremarkable 0.00 (0/282,758) 

20 >72 III 
FRMD4A Nonsense NM_001318337.1:c.142C>T NP_001305266.1:p.Gln48Ter 49% [33/68]] N/A Agenesis of the 

kidney (father) 

Wide fontanelle, sclera 

with blue hue 

4.69e-5 (7/149,308) 

CTNND1 Nonsense NM_001085458.1:c.2540C>A NP_001078927.1:p.Ser847Ter 53% [25/47] N/A 0.00 (0/242,410) 

 
Pt #; patient number (females in bold), Dx; diagnosis, WT; Wilms Tumor, HGVS; Human Genome Variation Society, c.; coding DNA, SV; structural variant, p.;protein, VAF; variant allele frequency, X; 

coverage, UPD; uniparental disomy, BWS; Beckwith-Wiedemann Syndrome, pLoF; predicted loss-of-function. 
aIGFBP7, IGFBP7-AS1, LOC101928851, NOA1, POLR2B, REST, UBE2CP3 
bPaternal uncle [2nd-degree relative, WT (archived pathology report) at 4 years old, deceased at 6 years old, not tested] & Paternal grandmother’s sister’s son [4th-degree relative, WT (archived pathology 

report) at 4 years old, alive and well, carries an identical 1.62Mb [chr4:57,761,129-59,377,004 heterozygous deletion]. The proband’s father, and the obligate carriers (paternal grandmother and her sister) 
were unaffected. 
cEpichantus, facial scoliosis, septal heart defect and two congenital accessory skin tags on the cheek and behind the ear. Several teeth were later surgically removed, although this may be related to chemo 

treatments. All were noted on this study’s phenotype checklist. 
dAffected the left kidney where the patient later developed WT. 

eMacrosomia, lateralized overgrowth of the left leg [+3 cm circumference, +1.5cm length], macroglossia & epicanthus  

*VAF estimated across the span of the deletion and the bordering regions. 
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Supplementary Table 3: Variants of unknown significance (VUSs) of interest.  

 

Pt # Gene Names Ontology Protein change [nucleotide 

change] 

VAF[alternat

e/total] 

CADD 

score 

gnomAD alleles 

[freq. 

(count/number)] 

 

Clinvar 

5 NYNRIN Missense p.Ala175Val [c.524C>T] 0.46[42/92] 23.3 0.00 (0/225,860) Not reported 

5 CTR9 Missense p.Tyr385Cys [c.1154A>G] 0.40[14/35] 25.7 1.62e-5 (4/247,004) Not reported 

5 ASXL1 Missense p.Ala1312Val [c.3935C>T] 0.55[26/47] 11.1 8.17e-4 (231/282,778) LB 

6 DICER1 Missense p.Thr60Ile [c.179C>T] 0.57[17/30] 15.5 4.95e-5 (14/282,740) VUS 

6 NSD1 Initiator p.Asp23Gly [c.68A>G] 0.56[20/36] 23 3.98e-6 (1/251,442) VUS 

9 NYNRIN Missense p.Gly353Arg [c.1057G>A] 0.46[13/28] 15.1 6.07e-5 (17/280,254) Not reported 

9 BARD1 Deletion chr2:215,591,264-215,774,591 ~0.51[24/49] N/A 0.00 (0/21,694) Not reported 

12 NBN Frameshift p.Gln279Thrfs*6 [c.834dupA] 0.42[13/31] 37 0.00 (0/251,318) Not reported 

15 NYNRIN Missense p.Thr1172Met [c.3515C>T] 0.26[7/27] 20.4 8.03e-6 (2/248,982) Not reported 

15 NYNRIN Missense p.Glu420Met [c.1258_1259delinsAT] 0.41[14/34] 24.3 0.00 (0/277,536) Not reported 

19 CTNNB1 Missense p.Glu155Asp [c.465A>T] 0.51[20/39] 19.2 0.00 (0/251,200) Not reported 

22 PALB2 Missense p.Glu211Gly [c.632A>G] 0.58[23/40] 0 0.00 (0/251,406) VUS 

24 REST Missense p.Pro141Arg [c.422C>G] 0.43[19/44] 23.3 1.98e-4 (56/282,762) VUS 
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Elaboration on Supplementary Figure 1: While Beckwith-Wiedemann syndrome was described 

as early as 1963, the identification of specific genes involved in the CPSs underlying WT 

predisposition was only possible beginning in the 1990s. Though not yet understood to include 

