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In many families with suspected Lynch syndrome (LS), no germline mutation in the causative mismatch repair (MMR) genes is

detected during routine diagnostics. To identify novel causative genes for LS, the present study investigated 77 unrelated,

mutation-negative patients with clinically suspected LS and a loss of MSH2 in tumor tissue. An analysis for genomic copy

number variants (CNV) was performed, with subsequent next generation sequencing (NGS) of selected candidate genes in a

subgroup of the cohort. Genomic DNA was genotyped using Illumina’s HumanOmniExpress Bead Array. After quality control and

filtering, 25 deletions and 16 duplications encompassing 73 genes were identified in 28 patients. No recurrent CNV was
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detected, and none of the CNVs affected the regulatory regions of MSH2. A total of 49 candidate genes from genomic regions

implicated by the present CNV analysis and 30 known or assumed risk genes for colorectal cancer (CRC) were then sequenced

in a subset of 38 patients using a customized NGS gene panel and Sanger sequencing. Single nucleotide variants were

identified in 14 candidate genes from the CNV analysis. The most promising of these candidate genes were: (i) PRKCA, PRKDC,

and MCM4, as a functional relation to MSH2 is predicted by network analysis, and (ii) CSMD1, as this is commonly mutated in

CRC. Furthermore, six patients harbored POLE variants outside the exonuclease domain, suggesting that these might be

implicated in hereditary CRC. Analyses in larger cohorts of suspected LS patients recruited via international collaborations are

warranted to verify the present findings.

What’s new?
While several causal genetic factors for Lynch syndrome (LS), or hereditary non-polyposis colorectal cancer, have been

identified, in many families with suspected LS no germline mutation is detected during routine diagnostics. Here, a genome-

wide copy number variant (CNV) analysis in a large cohort of patients with suspected LS and MSH2 loss identified rare

alterations in candidate genes (PRKCA, PRKDC, MCM4, and CSMD1) that may predispose to colorectal tumorigenesis. The study

demonstrates that rare germline CNVs and point mutations are likely to contribute to the hereditary risk for colorectal tumors,

and the underlying genetic factors are likely to be very heterogeneous.

Introduction
Lynch syndrome (LS) or hereditary nonpolyposis colorectal
cancer (HNPCC) is a tumor predisposition syndrome charac-
terized by a high risk of colorectal cancer (CRC); endometrial
cancer (EC); and a variety of additional malignancies.1

Research has identified several causal genetic factors. These
comprise germline mutations in four mismatch repair (MMR)
genes (MLH1, MSH2, MSH6, and PMS2), and deletions in the
3’ region of the EPCAM gene upstream of MSH2.1 In LS-
associated cancers, tumor tissue usually displays both a loss of
the respective DNA repair protein, and high microsatellite
instability (MSI) as a sign of the DNA repair defect.1 The pat-
tern of loss detected via immunohistochemical staining (IHC)
indicates the underlying genetic defect, or epigenetic alter-
ations in case of MLH1 loss.

However, a germline mutation in one of the aforemen-
tioned MMR genes is only detectable in around 53% of
patients who fulfill the clinical criteria for suspected LS
(revised Bethesda guidelines2) and show MSI in their tumor
tissue.3 In patients whose tumor tissue shows immunohisto-
chemical loss of MSH2/MSH6, the mutation detection rate is
slightly higher (70%). Nonetheless, in 30% of these patients,
no causative germline mutation is detected during routine
diagnostics.3 Mutation-negative patients include individuals
with a young age of onset and/or a positive family history of
LS-associated cancers, factors which are strong indicators that
mutations in as yet undiscovered genes might be causative
for LS.

Since its establishment in 1999, the German HNPCC
Consortium has collected one of the largest cohorts of
patientswith clinically suspected LS worldwide. The cohort
includes a large number of individuals who fulfill the revised
Bethesda criteria, show signs of a DNA repair defect in their

tumor tissue, and have no detectable MMR germline muta-
tion. In the majority of these patients, a loss of MLH1 and/or
PMS2 has been detected in the respective tumor tissue.
Research has demonstrated that this tumor phenotype is often
caused by somatic changes, in particular methylation of the
MLH1 promoter. Loss of MSH2/MSH6 in tumor tissue is
identified less frequently, and is more often attributable to an
underlying germline alteration. Therefore, a focus on patients
with a loss of MSH2 is a promising approach to the identifica-
tion of novel causal genes for LS.

The aim of the present work was to identify novel causa-
tive genes in unrelated mutation-negative patients with clini-
cally suspected LS and a loss of MSH2/MSH6 protein
expression in their tumor tissue. Therefore, we chose a two-
step study design. First, a genome-wide copy number variant
(CNV) analysis was performed as large heterozygous deletions
and duplications contribute significantly to the germline
mutation spectrum of the MMR genes and therefore CNVs in
yet undiscovered LS genes might also be disease causing. Sec-
ond, promising candidate genes of the CNV analysis were
sequenced in a subgroup of the cohort to identify pathogenic
point mutations.

Materials and Methods
Patients
Patients were recruited at six German university hospitals par-
ticipating in the German HNPCC Consortium as described
elsewhere,4 and at the Leiden University Medical Center. No
patient had intellectual disability or any other severe mental
disease given the clinical impression and personal history. The
study was approved by the ethics committee of each partici-
pating institution, and all study procedures complied with
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the Declaration of Helsinki. All patients provided written
informed consent prior to inclusion.

