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Abstract
Lynch syndrome is a hereditary disease characterized by an increased risk of colorectal and other cancers. Germline variants
in the mismatch repair (MMR) genes are responsible for this disease. Previously, we screened the MMR genes in colorectal
cancer patients who fulfilled modified Amsterdam II criteria, and multiplex ligation-dependent probe amplification (MPLA)
identified 11 structural variants (SVs) of MLH1 and MSH2 in 17 patients. In this study, we have tested the efficacy of long
read-sequencing coupled with target enrichment for the determination of SVs and their breakpoints. DNA was captured by
array probes designed to hybridize with target regions including four MMR genes and then sequenced using MinION, a
nanopore sequencing platform. Approximately, 1000-fold coverage was obtained in the target regions compared with other
regions. Application of this system to four test cases among the 17 patients correctly mapped the breakpoints. In addition, we
newly found a deletion across an 84 kb region of MSH2 in a case without the pathogenic single nucleotide variants. These
data suggest that long read-sequencing combined with hybridization-based enrichment is an efficient method to identify both
SVs and their breakpoints. This strategy might replace MLPA for the screening of SVs in hereditary diseases.

Introduction

Lynch syndrome (LS, [MIM: 120435]), previously referred
to as hereditary non-polyposis colorectal cancer (HNPCC),
is the most common form of hereditary colorectal cancer
(CRC), accounting for 2–4% of new CRC diagnoses [1].
Apart from CRCs, affected individuals have an increased
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risk of developing other types of cancer such as endo-
metrial, renal pelvic and ureteral, gastric, and small intest-
inal cancers. LS is caused by germline variants in mismatch
repair (MMR) genes including mutL homolog 1 (MLH1),
mutS homolog 2 (MSH2), mutS homolog 6 (MSH6), and
PMS1 homolog 2, MMR system component (PMS2). In
addition, deletions within the 3′ end of the EPCAM gene
have been shown to cause LS through the inactivation of the
MSH2 promoter [2].

LS is mainly diagnosed by three approaches: (1) testing
the tumors for microsatellite instability or MMR proteins
by immunohistochemistry to identify patients who
should undergo germline testing, (2) genetic testing for
germline variants in patients who have a family history
or have suspected LS, or (3) as a secondary finding in
cancer profile analysis for precision medicine [3]. In the
case of genetic testing, variants in the major MMR genes
have been analyzed by a panel sequencing to detect small
alterations such as single nucleotide variants (SNVs) and
short insertions/deletions (indels), and copy number varia-
tions (CNVs). Multiplex ligation-dependent probe amplifi-
cation (MLPA) has been also applied for the detection of
large deletions/duplications. However, MLPA does not
determine the breakpoints of SVs. For the cascade screening
of family members of a proband with a pathogenic SV, the
identification of breakpoint is useful because polymerase
chain reaction (PCR) amplification or direct sequencing can
be used for the detection of SVs. In addition, inversions and
SVs in deep intronic regions are not detected by MLPA.

As a corroborative project with the Japanese society for
cancer of the colon and rectum “HNPCC registry and
genetic testing project”, we previously analyzed MLH1,
MSH2, and MSH6 by direct sequencing and MLPA in 111
Japanese patients with CRC who fulfilled the modified
Amsterdam II criteria including gastric cancer as LS-related
cancer [4]. This study identified a total of 55 pathogenic
variants in 62 patients. It is of note that among the 55
variants, 11 were structural variants (SVs) including 6
exonic deletions and 5 duplications. Although we deter-
mined the breakpoints for eight of the 11 SVs by long-
range-PCR followed by Sanger sequencing, we were unable
to map the breakpoints in the remaining three cases.

Since next-generation sequencing (NGS) dramatically
improved the output of sequencing capacity, genetic diag-
nosis using gene panels has been replacing genetic tests
using the Sanger sequencing. NGS-based multigene panels
are available for the screening of germline variants in the
MLH1, MSH2, MSH6, PMS2, and EPCAM genes [5].
Multigene panel sequencing or whole-exome sequencing
can lead to the isolation of large deletions or duplications,
but these methodologies cannot identify the breakpoints,
and they miss complex SVs and CNV-neutral rearrange-
ments such as inversions and large intronic insertions [6].

