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Wilms tumour in Beckwith–Wiedemann Syndrome and
loss of methylation at imprinting centre 2: revisiting
tumour surveillance guidelines

Jack Brzezinski1,2,3,12, Cheryl Shuman1,4,5,6,12, Sanaa Choufani1, Peter Ray1,6,7, Dmitiri J Stavropoulos7,8,
Raveen Basran7,8, Leslie Steele6,7, Nicole Parkinson5,6,7, Ronald Grant2,9, Paul Thorner7,8, Armando Lorenzo10,11

and Rosanna Weksberg*,1,3,4,6,9

Beckwith–Wiedemann Syndrome (BWS) is an overgrowth syndrome caused by a variety of molecular changes on chromosome

11p15.5. Children with BWS have a significant risk of developing Wilms tumours with the degree of risk being dependent on the

underlying molecular mechanism. In particular, only a relatively small number of children with loss of methylation at the

centromeric imprinting centre (IC2) were reported to have developed Wilms tumour. Discontinuation of tumour surveillance for

children with BWS and loss of methylation at IC2 has been proposed in several recent publications. We report here three

children with BWS reported to have loss of methylation at IC2 on clinical testing who developed Wilms tumour or precursor

lesions. Using multiple molecular approaches and multiple tissues, we reclassified one of these cases to paternal uniparental

disomy for chromosome 11p15.5. These cases highlight the current challenges in definitively assigning tumour risk based on

molecular classification in BWS. The confirmed cases of loss of methylation at IC2 also suggest that the risk of Wilms tumour in

this population is not as low as previously thought. Therefore, we recommend that for now, all children with a clinical or

molecular diagnosis of BWS be screened for Wilms tumour by abdominal ultrasonography until the age of eight years regardless

of the molecular classification.
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INTRODUCTION

Beckwith–Wiedemann Syndrome (BWS) (OMIM 130650) is an
overgrowth disorder with an increased risk for tumour development
in childhood. The clinical presentation is heterogeneous and can
involve macrosomia, hemihyperplasia, macroglossia, abdominal wall
defects, and other phenotypic features.1 BWS is pan-ethnic and has an
estimated prevalence of 1/10 000–13 700 with a sex ratio of 1:1.2

BWS confers a risk for embryonal tumour development in the first
eight years of life of ~ 7.5% (range of 4–21%).3 This risk includes a
3–5% risk of developing Wilms tumour (WT), a renal malignancy of
embryonal origin.4 Tumour surveillance recommendations vary
amongst centres; however, for WT, these have typically included
abdominal ultrasound every 3 months to the age of 8 years.5

BWS is caused by a variety of genetic and/or epigenetic alterations
that usually impact the regulation of imprinted genes on chromosome
11p15.5.6 Imprinting refers to the preferential or exclusive expression
of the paternal or maternal allele of an imprinted gene. Imprinted gene
expression is regulated by epigenetic mechanisms, including DNA
methylation of CpG-rich imprinting centres (ICs). ICs regulate the
expression of several imprinted genes that are clustered within

domains. BWS is caused by dysregulation of one or two imprinted
domains on chromosome 11p15.5, each regulated by an IC6

(Figure 1).
IC1, located at the telomeric end of chromosome 11p15.5, regulates

the expression of two imprinted genes: the paternally expressed IGF2
(insulin-like growth factor 2), and the maternally expressed non-
coding RNA H19. This IC is normally methylated on the paternal
allele insulating the H19 promoter from a downstream enhancer, and
allowing the enhancer access to the IGF2 promoter.6

IC2 is centromeric of IGF2-H19 on chromosome 11p15.5. It
overlaps the promoter of a long non-coding, paternally expressed
RNA transcript, KCNQ1OT1 that regulates in cis the expression of
several maternally expressed imprinted genes, including CDKN1C.
The CDKN1C gene functions as both a tumour suppressor gene and a
negative regulator of foetal growth. IC2 is normally methylated on the
maternal chromosome blocking the expression of the paternally
expressed KCNQ1OT1 and permitting CDKN1C to be expressed.6