The initial cohort comprised 137 index cases from the
German HNPCC Consortium and 12 index patients from
the Leiden University Medical Center. All of the respective
families met the Amsterdam II criteria5 or the revised
Bethesda Guidelines.2 For each patient, IHC of tumor tissue
had been performed for a minimum of MLH1 and MSH2.
With the exception of two patients, the result indicated
MSH2 deficiency (and additional MSH6 deficiency where
applicable). The families of the two patients in whom no
MSH2 or MSH6 deficiency was detected met the Amsterdam
II criteria. In the first patient, only adenoma tissue was avail-
able for IHC. This displayed no MMR protein loss. In the
second patient, tumor tissue showed MSI and no MMR pro-
tein loss in IHC.

If not previously performed, the following were conducted
in the leucocyte DNA of all patients: (i) Sanger or next
generation sequencing (NGS) of all coding exons and adja-
cent intronic regions of MSH2; and (ii) multiplex ligation-
dependent probe amplification (MLPA) analysis of all
MSH2 exons, and EPCAM exons 8 and 9. These analyses
were also performed for the MSH6 gene. However, in some
cases, the MSH6 analysis had been performed by DHPLC
prescreening and subsequent sequencing of the conspicuous
exons only, and the remaining amount of DNA was
insufficient for additional MSH6 analysis. We also excluded
two large recurrent MSH2 inversions described in the litera-
ture6,7 in most of our patients (where enough DNA was
available).

Variants of unknown significance (VUS) in MSH2 or MSH6
were reevaluated prior to study inclusion using the InSiGHT
database (http://insight-group.org/variants/classifications). The
initial patient cohort comprised 149 patients with loss of
MSH2 expression in their tumor tissue and no pathogenic
MSH2 germline mutation. Of these, 53 patients harbored
VUS in MSH2 or MSH6. Reevaluation of these variants
revealed that many of these have since been classified as
pathogenic (Class 5) or probably pathogenic (Class 4). As a
result, 39 patients were excluded from the analysis. Prior to
the CNV analysis, 15 additional patients were found to har-
bor a pathogenic variant in MSH2 or MSH6 through the
application of up-dated routine diagnostics. In one patient,
an unexpected MLH1 mutation was detected by NGS, and
one patient was diagnosed with MUTYH-associated polypo-
sis after a clinical review of his medical data prompted a
mutation analysis of the MUTYH gene. All of these patients
were excluded from the present analyses, in addition to
16 patients whose DNA amount or quality was insufficient
for array analysis.

The final genome-wide CNV analysis was conducted in
77 unrelated mutation-negative patients. A subset of
39 patients with sufficient DNA amount and quality was
selected for NGS of candidate genes.

Microsatellite analysis
MSI analysis was performed on matched pairs of tumor and
normal DNA samples using the National Cancer Institute/
International Collaborative Group on HNPCC (NCI/ICG-
HNPCC) reference-marker panel for the evaluation of MSI in
CRC, as described elsewhere.3

IHC of MMR proteins
IHC for the MMR proteins MLH1, MSH2, MSH6, and PMS2
was performed as described elsewhere.4 The level of protein
staining in tumor cells was compared to the protein level in
normal tissue. MMR protein expression was considered defi-
cient if the nuclei showed no immunostaining, or only very
weak immunostaining, relative to normal tissue.

Genotyping and quality control prior to CNV detection
For all individuals, DNA from venous blood samples was gen-
otyped on the Illumina HumanOmniExpress-12 BeadChip. To
minimize technical artifacts in CNV calling, stringent quality
control (QC) criteria were applied. Single-nucleotide polymor-
phisms (SNPs) with a call rate of <98% were excluded. Indi-
viduals with the following characteristics were removed from
the dataset: (i) DNA call rate <98%; and/or (ii) difference
between X-chromosomally inferred and phenotypic sex.

CNV detection
The SNP-chip data of each participant were analyzed with
QuantiSNP, as described elsewhere (v2.2, http://www.well.ox.
ac.uk/QuantiSNP).8–10 Participants were excluded if the stan-
dard deviation from the log R ratio calculated over all SNPs
exceeded 0.30. X-chromosome data were excluded from the
analysis as we did not expect X-chromosomal inheritance.

Filtering against an in-house control dataset
The in-house control dataset comprises 1,320 population-
based controls, as described elsewhere.10 These individuals
were drawn from the population-based Heinz Nixdorf
RECALL (HNR) study (Risk Factors, Evaluation of Coronary
Calcium and Lifestyle).11 All individuals were genotyped on
the Illumina HumanOmniExpress-12 BeadChip. SNPs with a
call rate of <98% were excluded. Participants with the follow-
ing characteristics were removed from the dataset: (i) DNA
call rate <98%; (ii) difference between X-chromosomally
inferred and phenotypic sex; (iii) DNA sample doublets iden-
tified by identity-by-state (IBS) estimates (defined as IBS = 2);
(iv) cryptic relatedness (IBS ≥ 1.6); and/or (v) population out-
lier status according to multidimensional scaling with Hap-
Map phase 2.2 data. The CNV detection protocol was
equivalent to that used for patients.

CNV filter criteria
To be considered for downstream analysis, each CNV was
required to: (i) span ≥10 kb; (ii) encompass ≥5 consecutive
markers; (iii) have a max. log Bayes factor (LBF) of ≥10
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(deletions) or ≥20 (duplications); and (iv) lie within 50 kb
upstream or downstream of a RefSeq gene boundary (accord-
ing to GRch37/hg19) or the putative regulatory regions
1.5 Mb upstream and downstream of MSH2.

As the focus of the present study was the identification of
rare and highly penetrant CNVs, all deletions and duplica-
tions fulfilling the above mentioned criteria were filtered
against the in-house control dataset. LS has a prevalence of
around 0.2% in the general population.12 Thus all CNVs with
a frequency of ≥0.2% in the in-house control dataset were
excluded from the downstream analyses. Furthermore, CNVs
that showed partial or complete overlap with known segmen-
tal duplications were excluded from further analysis, as these
regions are naturally prone to copy number changes, and are
unlikely to cause monogenic disease.

