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A 39 kb structural variant causing Lynch Syndrome detected
by optical genome mapping and nanopore sequencing
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Lynch Syndrome (LS) is a hereditary cancer syndrome caused by pathogenic germline variants in one of the four mismatch repair
(MMR) genes MLH1, MSH2, MSH6 and PMS2. It is characterized by a significantly increased risk of multiple cancer types, particularly
colorectal and endometrial cancer, with autosomal dominant inheritance. Access to precise and sensitive methods for genetic
testing is important, as early detection and prevention of cancer is possible when the variant is known. We present here two
unrelated Norwegian families with family histories strongly suggestive of LS, where immunohistochemical and microsatellite
instability analyses indicated presence of a pathogenic variant in MSH2, but targeted exon sequencing and multiplex ligation-
dependent probe amplification (MLPA) were negative. Using Bionano optical genome mapping, we detected a 39 kb insertion in
the MSH2 gene. Precise mapping of the insertion breakpoints and inserted sequence was performed by low-coverage whole-
genome sequencing with an Oxford Nanopore MinION. The same variant was present in both families, and later found in other
families from the same region of Norway, indicative of a founder event. To our knowledge, this is the first diagnosis of LS caused by
a structural variant using these technologies. We suggest that structural variant detection be performed when LS is suspected but
not confirmed with first-tier standard genetic testing.

European Journal of Human Genetics; https://doi.org/10.1038/s41431-023-01494-7

INTRODUCTION
On average, humans harbour an estimated 4400 structural
variants (SV, genomic alterations of 50 bp or larger) totalling
18Mb per diploid genome, which are an important underlying
cause of genetic disease [1]. However, SV can be difficult to detect.
Current genetic diagnostic workflows rely largely on short-read
based whole-genome or exome-sequencing, which efficiently and
economically detect single-nucleotide variants and short inser-
tions/deletions. In contrast, detection of SV is challenging with
short-read technology, and may suffer from low sensitivity and a
high false-positive rate [2]. For example, it has been estimated that
over 80% of insertions are missed by reliance on short-read
sequencing [3]. Conversely, large SV over 50 kb in size are
routinely detected by diagnostic array-hybridization platforms [4]
or karyotyping. Current diagnostic workflows therefore have
significant shortcomings for detection of mid-size SV (approxi-
mately 0.05–50 kb).
Long-read sequencing technologies have the potential to

bridge this detection gap and have been used to detect SV in a
number of studies [5]. However, at present, long-read sequencing
technologies do not always match the cost, throughput or
accuracy of short-read sequencing (or a combination of these
factors), thus have not been widely adopted for routine genetic
diagnostics.

An alternative technology for SV detection which relies on high-
resolution genome imaging, also known as optical genome
mapping (OGM), is well suited for the detection of SV [6, 7].
OGM may offer some advantages for SV detection relative to long-
read sequencing due to the focus on maintaining long molecules
[8]. However, OGM does not offer the resolution of sequencing,
thus alone is unable to determine the precise location of
breakpoints. Furthermore, it has limited power to detect short
SV (ca. 1 kb and below), and is currently not amenable to high
throughput analysis of multiple samples.
Lynch Syndrome is a hereditary cancer syndrome caused by

pathogenic germline variants in any of the four DNA mismatch
repair (MMR) genes MLH1, MSH2, MSH6 and PMS2 [9]. Deletions in
the 3´end of the upstream EPCAM gene have also been shown to
cause LS by inactivation of the MSH2 promoter [10]. LS is the most
common hereditary cause of colorectal and endometrial cancers,
but pathogenic variant carriers are also at increased risk of
developing ovarian, prostate, and ureteral cancers [11]. Prevalence
has been estimated to be as high as 1/279 individuals [12].
However, prevalence varies with population sampled, and founder
variants present in distinct populations have led to even higher
incidences [11, 13]. Identifying the causative variant is important
in affected families as at-risk individuals can undergo regular
screening to allow early diagnosis and prevention of cancer [14].
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Genetic testing of the MMR genes is performed by Sanger-
sequencing, or increasingly through the use of multi-gene panels
and next generation sequencing [11]. MLPA analysis is also
commonly employed to detect insertions/deletions of exonic
sequence that could otherwise remain undetected by sequencing
approaches alone [15]. Analyses of tumour tissue for aberrant
MMR protein expression by immunohistochemistry and/or micro-
satellite instability (MSI-high), can identify pathogenic MMR
variant carriers with a sensitivity of over 73% [15–17]. Prior to
the advent of next generation sequencing, these functional
analyses were used to select individuals who had a higher
likelihood of carrying a pathogenic variant, and therefore should
be offered testing.
In this study, we performed extended genetic analysis of two

