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Abstract
In a subset of pediatric cancers, a germline cancer predisposition is highly suspected based on clinical and patholog-
ical findings, but genetic evidence is lacking, which hampers genetic counseling and predictive testing in the families
involved. We describe a family with two siblings born from healthy parents who were both neonatally diagnosed with
atypical teratoid rhabdoid tumor (ATRT). This rare and aggressive pediatric tumor is associated with biallelic inacti-
vation of SMARCB1, and in 30% of the cases, a predisposing germline mutation is involved. Whereas the tumors of
both siblings showed loss of expression of SMARCB1 and acquired homozygosity of the locus, whole exome and
whole genome sequencing failed to identify germline or somatic SMARCB1 pathogenic mutations. We therefore
hypothesized that the insertion of a pathogenic repeat-rich structure might hamper its detection, and we performed
optical genome mapping (OGM) as an alternative strategy to identify structural variation in this locus. Using this
approach, an insertion of ~2.8 kb within intron 2 of SMARCB1 was detected. Long-range PCR covering this region
remained unsuccessful, but PacBio HiFi genome sequencing identified this insertion to be a SINE-VNTR-Alu, subfam-
ily E (SVA-E) retrotransposon element, which was present in a mosaic state in the mother. This SVA-E insertion dis-
rupts correct splicing of the gene, resulting in loss of a functional allele. This case demonstrates the power of OGM
and long-read sequencing to identify genomic variations in high-risk cancer-predisposing genes that are refractory
to detection with standard techniques, thereby completing the clinical and molecular diagnosis of such complex
cases and greatly improving counseling and surveillance of the families involved.
© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Extra-cranial malignant rhabdoid tumors [MRTs
(MIM:609322)] and atypical teratoid rhabdoid tumors
[ATRTs (MIM:609322)] are rare and aggressive pediat-
ric tumors named after their ‘rhabdoid’ cells, typically
characterized by eccentrically located, round nuclei with
vesicular chromatin, prominent eosinophilic nucleoli,
and extensive, homogeneously eosinophilic cytoplasm
with occasional intracytoplasmic globular eosinophilic
inclusions [1,2]. MRTs mostly occur in soft tissues [3],
kidney [1], and liver [4]. ATRTs are located in the cen-
tral nervous system (CNS) [5] and are mostly diagnosed
in children younger than 3 years old [6–8]. Among all
CNS tumors, ATRT is one of the most aggressive malig-
nancies, with an extremely poor prognosis exacerbated
by early age at diagnosis, high tumor stage, infratentorial
location or metastasis [6,8]. Three distinct molecular
subgroups of ATRT have been described [9,10].
ATRT-TYR is mostly found in the infratentorial com-
partment in infants and is characterized by overexpres-
sion of TYR and other melanosomal markers and DNA
hypermethylation. ATRT-MYC tumors more often
occur supratentorially in older children and are charac-
terized by DNA hypomethylation and overexpression
ofMYC and HOX proteins. Finally, ATRT-SHH tumors
have an infra- or supra-tentorial location with impair-
ment of SHH and NOTCH factors, and DNA
hypermethylation.

Despite the diverse pathogenesis of these three ATRT
subtypes, they share loss of SMARCB1 expression in
the tumor or, in rare cases, of SMARCA4 [11,12].
SMARCB1 is a bona fide tumor suppressor and one of
the core subunits of the SWI/SNF chromatin remodeling
complex, playing a role in epigenetic regulation, cell
cycle progression, and crosstalk between signaling cas-
cades [13]. SMARCB1 [INI1, BAF47 or hSNF5
(MIM:601607)] is located on the long arm of chromo-
some 22 (22q11.23) [11] and usually harbors biallelic
pathogenic mutations in the tumors of ATRT patients.
About 30% of these ATRTs arise from germline patho-
genic variants in one of the SMARCB1 alleles [14–16].
Because of the high penetrance of pathogenic SMARCB1
mutations and the extremely poor prognosis associated
with this tumor, these germline variants often occur de
novo [17], resulting in a lack of family history and low
recurrence of this tumor type in other family members.
Indeed, only a few cases of unaffected carriers of ATRT
causative pathogenic variants have been described
[16,18–22], suggesting the possibility of mosaicism or
reduced penetrance of the disease in these subjects.
Moreover, in some cases, causative SMARCB1 variants
are present in the non-coding region of the genome
[23] and therefore not easily identified by standard diag-
nostic procedures.

