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Abstract

Lynch syndrome (LS) is caused by germline defects in DNA mismatch repair (MMR) pathway, resulting in microsatellite
instability (MSI-H) and loss of immunohistochemical staining (IHC) of the respective protein in tumor tissue. However, not
in all clinically suspected LS patients with MSI-H tumors and IHC-loss, causative germline alterations in the MMR genes
can be detected. Here, we investigated 128 of these patients to possibly define new pathomechanisms. A search for large
genomic rearrangements and deep-intronic regulatory variants was performed via targeted next-generation sequencing
(NGS) of exonic, intronic, and chromosomal regions upstream and downstream of MLHI, MSH2, MSH6, PMS2, MLH3,
MSH3, PMSI, and EPCAM. Within this cohort, two different large rearrangements causative for LS were detected in three
cases, belonging to two families (2.3%). The sensitivity to detect large rearrangements or copy number variations (CNV)
was evaluated to be 50%. In 9 of the 128 patients (7%), previously overlooked pathogenic single-nucleotide variants (SNV)
and two variants of uncertain significance (VUS) were identified in MLHI, MSH2, and MSH6. Pathogenic aberrations were
not found in MLH3, MSH3, and PMSI. A potential effect on regulation was exerted for 19% of deep-intronic SNVs,
predominantly located in chromosomal regions where the modification of histone proteins suggests an enhancer function. In
conclusion, conventional variation analysis of coding regions is missing rare genomic rearrangements, nevertheless they
should be analyzed. Assessment of deep-intronic SNVs is so far non-conclusive for medical questioning.

Introduction

Colorectal cancer (CRC) is the third most common cancer
and cause of cancer-related death worldwide [1]. Although
the majority of individuals who develop CRC have sporadic
disease, up to 20% may have inherited a genetic predis-
position [2]. Lynch syndrome (LS) is the most common
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documented in the German Consortium of Familial Colon
Cancer that fulfill the clinical criteria for LS, a pathogenic
germline variant in an MMR gene, classified as “class 4/5”
by the InSiGHT Mismatch Repair Gene Variant Classifi-
cation Criteria in the LOVD [7] confirms the diagnosis [8].
Copy number variations (CNV) and large rearrangements
account for 20% of the known disease causing variants in
LS [9]. However, the detection of either a germline variant
of uncertain significance (VUS; 17%), or no relevant variant
at all (18%) in the MMR genes leaves one-third of these
cases unsolved [8, 10]. Therefore, for a considerable num-
ber of patients with suspected LS, the causative genetic
predisposition cannot be identified. With a view to uncover
further uncommon pathomechanisms, we set up a cohort of
128 patients that are highly suspicious of having LS but
remained unsolved in previous genetic tests. We performed
exonic and deep-intronic sequencing of eight genes asso-
ciated with LS or involved in the MMR pathway (MLH]I,
MSH?2, MSH6, PMS2, MLH3, MSH3, PMSI, EPCAM) and
conducted bioinformatics analysis of both coding and non-
coding single-nucleotide variants (SNV) and small inser-
tions/deletions (InDel), as well as of large genomic
rearrangements.

Materials and methods
Patients and control cohort
Patient cohort

All patients provided their informed consent for cancer
genetics research compliant with ethical standards. The
cohort of 128 patients suspected of hereditary colorectal
cancer was defined by the following criteria: (i) at least one
of the Bethesda criteria met (of those, 32 had family history
of CRC, and 15 were Amsterdam criteria positive), (ii)
MMR-deficient tumors with loss of MLHI and PMS2,
MSH2 and MSH6, PMS2 or MSH6, and (iii) no causative
variation detected in the respective gene(s) showing defi-
ciency in the tumor. Germline analysis in this cohort was
performed by denaturing high performance liquid chroma-
tography (DHPLC) or Sanger sequencing and MLPA based
on IHC results [11-14]. For cases with IHC loss of MLH1,
promoter methylation was excluded in tumors.

Control cohort

We sequenced the DNA of 13 individuals that are known to
have gross deletions/duplications or complex rearrange-
ments in the four major MMR genes, previously detected by
MLPA or long-range PCRs. In two of the control cases, the
exact rearrangement breakpoints are already determined,
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whereas for the remaining 11 individuals only the deleted or
duplicated exons are known. Table 1 lists the rearrange-
ments of the 13 control individuals, which were used as a
test set for the establishment of the rearrangement pipeline.

