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Germline mutation testing in patients with colorectal cancer (CRC) is offered only to a subset of patients with a clinical pre-

sentation or tumor histology suggestive of familial CRC syndromes, probably underestimating familial CRC predisposition. The

aim of our study was to determine whether unbiased screening of newly diagnosed CRC cases with next generation sequenc-

ing (NGS) increases the overall detection rate of germline mutations. We analyzed 152 consecutive CRC patients for germline

mutations in 18 CRC-associated genes using NGS. All patients were also evaluated for Bethesda criteria and all tumors were

investigated for microsatellite instability, immunohistochemistry for mismatch repair proteins and the BRAF*V600E somatic

mutation. NGS based sequencing identified 27 variants in 9 genes in 23 out of 152 patients studied (18%). Three of them

were already reported as pathogenic and 12 were class 3 germline variants with an uncertain prediction of pathogenicity.

Only 1 of these patients fulfilled Bethesda criteria and had a microsatellite instable tumor and an MLH1 germline mutation.

The others would have been missed with current approaches: 2 with a MSH6 premature termination mutation and 12 uncer-

tain, potentially pathogenic class 3 variants in APC, MLH1, MSH2, MSH6, MSH3 and MLH3. The higher NGS mutation detection

rate compared with current testing strategies based on clinicopathological criteria is probably due to the large genetic hetero-

geneity and overlapping clinical presentation of the various CRC syndromes. It can also identify apparently nonpenetrant

germline mutations complicating the clinical management of the patients and their families.

Twin studies estimated a hereditary background in colorectal
cancer (CRC) in up to 35% of cases.1 In about 5% of all
patients, CRC is of genetic origin with a causative germline

mutation. The diagnosis of hereditary cancer syndrome has
significant implications for the medical management of CRC
patients and their families.2–4 Lynch syndrome or hereditary
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nonpolyposis colorectal cancer (HNPCC) is the only CRC
syndrome for which a molecular functional test from tumor
material is available. Microsatellite instability (MSI) and/or
immunohistochemistry (IHC) testing of tumors has emerged
as a sensitive tool to identify individuals who develop CRC
as a result of highly penetrant mismatch repair (MMR) gene
mutations. Testing is currently confined to patients fulfilling
clinical criteria such as the revised Bethesda criteria, which
rely heavily on a positive family history or young age at dis-
ease manifestation. These criteria probably underestimate the
actual disease incidence.5,6 All studies to date addressing this
question preselected index patients based on either clinical
criteria or tumor pathology.7–11

Historically, the search for germline mutations in at risk
individuals focused on gene mutations associated with highly
penetrant disease phenotypes. This stepwise approach is an
expensive strategy with limited capture rate and leading to
underestimation of familial cases.12 Next Generation sequenc-
ing (NGS) now offers the possibility of simultaneously
screening a large set of genes, both with high- and low-
penetrance, in a short time frame and at moderate cost.
Therefore, we established a customized NGS gene panel
simultaneously interrogating 18 high- and low-penetrance
genes previously reported to harbor germline mutations asso-
ciated with CRC13,14 and used it to investigate all consecutive
CRC cases seen in a single university hospital during a period
of 18 months. Simultaneously, all relevant clinicopathological
criteria, tumor MMR deficiency and somatic BRAF mutation
were assessed and germline mutation screening was per-
formed in an interdisciplinary approach.

Patients and Methods
Patients

We prospectively investigated all patients who underwent pri-
mary CRC surgery in the Department of Surgery, University
Hospital Erlangen due to a primary histologically confirmed
colorectal carcinoma during a period of 18 months. Exclusion
criteria were a history of chronic inflammatory bowel disease
(ulcerative colitis and Crohn’s disease) and surgery for meta-
static disease or local tumor recurrence. All patients under-
went a standardized clinical evaluation using Bethesda and
Amsterdam criteria. This study was approved by the ethics
committee of the Medical Faculty of the University Erlangen-

Nuernberg (Re.No. 4515, 07/27/2011). All patients provided
written informed consent. A blood sample was obtained for
DNA extraction and tumor material was analyzed for all
patients. Detailed demographic data is provided in Support-
ing Information Table S1.