The molecular alterations detected in individuals with BWS, in
descending order of frequency are: loss of DNA methylation at IC2
(IC2 LOM; 50–60%), paternal uniparental disomy of 11p15.5
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Figure 1 Map of chromosome 11p15 region: (a) Schematic representation of imprinting regulation in the chromosome 11p15 region. Orange represents
maternally derived chromosomes while green represents paternally derived chromosomes. Typically, IC1 is methylated on the paternally derived chromosome
resulting in IGF2 expression and silencing of H19 while on the maternally derived chromosome IC2 is methylated resulting in silencing of KCNQ1OT1 and
expression of KCNQ1 and CDKN1C. (b) Map of KCNQ1OT1 (DMR (IC2) indicating the coverage of pyrosequencing, MS-MLPA, and the Infinium methylation
array. IC2 overlaps the CpG island indicated by a green bar. Genome maps are adapted from the UCSC Genome Browser. (c) Map of H19 (DMR (IC1)
indicating coverage of pyrosequencing, methylation-specific MLPA probes (MS-MLPA), copy-number specific MLPA probes (CN-MLPA), and the Infinium
methylation array. CTCF target sites are indicated.
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(patUPD; 20–25%), gain of DNA methylation at IC1 (IC1 GOM;
5–7%) and loss of function mutations of the maternally derived
CDKN1C gene (3–8%).7,8 No causative molecular alteration is
detected in 10–15% of children with a BWS phenotype.1

(Epi)genotype/phenotype correlations are well documented in BWS,
including correlations of specific molecular aetiologies with tumour
risk and tumour type.1,4,9,10 The highest risk for tumour development,
especially WT, occurs with patUPD of 11p15.5 or GOM at IC1.
Tumour risk is significantly lower for LOM at IC2 or mutations in
CDKN1C. Multiple investigators have concluded that LOM at IC2
does not confer an increased risk for WT. In fact, prior to the present
report, only three cases of WT with LOM at IC2 were reported but
without validation of the initial molecular findings.9–11

(Epi)genotype/phenotype correlations for BWS have prompted
recommendations to revise tumour surveillance protocols for BWS
based on the molecular classification. Scott et al.12 suggested that
children with BWS and IC2 alterations do not require WT screening.
Brioude et al.13 proposed that children with BWS and LOM at IC2
should have an ultrasound evaluation at clinical diagnosis and only
continue with ultrasound evaluation if visceromegaly or ‘severe’
hemihyperplasia is present. In 2015, Mussa et al.4 questioned the
rationale for WT surveillance for cases with LOM at IC2. Their
guidelines from the Italian Scientific Committee on BWS noted that in
the near future, clinical practice guidelines might cease recommending
screening for these children.14 Most recently in 2016, Maas et al.11

stated that tumour screening is not indicated for children with BWS
with LOM at IC2 based on an arbitrary 2% risk for specific tumours
and the UK Wilms Tumour Surveillance Working Group designation
of a 5% threshold for overall tumour development. However, the
implementation of arbitrary risk thresholds for tumour surveillance
may also impact long-term adverse health outcomes.
When proposing changes to tumour surveillance for BWS based on

molecular subgroups, it is important to consider previously reported
confounding issues including test sensitivity15 and somatic
mosaicism.16 Currently, one of the most robust diagnostic tests for
BWS used in clinical laboratories is methylation-specific multiplex
ligation-dependent probe amplification (MS-MLPA), which detects
the 3 most common causative BWS-associated molecular alterations:
IC1 GOM, IC2 LOM, and patUPD along with genomic copy
number.14,15 Other tests have also been used to test for targeted
methylation changes consistent with a BWS diagnosis including
pyrosequencing in research labs, and combined bisulfite restriction
analysis and southern blotting in clinical labs. These tests measure the
degree of methylation at specific CpG loci in IC1 and IC2.
Simultaneous IC1 GOM and IC2 LOM implies the presence of
patUPD; further molecular testing is required for confirmation.
We report here 3 cases of children with BWS and IC2 LOM at the

time of initial clinical testing, who later developed WT or WT
precursor lesions known as nephrogenic rests. Further investigations
led to the molecular reclassification of one of these cases to patUPD of
11p15.5. Given these cases, we support continuation of current
tumour surveillance recommendations for all children with BWS until
more definitive data are available to support evidence-based modifica-
tion of these recommendations.