Therefore, panel or whole-exome sequencing alone might
not be enough to provide a conclusive result for genetic
diagnosis. Ideally, it is desirable to identify both small
nucleotide changes and breakpoints of SVs in the same
system. Since the nanopore-based sequencing technology
has enabled long-read sequencing, we applied MinION, a
nanopore DNA sequencer developed by Oxford Nanopore
Technologies (Oxford, UK), in combination with a
hybridization-based target enrichment (SureSelect, Agilent
Technologies, Santa Clara, CA). We first assessed the
efficacy of target enrichment using four LS cases carrying
SVs whose breakpoints had already been characterized in a
previous study and then tested a case in which we did not
find any pathogenic variants in the MMR genes by PCR-
direct sequencing. Our data demonstrate that long read-
sequencing combined with hybridization-based enrichment
is a useful method for the identification of deletion/dupli-
cation breakpoints.

Materials and methods

Ethical approval and DNA samples

This project was approved by the ethical committee of the
Institute of Medical Science, the University of Tokyo
(IMSUT-IRB:28-27). Genomic DNAs used in a previous
collaborative study with the Japanese Society for Cancer of
the Colon and Rectum [4] were analyzed using the MinION
sequencing. Written informed consent was obtained from
all the patients participating in the project.

Capture probes for the enrichment of genomic
regions of the MMR and EPCAM genes

We designed 120-mer RNA capture probes for the entire
genomic sequence (exons including 5′- and 3′-untranslated
regions and introns) of the MLH1, MSH2, MSH6, PMS2,
and EPCAM genes, and the intergenic region between the
EPCAM and MSH2 genes using Agilent SureDesign (Agi-
lent Technologies, Santa Clara, CA, https://earray.chem.
agilent.com/suredesign/). The probes designed (9,785
probes) were estimated to cover 58.9% of the targeted
region on average (Fig. 1a).

MinION sequencing and data analysis

Sequencing libraries were prepared using Ligation
Sequencing Kit 1D (SQK-LSK109, Oxford Nanopore
Technologies, Oxford, UK). Briefly, 3 μg of DNA were
digested with dsDNA fragmentase (NEBNext dsDNA
Fragmentase, New England Biolabs, Ipswich, MA). After
PCR amplification using LongAmp Taq DNA Polymerase
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(New England Biolabs), genomic regions of the MMR and
EPCAM genes were captured using the SureSelect Custom
DNA Target Enrichment Probes (Agilent Technologies).

Subsequently, sequencing libraries were generated by
additional PCR amplification and adopter ligation. Each
library was loaded onto a R9.4 flow cell (Oxford Nanopore

Fig. 1 Enrichment of the MMR
genes using RNA capture
probes. a The regions expected
to be covered by capture probes
(green) and the coverage
achieved using nanopore
sequencing of JLS058 (emerald
green). b Locations of four SVs
including three deletions (red)
and a duplication (green) in the
MLH1 and MSH2 genes. c
Proportion of the MinION
sequencing reads mapped to
reference genome (hg19). Reads
were classified into nine groups
according to read length. Data
are represented as the mean ±
SD. d Proportion of reads
correctly mapped to the targeted
regions (histogram) and
coverage of the regions by the
reads (line graph). The
percentage of on-target reads
and mean depth of the target
regions was separately
calculated for each group. Data
are represented as the mean ±
SD. e Snapshots of the
Integrative Genomics Viewer
depicting the four
pathogenic SVs
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Technologies) and sequenced for 12–24 h. The basecalling
of the raw data was performed using Guppy (ver.2.3.5+
53a111f, Oxford Nanopore Technologies). Quality was
assessed using MinIONQC [7] (ver.1.4.1). Long-read
alignment and SV detection were performed using
NGMLR-align algorithm (ver.0.2.7) [8] and Sniffles
(ver.1.0.8) [8], respectively. Sequencing reads mapped
outside the target regions were removed. The candidate
variants were further filtered by removing variants with both
VAF < 0.1 and reads <20. In addition, Minimap2 (ver.2.12)
[9] and NanoVar (ver.1.3.2) [10] tools were also used for
read alignment and SV detection, respectively.

PCR-direct sequencing and MLPA

DNA fragments including breakpoints were amplified by PCR
using KOD One (TOYOBO, Osaka, Japan), and the PCR
products were sequenced on the Applied Biosystems 3500xl
DNA Analyzer using the BigDye Direct Cycle Sequencing kit
(Thermo Fisher Scientific, Waltham, MA). The primer
sequences used for the amplification and sequencing are
shown in Supplementary Table S1. MLPA was performed
using a Salsa MLPA kit (MRC Holland, Amsterdam, Neth-
erlands) in FALCO biosystems (Kyoto, Japan).

Results

Enrichment of target DNA by a hybridization-based
capture

Among the 11 LS cases with SVs, we chose four cases
carrying a wide range of deletions and a duplication; three
cases with 1.2 kb (JLS058) and 109.2 kb (JLS126) deletions
in MLH1, and a 9.8 kb (JLS114) deletion in MSH2, and a
case with an 8.5 kb (JLS059) duplication in MSH2
(Fig. 1b).