Tumor expression of MMR proteins

The expression of MLH1, MSH2, MSH6 and PMS2 was
assessed by IHC on 3-mm formalin fixed paraffin embedded
(FFPE) tissue sections on a Ventana Benchmark autostainer
(Ventana Medical Systems, Tucson, AZ). Antibodies were
MLH1 (Clone M3640, Dako, Glostrup, Denmark), MSH2
(clone G219–1129, Cell Marque, Rocklin, CA), MSH6 (clone
44/MSH6, BD Transduction Laboratories, Franklin Lakes,
NJ) and PMS2 (clone EP51, Dako, Glostrup, Denmark).
Adjacent normal tissue served as internal control. Staining
was evaluated by two experienced GI pathologists (TTR,
KEW).

Tumor MSI, BRAF, KRAS and MLH1 methylation analysis

Molecular pathology analyses were performed on tumor
DNA and corresponding normal mucosal DNA extracted
from microdissected 5-mm sections of FFPE tumor tissue
with the Qiagen FFPE DNA Kit (Qiagen, Hilden, Germany).
In case of neoadjuvant therapy primary biopsy material was
used with respect to marginal tumor content or conspicious
germline mutations. Two batches of 5 microsatellite markers
were assessed as recommended in previous studies (initial
BAT25, BAT26, D2S123, D17S250, D5S346 and confirmative
BAT40, MYCL1, D18S58, D10S197, D13S153).15–17 The
degree of MSI for this study was scored as stable (MSS, 0-1
markers), low instable (MSI-low, 2-4 markers), and highly
instable (MSI-high, 5-10 markers). BRAF and KRAS muta-
tional status was assessed with corresponding pyrosequencing
kits (Qiagen, Hilden, Germany). MLH1 methylation status
was quantified after bisulfite treatment and corresponding
pyrosequencing (Bisulfite and pyrosequencing kits, Qiagen,
Hilden, Germany).

NGS and MLPA analysis

Genomic DNA was extracted according to standard proce-
dures with an automated chemagic MSM I system (Perkin
Elmer, Baesweiler, Germany). A customized Ion AmpliSeq

What’s new?

It’s important to find out whether a colorectal tumor has arisen spontaneously or from an inherited mutation, but only those

patients whose tumors match clinical criteria for a hereditary CRC syndrome get screened for germline mutations. Thus, many

familial tumors may not be identified as such. This study aimed to find out whether screening newly diagnosed colorectal

tumors without regard for histology would identify more hereditary disease. They found that an unbiased screening using next

generation sequencing (NGS) did indeed identify more germline mutations than the traditional method; of 3 mutations discov-

ered, 2 would have been missed by current strategies based on clinicopathological presentation. NGS does identify non-

penetrant mutations, though, which could be problematic for use with patients.
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Panel using Ion AmpliSeqTM Designer (Life technologies,
Carlsbad) with 200 bp amplicons and a 5 bp “padding” at
the ends of exons was developed for 18 CRC associated genes
(Table 1) and used to generate target amplicon libraries. The
design consisted of 49 KB of total sequence, 492 amplicons
and covered 97% of targeted bases. Briefly, 10 ng of DNA
derived from peripheral blood or FFPE tissue was used to
prepare barcoded libraries using IonXpress barcoded adapters
(Life technologies, Carlsbad USA). Barcoded libraries were
combined when possible to a final concentration of 20 pM.
Templated beads were generated and after enrichment
sequencing was performed on the Ion Torrent PGM follow-
ing the recommended protocol. Reads were aligned to the
reference human genome sequence (hg19) using Torrent
Suite 3.4.2. Data was analyzed with the SeqNext module of
the Sequence Pilot software (JSI medical systems GmbH, Kip-
penheim, Germany). PMS2 was analyzed by conventional
Sanger Sequencing since the large family of pseudogenes in
the human genome precluded a specific multiplex
amplification.