We present a case of two siblings with congenital
ATRT for which cancer predisposition was strongly sus-
pected based on clinical and pathological analysis but no
clear pathogenic SMARCB1 variant was identified using

routine diagnostics, including Sanger sequencing,
microarray-based copy number analysis, whole exome
sequencing (WES), and even (short-read) whole genome
sequencing (WGS). An intronic insertion of an SVA-E
retrotransposon element was eventually identified using
optical genome mapping (OGM) and long-read
sequencing.

Materials and methods

Clinical ascertainment and consent
The patients were identified in a diagnostic setting at
Radboud University Medical Center in Nijmegen (The
Netherlands). The parents provided written informed
consent for publication of their data and those of their
daughters.

Short-read sequencing
WES was performed in a diagnostic setting at the
Department of Human Genetics of the Radboud Univer-
sity Medical Center. Germline DNA was extracted from
peripheral blood lymphocytes of the two siblings (II-1
and II-2) and their parents (I-1 and I-2), and libraries
were prepared using SureSelect HumanAll Exon enrich-
ment kits v5 (Agilent Technologies, Santa Clara, CA,
USA), which were sequenced on Illumina HiSeq4000
sequencing platforms (2 � 150 bp paired end). Reads
were aligned to the reference genome build GRCh37/
hg19 using BWA [24]. Genome Analysis Toolkit
(GATK) [25] software, implemented following the
GATK best practices [26], was used to identify single
nucleotide variants (SNVs) and indels.
WGS solely on sibling II-2 and both parents was per-

formed by the Hartwig Medical Foundation (HMF).
These data were analyzed according to a standard
HMF variant calling pipeline as described previ-
ously [27].
For the structural variant calling on WGS data, discor-

dant paired-end alignments and split-read alignmentswere
extracted from the aligned BAM file using Samtools
(v1.3) [24]. Afterwards, Lumpy express (v0.2.13) [28]
was used for structural variant (SV) calling. In addition,
as a second SV detection method, the BAM files were
analyzed using Delly Call (v0.7.7) [29], with default set-
tings, andMobster was used to search for mobile element
insertions [30]. All outputs were then combined, and
results were assessed. The suspected regions in the
BAM files were visually inspected.

Single nucleotide polymorphism (SNP) array
SNP array analysis was performed on tumor DNA
(extracted from fresh tissue for II-1 and FFPE for II-2)
using the Affymetrix Oncoscan arrays (Affymetrix,
Santa Clara, CA, USA) as previously described [31].
Data were then analyzed using Nexus Copy Number
software, Edition 7 (Biodiscovery, El Segundo, CA,
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USA) with reference genome GRCh37/hg19 and
SNP-FASST2 Segmentation Algorithm. Loss of hetero-
zygosity (LOH) was scored when larger than 15 Mb.

SMARCB1 transcript analysis
A standardized SMARCB1 transcript analysis was
performed as described previously [14]. In brief,
cDNA was generated by reverse transcription of total
RNA extracted from peripheral blood lymphocytes.
Exons 1–3 of SMARCB1 were amplified using PCR
primers (cD1F1: CAGCCCTCCTGATCCCT; cD3R1:
AACAGGGTCACACTGGTGG) developed by Chil-
dren’s Hospital, Los Angeles, based on the published
sequence of SMARCB1 [32]. The PCR conditions used
were as follows: initial activation of enzyme at 95 �C
for 5 min, 35 cycles of denaturation (95 �C for 30 s),
annealing (60 �C for 30 s), extension (72 �C for
1 min), and final extension for 10 min at 72 �C. Sanger
sequencing was performed using the BigDye Terminator
v1.1 (Life Technologies, Carlsbad, CA, USA) on an
automated fluorescent sequencer (ABI 3730 Genetic
Analyzer; Applied Biosystems, Inc, Foster City, CA,
USA). Sequences were compared with the normal refer-
ence control sequence (NM_003073.3) for SMARCB1.

DNA amplification for genotype analysis
To determine the parental origin of the genetic defect in
the SMARCB1 allele, WGS data from sibling II-2 and
both parents were used to select ten variants in the
SMARCB1 locus that were heterozygous in the patient
and discordant homozygous in the parents. These vari-
ants were subsequently Sanger-sequenced in the tumor
of both siblings to determine the retained (duplicated)
allele. The primers used for these analyses are listed in
supplementary material, Table S1.