Deep-intronic sequencing
Panel design

We used a custom-designed Agilent SureSelectXT enrich-
ment kit (Agilent Technologies, Santa Clara, California,
USA), which covers the following genes associated with LS
or involved in the MMR pathway: MLHI, MSH2, MSH6,
PMS2, MLH3, PMSI, MSH3, and EPCAM. To be able to
detect breakpoints of chromosomal rearrangements and
regulatory variations, we included all exonic and intronic
regions of the eight genes, as well as large parts of their
upstream and downstream regions. In the UCSC Genome
Browser [15], we defined the flanking regions of the longest
transcripts by assessing DNase sensitivity and conserved
transcription factor-binding sites. Thereby, the target region
comprises 96 kb upstream of EPCAM through MSH?2 up to
36kb downstream of MSH6, 23kb upstream to 26 kb
downstream of PMSI, 71 kb upstream to 23 kb downstream
of MLHI, 23 kb upstream to 88 kb downstream of MSH3,
14 kb upstream to 30 kb downstream of PMS2 and 11kb
upstream to 8 kb downstream of MLH3. By adding these
large-flanking regions to the design, additional genes loca-
ted in these regions are also covered. Figure 1 displays the
exact regions contained in the kit. In total, the target region
covers 1.3 Mb of the human genome.

Library preparation

DNA was obtained from peripheral blood of all patients.
For panel enrichment approximately 85 ng genomic DNA
was required. Sample preparation was conducted following
the manufacturer’s instructions.

Next-generation sequencing (NGS)

Sequencing was carried out on an Illumina NextSeq
instrument (Illumina, San Diego, California, USA) as 150
bp paired-end runs with V2 chemistry. Fifteen Samples
were pooled for a sequencing run to ensure a sequencing
depth of at least 20-fold for the complete target region.

Alignment, genotype calling, variant annotation,
and filtering of NGS data

Demultiplexing of the sequencing reads were performed
using the bcl2fastq2 (v2.15.0.4) software from Illumina
(downloaded from https://support.illumina.com/sequencing/
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Fig. 1 Target region of the deep-intronic sequencing kit. The six
tracks show the complete chromosomal region that is covered by the
custom-designed kit. The four genes associated with LS (a—c)
are highlighted in red and the four genes involved in the MMR pathway
(d—f) are highlighted in green. The target region includes the following

sequencing_software/bcl2fastq-conversion-software.html).

Reads were aligned to the human reference genome
(GRCh37/g19) [16] using BWA (v 0.7.8-r455) [17] with
standard parameters. Duplicate reads and reads that did not
map unambiguously were removed with Picard Tools
(downloaded from http://broadinstitute.github.io/picard).
The percentage of reads overlapping targeted regions and
coverage statistics of targeted regions were calculated using
Shell scripts. SNVs and small InDels were called using
SAMtools (v1.1) [18]. The following parameters were
used: a maximum read depth of 10000 (parameter-d), a
maximum per sample depth of 10000 for InDel calling
(parameter-L), adjustment of mapping quality (parameter-
C), and recalculation of per-base alignment quality (para-
meter-E). Additionally, SNVs were required to fulfill the
following criteria: a minimum of 20% of reads showing the
variant base and presence in reads originating from dif-
ferent strands. For InDels at least 15% of reads covering
this position were required to indicate the InDel. Variant
annotation was performed with snpEff (v 4.0e) [19] and
Alamut-Batch (v 1.3.1) according to the following RefSeq
genomic/transcript sources: NG_007109.2/NM_000249.3
(MLHI), NG_007110.2/NM_000251.2 (MSH2), NG_0071
11.1/NM_000179.2 (MSH6), NG_008466.1/NM_000535.6
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chromosomal positions: chr2:47,500,000-48,070,000; chr2:190,625,
643-190,768,067; chr3:36,964,000-37,115,000; chr5:79,927,190-80,
260,701; chr7:5,996,249-6,078,750;  chrl4:75,469,099-75,525,752
(color figure online).