Experimental verification of predicted CNVs
CNVs that surpassed the present filter criteria were visually
inspected in Genome-Studio (v2011.1, http://www.illumina.
com/software/genomestudio_software.ilmn). Experimental
verification of predicted CNVs was performed in triplicate
using qPCR and Fast SYBR®Green (Life Technologies, Carls-
bad, CA), as described previously.13,14 Briefly, three to four
primer pairs were designed for each region (sequences avail-
able upon request). Relative copy numbers were measured in
comparison to three housekeeping genes (BCN1, CFTR, and
RnaseP). CNVs that implicated a gene that was followed-up in
the sequencing analyses were either experimentally verified, or
assumed to be a true CNV finding on the basis of a LBF
of >60.

Compilation of an MSH2 interaction partner list
A genomic context analysis was performed to compile a list of
the 100 closest interaction partners of MSH2. The genomic
context analysis approach is described elsewhere.15 All genes
larger than 10 kb were covered with ≥3 SNPs on the Illumina
HumanOmniExpress-12 BeadChip. Three X-chromosomal
genes were excluded from further analysis as the X-
chromosome was not included in CNV analysis.

Selection of candidate genes for NGS
To validate the etiological relevance of the candidate genes,
promising candidate genes were further investigated by NGS
analysis of leukocyte DNA using a customized panel in order
to identify additional point mutations (i.e., truncating variants
and putative missense variants, as well as in-frame deletions/
duplications and silent mutations predicted to be deleterious
on the basis of a high CADD [combined annotation-
dependent depletion] score). Genes affected by a CNV in the
present study were prioritized according to function. A subset
of 47 genes was thereby selected for NGS analysis, two further
genes for Sanger sequencing. Candidate gene selection was
restricted to genes expressed in normal colon mucosa, as indi-
cated by two publicly available databases, EST profiles

reported in the UniGene database, and RNA expression data
from normal human tissues reported in GeneCards. Genes
were considered to be expressed if the value of transcripts per
million was above zero. X-chromosomal genes were excluded
from the analysis. Genes for long noncoding RNAs were
excluded, as their function remains unclear. In addition,
30 established or putative CRC risk genes from the literature
were included to exclude other hereditary cancer syndromes
in the present cohort mimicking the LS phenotype.

Targeted high-throughput sequencing
Mutation screening of the 77 selected candidate genes was
performed using targeted NGS and TruSeq enrichment proto-
cols (Illumina). Oligonucleotide probes were designed using
the Illumina DesignStudio software. One microgram of geno-
mic DNA was extracted from leukocytes using standard
protocols and fragmented using sonication technology
(Bioruptor, Diagenode Liège, Belgium). The fragments were
end repaired and adapter ligated using Illumina’s TruSeq®

DNA HT Sample Preparation Kit. Custom capture of targeted
regions was performed on pools of 12 index libraries using
Illumina’s TruSeq enrichment protocol. The captured DNA
was sequenced using Illumina’s MiSeq2000 sequencer with
2x100bp paired-end reads. Coverage of 30x was achieved for
at least 96% of targeted bases. Data were filtered using Illu-
mina Realtime Analysis® software.

To identify somatic MSH2 mutations, MSH2 and MSH6
were analyzed in the tumor samples of 11 patients of whom
tumor DNA was available using NGS and the TruSight Can-
cer Panel (Illumina) and Illumina’s MiSeq2000 sequencer.

Alignment, genotype calling, variant annotation, and
filtering of NGS data
Reads were aligned to the hg19 human reference genome
using the in silico PCR und BLAST tools of the UCSC
Genome Browser.16 Variant call quality was assessed with
VariantStudio v2.2 (Illumina). A minimum quality score of
30, a minimum coverage of 10x, and an alternative variant
frequency of >10% were required. Allele frequencies were
obtained from the Exome Aggregation Consortium Browser
(release 0.3.1), after the exclusion of samples from patients
with known cancer. Common variants with an allele fre-
quency of >0.005 were excluded from the analysis. All variants
withstanding these filter criteria were confirmed by Sanger
sequencing.

In silico prediction of NGS variants
Pathogenic effects of missense variants were predicted using
four in silico analysis tools (SIFT, Polyphen-2, MutationTa-
ster, and PROVEAN).17–20 Amino acid insertions and dele-
tions were analyzed by MutationTaster and PROVEAN only.
Exonic silent variants and intronic variants (+/− 10 bp of
RefSeq exon boundaries) were analyzed using MutationTaster
and Human Splicing Finder.21
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CADD scores were obtained for all variants, as described
by Kircher et al.22 A PHRED-like scaled C-score (CADD
score) of ≥10 indicates the 10% most probable deleterious
substitutions in the human genome, a score of ≥20 indicates
the 1% most deleterious. A CADD threshold score of ≥20 was
applied to the present data.

The pathogenic relevance of the variants was further
explored by evaluating: (i) the genetic intolerance to func-
tional variation of the respective gene, as measured by the
residual variation intolerance score (RVIS) which ranges from
0% (most intolerant genes) to 100% (most tolerant genes)
(RVIS v4 constructed on the ExAC v2 data release)23; and (ii)
the likelihood of haploinsufficiency of the respective gene, as
measured by the haploinsufficiency score, where a low ranking
(e.g., 0–10%) indicates that a gene is more likely to exhibit
haploinsufficiency (from Supporting Information dataset S2,
including imputed values).24

Data on the frequency of somatic mutations in colorectal
tumors were obtained from the exome database of The Cancer
Genome Atlas (TCGA), after the exclusion of hypermutated
tumors, as described elsewhere.10

Network analysis, STRING
The database STRING (Search Tool for the Retrieval of Inter-
acting Genes/Proteins) v.10.5 (https://string-db.org) was used
to detect functional associations between MSH2 and the pro-
teins of candidate CNV genes.15 The following settings were
used: organism, Homo sapiens; meaning of network edges, evi-
dence; active interaction sources, Textmining, Experiments,
Databases, Coexpression, Neighborhood, Gene Fusion, Cooc-
currence; and minimum required interaction score, medium
confidence (0.400). For the network analysis, all CNV genes
were uploaded with MSH2 and possible interactions were
analyzed.