unrelated patients with a personal and family history of cancer
consistent with LS. Tumours from both patients demonstrated
microsatellite instability and showed lack of MSH2 and MSH6
protein expression by immunohistochemistry, strongly indicative
of an underlying pathogenic germline variant in MSH2 and LS.
However, DNA sequencing (both Sanger sequencing of the exons
of the above genes and a custom NGS-cancer panel) and MLPA to
detect exonic deletions or duplications, failed to reveal a genetic
cause to support this diagnosis. Analysis of RNA from cultured
patient lymphocytes also did not indicate any aberrant transcripts
from the MSH2 or MSH6 genes that could indicate a splicing
defect. Such patients are in some clinics defined as having Lynch-
Like Syndrome [18].
Hypothesizing that the patients could harbour structural

genomic variants undetected by the standard tests, we applied
Bionano OGM. This revealed a 39 kb heterozygous insertion in the
MSH2 gene, present in both patients. The insertion sequence was
determined to be a duplication originating from the neighbouring
MSH6 gene, which lies approximately 250 kb proximal to MSH2.
This finding was further confirmed using Oxford Nanopore
sequencing, which produced reads spanning the entire insertion
and led to precise identification of the breakpoints.

MATERIALS AND METHODS
Patient selection
Two families for which we had a strong suspicion of LS based on family
history and immunohistochemistry/MSI results, but where we had been
unable to find a causative MMR variant with techniques available in our
diagnostic laboratory, were selected for this study.
The index patient in family 1 had been diagnosed with colorectal cancer

in his 50s and prostate cancer in his 60s. His family history fulfilled the
Amsterdam Criteria used to select individuals for genetic testing for LS [19].
Immunohistochemistry of his prostate tumour showed lack of staining of
MSH2 and MSH6 and the tumour was MSI-high. The analyses were also
performed on tumour tissue from a paternal aunt and her daughter with
the same results. No variants were identified by Sanger sequencing, MLPA
or cDNA-analysis of MSH2 (all 16 exons of transcript variant NM_000251.1).
The index patient in family 2 was diagnosed with colorectal and prostate

cancers in his 40s. His family history of cancer also fulfilled the Amsterdam
criteria. Immunohistochemistry and MSI analyses were performed on his
colorectal tumour, and on tumour tissue from three other cancers in his
first-degree relatives. All tumours lacked staining of MSH2 and MSH6 and
were MSI-high. Sanger sequencing, MLPA and cDNA-analysis revealed no
variants in MSH2 and only benign variants in MSH6. The absence of exonic
variants precluded the possibility to examine mono/bi-allelic expression of
MSH2 by cDNA analysis in the presence/absence of puromycin, for
example as described previously [20].

Immunohistochemistry
Paraffin sections (3 µm) were stained on a BenchMark Ultra instrument
(Roche, Basel, Switzerland). For antigen retrieval the slides were pre-treated
in Cell Conditioner 1 (Roche) for 64min for MLH1, MSH2, MSH6 and 92min
for PMS2. Signals were detected with OptiView DAB IHC Detection Kit
(Roche). For MLH1 and PMS2, OptiView Amplification Kit (Roche) was used
in addition. Primary antibodies were purchased from Roche, and the

incubation time for MLH1 (clone M1, 760-5091), MSH2 (clone G219-1129,
760-5093) and PMS2 (clone A16-4, 760-5094) was 32min, and for MSH6
(clone SP93, 760-5092) 12min. Chromogene incubation time was 8min,
with subsequent CuSO4 intensification for 4 min, with the slides then
contrast-stained with haematoxylin.