MATERIALS AND METHODS

Clinical data and sample collection
Cases either presented at our centre or were referred to us from an external
centre. Medical records were reviewed regarding clinical diagnosis of BWS,
surveillance, cancer diagnosis, and treatment. All patients consented to be part
of this study through an approved Hospital for Sick Children REB protocol.

Blood was collected for analysis from all patients. Other tissues were obtained
where available including skin, saliva, tumour, and non-neoplastic kidney from
nephrectomy specimens.

Methylation-specific multiplex ligation-dependent probe
amplification
MS-MLPA was performed at the Genome Diagnostic Laboratory at The
Hospital for Sick Children. The MS-MLPA kit (MRC-Holland, Amsterdam,
The Netherlands) was used with methylation-specific digestion at genomic sites
representing IC1 and IC2 (Figure 1) as previously described.17 Microsatellite
analysis was used to confirm cases of suspected patUPD.

Pyrosequencing
All samples were analysed by pyrosequencing using assays for IC1 and IC2
developed in our laboratory. Sodium bisulfite conversion was done using the
EpiTect Plus kit (Qiagen, Germantown, MD, USA). After conversion, the
relevant loci were amplified by PCR. The PCR products were checked for purity
by gel electrophoresis. Pyrosequencing utilised the Pyromark Q24 Pyrosequen-
cer (Qiagen). Methylation at each IC was calculated as a mean of the
methylation at each queried CpG site.18 Control samples were obtained from
individuals at our hospital with normal neurodevelopment and growth. Gain or
loss of methylation was defined as a mean methylation value 2 s.d.’s from the
mean of the control population (Supplementary Table 1). Pyrosequencing data
is publically available on the LOVD database (individual IDs 00103960,
00103962, and 00103963).

Methylation array
Blood samples from all 3 cases were analysed on the Infinium 450 K
Methylation Array (Illumina, San Diego, CA, USA) after the same sodium
bisulfite conversion process described above for pyrosequencing. Normalisation
and background subtraction were performed using the standard protocol with
the Genome Studio software suite (Illumina).19 We identified probes that
represent CpG sites overlying known imprinted regions of chromosome
11p15.5 using a previously described method.18,20 Gain or loss of methylation
at each CpG site was defined as a beta value plus or − 2.5 s.d.’s from the mean
of the values in the control blood samples at the same site. Infinium data are
available on the Gene Expression Omnibus GSE95488.

SNP array
SNP array technology was used to assess copy number variation (CNV) and
loss of heterozygosity (LOH) in blood samples from all three patients. DNA
from cases 1, 2 and 3 were analysed using the HumanOmni2.5 array (Illumina;
available on the Gene Expression Omnibus GSE95488). In case 3, SNPs were
also analysed on a CytoScan Dx Assay (Affymetrix, Santa Clara, CA, USA) in
the Genome Diagnostics Laboratory at The Hospital for Sick Children. Probes
on the chromosome 11p were inspected for beta allele frequencies deviating
from 0, 0.5, or 1 (indicating LOH) and for log R ratios deviating from 0
(indicating CNVs). CNV Finder (Illumina) and BeadarraySNP available on
bioconductor21 were applied genome wide to identify CNVs within and outside
of the 11p region.

RESULTS

Case 1
This female term infant presented with macrosomia, neonatal
hypoglycaemia, a small umbilical hernia, and macroglossia
(Figure 2a). Left-sided hemihyperplasia was subsequently noted.
Abdominal ultrasound screening was commenced which was initially
only remarkable for bilateral nephromegaly with normal serum
creatinine levels.
A blood sample drawn shortly after birth was examined by MS-

MLPA and LOM at IC2 was reported. The methylation level at IC1
was interpreted as ‘borderline’ GOM (see Table 1). Microsatellite STR
analysis was carried out on DNA from the patient and her parents.
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The Genome Diagnostic laboratory reported that the test results did
not support patUPD for chromosome 11p15.5.
At 15 months of age a routine screening ultrasound uncovered

bilateral renal masses. Secondary imaging with computed tomography
supported a likely diagnosis of WT and did not reveal any metastases.
The patient received neoadjuvant chemotherapy consisting of vincris-
tine, actinomycin, and doxorubicin with good radiologic response
after 6 weeks. Given complete resolution of the right-sided lesion on
imaging and intraoperative exam, a left partial nephrectomy was
performed. Pathologic findings confirmed a diagnosis of favourable
histology WT. Two nephrogenic rests were found in the resection
specimen. The patient completed 15 additional weeks of chemother-
apy with vincristine and actinomycin and did not require
radiotherapy. She is currently in remission 6 years from initial
diagnosis.