Ingenuity pathway analysis, Qiagen
In silico pathway analysis was performed using the web-
based software Ingenuity Pathway Analysis Qiagen (www.
qiagenbioinformatics.com/products/ingenuity-pathway-analysis/).
For the in silico pathway analysis, all CNV genes were uploaded
together with known CRC genes, and analyses were performed
to identify shared canonical cancer pathways.

Calculation of somatic mutation frequencies in
nonhypermutated tumor samples
Data concerning the frequency (percentage) of colorectal
tumors with somatic mutations in candidate genes were
obtained from the exome database of TCGA (https://tcga-
data.nci.nih.gov/tcga/). Somatic variants identified in exome
data from colonic (n = 400) and rectal (n = 137) adenocarci-
nomas were downloaded from the TCGA data portal. To cor-
rect the data for the presence of passenger mutations, we
excluded hypermutated tumors from the dataset.10 Therefore,
the distribution of somatic variants in the TCGA exomes was

analyzed, and all tumors with >200 variants (41% of the
tumors) were excluded. We used the remaining 315 exomes
(59% of tumors) to calculate the frequency of somatic muta-
tions in candidate genes.

Results
CNV analysis
For the genome-wide CNV analysis, 77 apparently unrelated
patients were included (Table 1; for more detailed informa-
tion, see Supporting Information Table S1). After stringent
QC and filtering, a total of 71 patients and 41 rare germline
CNVs remained for analysis. These 41 CNVs were identified
in 28 patients (39%), and comprised 25 unique heterozygous
deletions and 16 unique duplications. The majority of in silico
predicted CNVs were subjected to experimental verification
by qPCR (Supporting Information Table S2). The majority of
patients (68%) carried one CNV only. The remaining patients
carried a maximum of four CNVs. No homozygous deletions
were found.

The 25 deletions had an average size of around 67 kb
(13–387 kb) and affected 36 RefSeq genes. The 16 duplications
had an average size of around 135 kb (16–501 kb) and
affected 37 RefSeq genes. Thus, a total of 73 genes were
affected (Supporting Information Table S2). None of the
CNVs were recurrent or overlapping. No gene was implicated
in both a deletion and a duplication, or was affected in more
than one patient. Ten CNVs (eight deletions and two duplica-
tions) affected the intronic region of a gene only. Segregation
analysis was not possible in any of the families.

Table 1. Patient characteristics

Patients Count

Total 77

Gender

Female 34

Male 43

Inclusion criteria

Revised Bethesda criteria1 67

Amsterdam criteria 10

Results microsatellite analysis

MSI-H 64

MSI-L 3

MSS 12

Results immunohistochemistry

Loss of MSH2 expression 75

Intact MSH2 expression 23

Medial age of onset first LS tumor (years) 43

1Amsterdam Criteria not fulfilled; two patients not certain because of the
lack of information.
2Result in an adenoma from an Amsterdam positive patient.
3One result in an adenoma from an Amsterdam positive patient, one
patient with MSI-H but normal expression of all MMR genes.
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After the exclusion of three X-chromosomal genes, the
compiled list of 100 possible interaction partners of the MSH2
protein (Supporting Information Table S3) was compared to
the CNV data, and a partial deletion (exons 1–10) of MCM4
was identified in patient 41. This deletion in patient 41 also
affected the PRKDC gene (exons 1–40). None of the other
putative MSH2 interaction partners was affected by a CNV in
the present cohort.

As loss of MSH2 in tumor tissue was a central focus of the
study, the putative regulatory regions 1.5 Mb up- and down-
stream of MSH2 were analyzed for rare CNVs. No CNV was
detected in these regions in the present cohort.

Functional evaluation of CNV genes
A network analysis (STRING) and a pathway analysis
(Ingenuity Pathway Analysis, Qiagen) were performed to
determine a functional connection between candidate genes
from the CNV analysis, and between the present candidate
genes and MSH2. A common network was detected for eight
of the CNV genes (11%) (Supporting Information Fig. S1).
The closest functional connections to MSH2 were found for
MCM4 and PRKDC. Both interactions have been determined
experimentally in previous studies.25–28

Three CNV genes (PRKCA, PRKDC, and MCM4) were
involved in canonical cancer pathways (Supporting Informa-
tion Table S4). These genes were also of interest from a func-
tional perspective. PRKCA is involved in a wide variety of
signaling pathways. These include pathways that regulate cell
proliferation, apoptosis, differentiation, migration, adhesion,
and tumorigenesis. PRKDC is involved in DNA damage
checkpoint regulation. MCM4 is involved in the control of
chromosomal replication.