Additionally, multiplex ligation-dependent probe amplifi-
cation (MLPA) analyses were performed using the SALSA
MLPA kits P003 (MLH1/MSH2/EPCAM) and P072 (MSH6/
EPCAM) (MRC Holland, Amsterdam, The Netherlands)
according to the manufacturer’s protocol. Separation of the
fragments was performed on an ABI 3100 genetic analyzer
(Life technologies, Carlsbad, CA) and allele dosage was

assessed using the MLPA module of the Sequence Pilot soft-
ware (JSI medical systems, Kippenheim, Germany).

In silico analysis

To predict the potential role of the identified nonsynony-
mous germline variants on protein function we used 4 web-
based algorithms: SIFT,18 Polyphen-2,19 Align-GVGD20 for
MLH1, MSH2 and MSH6 missense mutation and addition-
ally, MAPP-MMR21 for MLH1 and MSH2 missense muta-
tions. Splice site mutations were tested by two different web-
based splicing effect prediction tools, BDGP: Splice Site Pre-
diction by Neural Network22 and NetGene2 Server.23,24 Vari-
ant frequencies were compared with European-American and
African-American control samples from the Exome Variant
Server online database25 to exclude rare polymorphisms.

Results
Study cohort characteristics

A total of 190 patients with CRC initially fulfilled inclusion
criteria but 27 (15%) patients refused consent including 3
patients who were previously diagnosed with a hereditary
CRC (2 HNPCC, 1 MYH-associated polyposis, MAP). Fur-
ther 11 patients were excluded for various other reasons (e.g.,
emergency surgery or language barrier). Of the remaining
152 cases, 20 (13%) participated but refused receiving any
information regarding the results of the study. Patients were
104 (68%) males and 48 (32%) females with a median age of

Table 1. CRC associated genes analyzed with NGS

Gene Gene acession number Coding sequence covered Associated disease

MLH1 NM_000249.3 100% HNPCC

MSH2 NM_000251.1 98.54% HNPCC

MSH65GTBP NM_000179.2 99.24% HNPCC

PMS21 NM_000535.5 0 HNPCC

PMS1 NM_000534.1 92.35% HNPCC

MLH3 NM_001040108.1 97.52% HNPCC

MSH3 NM_002439.4 96.53% HNPCC

EXO1 NM_0060274.4 99.41% Possibly HNPCC

TGFBR2 NM_003242.5 96.51% HNPCC

TGFBR1 NM_004612.2 92.26% Possibly HNPCC

APC NM_000038.4 99.51% FAP

MUTYH NM_001128425.1 100% MAP

STK11 NM_000455.4 100% PJS

MADH4/(SMAD4) NM_005359.5 98.55% JPS

BMPR1A NM_004329.2 99.87% JPS

TP53 NM_00054546.5 96.63% LFS1

PTEN NM_000314.4 98.60% CWS1

CDH1 NM_004360.3 100% HDGC

1Analyzed by Sanger sequencing.
Abbreviations: CWS1: Cowden syndrome; FAP: Familial adenomatous polyposis; HDGC: hereditary diffuse gastric cancer; HNPCC: Hereditary nonpoly-
posis colorectal cancer; JPS: Juvenile polyposis syndrome; LFS1: Li–Fraumeni syndrome; MAP: MYH-associated polyposis; PJS: Peutz–Jeghers
syndrome.
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68 and a mean age of 66.5 (range 26–88); 81 (54%) patients
presented with colonic cancer (coecum 12; ascending colon
19; right flexure 4; transverse colon 8, left flexure 2, descend-
ing colon 7, sigmoid 29) and 70 (46%) with rectal cancer
(Supporting Information Table S1). One patient had two
simultaneous carcinomas of the descending colon and the
rectum; 38 of the 152 patients fulfilled at least one of the
revised Bethesda criteria (Table 3) while only 2 fulfilled
Amsterdam criteria (Fig. 1).