Follow-up MS-MLPA evaluation was undertaken in the Genome
Diagnostics Laboratory on DNA extracted from the initial blood
sample. This reanalysis confirmed LOM at IC2 but also found GOM at
IC1 leading to a revised classification of paternal UPD at chromosome
11p15.5. At the time of surgery additional fresh samples were acquired
for analysis by pyrosequencing in the research laboratory. These
included skin for fibroblast culture, tumour, and non-neoplastic
kidney samples. PatUPD was confirmed in both the non-neoplastic
kidney and in the tumour sample. However, DNA methylation studies
in the fibroblast and blood samples were consistent with LOM at IC2
(Table 2) supporting the presence of mosaicism. Interestingly,
methylation at IC1 was increased in the kidney and tumour compared
to blood and fibroblasts suggesting a dynamic process of methylation
gain at this locus over the course of the development of neoplasia.
Investigation for LOH and for CNVs via SNP array was undertaken

on the blood sample drawn after diagnosis of the renal tumour and
revealed copy number neutral LOH spanning all of 11p15 and the
telomeric end of 11p14 (rs11604127_rs56192161; Figure 3). This
finding was in contrast to the STR analysis undertaken on the initial
blood sample. As well, LOM at IC2 (cg00000924_cg25306939) and
GOM at IC1 in blood were also found on the methylation array
supporting the classification of paternal UPD 11p15.5. Therefore, the
molecular aetiology for BWS in this patient was revised from the initial
report of LOM at IC2 to mosaic patUPD.

Case 2
This male infant was conceived via in vitro fertilisation and intracy-
toplasmic sperm injection. Prenatal ultrasound identified macrosomia
and an abdominal wall defect. The baby was born at term and was
noted to have macrosomia and an omphalocele as well as hypogly-
caemia. Follow-up examination also revealed left-sided hemihyperpla-
sia, a nevus simplex, a hemangioma, and a muscular ventricular septal
defect (Figure 2b).
At 2 years of age, screening by abdominal ultrasonography detected

bilateral small renal lesions. It was unclear on initial imaging whether
these represented WT or nephrogenic rests and follow-up was planned
with serial imaging. There was no biopsy and no cancer-directed
therapy. Three clinicians with expertise in childhood renal tumours
including Dr Bruce Beckwith interpreted the findings to be consistent
with hyperplastic nephrogenic rests (WT precursors). The child was
subsequently followed closely with diagnostic imaging and the lesions
resolved without therapeutic intervention.
A saliva sample from this patient was obtained at 5 years of age and

was clinically tested with MS-MLPA. This sample was found to have

Figure 2 Clinical photographs of patients reported in this case series. (a) Case 1; (b) Case 2; and (c) Case 3.

Table 1 Summary of diagnostic and research testing at 11p15.5 loci

Tissue MS-MLPA Pyro

Methylation

array SNP array

Case 1
Blood at birth (1st

analysis)

IC2 LOM

Blood at birth (2nd

analysis)

patUPD

Blood at 15 months

(2nd sample)