Optical genome mapping
For each sample, 650 µL of whole peripheral blood was used to purify
ultra-high molecular weight (UHMW) DNA using the SP Blood & Cell
Culture DNA Isolation Kit v2 (Bionano genomics, San Diego, CA, USA),
following the manufacturer´s instructions for frozen human blood. UHMW
DNA (750 ng) was then labelled using the DLS (Direct Label and Stain) DNA
Labelling Kit (Bionano genomics), following protocol revision F. 19.5 µL of
labelled UHMW DNA solution of concentration 4 -12ng/µl was loaded on a
Saphyr chip and scanned on the Saphyr instrument (Bionano genomics),
following Saphyr System User Guide revision D. The Saphyr chip was run
targeting 320 Gb data per sample (100X coverage), yielding 500 Gb data.
All samples met the recommended metrics (effective coverage, map rate,
N50, label density). After default filtering, mean molecule length was
251 kb, median 224 kb and N50 was 255 kb.
De novo assembly was executed on Bionano Solve software V3.7.

Reporting and direct visualization of SV was done on Bionano Access V1.7.0.
Recommended filtering was used corresponding to the following minimum
confidence values: insertion/deletion=0, inversion=0.7, duplications= -1,
intra-fusion/inter-translocation=0.05, CNV= 0.99, and aneuploidy= 0.95.
Events detected were subsequently filtered against a normal samples
database and only variants absent (or present at a percentage below 1%) of
that database were considered for analysis. DLE-1 SV masked regions and
CNV masked regions were filtered out.

MinION sequencing
UHMW gDNA isolated for the Bionano analysis was also used for MinION
sequencing. 2 µg DNA was partially sheared by 20 passages through a 25-
gauge needle. Libraries were prepared for sequencing using the Genomic
DNA by Ligation (SQK-LSK109) kit (Oxford Nanopore Technologies, Oxford,
UK), according to the manufacturer’s instructions. Sequencing was
performed by loading 25 fmol library on a MinION Mk1c instrument with
flowcell version 9.4.1. Basecalling was performed using Guppy v6.0.1 in
high-accuracy mode. Reads had a mean length of 19 kb, median 6 kb and
N50 was 58 kb. Reads were aligned to the GRCh38 reference genome using
Minimap2 v2.24 [21]. The position of the insertion was roughly identified
by manual inspection in IGV [22], and the reads spanning this point were
extracted using samtools [23]. The reads were then analysed using BLAT
hosted at the UCSC genome browser [24] to find the breakpoints and the
contents of the insertion.

Breakpoint PCR and Sanger Sequencing
Breakpoints were confirmed by PCR amplification with the following
primers, designed to amplify from unique sequences flanking the
approximate breakpoints identified by MinION sequencing: wt-allele (for.
TTGTGCCTCTATTTCTCCATTCTG rev. GGGAGACTTTTCATTTTGTTCTGTACTA);
left-ins (for. TGTCTTCCACTGCTGTGCTTTTCT rev. GAGTCTGGCTTTGGCTTTG
TCAC); right-ins (for. AGTTAATTTGCGGGCCCCTGAT rev. AGGGTTGAACGGA
TTAAGGGT). Primers were designed with M13-tails to prime subsequent
sequencing reactions. M13 sequences were as follows: M13-forward
primer; TGTAAAACGACGGCCAGT and M13-reverse primer; CAGGAAA-
CAGCTATGACC. PCR was performed with AmpliTaq Gold™ 360 DNA
Polymerase (Applied Biosystems, Waltham, MA, USA), with 6.25 ng/µL
template DNA, and primers at 0.5 µM with the following conditions: 95 oC
for 10min (denaturation), followed by 30 cycles of 95 oC for 30 s / 60 oC for
30 s / 72 oC for 60 s, with a final extension at 72 oC for 7 min. PCR products
were sequenced on an ABI 3730xl DNA analyzer (Applied Biosystems)
using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Waltham, MA, USA).