Independent of the network and pathway analysis,
TSPAN5 and CSMD1 were considered interesting candidate
genes. The TSPAN5 protein plays a role in the regulation of
cell adhesion, migration, and proliferation. The function of
the protein encoded by CSMD1 remains unclear. However,
CSMD1 is a candidate gene for oral and oropharyngeal squa-
mous cell carcinoma.29,30

Comparing our results to literature data, we found that
four more germline CNVs in NRG3, which was affected in
patient 38 by a partial deletion, were recently reported in
another study.31

Sequencing of candidate genes
Of the 73 genes implicated by CNVs in the present analysis,
the most promising 47 genes, which affected 22 patients, were
selected for NGS analysis, as well as 30 established or putative
CRC risk genes (Supporting Information Table S5). NGS
sequencing was conducted in 39/77 patients. For 38 of these
patients, high-quality sequencing data were obtained. For each
coding exon of the 77 genes, high-quality data were obtained.
In total, 98 rare (allele frequency < 0.005) heterozygous germ-
line variants were detected (Supporting Information

Table S6). Of these, 36 had a CADD score of >20 and 20 were
located within a total of 12 candidate genes identified in the
CNV analysis (Table 2). Mutations with a CADD score of >20
included 33 missense variants, one in-frame deletion, one
synonymous variant, one splice acceptor variant, and no non-
sense or frameshift variants. Segregation analysis was not fea-
sible for any of these mutations as no DNA from additional
family members was available. No variants were detected via
the Sanger sequencing of two additional candidate genes from
the CNV analysis (miRNA genes MIR208A and MIR4506).

Germline variants in CNV genes
Regarding only variants with a CADD score >20, NGS
revealed that 14 genes affected by a CNV in one of the present
patients harbored point variants in at least one further patient
(Table 2). For three CNV genes (GRIK4, NOSIP, and
TRIM41), additional NGS variants were found in more than
one patient. The GRIK4 missense variants c.514C>T;p.
Leu172Phe, c.2219T>C;p.Ile740Thr, c.896C>G;p.Thr299Ser,
and c.569C>T;p.Ser190Phe were found in one patient, respec-
tively. The silent NOSIP variant c.72G>T;p.= and the missense
NOSIP variant c.277G>A;p.Gly93Ser were detected in one
patient, respectively. The TRIM41 missense variants
c.1084C>T;p.Arg362Cys and c.1561G>T;p.Gly521Cys were
identified in one patient, respectively.

In patient 41, the CNV analysis revealed a heterozygous
deletion of PRKDC, which also spanned the gene MCM4. This
patient had been diagnosed with EC and CRC at the age of
48 and 72 years, respectively. Her family history was sugges-
tive of LS: sister, EC and CRC; mother, liver cancer; and
father, leukemia. Interestingly, in patient 31, NGS analysis
revealed two rare missense variants in PRKDC (c.8809G>A;p.
Val2937Ile and c.7201C>T;p.Leu2401Phe; allelic phase
unknown). These variants had CADD scores of 22 and
20, respectively. Patient 31 had been diagnosed with CRC at
the age of 37 years. His uncle had been diagnosed with CRC
at the age of 73 years. No other patient carried two variants
(CNV and / or point variant) in a single CNV gene.

Among the other 10 CNV genes in which only one point
variant in addition to the CNV was found, PRKCA and
CSMD1 were considered interesting candidate genes, as
described above. Patient 42 carried a heterozygous deletion
affecting intron 3 of PRKCA. This patient had been diagnosed
with CRC at the age of 43 years, and his father had been diag-
nosed with CRC at the age of 55 years. A PRKCA in-frame
variant (c.1658_1660delACA;p.Asn554del) was detected via
NGS in patient 45. She had been diagnosed with CRC at the
age of 50 years. Her mother died of cancer of unknown pri-
mary at the age of 45 years, and her grandfather had been
diagnosed with CRC at the age of 83 years.

Patient 23 who was diagnosed with small bowel cancer at
the age of 81 and later with another cancer (probably an
upper tract urothelial carcinoma) harbored a partial duplica-
tion of the CSMD1 gene. A missense variant (c.8789C>G) in
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this gene was detected in patient 65, who had been diagnosed
with CRC at the age of 38 years and had no family history of
cancer. In addition to the CSMD1 variant, patient 65 carried a
VUS in MSH6 (c.1372C>T;p.His458Tyr) affecting a highly
conserved amino acid and a POLE variant (see below).

Germline variants in CRC genes
In total, 16 variants with a CADD score >20 were found in
genes with a known association to CRC (all rare variants in
CRC and CNV genes—independent of their CADD score—
are shown in Supporting Information Table S6). Five patients
harbored more than one of these variants.

The known pathogenic CHEK2 variant (c.1441G>T;p.
Asp481Tyr) was found in one patient (no. 47). Patient 47 had
been diagnosed with Hodgkin’s disease at the age of 40 years,
and developed CRC four years later. His father had been diag-
nosed with prostate cancer. The family history was otherwise
unremarkable.

Two patients (no. 22 and no. 24, both without an adeno-
matous polyposis phenotype) carried each one heterozygous
APC missense variant. Both variants were predicted to be dis-
ease causing by two of three in silico programs. Patient 22 was
diagnosed with CRC at the age of 32 years. She had no known
family history of cancer. In addition to the identified APC var-
iant c.1703G>A;p.Ser568Asn in coding exon 13, she was
found to carry a VUS in MSH2 (c.1864C>A;p.Pro622Thr)
affecting a highly conserved amino acid. Patient 24 with the
APC variant c.8425G>A;p.Val2809Met had been diagnosed
with EC at the age of 30 years, and with CRC at the age of
63 years. Her family history was strongly suggestive of heredi-
tary CRC, as three maternal relatives had been diagnosed with
CRC at a young age (i.e., <50 years). Neither APC variant is
listed in the LOVD database.