Pathological and MSI findings

Classical morphology was used as initial screening for a pos-
sible hereditary background of CRC. There were 14 patients
with morphological subtypes of CRC linked to HNPCC syn-
drome. No patient met the number of polyps necessary for a
polyposis syndrome. IHC for MMR protein showed intact
nuclear expression in 145 cases. Protein loss was observed in
7 patients and was confined to MLH1 and PMS2. Functional
molecular MSI testing was confirmative in these cases. MLH1

Figure 1. Overview of study design. Numbers of patients included and excluded into the study are shown. Interdisciplinary data acquisition

combined clinical, molecular pathologic and genetic analyses. All included patients were analyzed for germline mutations in 18 CRC associ-

ated genes.
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promoter methylation identified 6 out of 7 patients with
MMR protein loss as having a cancer of sporadic origin.
MLH1 methylation analysis seems to be more sensitive than
BRAF*V600E mutation, which only identified 5 out of the 7
patients. However, the aggressive bisulfite treatment led to a
higher dropout rate in MLH1 promoter analysis (145 cases
evaluable). Detailed data are outlined in Table 2.

Germline DNA-variants

NGS based mutation screening uncovered 27 unique sequence
variants (Table 4). These included 2 small frameshift deletions
or insertions, 1 nonsense mutation, 21 missense and 3 splice
site mutations. Four variants (APC: p.Arg414Cys, MLH1:
p.Gly67Arg, MSH6: p.Tyr977* and p.Asp1171Glufs*5) were
previously published as pathogenic,26–29 whereat the APC:
p.Arg414Cys mutation is more recently reassessed as an
unclassified variant.30 8 variants have been already reported by
the InSiGHT Colon Cancer Gene Variant Database for MMR
and other colon cancer susceptibility genes hosted by the Lei-
den Open Variation Database (LOVD).31–35 If available, classi-
fication of the variants was performed according to the
information provided by this database. To further characterize
the remaining alterations all variants were categorized based
on their predicted effect on the mRNA and amino acid levels
and defined as deleterious if they resulted in a premature ter-
mination codon. Missense and splice-site variants were ana-
lyzed using various web-based algorithms as described in the
material and methods section and variant frequencies were
compared with European-American and African-American
control samples from the Exome Variant Server online data-
base to exclude rare polymorphisms. Finally, the criteria of the
International Agency for Research on Cancer (IARC) classifi-
cation system was used to assign these variants to the
five-class IARC system.36–38 Based on the above mentioned
criteria 3 variants (MLH1: p.Gly67Arg, MSH6: p.Tyr977* and
p.Asp1171Glufs*5) were classified as class 5 mutation (patho-
genic), 12 were classified as class 3 mutation (uncertain), 10 as
class 2 mutation (likely not pathogenic) and 2 as class 1 muta-
tion mutation (not pathogenic) (Table 4). The mean age of
these patients was 66 years (range 42–84 years), with only one
patient younger than 50 years at the time of cancer resection
(Table 4). Three patients fulfilled at least one of the Bethesda
criteria but only one with an MLH1 missense mutation
p.Gly67Arg showed MSI and loss of MLH1 by IHC in the
tumor (Table 4).

Table 2. Pathology

Microsatellite status Histomorphology MMR-IHC Interpretation MLH1 promoter methylation BRAF mutation

MSI: n 5 7 Serrated CRC: 1/7 MLH1: 4/7 HNPCC 1/7 not methyl. 1/7 WT

Signet ring cell CRC: 0/7 MSH2: 0/7 Sporadic MSI-H 6/7 hypermeth. 5/7 mut

Medullary CRC: 1/7 MSH6: 0/7 1/7 WT

Mucinous CRC: 0/7 PMS2: 7/7

MSS: n 5 145 Serrated CRC: 5/145 MLH1: 0/145 MSS with MLH1 meth. 3/3 hypermeth 3/3 WT