RNA extraction, PCR and sequencing
Patient and control blood samples were collected in PAXgene Blood RNA
tubes (PreAnalytiX GmbH, Hombrechtikon, Switzerland). Total RNA was
extracted using the PAXgene ® Blood RNA Kit (PreAnalytiX), including an
on-column digestion of DNA using RNAse-free DNAse I (Qiagen, Venlo,
Netherlands).
Reverse-Transcriptase-PCR and PCR-amplification of the target region was

conducted in a one-step-reaction using the OneStep RT-PCR kit (Qiagen),
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with 150 ng input RNA. The manufacturer’s procedures were followed, with
the exception that reactions were run at half the suggested volume. Thermal
cycling conditions were 50 oC for 30min (reverse transcription), 95 oC for
15min (PCR activation), followed by 35 cycles of 95 oC for 30 s / 60 oC for 30 s
/ 72 oC for 60 s, with a final extension at 72 oC for 7min.
Primers were designed to reveal if the MSH6 exons inserted in the

genomic sequence were spliced between MSH2 exons 7 and 8 of the MSH2
mRNA. Primer sequences are provided in Table 1. Patient samples were run
in duplicate together with four non-carrier control samples. RT-PCR
products were sequenced on an ABI 3730xl DNA analyzer (Applied
Biosystems) as above.

Illumina sequencing
DNAwas prepared for sequencing using the TruSeq DNA PCR-free paired-end
protocol (Illumina, San Diego, CA, USA) and WGS was performed on a
NovaSeq 6000 instrument (Illumina) with 150 bp paired end sequencing to
approximately 30X coverage with v1.5 reagents. Processing of WGS
sequencing data was performed using RTA v3.4.4 and bcl2fastq v2.20.0.422,
with variant calling (including both small and structural variants) on Illumina
DRAGEN (Dynamic Read Analysis for GENomics) Bio-IT platform, Ensembl
Variant Effect Predictor (VEP) and AnnotSV [25]. BAM files were visualized
using the Integrative Genomics Viewer (IGV) [26].

Co-segregation analysis
Co-segregation analysis based on the full-likelihood Bayes factor (FLB) [27]
was performed using extended pedigrees of the two families (data not
shown), assuming an autosomal dominant model and a population
frequency of the variant of 0.1%. To estimate penetrance, we obtained
incidence data for any cancer in pathogenic MSH2 variant carriers from the
Prospective Lynch Syndrome Database [14]. A pre-smoothing step was
performed to reduce the uncertainty in age-specific incidence rates, by
means of Poisson regression with a penalized thin-plate spline (k= 3). To
estimate the phenocopy rate in non-carriers, we used data from Cancer
Incidence in Five Continents [28] for the Norwegian population (2008-
2012). Penetrance values were calculated by sex and 5-year age group
following the survival model [29]. Individuals of unknown age were
assigned the averages. The FLB was computed via the R package segregatr
[30], using the thresholds suggested by Jarvik and Browning [31] for
translation to the ACMG-AMP framework.

Relatedness analysis
Identical by descent (IBD) genomic segments shared by the index patients
were inferred from the identity by state (IBS) status of the observed
variants in the WGS data using a sliding window approach resembling that
used by PLINK [32]. As a preparatory step, a filter was applied, keeping only
single-nucleotide variants where both individuals had high-quality
genotype calls (PASS; DP > 10; GQ > 50). The IBS state (either 0, 1 or 2) of
each variant was recorded, as well as the average occurrence w of IBS= 0
in a neighbourhood ranging 1 Mb upstream and 1Mb downstream. Runs
of at least 100 variants with w � 0:5%, spanning at least 1 cM, were
interpreted as IBD segments.

RESULTS
Faced with two cases of familial cancer compatible with LS (Fig. 1A)
that had returned negative results for MMR variants by Sanger

sequencing (DNA and RNA) and MLPA, we decided to screen
for possible SV using the Bionano OGM technology. Both cases
showed loss of MSH2 and MSH6 protein expression by immuno-
histochemistry of tumour samples (Fig. 1B), suggesting that MSH2
was inactivated [33].
We hypothesized that in both families an SV could be responsible