WT in the phenotypic spectrum at the time, TP53 was the first of the 21 genes related to WT 

predisposition discovered in 1990. The year after WT1 was discovered as the cause of WT1 

disorder. Both genes were identified through candidate gene analysis. This approach, along 

with linkage analysis, ushered in an era of discovery that uncovered the molecular basis for 

many of the “overt” syndromes which had been recognized clinically for decades. Broadly, 

these syndromes tend to have moderate to severe non-WT phenotype. 

The advent of next generation sequencing, genome-wide mutation analysis and, more recently, 

rare variant burden analysis, has led to discoveries of new “covert” syndromes, where the 

phenotype appears to be restricted to increased WT risk. This shift is illustrated in 

Supplementary Figure 1. 
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Patient #

Females with WT (n=14) Males with WT (n=10)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Age at diagnosis in months 36-72 >72 <36 36-72 36-72 36-72 >72 <36 36-72 36-72 36-72 36-72 <36 <36 <36 <36 <36 >72 <36 73 >72 <36 36-72 36-72
WT stage III IV I I V V III II I I NB III VI II I I II I II III III III III II
Causative genetic variant REST FBXW7 WT1 - - - - - - - - - - - - - - - - - - - - -
Causative epigenetic variant - - - UPD11 - - - - - - - - - - - - - - - - - - - -

Macrosomia (>4,250g) 4000-
4249

3500-
3749

3000-
3249 >4750 >4750 4250-

4499
4500-
4750

4500-
4750 <3000 3750-

3999
3000-
3249

3000-
3249

3500-
3749 - - 3500-

3749
4000-
4249 - 4000-

4249
3750-
3999 - 4000-

4249 - <3000

Placental wieght 750-
999

750-
999 - 750-

999 >1250 500-
749 - 750-

999 <500 750-
999 - 500-

749
500-
749

500-
749 <500 500-

749
500-
749

1000-
1249

500-
749 - 500-

749 - 500-
749

500-
749

Nephrogenic rest (pathology report) intra - - - peri peri - peri - peri intra - intra - - - - - intra peri - - - -
Blood PyroSeq IC1 methylation - 44 41 55 44 43 45 - 42 43 42 45 - - 43 43 43 42 46 43 - - - -
Blood MS-MLPA IC1 methylation - 59 51 63 53 47 54 - 54 57 61 50 - - 61 56 57 48 65 58 - - - -
Tumor PyroSeq IC1 methylation - - - 83 83 69 89 - 76 90 - - - - - 82 81 43 76 - - - - -
Tumor MS-MLPA IC1 methylation - - - 94 92 74 99 - 90 100 - - - - - 96 89 58 92 - - - - -
pLoF in constrained gene (1st) REST FBXW7 WT1 SLIT2 - - - - - KCNA4 - FRMD4A - OTUD4 - - - - - FRMD4A - - - -
pLoF in constrained gene (2nd) POLR2B ZCCHC8 - - - - - - - - - SMC2 - - - - - - - CTNND1 - - - -
VUS (1st) - - - - NYNRIN DICER1 - - NYNRIN - - NBN - - NYNRIN - - - CTNNB1 - - PALB2 - REST
VUS (2nd) - - - - CTR9 NSD1 - - BARD1 - - - - - NYNRIN - - - - - - - - -
VUS (3rd) - - - - ASXL1 - - - - - - - - - - - - - - - - - - -
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