(PMS2), NG_008649.1/NM_001040108.1 (MLH3), NG_0
16607.2/NM_002439.4 (MSH3), NG_008648.1/NM_0005
34.4 (PMS1), and NG_012352.2/NM_002354.2 (EPCAM).
The above mentioned genomic/transcript sources are used
for exon numbering. The snpEff nomenclature was adopted
for all variant effects except for splice-site variants.
According to Cartegni et al. [20], those variants were
classified as splice-site defects when located up to 12 bps
upstream of an exon or up to 8 bps downstream of an exon,
as well as variants that affect coding nucleotides 1-2 at 5”-
end of an exon and coding nucleotides 1-3 at 3-end of an
exon. Splice-site prediction was performed with Max-
EntScan (MES) [21] and Human Splice-Site Finder (SSF)
[22]. Splice-site variants fulfilling both of the following
criteria are considered as conspicuous: (i) MES: difference
between wildtype and variant >15% and (ii) SSF: differ-
ence between wildtype and variant >5%. To predict the
damaging potential of aminoacid substitutions we used
PolyPhen-2 [23], Mutation Taster 2 [24], SIFT [25], and
AGVGD [26, 27]. Missense variants are considered as
conspicuous if they are predicted to have damaging effect
in three of the four in silico prediction algorithms. The
class 3, 4, and 5 variants (SN'Vs and rearrangements) listed
in Tables 1 and 2 were submitted to the LOVD3 database
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Table 2 Detected variants with functional or unknown effects in the LS patient cohort.

Sample ID  IHC loss Gene Isoform MOI  Variant Genotype ACMG Class
30669 MSH2/MSH6 ~ MSH2 NM_000251.2  AD c.416del:p.(Asn139Metfs*35) Heterozygous  Class 4
87083 MSH2/MSH6 ~ MSH2 NM_000251.2  AD c2114+1G>T Heterozygous  Class 4
66012 MSH2/MSH6 ~ MSH2 NM_000251.2  AD c942+3A>T Heterozygous  Class 5
KB10471 MSH6 MSH2 NM_000251.2  AD c942+3A>T Heterozygous  Class 5
77187 MLH1/PMS2 MSH6 NM_000179.2  AD c.3882del p.(Pro1295Leufs*32) Heterozygous  Class 4
29781 MLH1/PMS2 MSH6 NM_000179.2  AD c.1421_1422dup p.(GIn475Cysfs*7) Heterozygous  Class 5
67408 PMS2 MLHI NM_000249.3  AD ¢.799_800delinsAG p.(Val267Arg) Heterozygous  Class 3
83122 MSH2/MSH6 ~ MSH6 NM_000179.2  AD ¢.3604dup p.(Met1202Asnfs*13) Heterozygous  Class 4
KB9121 MSH2/MSH6 ~ MSH6 NM_000179.2  AD ¢.3488_3489del p.(Glul163Glyfs*8)  Heterozygous  Class 4
80168 MLH1/PMS2 MLHI NM_000249.3  AD c.2162 A>G p.(Tyr721Cys) Heterozygous  Class 3
48120 MLH1/PMS2  MLHI NM_000249.3  AD c.-63_-62insCACGAGCA Heterozygous  Class 4

The first three variants were not detectable in previous DHPLC variation screenings. In four cases (rows 5, 6, 8, 9), analysis of the deep-intronic
sequencing data revealed a misleading IHC result. The locus of the last variant was not covered in previous analyzed

and are accessible via the following URL and submission
IDs: URL: https://databases.lovd.nl/shared/individuals/
submissionID; IDs: 00263999, 00263997, 00197203,
00265379, 00263998, 00188512, 00265377, 00187512,
00187024, 00265378, 00188557, 00263983, 00263984,
00263985, 00263986, 00263987, 00263988, 00263989,
00263990, 00263991, 00263992, 00263993, 00263994,
00263995.

Analysis of rearrangements and CNVs

Large chromosomal rearrangements and breakpoints of
CNVs were analyzed with the public tools Pindel (version
v0.2.5b8) [28] and Delly (version v0.7.6) [29]. The methods
are based on the evaluation of the span and orientation of
paired-end reads and the investigation of split sequence-
read signatures breaking alignment with the reference. The
rearrangement pipeline requires the complete mapping data
of a sample, i.e., reads that were flagged as unmapped, not
properly paired or duplicated (PCR or optical) are not
removed from the mapping files. The rearrangement pipe-
line is conducted subsequent to demultiplexing and map-
ping of the SNV analysis pipeline. The results of Pindel and
Delly are combined and annotated within a master Shell
script.