IC2 LOM patUPD Mosaic

patUPD

Fibroblasts at

15 months

IC2 LOM

Kidney at 15 months patUPD

Tumour patUPD

Case 2
Saliva IC2 LOM

Blood IC2 LOM IC2 LOM IC2 LOM No LOH

Case 3
Blood (1st sample) IC2 LOM

Blood (2nd sample) IC2 LOM IC2 LOM No LOH

Fibroblasts left IC2 LOM

Fibroblasts right IC2 LOM

Kidney IC2 LOM

Abbreviations: GOM, gain of methylation; IC1, 11p15 imprinting centre 1 (H19 IC); IC2, 11p15
IC2 (KCNQ1OT1 IC); LOH, loss of heterozygosity of 11p15.5; LOM, loss of methylation; MS-
MLPA, methylation-sensitive multiplex ligation-dependent probe amplification; patUPD, paternal
uniparental disomy of 11p15.5; pyro, pyrosequencing; SNP, single-nucleotide polymorphism.
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LOM at IC2 without GOM at IC1. A blood sample obtained at 9 years
of age and tested by MS-MLPA and pyrosequencing indicated LOM at
IC2 with normal methylation at IC1. SNP array testing on this blood
sample showed no evidence of LOH or CNV. Methylation array data
in blood also indicated LOM at IC2 but not GOM at IC1. LOM was
also detected at other loci on the methylation array. In this case,
multiple clinically available tests (MS-MLPA, SNP array) and research
tests (pyrosequencing) on two tissues supported a diagnosis of IC2
LOM without another clear molecular aetiology for developing
hyperplastic nephrogenic rests.

Case 3
This male infant was found to have an omphalocele on antenatal
ultrasonography and molecular testing on amniocyte DNA indicated a
diagnosis of BWS with LOM at IC2. In the neonatal period, other
features of BWS were apparent including macrosomia, macroglossia,
and bilateral nephromegaly (Figure 2c). He also had gastroesophageal
reflux, significant constipation, and right undescended testicle repaired
with orchidopexy. MS-MLPA was performed on a cord blood sample
that revealed LOM at IC2 and normal methylation at IC1.
Screening with abdominal ultrasonography commenced at birth. At

21 months of age an echogenic lesion of uncertain clinical significance
was found in the left lower renal pole. Follow-up imaging at 24 months
of age showed no changes but 6 weeks later the lesion had increased in
size. Given a presumptive diagnosis of WT, neoadjuvant chemother-
apy consisting of vincristine and actinomycin was initiated for 6 weeks
which resulted in a partial response. He then underwent left partial
nephrectomy and a pathologic confirmation of stage 1 favourable
histology WT was made. There was one perilobar nephrogenic rest
found in the resection specimen (Figure 4). He completed 15
additional weeks of chemotherapy and is now in remission 18 months

from tumour diagnosis though bilateral renal cysts have recently been
noted on imaging.
At the time of nephrectomy, tissue samples were obtained for

testing including blood, skin from the left and right sides of the
abdominal incision site, and non-neoplastic kidney. Pyrosequencing
results on all of these samples were consistent with LOM at IC2 with
normal methylation at IC1. A sample of the tumour for molecular
analysis was not available due to necrosis of the specimen.
The blood sample obtained at the time of diagnosis with WT was

also examined using the methylation array which confirmed the
finding of LOM at IC2 and normal methylation at IC1. This sample
also showed evidence of LOM at multiple other imprinted regions
(Table 3).
Given the unusual finding of WT in a child with BWS caused by

LOM at IC2, further clinical testing was pursued. Sanger sequencing of
the WT1 gene and MLPA did not reveal any mutations, duplications,
or deletions. A clinical SNP array was consistent with a 46XY
karyotype without CNVs or LOH at any region including 11p15.
Thus this child’s WT developed in the context of LOM at IC2 without
another clear molecular aetiology for WT.

DISCUSSION

We present three cases of patients with BWS and WT or nephrogenic
rests who, on initial clinical testing, had a molecular classification of
LOM at IC2. In one of these cases (case 1) the molecular classification
was subsequently revised to patUPD of 11p15.5. In two other cases,
however, the molecular diagnosis of IC2 LOM was confirmed by
testing of multiple tissues using both epigenetic and genetic test
modalities. These cases demonstrate that individuals with BWS and
LOM at IC2 on molecular testing are, in fact, at risk for developing
WT although the magnitude of this risk is yet to be defined.