Optical genome mapping
OGM was performed as previously described [33,34].
In brief, high-molecular-weight germline DNA was
extracted from an Epstein–Barr virus (EBV)-transformed
lymphoblastoid cell line from II-2, using the SP Blood &
Cell Culture DNA Isolation Kit according to the manufac-
turer’s instructions (Bionano Genomics®, San Diego, CA,
USA). The cell pellet (1.5 million cells) was resuspended
in proteinase K and RNAse and mixed with LBB-lysis
buffer to release genomic DNA (gDNA). The sample was
treated with phenyl-methyl-sulfonyl-fluoride (PMSF)
(Sigma-Aldrich, St Louis, MO, USA), and isopropanol
was added after placing a Nanobind disk on each sample.
After washing, gDNAwas eluted from the disks and equil-
ibrated overnight to facilitate DNA homogeneity. Next,
gDNA was labeled according to the manufacturer’s
instructions using the Bionano Prep Direct Label and Stain
(DLS) Protocol. The sample was subsequently stained
overnight using the BionanoDNA stain reagent and loaded
on a 3 � 1300 Gb Saphyr chip (G2.3) to be imaged using
the Saphyr instrument. Bionano Solve v3.4 was used to
perform the de novo genome assembly, variant calling,

and annotation with default settings. Annotated variants
were filtered for rare events as described previously [34].

PacBio HiFi genome sequencing
PacBio HiFi long-read genome sequencing was per-
formed on high-molecular-weight DNA from the
EBV-transformed lymphoblastoid cell line of II-2 that
was extracted for Bionano OGM. SMRTbell libraries
were prepared according to Procedure & Checklist –
Preparing HiFi SMRTbell Libraries using SMRTbell®

Express Template Prep Kit 2.0 (Pacific Biosciences,
Menlo Park, CA, USA). Size selection was performed
using the BluePippin system (Sage Science, Beverly,
MA, USA) to target fragments of�18–22 kb. Sequence
primer V2 and Polymerase 2.0 were used for binding.
Sequencing was performed on the Sequel II System
using a 68 pM on-plate loading concentration on an 8M
SMRTcell. Sequencing was performed according to the
manufacturer’s instructions. Following sequencing, circu-
lar consensus reads were analyzed and mapped in
SMRTlink 8.0 against human reference hg19. Structural
variants were called using pbsv v2.2.2 (SMRTLink
v8.0.0) and annotation was performed using an in-house
pipeline with public databases including Decipher [35],
Wellderly (http://genomics.scripps.edu), Genome of the
Netherlands (GoNL) [36], 1000 Genomes Project
[37,38], Exome Aggregation Consortium (ExAC) [39],
and Database of Genomic Variants (http://dgv.tcag.ca).

Sanger validation of the SVA insertion
The identified insertion was validated by performing
breakpoint-spanning PCRs using Taq Polymerase (Roche,
Basel, Switzerland; 5’ side breakpoint) or One Taq polymer-
ase (New England Biolabs, Ipswich, MA, USA; 3’ break-
point). The primers used for amplification and sequencing
are listed in supplementary material, Table S2.

To investigate the mosaicism level in germline DNA
of I-2, a 1:2 serial dilution of peripheral blood-derived
DNA (10 ng/μl) from II-2 or I-2 in control DNA
(10 ng/μl) was performed with up to ten dilutions. Both
the 5’ and the 3’ breakpoint-spanning PCRs were
included in this analysis.

cDNA amplification to investigate the effect of the
SVA insertion on splicing
To investigate the effect of the SVA insertion on splic-
ing, RNA was extracted from EBV-transformed lym-
phoblasts of II-2 using the AllPrep-DNA/RNA/miRNA
Universal kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s protocol. RNA was reverse-
transcribed and cDNA was amplified using the Super-
Script IV One-Step RT-PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manu-
facturer’s protocol. The primers used for amplification
and sequencing are listed in supplementary material,
Table S2.
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Results