for disruption of the MSH2 gene. A single individual (index case)
from each family was therefore studied by OGM. In both cases, the
Bionano OGM revealed an insertion of ca. 39 kb in the MSH2 gene
(Fig. 2A), raising the possibility that the insertion disrupted the gene,
thereby causing LS. Notably, the insertion detected by OGM was
strikingly similar in both cases suggesting the two individuals may
have inherited the variant from a common ancestor. This theory was
supported by the fact that both families came from the same
geographical region of Norway. The OGM results also identified the
inserted sequence as arising from the nearbyMSH6 locus, which lies
ca. 250 kb centromeric to MSH2 on the p arm of chromosome 2,
suggesting that one MMR gene was disrupted by sequence from a
second MMR gene (Fig. 2A).
To confirm the identity of the inserted sequence and to

determine the insertion breakpoints in MSH2, we performed low-
coverage WGS with Oxford Nanopore long-read sequencing.
Using a single MinION flowcell, we obtained an average 2.8X
genome coverage from the index-case individual from family 1.
Sequencing depth was insufficient to allow automated SV
detection using long-read alignment software LRA or Minimap2
in combination with the SV detection software CuteSV. However,
by manually selecting the MinION reads aligning to the MSH2
locus and employing BLAT [34], we were able to identify the
breakpoints in MSH2 to within ±50 bp. The insertion was thus
confirmed to be duplicated sequence derived from the MSH6
locus (Fig. 2B), duplicating two 5ʹ UTR non-coding exons from a
minor transcript variant of MSH6 (Fig. 3A). The MSH6 exons were
inserted in the intron between exons 7 and 8 of the MSH2 gene,
and if either or both were spliced into the MSH2 transcript, were
predicted to introduce premature stop codons.
Both the insertion point in MSH2 and the right junction of the

MSH6 insertion occurred in homologous repetitive sequences
derived from the SINE-VNTR-Alu (SVA) retrotransposon [35]. At
2.1 kb, the SVA repeat at MSH2 is potentially a full-length functional
repeat, whilst the MSH6 SVA sequence is a short (265 bp) remnant.
However, transposition was not suspected to be the mutagenic
event in this instance, as no new insertion of SVA sequence was
detected. Rather, a recombination event was deemed more likely.
The left-hand junction of the inserted sequence from MSH6 was
determined to lie within a 240 bp LTR sequence derived from an
endogenous retrovirus (ERV1 family) [36].
Based on the approximate breakpoint positions identified by

long-read sequencing, PCR primers were designed to amplify the
breakpoints, providing unequivocal confirmation of the insertion
sequence. Sanger sequencing of the amplified fragments confirmed
the precise breakpoints (Fig. 3B). The same PCR reactions were then

Table 1. RT-PCR primers.

Primer pair Transcript ID Refseq Match Gene Exon Primer sequence (5′-3′)

1 ENST00000233146.6 NM_000251.2 MSH2 6 Forward : M13+ AGTGGATTAAGCAGCCTCTCA

ENST00000652107.1 – MSH6 2 Reverse: M13+ AGGTGAATCACAGCCGATGA

2 ENST00000652107.1 – MSH6 2 Forward: M13+ TCATCGGCTGTGATTCACCT

ENST00000233146.6 NM_000251.2 MSH2 8 Reverse: M13+ TCCTGAAACTTGGAGAAGTCAGA

3 ENST00000652107.1 – MSH6 1 Forward: M13+AGCTTCCAGAAGAGCAGAGCT

ENST00000233146.6 NM_000251.2 MSH2 8 Reverse: M13+ TCCTGAAACTTGGAGAAGTCAGA

Three PCR products (primer pairs 1–3 above) were amplified with primers from MSH2 and MSH6 to detect MSH6 exons inserted in the MSH2 transcript by
Sanger sequencing. M13 sequences were as follows: M13-forward primer; TGTAAAACGACGGCCAGT and M13-reverse primer; CAGGAAACAGCTATGACC.
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used to offer cascade-testing to additional family members in both
families (Supplementary Fig. 1).
Bayes factor-based co-segregation analysis provided strong

evidence for pathogenicity, according to the full-likelihood Bayes
factor (FLB) thresholds suggested by Jarvik & Browning [31]. The
individual FLB scores for the two families were 12.10 and 8.13,
respectively, both exceeding the threshold for pathogenic support-
ing evidence (FLB > 8). Furthermore, the combined score (FLB=
98.40) comfortably satisfied the criterion at the pathogenic strong
level (FLB > 16). Importantly, this conclusion remained robust across
a wide range of more conservative penetrance values (Fig. 4).
To further substantiate the insertion as the underlying cause of