Table 2 MS-MLPA and pyrosequencing data for 11p15.5 loci

Tissue

Mean methylation at IC1

by MS-MLPA (%)a
Mean methylation at IC2

by MS-MLPA (%)b
MS-MLPA

diagnosis

Mean methylation at

IC1 by Pyro (%)c
Mean methylation at

IC2 by Pyro (%)d
Pyro

diagnosis

Age at

collection

Case 1
Blood 59 29 IC2 LOM Birth

Blood (retest) 72 43 patUPD 62 46 patUPD Birth

Blood 57 52 IC2 LOM 15 months

Fibroblasts 57 55 IC2 LOM 15 months

Kidney 85 30 patUPD 15 months

Tumour 83 34 patUPD 15 months

Case 2
Saliva 59 25 IC2 LOM 5 years

Blood 49e 10f IC2 LOM 52 51 IC2 LOM 9 years

Case 3
Blood 48 15 IC2 LOM Birth

Blood 54 35 IC2 LOM 27 months

Fibroblasts left 51 41 IC2 LOM 27 months

Fibroblasts right 54 13 IC2 LOM 27 months

Kidney 52 24 IC2 LOM 27 months

Abbreviations: IC1= imprinting centre 1; IC2= imprinting centre 2; IC2 LOM, 11p15 centromeric IC loss of methylation; IC1 GOM, 11p15 telomeric IC gain of methylation; MS-MLPA, methylation-
sensitive multiplex ligation-dependent probe amplification; pUPD, paternal uniparental disomy of the 11p15 region; pyro, pyrosequencing.
aReference range for MS-MLPA at IC1 – normal 44–65%, borderline GOM 65–70%, GOM 470%.
bReference range for MS-MLPA at IC2 – normal 449%, borderline LOM 40–49%, LOMo40%.
cReference range for pyrosequencing at IC1 – 47.2–59.5% in blood; 44.5–56.6% in fibroblasts (see Supplementary Table 1).
dReference range for pyrosequencing at IC2 – 62.2–76.3% in blood; 64.3–73.6% in fibroblasts (see Supplementary Table 2).
eReference range for MS-MLPA at IC1 at outside clinical lab – normal 49–57%, borderline GOM 58–59% and GOM 459%.
fReference range for MS-MLPA at IC2 at outside clinical lab – normal 51–59%, borderline LOM 49–50%, LOM o49%.
For mean methylation values, bolded numbers indicate values outside of the reference range.
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Disparate molecular findings have been previously reported in
individuals with BWS on repeat testing over time and across
different tissue samples. Alders et al. presented patients with BWS
and macroglossia who had either no molecular diagnosis or LOM
at IC2 in blood. Examining DNA extracted from tongue
tissue, they revised one patient’s diagnosis to patUPD and two
others to isolated GOM at IC1.16 Our study of multiple tissues
in case 1 showed that different tissues can demonstrate
different methylation values at IC1 and IC2. These findings suggest

that molecular test results in constitutional tissues such as blood,
saliva, and fibroblasts may not accurately reflect the molecular
status of cells in the organs at risk for tumour development.
In addition, there appears to be a potential selective growth
advantage of blood cells with patUPD of 11p15.22 That is, some
patients may, as they age, have an increase in the proportion of
cells in blood with patUPD. Therefore, both the timing of tissue
sampling and the actual tissue sampled may influence the testing
outcome.

Figure 3 SNP Array data from the 3 cases in this series at 11p15.5 and 11p15.4. For each case the first set of data represents the B allele frequency (BAF,
green) and the second set of data represents the log R ratio (LRR, blue). In the bottom panel, a red arrow marks IC1 (chr11:2019627-2024297) while a
purple arrow marks IC2 (chr11:2720411-2722087).

Tumour surveillance in Beckwith–Wiedemann Syndrome
J Brzezinski et al

1036

European Journal of Human Genetics



Figure 4 Pathology findings from partial nephrectomy. (a–d) Treated WT. (a) Macroscopic appearance of the tumour measuring only 0.5 cm in diameter.
(b) The central portion of the specimen is mainly necrotic with isolated differentiated epithelial elements. (c) The more peripheral portion consists of
blastema (lower left corner) with differentiated tubules in a fibrotic stroma. (d) Intra-renal vein (vessel wall marked by arrow) containing a tumour thrombus
composed of fibrous stroma and rare differentiated tubules. (e and f) perilobar nephrogenic rest showing a well circumscribed rest surrounded by normal
renal parenchyma. The rest is composed of nests of tubules separated by varying amounts of fibrous stroma. (original magnifications: a ×1, b, c ×200,
d ×100, e ×10, and f ×100).