Missense variants were detected in POLE (n = 7) and
POLD1 (n = 1) in a total of six patients. Five of these
patients had been diagnosed with CRC at <45 years of age.
Research has shown that specific missense variants in the
exonuclease domains of POLE and POLD1 cause polymerase
proofreading-associated polyposis (PPAP). None of the vari-
ants found in these six patients lie within this region, or
cluster in any other specific region. Patient 52 carried two
different POLE variants (c.139C>T;p.Arg47Trp, and
c.4709G>A;p.Arg1570Gln). He has been diagnosed with
CRC at the age of 38 years, and had a maternal family his-
tory of breast cancer and CRC. Patient 25 harbored a
POLD1 missense variant (c.2052G>C;p.Gln684His) in addi-
tion to the POLE variant c.2683G>A;p.Ala895Thr. He had
been diagnosed with CRC at the age of 29 years. His grand-
father had gastric cancer. The family history was otherwise
unremarkable. Patient 65, who had been diagnosed with
CRC at the age of 38 years and had no family history of can-
cer, was found to carry the POLE variant (c.5492T>C;p.
Leu1831Pro), as well as a possibly pathogenic VUS in MSH6Ta
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(c.1372C>T;p.His458Tyr) and a CSMD1 missense variant
(see above).

In addition to the VUS in MSH2 (c.1864C>A) and MSH6
(c.1372C>T) mentioned above, the MSH6 VUS c.722G>T
which had been detected in routine diagnostics was confirmed
in patient 46 who had been diagnosed with CRC at the age of
56 years. No family history was available.

MSH2 sequencing in tumor DNA
As a loss of MSH2 in tumor cells can be caused by biallelic
somatic variants, MSH2 and MSH6 analyses were performed
in tumor samples. For 11 patients (for details see Supporting
Information Table S1), tumor tissue of sufficient quality was
available for MSH2 and MSH6 mutation analysis using the
TruSight Cancer Panel (Illumina).

In the tumor tissue of three patients, potentially pathogenic
mutations were found: Patient 23 harbored two heterozygous
MSH2 missense variants (c.1993C>G;p.His665Asp and
c.1835C>T;p.Ser612Leu) in his small bowel cancer tissue. Both
variants had a CADD score of >25, indicating a possible path-
ogenic effect. Patient 6 had a heterozygous MSH2 frameshift
variant (c.1100delT;p.Val367Glufs*6) in the CRC. No second
point variant was found on the other allele. To look for a large
deletion on the other allele as a second hit, we checked the
genotypes of the known SNPs in MSH2 and found three SNPs
(c.211+9C>G in exon 1, c.1511-9A>T in exon 10, and c.1661
+12G>A in exon 10) heterozygous in both leukocyte and
tumor DNA excluding a large deletion. Patient 1 harbored the
heterozygous MSH6 missense variant c.122C>T;p.Ser41Phe
(CADD score 17 in the CRC, however, again no second vari-
ant was identified. With the exception of patient 1, whose
father and paternal grandmother had also been diagnosed
with CRC, the family histories of the 11 patients were unre-
markable in terms of LS-associated cancers.

Discussion
The aim of the present study was to identify novel causative
genes for LS in a cohort of patients who: (i) met the revised
Bethesda guidelines; (ii) showed a loss of MSH2 expression in
their tumor tissue; and (iii) had shown no pathogenic germ-
line variant in MSH2, MSH6, or EPCAM during state-of-the-
art routine diagnostics (the two large recurrent MSH2
inversions described in the literature6,7 were also excluded in
most patients). This phenotype, in combination with MSI in
tumor tissue, is strongly suggestive of an underlying genetic
basis. In a very small number of patients, the phenotype might
also be explained by MMR mosaicism, deep intronic germline
variants, or pathogenic variants classified to date as VUS.

A two-step study design was selected. In the first step, a
genome-wide CNV analysis was performed in 77 unrelated
patients. In a second step, 49 selected genes implicated in the
CNV analysis, and 30 known or assumed CRC risk genes,
were sequenced in a subset of 38 patients (one patient was

excluded) using a customized NGS gene panel and Sanger
sequencing.

Assuming a dominant or recessive mode of inheritance
with high penetrance, the expected frequency of causative
CNVs in the general population is much lower than 1%. By
applying an established stringent filter and validation work-
flow, which included comparisons with large control cohorts,
41 unique or rare (i.e., frequency <0.2% in the in-house con-
trol dataset) germline CNVs were identified in 39% of the
77 index patients. These comprised 25 different heterozygous
deletions and 16 different duplications, all of which were non-
recurrent. Most of the 73 protein coding genes that were
affected by CNVs in the present cohort have not been
reported to harbor germline alterations in familial cancer
patients in previous research.

The majority of patients carried a single CNV. All of the
CNVs were ≤500 kb in size, which is consistent with the
absence of intellectual disability or other syndromic features
in these patients. No rare or unique CNV was identified in
the 30 established or putative CRC risk genes, or in the
1.5 Mb region upstream and downstream of MSH2. However,
one out of 97 putative interaction partners of MSH2 (MCM4)
was affected by a partial deletion. These findings are consis-
tent with the few systematic genome-wide CNV screens per-
formed in cohorts with unexplained familial tumor
syndromes to date. These investigations identified varying
numbers of nonrecurrent rare CNVs, and very little overlap is
apparent between studies in terms of the affected genes.32

The main approach used to detect novel causative genes
for LS in the present study was to detect genes affected by
recurrent germline variants, that is, CNVs present in more
than one patient or point variants in additional patients. In
total, 20 rare point variants with a CADD score of >20 were
identified in 12 candidate genes from the CNV analysis
(Table 2).

From a functional perspective, PRKDC, PRKCA, and
MCM4 were the most promising candidate genes identified in
the present study. According to the network analysis, PRKDC
and MCM4 interact directly with MSH2, although the nature
of the interaction remains unclear. Besides their role in the
correction of replication errors, MMR genes are also involved
in the earliest steps of checkpoint regulation.31,33 As MCM4
and PRKDC are both involved in cell cycle control, their
interaction with MSH2 may be linked to the cell cycle control
system. Although previous research has demonstrated that
PRKCA is implicated in cell cycle control, the present in silico
pathway analysis did not demonstrate a significant involve-
ment of PRKCA in any of the cell cycle control pathways. All
three genes have low haploinsufficiency and intolerance
scores, comparable to those predicted in known monogenic
disease genes.