LS in the affected families, RNA was extracted from a blood
sample (family 2, index case). RNA was reverse-transcribed to
cDNA, then amplified with PCR primers spanning the possible
exon-junctions. The second MSH6 exon was detected in the MSH2
transcript (Supplementary Fig. 2), leading to the inclusion of a
premature stop codon in the resulting transcript. A minor variant
also containing part of the first MSH6 exon, plus the full second
exon, was also detected. This variant also led to the inclusion of a
premature stop codon.
Short read WGS was also performed for the index case from both

families (Illumina 150 bp paired end sequencing) to median 45x and
49x genome coverage. To examine whether variant calling using
the short-read data could detect the SV, we employed the DRAGEN
SV Caller. However, in one case the caller failed to detect an SV in

either MSH2 or MSH6, and in the other the variant was incorrectly
detected as a 250 kb deletion, spanning the approximate MSH2
breakpoint to the start of the MSH6 gene. The duplicated region of
MSH6 was, however, called by our read-depth CNV caller (canvas),
but filtered out from the final CNV results due to lack of overlap with
our gene panel MSH6 transcript. Our short-read diagnostic pipeline
therefore did not correctly report the variant, but with the benefit of
knowing the SV location from the Bionano & long-read analyses, our
in-house database of WGS-CNV data could be screened for the
presence of the duplicated region. The duplicated region was not
detected in our WGS-CNV database of 7710 individuals, confirming
that this is a rare variant, not a common Nordic variant. Based on
these observations the variant was categorized as pathogenic
according to ACMG guidelines [37] and reported to be a likely cause
of LS in the affected families.
Finally, we examined the relatedness of the two affected families

to estimate the number of generations that had passed since the
shared mutation occurred. Regions of identity by descent (IBD)
between the two index cases were inferred from the WGS data,
using a sliding-window approach along each chromosome. Nine
IBD regions over 1 cM in length were identified (Supplementary
Fig. 3), the majority being short sections unlikely to originate from a
recent common ancestor. The longest segment, a 17 cM region on
chromosome 2, encompassed the MSH2 and MSH6 genes. From a
single such IBD segment it is inherently difficult to give an accurate
estimate on the relationship between the individuals. However,

A

B

MSH2 MSH6

MLH1 PMS2

*

Fig. 1 LS-like heritability and MMR protein expression. A Pedigrees of families 1 and 2. Cancer type and decade of onset as follows:
Colorectal cancer (CRC), prostate cancer (PrCa) and endometrial cancer (EC). Pedigrees have been modified for patient confidentiality. Arrows
indicate index-patients selected for Bionano OGM. B Immunohistochemistry of patient endometrial tumour biopsy. Immunohistochemical
staining of endometrial tumour tissue sections with antibodies against the four MMR proteins (brown staining) showed missing protein
expression of MSH2 and MSH6, while normal expression was obtained for MLH1 and PMS2. Slides were co-stained with hematoxylin (blue) to
show cell nuclei. Sections were endometrial tumour tissue from the individual marked with an asterisk in Family 2.
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comparing with theoretical distributions [38] a segment of 17 cM
indicates that they most likely shared a common ancestor 4–6
generations prior.

DISCUSSION
Current techniques available for routine genetic analyses, such as
Sanger sequencing, aCGH, MLPA and short-read exome/WGS
sequencing, have shortcomings when it comes to SV detection.
Insertions, deletions or rearrangements are frequently missed due
to limitations in resolution, particularly if repetitive elements are
involved, combined with the focus on coding exon sequences.
With over half of the human genome consisting of dispersed
repetitive elements [39], compounded by the increased likelihood
of recombination events occurring between repetitive sequences
[40, 41], current practices will thus likely miss many pathogenic SV.
The SV found in this study is a good example of such an event,
consisting of inserted non-coding sequence with breakpoints in
repetitive elements.
By the application of OGM, we were able to detect an SV