Analysis of non-coding variants

We used the functional annotation tool SNiPA [30] for
effect predictions on both the gene and the regulatory level.
SNiPA provides information about regulatory elements,
gene trait annotations, as well as variant associations for
many variants and their locus context. As SNiPA only
contains annotations for SNVs in phase 3 version 5 of the
1000 genomes project [31], we additionally intersected all

detected non-coding variant calls with the following reg-
ulatory genomic regions tracks obtained from the UCSC
Table Browser [32]: (1) “Dnase Cluster: Integrated Reg-
ulation from ENCODE Tracks”, (2) “H3K4Mel, H3K4Me3,
H3K27Ac: Integrated Regulation from ENCODE Tracks”,
(3) “TFBS: HMR Conserved Transcription Factor Binding
Sites”, and (4) “miRNA: TargetScan miRNA Regulatory
Sites”.

Results
Quality of targeted deep-intronic sequencing data

The target region of the patients and the control cohort
showed a mean coverage of 211.91 reads and a median of
201 reads. Only 2.34% of the target region had zero cov-
erage, 90.82% was covered by at least ten reads and 85.71%
was covered by at least 20 reads. Overall, we obtained
sufficient coverage in both exons, introns and flanking
regions for all analyzed individuals (patients and controls)
in order to conduct variant calling and rearrangement
detection.

SNV analysis

SNV and InDel analysis of each LS patient resulted in a
mean of 1236 (SD 204) calls for each individual, and, out of
this number, a mean of 304 (SD 91) SNVs per patient were
considered as rare variants with a frequency of <1% in the
general population (ExAC data [33]). There were on aver-
age 11.4 (SD 2.2) coding variants per individual, of which
4.9 (SD 1.8) were silent variants, 9.6 (SD 1.7) were mis-
sense variants, and 1.8 (SD 2.2) showed a strong truncating
effect as defined by MES and SSF. In each patient, a mean

SPRINGER NATURE
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Table 3 Allocation of non-

coding variants into putative Type All Dnase cluster miRNA TFBS H3K4Mel H3K4Me3 H3K27Ac
regulatory regions. splice site region 28 6 0 0 18 17 9
intron 9069 807 0 41 4159 4997 3655
UTR'3 prime 189 46 0 4 114 128 105
UTR'S prime 57 33 0 32 38 34
downstream 489 25 0 5 181 282 213
upstream 392 108 0 11 205 234 161

All non-coding variants were assigned to UCSC regulatory region tracks. Most of the variants are located in
regions where modification of histone proteins is suggestive of enhancer or other regulatory activity

of 1127 (SD 199) non-coding variants were detected, with
2.5 (SD 1) of these located at splice-sites as defined by
Cartegni et al. [20], 1031 (SD 174) in the introns, 34 (SD 9)
upstream, and 59 (SD 15) downstream of the respective
genes. SNV analysis of the 128 LS samples solved the
phenotype of LS in nine patients by detecting class 4 or
class 5 variants in the coding regions of the MMR genes
and revealed two variants with uncertain significance
(VUS). These 11 variants were missed initially by DHPLC
or Sanger sequencing or due to misleading IHC results.
Table 2 lists the class 3, 4, and 5 variants, which include
five frame-shift variants, three SNVs affecting a splice-site,
one promoter insertion, and two consecutive missense
variants. The nine causative variants and the two VUS only
affected three genes: MSH2, MSH6, and MLH 1, whereas no
clear variants affecting function could be detected in PMS2
or the other targeted genes, MLH3, MSH3, and PMSI. In
four patients, the disease causing variant was overseen,
because a misleading THC result indicated a defect of a
specific MMR gene, which was then analyzed selectively,
whereas the gene harboring the variant affecting the func-
tion was not analyzed (Table 2, rows 5, 6, 8, 9). IHC was
repeated for these cases; the results of IHC then matched
with the genes where disease causing variants associated
with LS were detected. MSH2 variants c.211 +1G>T,
c.416delA p.(Asnl391lefs*35) and c.942+3 A>T were
not detectable in previous DHPLC variation screening [14],
confirming an incomplete variation detection rate of ~90%.
The patient with variant MLH]I c.-63_-62insCACGAGCA
was externally analyzed by Sanger Sequencing and analysis
did not cover the location of the variant. The patients
KB10471 and 67408 (Table 2, lines 4, 7) were also ana-
lyzed externally and the variants were probably overlooked
because they affect the heterodimers and not the respective
gene with THC loss.