Signet ring cell CRC: 1/145 MSH2: 0/145 MSS NOS 135/1381 not methyl 4/145 mut

Medullary CRC: 1/145 MSH6: 0/145 141/145 WT

Mucinous CRC: 5/145 PMS2: 0/145

Total number 14/152 (9.2%) 7/152 (4.6%) 9/1451 (6.2%) 9/152 (5.9%)

Chi-Square p 5 0.0697 p<0.001 p<0.001 p<0.001

Tumor specific characterization as MSI or MSS tumor. Dependency from known parameters like histomorphology, MMR status, MLH1 methylation
analysis and BRAF status were calculated with Chi-square tests. Interestingly MLH1 promoter hypermethylation corresponded better to sporadic MSI
tumor than BRAF mutation, but 7 specimens1 could not be analyzed.

Figure 2. Venn diagram of study results of the disciplinary

approaches. The three disciplinary approaches identified different

groups of patients being suspicious for a hereditary CRC: Clinical

(blue), tumor pathological (green) and genetic (red) investigation.

Only one patient was identified by all three approaches (center)

and was diagnosed with Lynch syndrome (HNPCC). The other

patients with MSI tumors, both Bethesda positive and negative,

had sporadic cancers as shown by epigenetic MLH1 promotor inac-

tivation. Out of the Bethesda positive patients, two had a class 3

variant in MSH2 although the tumor was sporadic. Genetic analysis

alone identified two patients with class 5 MSH6 truncating muta-

tions, 1 with a previously reported APC mutation and further 9

uncertain, potentially pathogenic class 3 variants in APC, MLH1,

MSH2, MSH6, MSH3 and MLH3. Some of the 33 patients fulfilling

at least one of the Bethesda criteria might carry predisposing

genetic factors elsewhere in the genome.

C
an

ce
r
G
en
et
ic
s

Kraus et al. E563

Int. J. Cancer: 136, E559–E568 (2015) VC 2014 UICC



Somatic variants in tumor DNA

To further characterize tumor status we analyzed the same
gene panel used for germline variant testing also in tumor
DNA from the 11 patients with predictive causative muta-
tions, the 12 patients with VUS and 5 patients without any
germline mutation. In all tumor samples the initial germline
mutation was verified. None of the tumor samples showed
loss-of-heterozygosity. Overall we identified 45 somatic muta-
tions in 19 tumor samples clustering in 4 genes. The most
affected gene was APC (24 mutations) followed by TP53 (16
mutations), SMAD4 (4 mutations), and CTNNB1 (one muta-
tion). All 24 APC mutations were loss of function mutations
(Supporting Information Table S2). We found no difference
in tumor mutation profile between patients with or without
germline mutation. The mutation profiles identified in the
tumor samples are consistent with a nonhypermutated cancer
mutation profile as proposed by The Cancer Genome Atlas
Network.39 In 2 cases, one with a germline APC missense
mutation and one with a VUS, we found a somatic nonsense
second hit mutation suggestive of an attenuated familial ade-
nomatous polyposis (FAP). Interestingly, these cases did not
show polyposis, compatible with the variable spectrum of
attenuated FAP with older age of onset and fewer to no
polyps.

Discussion
Making a diagnosis of a hereditary cancer syndrome has sig-
nificant implications for the medical management of CRC
patients and their families. To our best knowledge, all studies
to date addressing this question preselected their study group
based on either clinical features or histopathological findings

due to the difficulties of a comprehensive mutation testing
with conventional technologies.7–11 NGS now offers the pos-
sibility of a comprehensive approach without any preselec-
tion. We therefore compared current clinicopathological
approaches with an unbiased NGS based mutation screening.
This self-designed gene panel contained 18 high- and low-
penetrant CRC genes and was applied to 152 consecutive
CRC cases seen in a single university hospital during a period
of 18 months (Fig. 1).