Initially, we applied the MinION sequencing for JLS126
without a targeted enrichment strategy. Although the
MinION sequencing produced 6.6 Gb of data (mean read
length: 5614 bp and max. read length: 184,450 bp), this
analysis failed to detect the deletion in MLH1 (c.1-
94968_c.453+ 696del109180) due to the low coverage of
the deleted region (average depth of 2.1× by estimation). To
increase the coverage, we combined a targeted enrichment
with the MinION sequencing and designed a total of 9,785
RNA probes scattered in the entire genomic regions (exons,
introns, and intergenic regions) of the MLH1, MSH2,
MSH6, PMS2, and EPCAM genes (Fig. 1a). The coverage
of the probes to the targeted regions was 58.9%. Although it
is generally recommended to shear DNA into 150–200 bp in
size for the hybridization to SureSelect probes, we digested
DNA into 1–3 kb using dsDNA fragmentase to assess the

enrichment efficiency of DNA fragments of this length. The
sequencing of four cases (JLS058, JLS126, JLS114, and
JLS059) achieved an average throughput of 6.5 Gb
(3.4–9.4 Gb), and the average length of read was 1228 bp
(913–1421 bp) (Supplementary Table S2). For JLS126, the
total output was 3.4 Gb that corresponds to approximately
1.1× haplotype genome, but the average depth of the target
regions was as high as 1201× by the enrichment, indicating
1099-fold enrichment of the target regions. The enrichment
observed in JLS058, JLS114, and JLS059 was 853-, 767-
and 962-fold, respectively. These data suggested that the
capture system could enrich the target regions by approxi-
mately 1000-fold compared with the other regions.

We further analyzed the efficiency of enrichment by the
read length in the four cases. The percentage of the total
reads for read lengths 300–400 bp, 400–500 bp, 500–1000
bp, and 1–2 kb were 7.4%, 6.1%, 37.8%, and 37.6%,
respectively, and those shorter than 300 bp and longer than
2 kb were 4.8% and 6.3%, respectively (Fig. 1c). Interest-
ingly, the ratio of reads mapped to the target regions was
different according to the length of reads. The ratios for read
lengths 300–400 bp, 400–500 bp, 500–1000 bp, and 1–2 kb
were 26.2%, 30.7%, 24.3%, and 12.8%, respectively
(Fig. 1d). Although reads with a length of 1–2 kb were less
aligned than those of 500 bp–1 kb, the former accounted for
more coverage of the target regions than the latter (Fig. 1d,
line chart). These data suggest that the RNA probes can
enrich DNA fragments up to 2 kb, and that captured DNA
with length between 500 bp and 2 kb efficiently cover the
target regions.

Detection and accurate mapping of SVs using
nanopore sequencing

To isolate the SVs and their breakpoints in the four test
cases, we used NGMLR-Sniffles because the combination
of aligner and structural variation caller has been reported to
provide accurate results in SV analysis [8]. Sniffles con-
siders the consistency of the breakpoint positions, and
reports the average positions that is classified as either
“Precise” or “Imprecise”. As a result, this pipeline with an
additional filtration detected single SVs in JLS058 and
JLS114, whereas it called seven and twelve SVs in JLS126
and JLS059, respectively. As expected, the list of SVs
included the four pathogenic SVs (Table 1). The pathogenic
variants in JLS126 and JLS059 were reported as “Precise”,
and their breakpoints were correctly mapped. On the other
hand, the breakpoint positions of JLS058 and JLS114 were
reported as “Imprecise”, and shifted by 29–258 bp
(Table 1). The information of either “Precise” or “Impre-
cise” structural variants likely depends on the sequences
surrounding the breakpoints. “Precise” variants correspond
to SVs whose 5′- or 3′-breakpoint positions were partly
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outside of interspersed repeats and low complexity DNA
sequences. On the other hand, both 5′- and 3′-breakpoint
positions of “Imprecise” variants are located within the
repeats or low complexity DNA sequences (data not shown,
RepeatMasker, http://www.repeatmasker.org/). Although
we tested Minimap2-NanoVar [9, 10], another combination
of aligner and SV caller, these algorithms failed to call the
four pathogenic SVs. Since Minimap2-Sniffles also detec-
ted these pathogenic SVs, Sniffles might be appropriate for
calling SVs in the data obtained by this experimental con-
dition. In the analysis of nanopore sequencing reads by
NGMLR-Sniffles, we found that the breakpoint position
was determined with the accuracy of 1.0 ± 2.0 bp in
“Precise” and 142.8 ± 131.4 bp in “Imprecise”, and the size
was determined with that of 2.0 ± 1.4 bp (Fig. 1e). These
data are useful for the design of primer set to amplify
the variant DNA fragments and subsequent validation of the
exact breakpoints. It is of note that the variant frequency of
reads carrying the SVs were 0.19, 0.28, 0.18, and 0.18 in