PRKDC encodes a serine/threonine-protein kinase that is
involved in the repair of DNA double-strand breaks and non-
homologous end joining. According to the TCGA database,
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PRKDC is mutated in 72 out of 537 (13.4%) colorectal carci-
nomas, indicating a possible causal connection. If all hyper-
mutated tumors are excluded, the number drops to 3.8%. As
PRKDC is involved in DNA repair and somatic PRKDC muta-
tions might be as well jointly responsible for the hypermuta-
tion phenotype, it seems not reasonable to exclude these
tumors. Biallelic pathogenic germline variants in PRKDC have
been associated with immunodeficiency 26, which is a severe
combined immunodeficiency (SCID) syndrome. In the present
study, two PRKDC missense variants were detected in patient
31. Polyphen, SIFT, and PROVEAN classified both variants as
benign. As the patient had no clinical signs of SCID, biallelic
pathogenic PRKDC variants are unlikely. However, the possi-
bility that hypomorphic PRDKC variants in a biallelic state
cause an increased cancer risk without the SCID phenotype
cannot be excluded.

PRKDC maps next to MCM4 on chromosome 8. The
detected heterozygous 91 kb deletion in patient 41 spans a
part of both genes. Therefore, the additional deletion of
MCM4 in this patient might result in an increased cancer risk.
MCM4 encodes a highly conserved minichromosome mainte-
nance protein, which is essential for eukaryotic genome repli-
cation. No additional variants were detected in MCM4 in the
present cohort. However, another gene family member,
MCM3AP, was affected by germline variants (a partial dupli-
cation, a frameshift variant, and two missense variants pre-
dicted to be deleterious) in four unrelated patients with a
colorectal adenomatosis phenotype in a recent publication by
Horpaopan et al.10 Unfortunately, the analysis of samples
from the family of patient 41 was not possible.

The functions of the protein encoded by PRKCA include
roles in cell adhesion and cell cycle checkpoint control. An
intronic deletion of PRKCA was detected in patient 42, who
was diagnosed with CRC at the age of 43 years. Results of the
tumor tissue analysis in this patient were not completely reli-
able, as the respective tissue fragments were very small. Sub-
sequent analysis of a liver metastasis sample revealed no loss
of MSH2, and so this patient may not in fact have fulfilled
the present study inclusion criteria. One additional PRKCA
variant (an in-frame deletion of one amino acid) was found
in patient 45, who had been diagnosed with CRC at the age
of 50 years. Masson et al.34 found a deletion of PRKCA in a
mutation-negative HNPCC patient. No information regard-
ing the phenotype of this patient was provided by the
authors.

The most frequently mutated CNV gene in the present
cohort was GRIK4 with heterozygous missense variants in
four patients. In addition to the deletion found in the CNV
analysis, rare missense variants were detected in four patients
during the sequencing step. Three of the variants lie within
the ligand binding region of the protein. Given its function as
a subunit of a glutamate-gated ionic channel, it is unlikely to
be a candidate gene for hereditary CRC, particularly as vari-
ants in this gene are only found in around 2.5% of all

nonhypermutated CRC. However, the high number of vari-
ants detected in this gene is noteworthy.

Two missense variants were found in the CNV genes
NOSIP (deleted in one patient) and TRIM41 (partially dupli-
cated in one patient), respectively. The function of the
encoded proteins remains unclear. NOSIP has a probable role
in neurodevelopment, and TRIM41 may be implicated in pro-
tein kinase C signaling. However, neither protein has any
obvious relation to cancer development. As the HI score and
RVIS also indicate that NOSIP and TRIM41 are prone to vari-
ation, they are unlikely to have been disease causing in the
present cohort.

The function of the protein encoded by CSMD1, which
was duplicated in one patient and found to carry a mismatch
variant in a second patient, is not fully understood, but is of
potential interest. Previous authors have proposed CSMD1 as
a candidate gene for oral and oropharyngeal squamous cell
carcinoma.29,30 Interestingly, somatic variants in CSMD1 are
found in around 11% of nonhypermutated CRC (TCGA data,
see Materials and Methods section), suggesting a possible
causative role in tumorigenesis. As these are mainly missense
variants, a gain rather than a loss of function might contribute
to cancer development.

To exclude other hereditary cancer syndromes in the pre-
sent cohort, which might mimic the LS phenotype, 30 genes
with a known or assumed association to CRC were analyzed
using NGS. A total of 41 rare variants (16 with a CADD score
of >20) were identified in these genes. The most interesting of
these genes were APC and POLE/POLD1.

The causal relevance of the APC missense variants that
were found in two patients is difficult to assess. In both cases,
the clinical history was not indicative of a colorectal adenoma-
tous polyposis. However, the clinical presentation may still
represent a very low penetrance phenotype. As very few path-
ogenic missense variants in APC have been reported to date,35

these variants must be considered to be of unclear significance
until appropriate evidence is generated via segregation or
functional studies.