A hidden germline pathogenic aberration in
SMARCB1
The first daughter (II-1) of a healthy Dutch couple was
diagnosed with ATRT at birth, with negative immuno-
histochemical staining for SMARCB1 (supplementary
material, Case description and Figure S1). Because of
the high prevalence of germline SMARCB1 pathogenic
variants in congenital ATRT, II-1 was genetically tested
for germline variants in this gene. However, targeted
sequencing and WES as well as copy number aberration
analysis were negative for pathogenic variants affecting
exons or splice sites in SMARCB1. Unfortunately, a few
years later, a second daughter (II-2) was also born with
congenital ATRT, again negative for SMARCB1 immu-
nostaining (supplementary material, Case description
and Figure S1), strongly suggesting that a germline path-
ogenic variant was previously missed (Figure 1A). Both
tumors were classified as ATRT-SHH subtype through
methylome profiling (supplementary material, Case
description). Whereas routine diagnostic tests also did
not reveal a pathogenic germline aberration in sibling
II-2, the tumors of both siblings did show loss of
SMARCB1 expression (Figure 1B) and hypermethyla-
tion of the SMARCB1 locus (supplementary material,
Case description). Furthermore, SNP array analysis
revealed an acquired uniparental disomy of chromosome
22, including the SMARCB1 locus, with slightly differ-
ent breakpoints between the tumors (Figure 1C). These
results supported the hypothesis of a hidden pathogenic
variant in the SMARCB1 locus.

Next, standard clinically validated SMARCB1 tran-
script analysis on blood-derived RNA from II-2 revealed
the presence of a low-level alternatively spliced tran-
script in which exon 2 was skipped (Figure 1D). Exon
2 skipping results in a frameshift that may induce
nonsense-mediated decay but since all SMARCB1 splice
sites were intact, the origin of this low-level mis-splicing
remained obscure. Therefore, we performed WGS of
germline DNA from II-2 to interrogate the intronic
sequences of SMARCB1. Again, no pathogenic variant
or copy number aberration was identified, but alignment
of the sequencing reads showed heterozygous discordant
mapping in intron 2 at the SMARCB1 locus (Figure 2A).
Unfortunately, various attempts using (long-range) PCR
encompassing this intronic region amplified only the
wild-type allele. We therefore hypothesized the presence
of a causative germline aberration in intron 2 of the
SMARCB1 locus that impaired splicing, and likely
involved a repetitive region that impeded proper align-
ment of WGS reads and DNA amplification.

Maternal inheritance
The diagnosis of ATRT in two siblings strongly sug-
gested that the underlying germline aberration was
inherited from one of the parents. WGS of germline
DNA from the father showed no abnormalities, but we

did observe discordant mapping in intron 2 in the
mother, albeit at much lower levels, at the same position
in which it was observed in II-2 (Figure 2A). These find-
ings suggest that the mother is a mosaic carrier of the
aberration, which could explain why she did not develop
ATRT herself. To confirm that the aberration was
located on one of the maternal alleles, we used WGS
data from the parents to select ten SNPs in a region cov-
ering about 16 kb of the SMARCB1 locus, which were
homozygous but discordant in the two parents. Subse-
quently, we genotyped these SNPs in the tumors of both
siblings, which revealed that, at all positions, the mater-
nal allele was retained in homozygosity, thus confirming
that the affected allele was of maternal origin (supple-
mentary material, Table S1).

Optical genome mapping identified a structural
variation at the SMARCB1 locus
We hypothesized that the causative germline aberration
in the SMARCB1 locus could be an insertion and/or
inversion that was missed due to the repetitive nature
of the sequence or its breakpoints, which hampered
amplification and mapping.
Therefore, we applied OGM using the Bionano