With our customized NGS gene panel we were able to
sequence 98% of the targeted sequence of 17 out of the 18
associated CRC genes with an average depth of 50 fold. Only
PMS2 was not amenable to this approach due to the large
family of PMS2 pseudogenes in the human genome preclud-
ing a multiplex amplification. This gene was therefore investi-
gated by conventional Sanger sequencing. With this
comprehensive approach we identified 27 variants in 9 genes
in 23 (18%) of the 152 patients studied (Table 4). To ascer-
tain the significance of this surprisingly high number of
unique sequence variants we determined the DNA-variant
frequency in the same 9 genes from 359 in-house noncancer
patients, who received whole exome sequencing. These con-
trol individuals showed significantly less unique variants (25/
359; 7%; p5 0.0003, Fishers exact test), none of which was
protein truncating. This suggested that the majority of the 27
variants detected in the study group may indeed be associ-
ated with CRC. Of these variants, 3 (MLH1: p.Gly67Arg in
patient 2, MSH6: p.Tyr977* in patient 5 and
p.Asp1171Glufs*5 in patient 115) could clearly be classified
as class 5 mutations (pathogenic) whereas 12 were classified
as class 3 (uncertain; Table 4).

Table 3. Summary Bethesda positive patients

Group n ID Mean age of diagnosis rB1 rB2 rB3 rB4 rB5

1 1 21 33 1 1 2 1 1

2 1 128 68 1 1 2 2 2

3 1 20 49 1 2 1 2 2

4 1 46 67 2 1 2 1 2

5 2 60, 71 72 (70–74) 2 1 2 2 1

6 2 47,64 63 (56–70) 2 2 2 1 1

7 10 1, 16, 33,2 40, 57, 91, 104, 108, 135, 141 44 (26–50) 1 2 2 2 2

8 5 14, 25,2 87, 95, 140 74 (64–82) 2 1 2 2 2

9 4 73, 103, 139, 146, 66 (55–80) 2 2 1 2 2

10 2 41, 54 68 (65–71) 2 2 2 1 2

11 9 15, 28, 39, 43, 55, 61, 76, 117, 131 67 (51–85) 2 2 2 2 1

1Class 5 MLH1 mutation.
2Class 3 MSH2 mutation.
Abbreviations: Revised Bethesda criteria. rB1: Colorectal cancer diagnosed in a patient who is <50 years of age; rB2: Presence of synchronous,
metachronous colorectal or other HNPCC associated tumors, regardless of age; rB3: Colorectal cancer with MSI-H histology diagnosed in a patient
who is<60 years of age; rB4: Individuals with colorectal cancer and one or more first-degree relatives with an Lynch-syndrome associated tumor,
with one of the cancers being diagnosed under age 50 years; rB5: Individuals with colorectal cancer and two or more first- or second-degree rela-
tives with Lynch-syndrome related tumors, regardless of age.
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To confirm the pathogenicity of these variants, we investi-
gated DNA of the corresponding tumors for further somatic
mutations using the same gene panel. The fragmented
tumor DNA from FFPE samples was perfectly suited for
the NGS analyses probably because of the short-length of
the NGS amplicons, with detection and success rates simi-
lar to genomic DNA. We investigated tumor samples of
the 23 patients with germline variants as well as 5 tumors
from individuals without such variants confirming the
unique germline variant in all tumors in the heterozygous
state, indicating no loss-of-heterozygosity. In all tumor
samples with an MMR germline variant no second hit
mutation could be identified. In contrast, two tumors, one
with a class 3 APC germline variant (p.Arg414Cys in
patient 51) and one with a class 1 APC germline variant
(p.Ser2621Cys in patient 9), respectively, did harbor a
second-hit APC mutation, suggesting that these individuals
might have attenuated FAP without the necessary number
of polyps for a clinicopathological diagnosis. The APC var-
iant p.Arg414Cys has been initially described as a germline
mutation of probable pathogenicity.26 More recently, this
variant was reported in a patient with attenuated FAP.
However, in this case, the tumor had lost the allele carry-
ing the p.Arg414Cys mutation questioning its pathogenic-
ity.30 In our patient, though, the p.Arg414Cys mutation
was also present in the tumor and in addition a second
truncating mutation was identified, indicating that it may
indeed be associated with aFAP (Supporting Information
Table S2). Altogether, we identified 45 somatic mutations
mainly clustering in 4 genes (24 APC, 16 TP53, 4 SMAD4
and 1 CTNNB1; Supporting Information Table S2). The
mutation profile of all but one was typical for a nonhyper-
mutated mutation profile as described by The Cancer
Genome Atlas Network.39 In agreement with the sequenc-
ing results, these tumors showed MSS and normal results
on IHC. Altogether, our data indicate that these tumors
were not MMR deficient and thus the MMR germline var-
iants identified were nonpenetrant in these cases.