Regulatory evaluation of deep-intronic variants
Assessing all detected unique variant calls from the whole
cohort of patients, a total of 10,224 distinct variants were

annotated as non-coding. Of these, 9069 were located in
introns, 189 at the 3'UTR, 57 at the 5UTR, 489
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downstream, 392 upstream, and 28 SNVs in splice-site
regions of the corresponding coding genes (Table 3).
Among the 28 splice-site variants, three SNVs affect
intronic nucleotides at 4 /— 1-2 and 25 were located within
regions + /— 3-8. In addition to the 28 non-coding splice-
site SN'Vs, we detected two coding SNVs within the defined
splice-site region of two genes previously not associated
with LS [MSH3:NM_002439.4:c.235 A>G p.(Ile79Val),
EIF2B2:NM_014239.3:¢.599G>T p.(Gly200Val)].
Besides the two splice-site variants that solved the pheno-
type of LS (Table 2), none of the remaining splice-site
variants had a suspicious result in splice-site prediction
(MES, SSF). SNVs with a rare (<1%) or no documented
population frequency were subjected to comprehensive
annotation yielding effect predictions on both the gene and
the regulatory level. Figure 2 provides a summary of effect
categories as predicted by the SNiPA functional annotations
[30]. The majority (72%; 7361) of the intronic, UTR, or
non-coding variants may affect transcript processing;
however, there is no further evidence available that would
allow for more accurate insights into this matter. For a
definite classification of these variants RNA analyses are
planned to be performed in a next step. Moreover, accord-
ing to SNiPA, 19% (1943) of the variants were predicted to
have a putative effect on regulation, as they were mapped
into regulatory regions such as promoter/enhancer regions.

100%
72,711%

80% 7
60%
40%
19,01%
20% 6,06% '
i 17%
_ A 0,06% 2,
0%
not annotated putative effect putative effect direct effect on change of AA
(intergenic) on transcript  on regulation regulation sequence

Fig. 2 Overview of annotations for all coding and deep-intronic
SNV calls detected in the whole-patient cohort. Functional anno-
tations and linkage disequilibrium information for all detected SNVs
were received with the SNiPA tool. The majority of variants are
located in intronic regions with a putative effect on transcript.
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Table 3 gives a detailed description of the mapping of the
variants into predicted regulatory regions. A total of 1025
variants were located at DNase I Hypersensitivity sites; the
majority of the variants (over 4000) mapped to H3K4Mel,
H3K27Ac, or H3K4Me3. A lower number of 65 variants
were located at transcription factor-binding sites (TFBS)
conserved in the human/mouse/rat alignment. No variants
mapped to the TargetScan miRNA Regulatory Sites.
Figure 3 shows a heatmap of the ratio of the observed versus
expected number of variants in the regulatory region tracks.
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2 that causes a paracentric inversion between the DCLK3 gene and
MLH]. The same structural variation was identified in two additional
family members. ¢ In another patient, we identified a gross insertion
(2.2 Kb) of a 5" truncated SVA element in PMS2 intron 7 (color figure
online).

The variants were classified based on their consequences for
the transcript. We observed an almost three times higher
number of 5'UTR variants than expected in regions. where
chromatin is hypersensitive to cutting by the DNase enzyme
(obs./exp. ratio 2.89) and in regions where transcription
factors bind (obs./exp. ratio 2.69). A closer look at these
5’'UTR variants revealed no causative effect, as they were
either detected in patients with another variant affecting the
function or in patients with IHC loss of proteins not corre-
sponding to the genes affected by these 5S'UTR variants.
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CNV and rearrangement analysis
Control cohort

We were able to detect the breakpoints in six of the 13
individuals with known CNVs (Table 1). In one (ID 50823)
of these six cases, both detected breakpoints were already
known, whereas for the remaining five cases, only the
deleted or duplicated exons were known. We thus could
determine the exact position of duplicated gene regions in
one further patient (ID 83746). In one case (ID 58915), no
breakpoints were detected even though breakpoints
were known.