Table 3 Summary of DNA methylation data from Illumina 450 K array findings at chromosome 11p15.5 loci

Imprinted region Chromosome Genomic location (hg19) Case 1 Case 2 Case 3

H19 Promoter 11p15.5 2 019 079–2 019 167 GOM Normal Normal

IC1 11p15.5 2 019 568–2 024 126 GOM Normal Normal

IC2 11p15.5 2 720 463–2 722 086 LOM LOM LOM

Abbreviations: GOM, gain of methylation; IC1, imprinting centre 1 (H19 imprinting centre); IC2, imprinting centre 2 (KCNQ1OT1 IC); LOM, loss of methylation. Gain or loss of methylation at each
probe defined as 2.5 s.d.’s from the mean of the values for control samples. Gain or loss of methylation for a region determined through examination of all imprinted probes in that region (see text
for details of methods, see Supplementary Table 2 for detailed array data).
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The fact that one case of BWS and LOM IC2 was reclassified to
patUPD at 11p15.5 also points to challenges inherent in current
clinical testing modalities suggesting that they are not always definitive.
A reduced sensitivity of MS-MLPA to detect gain of methylation at
IC1 versus loss at IC2 can impact the detection of 11p15 UPD in the
presence of somatic mosaicism.15 This can lead to MS-MLPA findings
that are borderline or below the level of detection of 11p15 UPD in
blood.23 As can be seen in Figure 1, only selected regions in the ICs are
represented on the MS-MLPA assay. Therefore, methylation changes
may be underestimated or overestimated. Alternate novel testing
approaches could be considered as an adjunct to improve sensitivity.
Russo et al15 have proposed the utilisation of a number of ‘com-
plementary’ testing approaches to enhance molecular diagnostic
classification for BWS. They also comment on the challenges of
interpreting borderline cases and the clinical variability of BWS.
Future adequately powered studies of BWS with more sensitive testing
modalities across multiple tissues will be required to better define the
frequency of this type of misclassification.
We report here two additional cases of WT in children with BWS

and LOM at IC2. Cases 2 and 3 in our series are the first cases for
which LOM at IC2 was confirmed by extensive molecular testing
undertaken in multiple tissues. Although it is possible that case 3
developed a sporadic WT that was not associated with his diagnosis of
BWS, a number of the clinical features of the case argue against this
possibility. In particular, perilobar nephrogenic rests were noted in the
resection specimen which are known to be associated with WT arising
in children with BWS.24 Similarly, the nephrogenic rests that
characterised case 2 are in keeping with BWS. The presence of
nephrogenic rests in the resection specimens of these two cases also
underscores the risk of developing future metachronous malignancies.
These 2 new cases of BWS and WT/nephrogenic rests in children with
LOM at IC2 echo previous reports of a small but real risk of
developing WT in children with LOM at IC2. Previous reports include
three other children with BWS and LOM at IC2 in peripheral blood
cells who developed WT10,11 and an additional two cases of WT with
LOM at IC2 in normal kidney tissue as well as tumour tissue.25

There are several limitations to the present study. This is a case
series and therefore, the incidence of WT in the population of children
with BWS and LOM at IC2 cannot be defined. Second, our analysis of
multiple tissues using multiple techniques is more comprehensive and
therefore not directly comparable to other reports of children with
LOM at IC2 in the literature.
The development of tumour surveillance guidelines for paediatrics

tumour predisposition syndromes such as BWS is complex and
requires consideration of a number of different factors including
tumour risk and test sensitivity/specificity. As noted previously, to
define criteria for tumour surveillance, Maas et al.11 utilised threshold
of 5% for overall tumour incidence proposed by the UK Wilms
Tumour Surveillance Working Group and an additional 2% threshold
for specific tumours. However, in order to set such a threshold using
an evidence-based approach, one must consider the true incidence of
tumour development in BWS with IC2 LOM, the risks associated with
late diagnosis, and the sensitivity and specificity of clinical testing
modalities such as the most commonly used MS-MLPA platform.
In the fourth National WT Study, children with BWS who had

undergone screening had smaller tumours at diagnosis than were
found in earlier studies.26 The benefit of diagnosis at an early stage is
indisputable. Currently early stage WT can be effectively treated
without radiation and with minimal use of anthracyclines.27 This
reduction of therapy significantly reduces the risk of late effects of
treatment including cardiomyopathy and secondary malignancy.28