JLS126, JLS059, JLS114, and JLS058, respectively, sug-
gesting that reads containing the SVs were less efficiently
mapped to the position, compared with those without SVs.
These low-frequencies of SVs might be due to the locations
of capture probes. Because introns and intergenic regions
often harbor repetitive sequences such as LINEs and SINEs,
probes are usually designed outside of such sequences for
sequence specificity. On the other hand, many SVs are
associated with repetitive sequences because they are gen-
erated during DNA recombination or repair [11, 12].
Therefore, an efficient capture system for longer DNA
fragments is essential to increase efficacy.

We further analyzed 13 other deletions (2 in JLS126 and
11 in JLS059) and found that all were mid-range in
size (31–106 bp) with highly repetitive sequence, implying
characteristics of error-prone reads by nanopore sequencing,
or just PCR error during the amplification of DNA libraries.
Notably, these deletions will not be judged as pathogenic
SVs because they are located within deep intronic

Table 1 List of SVs called by NGMLR-Sniffles.

Sample CHR1 POS CHR2 END SVLEN ALT Precise/imprecise DR DV AF VAL POS VAL LEN

JLS058 chr3 37,048,022 chr3 37,049,242 1220 DEL IMPRECISE 612 135 0.18 chr3: 37,048,051-
37,049,271

1,221

JLS126 chr2 47,689,038 chr2 47,689,080 42 DEL PRECISE 11 22 0.67

chr2 47,734,176 chr2 47,734,221 45 DEL IMPRECISE 168 29 0.15

chr2 47,617,606 chr2 70,800,134 – TRA PRECISE 4 47 0.92

chr2 47,617,607 chr2 117,086,264 – TRA PRECISE 5 35 0.88

chr2 47,617,813 chr2 34,329,765 – TRA PRECISE 196 29 0.13

chr2 47,617,826 chr2 95,340,743 – TRA PRECISE 247 28 0.10

chr3 36,940,066 chr3 37,049,244 109,178 DEL PRECISE 121 28 0.19 chr3: 36,940,071-
37,049,250

109,180

JLS059 chr2 47,610,746 chr2 47,610,777 31 DEL PRECISE 275 95 0.26

chr2 47,649,462 chr2 47,640,953 8509 DUP PRECISE 627 246 0.28 chr2: 47,640,953-
47,649,462

8,510

chr2 47,648,219 chr2 47,648,275 56 DEL IMPRECISE 352 58 0.14

chr2 47,654,110 chr2 47,654,192 82 DEL IMPRECISE 571 321 0.36

chr2 47,654,092 chr2 47,654,168 76 DEL IMPRECISE 571 274 0.32

chr2 47,662,644 chr2 47,662,682 38 DEL PRECISE 172 25 0.13

chr2 47,688,876 chr2 47,688,908 32 DEL IMPRECISE 883 186 0.17

chr2 47,708,915 chr2 47,708,961 46 DEL IMPRECISE 276 36 0.12

chr2 47,734,125 chr2 47,734,231 106 DEL IMPRECISE 411 58 0.12

chr2 48,016,026 chr2 48,016,078 52 DEL PRECISE 172 114 0.40

chr3 37,039,537 chr3 37,039,576 39 DEL PRECISE 18 77 0.81

chr7 6,033,482 chr7 6,033,519 37 DEL PRECISE 97 21 0.18

JLS114 chr2 47,622,523 chr2 47,632,305 9782 DEL IMPRECISE 596 128 0.18 chr2: 47,622,781-
47,632,560

9780

Bold letter represents the pathgenic variants.

CHR1 chromosome name where SV occurred, POS starting breakpoint position of SV, CHR2 chromosome of second breakpoint of SV, END
position of the second breakpoint of SV, SVLEN length of SV, ALT types of SV, DEL deletion, DUP duplication, TRA translocation, IMPRECISE/
PRECISE confidence of the exact breakpoint position, DR reference read, DV variant read, AF allele frequency, VAL POS validated position of the
breakpoint, VAL LEN validated length of SV
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regions of the MMR genes or the 3’-flanking region of
MSH2, and are assumed not to disrupt the transcripts. In the
future, accumulation of data or improvement of analytical
pipelines might enable us to correctly evaluate these
variants.