Duplications

In one patient (ID 58915), a gene context disruption was
shown before for an MLH1 duplication, which explains the
underlying pathomechanism. The duplicated region affects
exon 9 to exon 15, which was inserted in forward orienta-
tion in intron 15; the exon sequence in this patient is thus
E1-15-E9-15-E16-19 (Fig. 4a). In this case, the breakpoints
were known but could not be confirmed with the deep-
intronic panel, even though the respective region showed
sufficient coverage (>30-fold). In sample ID 83746, with an
MSH? duplication, IHC loss of MSH2 in the tumor implies
the presence of a defect; however, the pathomechanism is
unclear, as the parental MSH?2 transcript is predicted to be
unaffected by the duplication. The exact breakpoint could
be identified and the affected exons 5 to 16 were duplicated
downstream to MSH2 far after the poly-adenylation signal.
Subsequent complementary DNA analyses revealed that
aberrant MSH?2 transcripts were generated (Fig. 4a; pub-
lication in preparation). In patient ID 43564, a complete
MLH] duplication had been identified previously. For this
sample, the complete target region around MLHI showed a
one-third/two-thirds allele distribution, which suggests that
the breakpoints of the duplication are located outside the
designed panel’s target region. The duplication breakpoints
of MSH?2 exons 3 to 7 in sample ID 87183 could not be
detected, despite sufficient coverage of both intronic
regions.

Deletions

Control patient ID 54450 has a deletion of MLHI exons 9 to
15. The breakpoints were known and could be confirmed
with the deep-intronic panel (Table 1). The same was the
case for the MLHI and MSH6 deletions of sample ID 75637
and sample ID 79032: both breakpoints were already known
and were confirmed by the rearrangement pipeline with a
sufficient coverage of >20 reads. The EPCAM deletion of
exons 6 to 9 in patient ID 54695 was confirmed with the
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deep-intronic panel and, more importantly, the previously
unknown breakpoints of the event could be detected and
revealed a deletion of the promoter region of MSH2. In
patient ID 49738, a deletion of exons 1 to 10 of PMS2 had
been detected, but so far it has not been possible to deter-
mine the exact breakpoints. The region upstream from
PMS?2, which is targeted by the deep-intronic panel, showed
a homozygous variant-allele distribution in this sample,
which indicates that the corresponding breakpoint may be
located outside the target region. A detailed coverage ana-
lysis of PMS2 intron 10 revealed an uncovered part of 8% in
which the second breakpoint may have remained unde-
tected. Similarly, the breakpoints of the PMS2 deletions in
sample ID 72394 and sample ID 62454 may have not been
detected because they are located in a region with zero
coverage of PMS2. Coverage analysis revealed an uncov-
ered proportion of 10%, 5% (PMS2 downstream, PMS2
intron 10) and 13%, 10% (PMS2 intron 8, PMS2 intron 12)
for these two samples. A deletion of MSH2 exons 1 to §,
which reaches upstream into the EPCAM gene, was detec-
ted before for sample ID 45524, but the breakpoints could
not be identified with the deep-intronic panel. For this
sample, the MSH?2 intron 8 region showed four coverage
gaps with a size between 300 to 1600 bps. Furthermore, the
region upstream from MSH2 showed only homozygous
variants up to the end of the target region.

Inversions

The control cohort included one patient (ID 50823) with a
paracentric inversion of MLHI exons 1-15 and LRRFIP2
exon 29 in-frame, and LRRFIP2 exons 1-3 fused with
MLH]I exons 16-19 in-frame [34]. The inversion break-
points in MLHI intron 15 and LRRFIP2 intron 3 with
deletion of LRRFIP2 exons 4-28 were verified successfully
with the rearrangement pipeline.

Patient cohort

In one patient with a combined ITHC loss of MLHI and
PMS?2 in the tumor, we reported a germline heterozygous
SNV in MLH]I exon 8 revealed mono-allelic expression in
previous cDNA analyses, indicating an MLHI germline
defect [13]. In this patient, our rearrangement pipeline
detected a complex novel rearrangement on chromosome 2
that results in a paracentric inversion between the genes
DCLK3 and MLH1 (Fig. 4b). To investigate the recurrence
of rearrangements in further unsolved patients suspected of
LS we currently perform analysis, which was recently
published [35]. DCLK3 is located about 280 kb upstream
from MLHI with antisense-orientation. In total, the inver-
sion affects 273,592 bp, including the two antisense genes
TRANKI and EPM2AIP1, which are located between
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DCLK3 and MLH]I. The breakpoints are located in MLH1
intron 1 and DCLK3 intron 3, resulting in two new fusion
transcripts: MLH]I exon 1 and DCLK3 exons 4-5 in-frame,
and DCLK3 exons 1-3 fused with MLHI exons 2-19 in-
frame [breakpoints: chr3:36762825 (9 reads) &
chr3:37036416 (17 reads)]. The same structural variation
was identified in two additional family members.