Furthermore, some centres are now performing nephron-sparing
surgery in selected children with early stage WT. Early reports of
the outcomes of these procedures indicate that they can be done safely
in this population without increasing the risk of tumour recurrence.29

Importantly, there is also emerging evidence that the risk of long-term
renal dysfunction is reduced with this surgical approach30 as it
preserves more normal renal tissue. These data suggest that the ability
to perform nephron-sparing surgery is of clear benefit to children with
BWS who will continue to be at risk for tumour development and may
require further renal resection. In the 3 cases reported here, tumour
surveillance was initiated at birth and malignancy was detected at an
early stage. Notably, in cases 1 and 3 early detection allowed treatment
with only two chemotherapeutic agents following nephron-sparing
surgery. In 2014, Samuel et al.31 suggested that treatment related
morbidity and increased quality of life needed to emerge as tumour
surveillance goals equally important to survival. Indeed, the rationale
for a screening programme in children with BWS has been to detect
WT at an early stage to minimise potential treatment related-sequelae
and to enhance long-term health and well being. With respect to
quality of life, it is particularly important to consider that children
with BWS and LOM at IC2 are also at greater risk than the general
population to develop renal dysfunction/renal failure even at a young
age due to developmental renal issues that can result in cystic and
calcified lesions.32 Therefore, the frequency and types of long-term
adverse outcomes need to be carefully considered before advocating
for limiting surveillance for individuals with BWS and LOM at IC2.
We recognise, of course, the benefits of reducing screening in

children with BWS. Such a reduction can decrease medical costs and
can potentially reduce the anxiety that parents face every 3 months
awaiting screening results. However, for parents and children, the
benefits of screening and the potential for early treatment and
reduction of risk for renal failure may outweigh the psychological
and logistic burdens of screening. In terms of medical costs, screening
all BWS patients has been shown before to be cost effective.5 Such
screening protocols could potentially be found to be even more cost
effective if the long-term issues of renal dysfunction/renal failure were
considered. Although potential cost benefits could be realised by
screening a subset of children with BWS, in our opinion, clinical
testing techniques and risk estimates for BWS molecular subgroups are
not yet adequately developed to achieve this goal.
The cases reported here support the maintenance of tumour

surveillance including renal ultrasound screening for children with
BWS caused by LOM at IC2. We advocate continuation of surveillance
for three reasons: (1) the possibility of molecular misclassification of
patUPD of chromosome 11p15 as LOM IC2 by the currently
widely used chromosome 11p15 MS-MLPA testing; (2) the reality
that children with LOM at IC2 are, in fact, at risk of developing WT
even if that risk is lower than in other BWS molecular subgroups;
and (3) the potential for long-term non-WT related renal
complications.
In conclusion, we present 3 cases of children with BWS for whom

clinical testing indicated LOM IC2. These children went on to develop
WT or nephrogenic rests. Further testing led to reclassification to
patUPD of 11p15.5 in one case. In the two other children, the
molecular diagnosis of LOM at IC2 was retained following testing of
multiple tissues and the use of multiple testing modalities. These
findings support continued screening for WT in all children with a
clinical diagnosis of BWS regardless of their underlying molecular
alteration until such time that clinical testing can more accurately
classify BWS cases and further data on prospectively ascertained
cohorts are available to determine the true risk for WT in BWS and
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IC2 LOM. Ultimately, a decision about which molecular subgroups of
BWS patients should be screened should include not only the absolute
tumour risk but also the long-term risks for adverse outcomes.
Research to improve the reliability of molecular testing, to further
clarify the aetiology for tumour development in BWS, and to quantify
the long-term risks for renal failure for children with BWS will
ultimately allow for evidence-based tumour surveillance. In this era of
whole-genome sequencing, these risks will ultimately be best quanti-
fied by a multi-omic approach to risk assessment
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