We found a high concordance rate when comparing
tumor pathology and both germline (genomic) and somatic
(tumor) DNA sequencing (Fig. 2). Five MSI tumors were
BRAF*V600E positive and did not harbor any germline
mutation but exhibited a hypermutated tumor mutation pro-
file indicative of a sporadic MMR deficient tumor. In one
patient with an MSI tumor but neither a germline nor BRAF
mutation we found a high level of MLH1 promoter methyla-
tion, suggesting a sporadic origin of this cancer as well (Table
2). In contrast, patient 2 with an MSI tumor without BRAF
mutation and with loss of MLH1 by IHC presented a previ-
ously reported MLH1 germline mutation (p.Gly67Arg)29 con-
firming the diagnosis of Lynch syndrome in this patient
(Table 4). Thus our results confirm that the detection of the
BRAF*V600E mutation in an MSI tumor is a good predictor
of a sporadic MMR deficient tumor.40–42 MLH1 promoter
methylation might serve as a substitute for BRAF mutation

analysis, but has a higher dropout rate due to the aggressive
bisulfite treatment of DNA (Table 2).

Altogether, besides the MLH1 p.Gly67Arg mutation iden-
tified in the classical Lynch-syndrome patient we found 2
additional class 5 and 10 class 3 germline variants with a pre-
diction of pathogenicity in 12 patients, both in classical high-
and low-penetrant MMR genes as well as in MLH3, whose
association with Lynch syndrome is controversial (Table 4).43

Interestingly, none of the tumors of these patients showed
any evidence for MMR deficiency, neither on molecular
pathology nor by somatic DNA-sequencing, suggesting that
these tumors arose independently from a possible genetic
predisposition for Lynch syndrome. Nevertheless the prema-
ture protein truncating mutations found in MSH6 are highly
suspicious of being pathogenic, two mutations p.Tyr977*
(patient 5) and p.Asp1171Glufs*5 (patient 115) have even
been previously associated with Lynch syndrome.27,28 The
third mutation p.Leu1356Aspfs*4 (patient 4) is located in the
last coding exon shortening the protein only by two aminoa-
cids. In the InSiGHT Colon Cancer Gene Variant Database
(LOVD) a similar duplication c.4064_4065insGTCA is classi-
fied as class 3 mutation but was concluded as being patho-
genic [patient data (#0021205)]. Therefore, the pathogenicity
of this variant remains uncertain. MSH6 has been proposed
as a low-penetrance MMR gene where not all tumors exhibit
MMR deficiency.44–46 Nevertheless, such premature termina-
tion mutations in MSH6 have been reported to increase life-
time risk for CRC in men to 44% and in women to 20% by
age 80 and for endometrial carcinoma to 44% by age 80.47