Saphyr system (Bionano, San Diego, CA, USA) as an
alternative strategy for structural variation detection in
this locus. With this technique, ultra-high-molecular-
weight single DNA molecules are fluorescently labeled
on 6-nucleotide consensus sequences, creating recogniz-
able locus-specific fingerprints that can be mapped to the
genome [40]. Structural variants in a specific locus
become discernible by spatial differences in the labeling
pattern between sample and reference genome, even if
these involve repeat-rich sequences or regions difficult
to amplify. High-molecular-weight germline DNA from
II-2 was extracted from available EBV-transformed lym-
phoblast cells and processed for OGM. Among the rare
36 SVs called in II-2 by Bionano (supplementary mate-
rial, Figure S2), one was localized to the SMARCB1
locus. In this locus, we revealed a shift in the labeling
pattern corresponding to an insertion of ~2.8 kb with
the insertion site in a region spanning ~5 kb from intron
1 to intron 3 of SMARCB1 (Figure 2B). Since long-range
PCR using several primer combinations around the pre-
dicted insertion region remained fruitless, we performed
PacBio HiFi long-read genome sequencing to reveal the
sequence and the exact position of the insertion. This
technique reaches high accuracy through repetitive
sequencing of long circularized fragments from which
consensus reads are generated, a technique referred to
as circular consensus sequencing (CCS) [41]. The long
high-fidelity (HiFi) reads have an accuracy of 99.8%
and provide unbiased coverage also for GC-rich regions
[41,42]. Using the high-molecular-weight DNA from
sibling II-2, we sequenced the genome with a coverage
of 8x. Analysis of the PacBio HiFi reads by CCS
mapping and SV calling revealed an insertion of
2763 bp, 33 bp downstream of exon 2 of SMARCB1
(Figure 2C). The inserted sequence was identified as a
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SINE-VNTR-Alu (SVA) retrotransposon element, con-
sisting of a CCCT repeat, an Alu-like repeat, a variable
number of GC-rich tandem repeats (VNTRs), a short
interspersed nuclear element region (SINE), and a
poly-A tail [43]. The insertion showed hallmarks typical
for the L1-mediated target-primed reverse transcription
(TPRT) system as it (1) occurs in a DNA site resembling
the L1 endonuclease consensus (for instance, 5’–CTTT/
A–3’), (2) ends with a long poly-A stretch, and (3) is
flanked by a 10 bp target-site duplication (TSD) present
at both sites of the insertion that originates from the

native SMARCB1 sequence at the insertion site [44–46]
(Figure 3 and supplementary material, Figure S3A,B).
SVA elements are classified into six subfamilies (A to
F) based on the analysis of their full-length SINE region
[43]. Analysis of the SINE region of the identified SVA
insertion, using the Repeat Masker Web server, revealed
strongest resemblance to SVA-E, one of the youngest
and most active human-specific subfamilies.

To confirm that the mother was indeed a mosaic car-
rier of this SVA-E insertion, we developed unique
breakpoint-spanning PCRs for each of the insertion

Figure 1. Germline pathogenic aberration in SMARCB1 was not identified by routine diagnostics. (A) Pedigree of the family described in this
study. (B) Formalin-fixed, paraffin-embedded (FFPE) tumor sections from the two siblings were used for immunohistochemistry analysis.
SMARCB1 staining was absent in tumor cells. (C) Ideogram of chromosome 22 with the location of the SMARCB1 locus (22q11.23) and
SNP array analyses performed on tumor DNA from the two siblings. For each sibling, the copy number plot (CNA) and biallelic frequency plot
(BAF) are shown. Both tumors showed loss of heterozygosity of the q-arm of chromosome 22 (marked with yellow in the BAF plots) with a
breakpoint around 16 and 20 Mb for II-1 and II-2, respectively. (D) SMARCB1 transcript analysis on blood-derived RNA from the second
sibling (II-2) showing low-level exon 2 skipping. The analysis revealed low-level exon 3 sequence at the junction with exon 1 (indicated
by the black dashed line) beside the presence of the exon 2 sequence. The result was compared with RNA sequencing of a control sample
(Cntrl) that only showed the exon 2 sequence joined to exon 1.
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Figure 2. Structural variant identified by optical genome mapping and PacBio HiFi long-read sequencing. Schematic representation of the
SMARCB1 locus enlarged at position chr22: 24,130,251–24,139,993 (in blue). (A) WGS analysis of germline DNA from sibling II-2, mother
(I-2), and father (I-1). The red rectangle highlights the heterozygous discordant reads mapped in the region chr22: 24,133,833–24,134,628
of the second sibling. Discordant reads mapping was also observed in themother, albeit at a lower level, but not in the father. The different colors
of the discordant reads indicate that they partially match with other chromosomal regions; the origin of this could, however, not be revealed.
(B) OGM analysis of germline DNA from sibling II-2 showing the SV call enclosing the insertion at the SMARCB1 locus. ‘a’ and ‘b’ mark the
specific 6-nucleotide consensus sequences surrounding the SVs that are recognized by the labels (genomic positions 24,133,463 and
24,138,461) as called in a control DNA sample (Cntrl) and germline DNA from II-2. The blue bar represents the mutated SMARCB1 allele with
the ~2.8 kb insertion introducing an extra consensus sequence (‘+’) in II-2. Individual molecules supporting the allele with insertion are indi-
cated by yellow lines. (C) PacBio HiFi sequencing analysis showing the coverage and the alignment of the long-read sequencing of germline DNA
from sibling II-2. The alignment shows two reads representing the alternative allele: one read running into the insertion of 2,763 nucleotides
(in purple) identified at genomic position 24,134,114 and one read spanning the entire insertion. The two other reads represent the wild-type
allele in the germline DNA from II-2.
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breakpoints. Both breakpoint regions could be amplified
from tumor DNA of both siblings and from peripheral
blood-derivedDNAof sibling 2 (II-2) as well as themother
(I-2) but not in a control sample (Figure 3A and supple-
mentary material, Figure S3A), indicating that the mother
indeed carries the insertion in blood. Sanger sequencing
confirmed the breakpoint-spanning sequences as identified
by PacBio HiFi sequencing (Figure 3B and supplementary
material, Figure S3B). Moreover, a dilution series of the
breakpoint-spanning PCRs in blood-derived DNA from
the mother and sibling II-2 indicated that amplification
levels were lower in the mother, indeed suggesting that
she is a mosaic carrier of the SVA-E insertion (supplemen-
tary material, Figure S3).
Next, we aimed to reveal how this SVA-E insertion