Specific somatic or germline missense variants in POLE or
POLD1 lead to an impaired exonuclease activity, resulting in
ultramutation in tumors and PPAP. When other repair genes,
such as POLE/POLD1, MUTYH, or NTHL1, are affected, the
tumor might also show MSI and loss of the respective MMR
proteins, as shown recently for MSH2/MSH6.36–38 This phe-
notypic overlap between PPAP and LS renders clinical dis-
crimination difficult. For the six patients with POLE missense
variants in the present cohort, the medical records contained
no indication of adenomatous polyposis. Five of the six
patients had been diagnosed with CRC at <45 years of age.
Although none of the variants were located in the exonuclease
domain of the respective protein, the identification of rare var-
iants in six patients in a gene that is relatively intolerant to
variation (RVIS 9%) and which has a low haploinsufficiency
score (11%) is remarkable. Three of the variants affect
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evolutionary highly conserved amino acids and three moder-
ately conserved amino acids, which do not cluster in a specific
protein domain. To date, only one of the two POLE variants
detected in patient 52 (i.e., c.139C>T) has been classified as
probably benign (ClinVar). The issue of whether missense
variants outside the exonuclease domains can contribute to
hereditary tumor predisposition remains unclear, and requires
further exploration in larger patient cohorts.

The CHEK2 variant c.1441G>T;p.Asp481Tyr, which was
found in patient 47, is a known moderate risk factor for breast
cancer, and previous authors have postulated that it is also
associated with an increased risk for CRC. Therefore, the
CHEK2 variant may have contributed to the phenotype of
patient 47, even if the loss of MSH2 in his CRC remains
unexplained.

MSI and lost MMR protein expression in the tumor tissue
of LS patients is caused by the combination of a MMR germ-
line variant and a second hit, i. e. a somatic variant that inac-
tivates the second allele of the respective gene in the tumor
cells. Nevertheless, two pathogenic somatic variants affecting
the two alleles of one MMR gene generally have the same
effect. Several recent publications have shown that this is not
uncommon in MSH2 and MSH6 negative tumors, particularly
in the presence of an additional POLE or POLD1 variant or
biallelic MUTYH variants.37,39–42 No two clearly pathogenic
somatic MMR variants were found in any of the 11 tumors
available for analysis in the present study. However, the small
bowel cancer of patient 23 may be attributable to the two het-
erozygous somatic MSH2 missense variants in his tumor tis-
sue as the late age at diagnosis (81 years) and his family
history, which is atypical for LS, argue against the presence of
an underlying LS. Similarly, it is possible that the tumor of
patient 6—who was diagnosed with CRC at the age of 36 years,
had no family history of LS associated tumors, and carried a
pathogenic somatic MSH2 variant—may carry an additional
somatic MSH2 variant or epimutation that could not be
detected by the presently applied method. The heterozygous
MSH6 missense variant c.122C>T;p.Ser41Phe (CADD score
17) in the tumor tissue of patient 1 must be considered a VUS
at the present time, and is unlikely to have caused the loss of
MSH2/MSH6 in the tumor. Therefore, 2 out the 11 analyzed
tumors may be attributable to somatic MSH2 variants.
Somatic changes are insufficient to explain the remaining
familial cases, where no germline variant could be found. In
addition, patients with a very young age of onset are unlikely
to have gathered biallelic somatic variants in their tumor cells.
Nonetheless, familiarity and young age of onset suggest strong
underlying genetic effects, and argue for the existence of as
yet undiscovered novel genetic causes for LS.

The present study had two main limitations. First, as a
result of the very specific phenotype of interest, the sample
size was relatively small despite being drawn from the largest
published cohorts of its type to date. Therefore, the CNVs
detected in the initial CNV analysis probably account for only

a fraction of all rare CNVs present in the genome of patients
with suspected LS and MSH2 loss. Second, the possibility that
small CNVs affecting single exons may have been overlooked
due to the resolution of the bead array cannot be excluded.

To our knowledge, the present study is the first genome-
wide CNV analysis to be performed in a specific subgroup of
mutation-negative HNPCC patients. Although Talseth-Palmer
et al.43 conducted a CNV analysis in mutation-positive LS
cases and HNPCC patients with no known pathogenic vari-
ant, they did not distinguish between these two groups, or
consider different MMR expression profiles in the tumor tis-
sue. The present study is therefore not comparable to this
analysis, which may partly explain the absence of an overlap
in terms of the identification of CNVs. Masson et al.34 also
analyzed 125 mutation-negative HNPCC patients without dis-
tinguishing between MSI positive and negative samples. As
mentioned above, the authors found a PRKCA deletion in one
patient as well as a partial duplication of the functionally
related PRKCI gene in two other patients.

The causal relevance of NRG3 is difficult to judge. It is a
ligand to the ERBB4 receptor, is implicated in the prolifera-
tion and differentiation of neuroblasts, and has been discussed
as a possible susceptibility gene for schizophrenia. Although
we found a germline alteration (partial deletion) in one
patient only, Masson et al.34 identified a CNV affecting the
NRG3 gene in four of 165 patients including one partial dele-
tion. However, the fact that (i) so far no pathogenic NRG3
germline point mutations have been published, (ii) three of
the four CNVs detected by Masson et al. are partial duplica-
tions, lying in a region commonly affected by partial duplica-
tions, (iii) the evidence for haploinsufficiency is low (high HI
score), and (iv) NRG3 has not been implicated to date in can-
cer development, argues against a relevant contribution to the
phenotype.

In a case–control investigation conducted without refer-
ence to MSI and immunohistochemistry status, Yang et al.44

investigated CNVs in a cohort of familial CRC cases and
found a rare structural variation at 12p12.3 in cases. No CNVs
were detected in this region in the present analyses.

In conclusion, CNV analysis and subsequent NGS analysis
of selected candidate genes in mutation-negative HNPCC
patients with a loss of MSH2 in tumor tissue revealed novel
candidate genes for LS—in particular PRKCA, PRKDC,
MCM4, and CSMD1—and suggested that POLE variants out-
side the exonuclease domain might act as etiological factors
for hereditary CRC. Analyses in larger cohorts of patients with
clinically suspected LS recruited via international collabora-
tions are warranted to verify the present findings.
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