causing LS by heterozygous disruption of the MSH2 gene. The
39 kb insertion placed non-coding 5´UTR exons from MSH6 into
intron 7 of the MSH2 gene. mRNA studies confirmed that a non-
coding exon was spliced into MSH2 RNA, creating a truncated
protein and causing loss of function. The variant segregated with
several individuals from the two different families showing loss of
MSH2 and MSH6 protein expression and MSI-high tumours. For
these reasons the variant has been classified as pathogenic. This
finding demonstrates the advantages of OGM over routine
diagnostic methods for SV detection. At 39 kb, the SV found in
this study is well above the lower resolution claimed for OGM (ca.
0.5 kb). However, despite the inclusion of only seven OGM

markers, the technique was able to correctly identify the source
of the inserted sequence, underlining its utility. In this case, the
finding confirmed the diagnosis of LS in two families that had
been uncertain for around 15 years, and enabled relatives to
obtain genetic testing and clarification of their cancer risk.
Nonetheless, this study also demonstrates a limitation of OGM,

which does not have the resolution to determine breakpoints to
within the distances required to design PCR primers for
verification. We therefore employed also long-read sequencing
with Oxford Nanopore technology to verify the OGM findings and
improve detection of the breakpoints themselves. Although the
data from a single MinION flowcell on this occasion confirmed the
insertion sequence and position, the low coverage (2.8-fold
genome coverage) prevented long-read variant calling software
from identifying the sequences, and manual inspection of BLAST
alignments was necessary. The low coverage and high error rate of
the MinION reads also meant we were unable to precisely identify
the breakpoints. Nonetheless, the long reads were instrumental in
this regard, allowing breakpoint identification to within ±50 bp,
and facilitating design of PCR primers that allowed breakpoint
identification by Sanger sequencing.
It is likely that deeper sequencing with long reads (for example

with higher-output PromethION flowcells), or the use of targeted-
capture combined with MinION sequencing (as has been
demonstrated for MSH2 [42]) would be more effective than low-
coverage WGS MinION sequencing for breakpoint detection.
Indeed, WGS approaches may on their own suffice to identify SV
without the prior need for optical mapping. However, these
approaches also cost more, so for the purposes of verifying
Bionano optical genome mapping findings, Oxford Nanopore’s
recently released adaptive sampling method, employed with a
MinION flowcell, may offer the most cost-effective approach.

17175

A. OGM

B. Oxford Nanopore Long read

0448303404

Fig. 2 OGM and long-read sequencing. A Optical Genome Mapping. Genome-browser view of OGM results, showing ca. 300 kb region
encompassing the MSH2 gene from the index patient in family 2. Scale and co-ordinates from GRCh38 (hg38) genome annotation are shown
above gene models. The green bar shows the OGM reference genome markers (blue stripes). Light-blue bar shows OGM assembly from
patient DNA. Grey bars matching between reference and patient assembly show the insertion of new sequence, and suggest the origin of
inserted sequence to be the neighbouring MSH6 gene. B Oxford Nanopore Long read sequencing. Genome browser view of the same 300 kb
region, showing alignment of a single long read (length 96,045 bp) spanning the MSH2 locus with inserted MSH6 sequence. The sections of
alignment to MSH2 and MSH6 are coloured to aid visualization, with approximate alignment lengths in bp below each section.
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Fig. 4 Co-segregation analysis. A Cumulative incidence for any cancer by sex, age-group and carriership status. Data for MSH2 mutations
carriers from the Prospective Lynch Syndrome Database [14] (smoothed), and data for non-carriers from Cancer Incidence in Five Continents [28],
Norway 2008–2012. B Co-segregation sensitivity analysis, showing the contours of the FLB factor as a function of the risk of cancer in non-carriers
and the excess rate in carriers. The robustness of the results was evaluated by recomputing the FLB under a range of ever-more conservative
penetrance parameters: we varied the cumulative incidences in non-carriers by a factor of 0.50–1.50 and, for each value of this factor, the
incidence rates of MSH2 carriers were also varied as a weighted average between the non-carrier incidence rates and their original estimates.
These endpoints are represented as 0–100% excess cancer rates, respectively. The cross corresponds to themain co-segregation result reported in
the study. The contour curve at FLB= 16 signifies the threshold for pathogenic strong evidence according to Jarvik and Browning [31].