In another patient with IHC loss of PMS2, we detected a
2.2 kb insertion of a 5" truncated SVA element in PMS2
intron 7 [breakpoints: chr7:6035324 (over 30 reads) &
chr7:77138494 (over 30 reads)], which was already
described by van der Klift et al. [36] (Fig. 4c). In-silico
predictions and cDNA analyses showed that the SVA
insertion results in the exonization of a 71 bp fragment,
including 14 intronic bp and 57 bp of the 5"-end of the SVA
element. The fragment inserted in the transcript causes a
premature termination codon that triggers the degradation of
the transcript through nonsense-mediated messenger
RNA decay.

The two rearrangements we found were consistent with
the THC loss in the tumor and obviously abrogate gene
function, therefore we classified these rearrangements as
class 5.

Discussion

The aim of the present study was to evaluate the incidence
of large rearrangements and the contribution of sequence
variants in the regions of the major and subordinate MMR
genes in a cohort of patients who: (i) met the Amsterdam or
revised Bethesda guidelines; (ii) showed a loss of gene
expression in their tumor tissue for at least one of the MMR
proteins; and (iii) had shown no causative germline variant
in these MMR genes during state-of-the-art routine diag-
nostics. In a second step, deep-intronic germline variants
were analyzed with regard to their location in regulatory
regions.

We were able to solve the phenotype of LS in 11 out of
128 patients that were unsolved in preceding genetic tests.
Primarily, the causative DNA alterations were single-
nucleotide variants. Of these, 82% were pathogenic SNVs
overlooked in the course of routine diagnostics; large
chromosomal rearrangements were identified in only 18%
of the clarified cases, which is consistent with the general
contribution of large rearrangements to known variants
associated with LS [9]. All causative variants affected one
of the four major MMR genes (MLHI, PMS2, MSH?2,
MSHG6), whereas no causative variation was detected in the
other genes (PMSI, MLH3, MSH3, EPCAM). So far, het-
erozygous germline variants in additional MMR genes such
as MSH3, PMSI, or MLH3 alone are not regarded causative
for LS [12]. However, biallelic MSH3 defects have been

identified in two patients with recessive adenomatous
polyposis [37]. For EPCAM, only large deletions, including
the last exon are causative of LS, whereas variants altering
an aminoacid in the protein are not associated with LS.

Sensitivity of rearrangement detection

We were able to determine <50% of the rearrangements
breakpoints in the control cohort. One reason for this sen-
sitivity was an uneven coverage in the custom-designed
capture kit. As mentioned before, 9.18% of the target region
of the deep-intronic panel was covered by ten sequencing
reads or less and 2.34% were not covered at all. This uneven
coverage might be the consequence of limitations in the bait
design due to highly homologous genomic regions where
baits could not be placed. Possibly, breakpoints are enriched
in these difficult regions and thus could not be detected so
far. In the cases of the PMS2 deletions, the breakpoints may
be missed because of ambiguous alignment results due to
the many regions (e.g., PMS2CL) with high homology to
PMS2. Additionally, the target region of the custom-
designed capture kit is limited and may not cover all the
breakpoint genomic regions. If we compare the samples for
which we identified the causative variation to those in
which we could not detect any breakpoints, there is no
discrepancy in overall quality. We were not able to detect
breakpoints in some of the best-covered samples, and,
conversely, identified clearly disease causing variants in
samples with rather poor coverage. One strategy to over-
come these issues and improve sensitivity would be whole-
genome sequencing (WGS) of the patient cohort. WGS data
shows evenly distributed coverage, which facilitates the
detection of CNV breakpoints and large chromosomal
rearrangements. Moreover, with WGS no limits are
imposed on the region to be analyzed and therefore break-
points cannot be missed due to insufficient target region size
[38, 39]. Identification of the exact CNV breakpoints is
important, especially for duplications, since the interpreta-
tion of a genomic duplication depends heavily on the locus
of the duplication event (e.g., outside of the natural genomic
context versus disruption of the reading frame of the par-
ental gene). Nevertheless, even if the breakpoints are
known, in some cases the underlying pathomechanism can
be very difficult to deduce. For sample ID 83746 (see
Table 2) we revealed that the duplicated gene (MSH2) is
intact but the corresponding transcript affected by the
duplication; the tumor, showed an THC loss of MSH2. In
order to confirm this case, MSH2 should be sequenced in
the tumor tissue for identification of causative somatic
variants. As with other studies, targeted capture-based NGS
data is a powerful tool for detection of CNV breakpoints
and large rearrangements [40], which are indispensable for
the identification of the causative variant or mechanism and
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should be analyzed with a high and evenly distributed
coverage and, if possible, in an unrestricted target region.