leads to aberrant splicing. Previous studies have shown that
SVA elements carry multiple cryptic splice acceptor sites
[47]. To verify whether the SVA-E insertion in intron
2 interferes with normal splicing between exons 2 and
3, we amplified cDNA of II-2 using primers targeting the
first three exons of SMARCB1 and different regions of the
SVA-E insertion. Our results indeed verified the presence
of splicing from exon 2 into the Alu-like domain of
SVA-E, one of the previously recognized splice acceptor
sites (Figure 4). This finding indicates that insertion of the
SVA-E leads to aberrant splicing of the SMARCB1 tran-
script, thereby causing disruption of the allele.

Discussion

We present a case of two siblings with congenital ATRT
due to a germline SVA-E retrotransposon insertion into

intron 2 of the SMARCB1 allele. The insertion severely
impairs normal splicing, resulting in functional loss of
the allele. Because of the intronic location and the
repeat-rich nature of the insertion, this germline abnor-
mality was missed with conventional genetic procedures
after diagnosis of the first child. Consequently, the high
recurrence risk in the second pregnancy was unfortu-
nately not recognized. Identification of the underlying
genomic aberration now makes genetic testing possible,
which provides options for the parents to consider a new
pregnancy. Furthermore, this finding illustrates how
standard procedures generally applied in clinical genet-
ics, including WGS, can fail in identifying disease gene
mutations.

SVA retrotransposons are evolutionary young and
active non-long terminal repeat elements that are
expanding in the human genome with an estimated
mobilization rate of 1:916 births [48]. Integration of
SVAs in the genome occurs through an RNA intermedi-
ate using the TPRT system, mediated in trans by the L1
retrotransposon protein machinery [49,50]. Although
the exact mechanism of an SVA insertion is not
completely understood, it is clear that such structural
variants, including other transposing events, can have
negative effects on genomic integrity and can cause dis-
ease, including cancer [51,52]. The insertion of an SVA
into a gene locus introduces several functional units
enclosed in its sequence (such as splice acceptor/donor
sites, SP1 binding elements, and hormone-responsive
elements) that can cause gene disruption and deregulate
gene expression at DNA, RNA or epigenetic level, lead-
ing to disease [43,47,53–57]. We have shown that, in the
case presented in this study, an SVA-E insertion intro-
duces splice acceptor sites that mediate aberrant splicing,