Screening of structural variants in a case without
pathogenic SNVs in the MMR genes

To evaluate the efficacy of MinION sequencing combined
with the target enrichment, we analyzed JLS128, a case
enrolled in the collaborative project. In this sample, we
previously identified a three-base deletion c.279_281delTCT
in MSH2 [4], which had been reported to be associated with
splicing defects [13]. However, the interpretation has been
changed and this variant is now judged as benign in ClinVar
database (https://www.ncbi.nlm.nih.gov/clinvar/). Therefore,
we screened for SVs using the targeted MinION sequencing.
As shown in Fig. 2a, analysis of the sequencing data detected
a deletion in MSH2 and mapped the breakpoint of the dele-
tion spanning 84,126 bp in chr2: 47,651,634–47,735,760
(GRCh37). Subsequent PCR-based Sanger sequencing
confirmed the size (84,128 bp) and location (chr2:
47,651,635–47,735,762) of the breakpoints with a slight
positional shift (NM_000251.3(MSH2):c.1077-5246_*+256
74del, Fig. 2b). In agreement with this result, MLPA detected
a large deletion encompassing exons 7–16 of MSH2
(Fig. 2c).

Discussion

In LS, it has been reported that large deletions accounted for
28.6% of pathogenic variants in the MLH1 andMSH2 genes
in the United States [14]. Large deletions significantly
contributed and accounted for 20–22% of the mutations in
MLH1, MSH2, and PMS2, and 4% in MSH6 in Swedish LS
[15]. Of note, genomic rearrangements are likely prevalent
events in MSH2, where they comprise up to 45.3% of
mutations [16], indicating that screening of structural
alterations in the MMR genes is necessary for the genetic
diagnosis of this disease. For the identification of structural
alterations, Southern blotting [16, 17], long-range PCR
[18], quantitative PCR [19], and MLPA [16, 18] have been
employed. In this report, we have shown that targeted
MinION sequencing for multiple genes is useful for the
identification of the breakpoints as well as pathogenic large
SVs. Targeted capture nanopore sequencing has also been
applied for the detection of somatic structural variants in
ABCB1, and determined translocations in the promoter
region of ABCB1 in AML cells [20]. Although our study
successfully identified the breakpoints of five pathogenic
SVs, there remains a challenge of false positives detected by
current algorithms including NGMLR-Sniffles. Since
probes are not designed within repetitive sequences,
sequence reads containing breakpoint in highly repetitive
sequences may not be captured by hybridization-based
enrichment. In addition, probes located far from the target

Fig. 2 Identification of MSH2 deletion in JLS128. a A snapshot of the
Integrative Genomics Viewer depicting a deletion ofMSH2 in JLS128.
Mutant reads mapped to the forward and reverse strands are shown in
red and blue, respectively. Blue and black bars indicate indels (small

indels less than 3 bp were filtered out). b Eighty-four kilobase
deletion spanning exon 7–16 of MSH2 was confirmed by PCR-direct
sequencing. c MLPA analysis corroborated the deletion in MSH2
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regions are not usually synthesized, it is possible to over-
look SVs whose breakpoints are all outside of the target
regions. Therefore, efficient target enrichment other than
coding sequences remains challenging. Recently, a new
method termed nanopore Cas9-targeted sequencing was
established for the enrichment of target regions [21]. This
strategy uses targeted cleavage with specific guide RNA
and Cas9 for ligating nanopore sequencing adapters, and
enable the capture of more than 10 kb DNA fragments.
Furthermore, using Oxford Nanopore Technologies, a
method to sequence-specific molecules without prior
enrichment is being developed. This approach is called
Read Until that allows us to computationally captutre target
regions [22, 23]. These methods might enhance the sensi-
tivity and specificity of SV detection.

Analysis of variations in PMS2 is complex due to the
presence of multiple pseudogenes and the gene conversion
events with PMS2CL, which leads to underestimation of
PMS2 variant carriers [24–26]. Analysis of larger genome
has significant advantages over traditional short-read
sequencing technology. In addition to long-read sequen-
cing, nanopore technology allows the detection of epige-
netic modifications. Since constitutional epimutations of
responsible genes are also a possible mechanism for her-
editary diseases [27], detection of epigenetic alterations in
the associated genes should increase the sensitivity of
genetic diagnosis. Nanopore technologies directly read
DNA modification without chemical pretreatment such as
sodium bisulfite. If the PCR-free method is incorporated in
the preparation of the DNA library, Nanopore sequencing
will also contribute to the detection of causative epigenetic
changes for a wide range of diseases.
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