Intronic variants

In a second approach, all rare deep-intronic variants of the
patient cohort were analyzed. Most of the variants mapped
to H3K4Mel, H3K27Ac and H3K4Me3 regions or DNase
I hypersensitivity sites (Table 2). The histone modifica-
tions H3K4Mel and H3K27Ac are quite broad and often
indicative of enhancer and other regulatory activity. The
H3K4Me3 track shows a histone mark associated with
promoters. Regulatory regions, and especially promoters,
tend to be DNase-sensitive. We determined an accumu-
lation of observed versus expected S'UTR variants in
DNase-hypersensitivity regions and TFBS; however,
these variants were classified as benign or likely benign.
Rare intronic variants are of scientific interest, but their
contribution to disease is difficult to determine. Mon-
talban et al. [41] identified the first BRCAI deep-intronic
variant associated with hereditary breast-ovarian cancer
syndromes by pseudoexon activation. In another study,
Clendenning et al. [42] identified a variant deep within an
intron of MSH?2 that causes LS. These studies highlight
the importance of investigating non-coding regions by
performing additional molecular analyses and utilizing
more extensive sequence analysis methods to solve
unexplained cases of suspected LS where routine diag-
nostics fail to determine a causative variation. Intronic
variants predicted to create de novo splice-sites or activate
cryptic splice-sites should be selected for further char-
acterization, e.g., in patient RNA. RNAseq-based
expression data could be useful here in order to reveal
new pathomechanisms.

Unexplained LS suspected cases

In concordance with literature, we failed to identify a cau-
sative germline MMR gene variation for the majority of
suspected LS cases [43]. Another explanation of the MMR
deficiency detected in the tumors may be the presence of
biallelic somatic hits in MMR genes [44—46], most probably
representing sporadic cases. Also, germline variations in
other genes that cause impaired DNA error correction, such
as MUTYH, POLE or POLDI, may in some instances cause
MMR deficiency in the tumors because of the somatic
alteration of MMR genes [47, 48]. For most of the samples,
analysis of somatic alterations is not possible as the tumors
are not available. Nevertheless, complex rearrangements
may have been missed in the unexplained LS cases because
they are located outside of the targeted region or may be
hidden in regions difficult to analyze, e.g., in common
fragile site region, as it was the case in a study of Vogt et al.
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[49] where they found a “PMS2 inactivation by a complex
rearrangement involving an HERV retroelement and the
inverted 100-kb duplicon on 7p22.1”.

Conclusion

Taken together, complex rearrangements are missed during
routine diagnostics covering only exonic and splice junc-
tions, but they occur very seldom. However, their low
incidence may be biased by the fact that many events are
missed due to the difficulties in detection and the lack of
covering the breakpoint regions. Integrating special regions
for targeted breakpoint analysis has the advantages it is not
as expensive as WGS, and the data can be analyzed much
easier and faster. Otherwise, it is challenging to determine
all necessary regions to be targeted and, moreover, to
achieve uniform overage on the capture data. SNVs within
deep-intronic regions are still non-conclusive for medical
questioning. The main reason for this lies in the lack of
conclusive annotations about intronic variants, especially
their impact on diseases. More extensive sequence analysis
methods of intronic regions and additional molecular ana-
lyses of their downstream effects are necessary to cope with
this lack of information. Therefore, extending routine
diagnostics to regions that are known to be prone to
breakpoints and well-annotated intronic regions may strike
a good balance between not missing causative variation,
gain new information about intronic regions and save time,
money, and effort.
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