Figure 3. Molecular validation of the SVA retrotransposon element insertion at the SMARCB1 locus. (A) Amplification of the SMARCB1
regions spanning the PacBio HiFi-predicted 5’ and 3’ breakpoints in germline DNA (extracted from EBV-transformed lymphoblast – indicated
as EBV-cells – and blood) and tumor DNA from the second sibling (II-2), tumor DNA from the first sibling (II-1), and germline DNA from the
mother (I-2). All amplifications gave products of the size predicted by PacBio HiFi analysis (supplementary material, Table S2). Only the PCR
spanning the 3’ breakpoint in tumor II-1 gave a slightly smaller product. This suggests the presence of a shorter poly-A, likely due to genetic
instability of the SVA-E. The primers used are listed in supplementary material, Table S2. (B) Schematic representation of the region spanning
from exon 2 to exon 3 of the SMARCB1 locus as in the hg19 reference genome and in sibling II-2. The colored blocks indicate the SVA-E
insertion at position 24,134,114 in intron 2. The bottom panel displays the 5’ and 3’ insertion breakpoints as validated by Sanger sequencing
(chromatogram): SMARCB1 sequence in blue; TSD in black; beginning of the insertion in purple; poly-A in red. The 5’ breakpoint was
sequenced using the forward primer used for the amplification. The 3’ breakpoint was sequenced using the reverse primer used for the
amplification.
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preventing normal splicing between exons 2 and 3. We
speculate that the exon 2 skipping, which was observed
in an earlier stage and results in a truncated open reading
frame, is an indirect consequence of the dysregulated
splicing process in intron 2.

The congenital ATRT in two siblings implies a herita-
ble mutation, and mosaicism in one of the parents was
therefore suspected. Indeed, results from WGS and
PCR-based validations strongly suggested that the mother
(I-2) is a mosaic carrier of the SVA-E insertion, which
will have decreased the risk of developing the disease her-
self considerably. Only a few cases of parental mosaicism
for SMARCB1 mutations have been described in ATRT.
Of note, half of the known unaffected SMARCB1 muta-
tion carriers carry a splice-site mutation [2] that may lead
to only partial loss of function, thus reducing the pene-
trance for ATRT. Based on the congenital presentation
of ATRT in the two siblings, the SVA-E insertion appears
to result in complete disruption of the allele and high pen-
etrance, whichmay only be compatible withmosaicism in
unaffected carriers.

The fact that both children in this family inherited the
SVA-E insertion suggests that the level of mosaicism of
this aberration in the oocytes of the mother may be consid-
erable, thus creating a high risk of recurrence in future preg-
nancies. Before the SVA-E insertion was discovered, we
had already selected SNPs in and around the SMARCB1
locus that were associated with the affected allele to enable
prenatal or preimplantation genetic testing. However, in the
case of mosaicism, it is important to specifically test for
the presence of the causative aberration itself. Therefore,
the identification of the SVA-E insertion as the causative
germline aberration and the ability to test its presence using
breakpoint-spanning primers is extremely relevant and
avoids uncertainties in a test result.

Our findings should be an admonishment for patho-
logists, oncologists, and geneticists to realize that
despitea negative family history and standard genetic
test results, tumor data can still signify germline cancer

predisposition. Indeed, the lack of a second hit or unex-
plained loss of protein expression in the tumor should
push towards an analysis with deeper and more compre-
hensive approaches. Rearrangements involving repetitive
regions, such as insertions of transposable elements,
might be camouflaged in the genome and be missed with
short-read sequencing. In addition to the case described
here, transposable element insertions have been previ-
ously reported in MRT and ATRT cases [58,59]. RNA
sequencing is likely to reveal aberrant transcripts that arise
as a consequence of these insertions, but the exact geno-
mic integration sites may remain undefined when tran-
scripts splice into the inserted sequence, as we observed
in the two siblings. Conversely, we show how, in such
cases, OGM can be of highly additive value to clinical
practice, because this methodology is independent of
local sequence composition and quite accurately maps
the rearrangement site. Furthermore, in most of the cases,
subsequent PCR and Sanger sequencing validations are
enough to support OGM and identify exact breakpoints
and sequence of the aberration [33,34], making the
approach highly cost-effective, offering added value to
the gold-standard pathological and molecular genetic
diagnosis.
In conclusion, we have described a case of an SVA-E

retrotransposon element insertion in SMARCB1 causing
ATRT in a family with two affected siblings. We have
shown the power of OGM to identify SVs refractory to
detection with techniques commonly used in diagnostics.
Wider implementation of this new technique will support
the identification of causative SVs in other unsolved cases,
enabling genetic counseling and family planning.
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