Fig. 3 Insertion and breakpoint sequences. A UCSC genome browser view of insertion. Upper panel shows MSH2 locus (NCBI reference
sequence NM_000251.3), lower panel the MSH6 locus. Orange box and lines indicate extent of MSH6 sequence that is duplicated and insertion
point in MSH2. Two 5ʹUTR non-coding exons from MSH6 transcript variant ENST00000652107.1 are thus inserted between exons 7 and 8 of
MSH2. B Sanger sequences of breakpoints. The breakpoint in MSH2 sequence was determined to be chr2:47,432,457. The inserted sequence
duplicated from MSH6 was chr2:47,682,947–47,721,794 (genomic positions from GRCh38 genome release). The right-hand breakpoint
sequence is presented in the reverse complement of the database genomic sequence. The full variant is therefore annotated as
NC_000002.12:g.47432456_47432457ins47682947_47721794.
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Dispersed repeats such as the SVA and LTR elements found at
the breakpoints of the insertion in this study can contribute to
pathogenic SV through either transposition or recombination
events [35]. The SVA repeats (SINE-VNTR-Alu) are non-LTR retro-
transposons, similar to LINE-1 and Alu elements. As their name
suggests, SVA retrotransposons are composite elements consist-
ing of sequences derived from each of the contributing retro-
transposons. However, unlike LINE-1 and Alu elements, which
have proliferated widely throughout the human genome to
constitute approximately 17% and 10% of the human genome
respectively [40], SVA elements are relatively rare: It is estimated
that there are only approx. 2700 SVA copies in the human genome
(ca. 0.2%) [43].
SVA repeats have been shown to be involved in pathogenic SV

formation [35]. More specifically, SVA transposition events in MSH2,
MSH6 and PMS2, have been reported to cause LS [44–46]. In the
patients reported in the present study, theMSH2 insertion point and
donor MSH6 site contain the SVAD retrotransposon repeat element
(SINE-VNTR-Alu, subfamily D) [35]. The SVAD copy at the MSH2
insertion site appears to be a full-length element, while a truncated
fragment is found at the MSH6 donor site. There is no evidence
suggesting an SVA transposition event, but rather the contribution
of existing SVA repeats to the generation of an SV through
recombination. Since the left-hand side of the duplicated MSH6
sequence contains sequence from the unrelated ERV1 LTR repeat, a
complex recombination event is assumed to have occurred.
The 39 kb insertion detected in both families, who were not

aware they were related, was determined to have originated from
a founding mutation event estimated to have occurred at least 4
generations prior to the two index cases presented here. Analysis
of additional individuals will be required to more accurately
estimate the timing of the founder event, which could have
occurred in the more distant past. At the time of writing,
individuals from three additional families (none aware of their
relation to the others), also from the same region of Norway and
presenting with suspected LS, have since been confirmed to carry
the variant. In all these families, immunohistochemistry demon-
strated no expression of MSH2 and MSH6 in tumour tissue, and
their cancers were MSI-high.
It has been recommended for over a decade that immunohis-

tochemistry and MSI analyses be performed on patients with
colorectal or endometrial cancer [47]. These methods, which can
indicate with up to 90% sensitivity an underlying MMR variant, can
be used to prioritize patients for extended genetic testing,
including for SV. SV are a common source of pathogenic variants
in the LS genes. Some of these, but not all, are detectable through
MLPA or exome sequencing [42, 48–50]. We therefore encourage
the use of OGM or long-read sequencing technologies to test for
the presence of SV variants where LS is suspected based on family
history and/or immunohistochemistry/MSI findings but a genetic
diagnosis has not been obtained with routine analyses. The recent
observation that cancer-associated genes are enriched for retro-
elements, which may act as recombination hotspots [51], supports
the increased use of techniques such as OGM or long-read
sequencing to evaluate SV as causative variants also in other
familial cancers.

DATA AVAILABILITY
The datasets generated during and/or analysed during the current study are not
publicly available due to patient confidentiality but are available from the
corresponding author on reasonable request.
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