Therefore we conclude that although the tumors were unre-
lated to the MSH6 mutation, at least two of these patients
should be considered as predisposed for Lynch syndrome
and should be monitored accordingly. It is conceivable, that
the 10 class 3 missense and splice site mutations identified in
the MMR genes are nonpathogenic, although they affect evo-
lutionary highly conserved positions and were not reported
as common polymorphisms in the large variant databases
interrogated (Table 4). No further family members neither
affected nor unaffected were available for segregation analy-
sis. Interestingly, two of the patients, patient 25 with a MHS2
missense variation (p.Ala53Thr) and patient 33 with a MSH2
splice site variation (c.2211-6C>A), fulfilled one of the
revised Bethesda criteria. Patient 25 was 82 years of age and
presented two Lynch-syndrome associated cancers and there-
fore fulfilled the revised Bethesda criterium 2. Patient 33 was
42 years of age fulfilling the revised Bethesda criterium 1.
Unfortunately, he refused further investigations. Therefore,
further clarification of the class 3 MMR gene variations
would require functional in-vitro testing, which is not rou-
tinely performed and was beyond the scope of this study.

Next, we investigated the clinical benefit of our unbiased
approach compared with current clinicopathological
approaches. A preselection by means of clinical criteria, his-
topathology or medical genetics would lead to different
results regarding patients identified (Fig. 2). Of the 38
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patients fulfilling at least one of the revised Bethesda criteria,
one patient (patient 2) was confirmed to have Lynch syn-
drome with a class 5 MLH1 germline mutation (p.Gly67Arg)
and MSI-H in his tumor. This patient fulfilled 4 of the
revised Bethesda criteria (Group 1; Table 3). In two patients
(25 and 33) fulfilling only one of the revised Bethesda criteria
namely rB1 (group 7) and rB2 (group 8) class 3 mutations
were identified. The low percentage of Bethesda positive
patients harboring a MMR germline mutation maybe due to
the fact that the potential of identifying a patient with Lynch
syndrome differs significantly depending on the individual
clinical criteria48; 30 (87%) out of the 38 positive patients ful-
filled only one of the revised Bethesda criteria. Of these, 23
(77%) patients fuIfilled only rB1 (group 7), rB3 (group 9) or
rB5 (group 11), respectively (Table 3). These groups are
reported to have a much lower MMR mutation frequency
compared to patients with more than one Lynch syndrome
associated tumor in their history (rB2, group 8) or patients
with one or more affected first-degree family members and
one at young age (rB4, group 10).48 When considering only
MMR-deficient tumors based on MSI and IHC testing, 7 out
of the 152 patients would have been initially selected for
mutation analysis. Five of them, though, tested positive for
the BRAF*V600E somatic mutation and one had a causative
MLH1 promoter methylation in the tumor excluding a Lynch
syndrome. As expected none of them carried a germline
mutation. The seventh was the MLH1 positive Lynch syn-
drome patient discussed above. The unbiased approach iden-
tified 3 cases with class 5 mutations (2%) and 12 class 3
mutations (8%), 12 of which would have been missed with
current approaches, that is, Bethesda criteria plus MMR defi-
ciency in the tumor: 2 with a premature termination muta-
tion in MSH6, 1 with a previously reported mutation in APC,
as well as 11 uncertain but nevertheless potentially patho-
genic class 3 variants in the APC gene and in the MMR
genes MLH1, MSH2, MSH6, MSH3 and MLH3 (Fig. 2 and
Table 4).

Therefore an unbiased genetic mutation detection
approach seems more efficient than the currently used clini-
copathological approaches followed by sequential gene test-
ing, since it overcomes the problem of genetic heterogeneity

and overlap in clinical presentation between the various CRC
syndromes. In addition, panel testing is much more economi-
cal and less time consuming than sequential testing of candi-
date genes. The downside of this approach is a considerable
increase of nonpenetrant variants and those of unknown sig-
nificance as already anticipated by Domchek et al.49 The
interpretation of these variants can be challenging, as our
knowledge of the genotype/phenotype correlation is still lim-
ited. To better discern risk-associated variants from neutral
polymorphisms the compilation of sequence variants together
with phenotypic information such as in the InSiGHT Colon
Cancer Gene Variant Database for MMR and other colon
cancer susceptibility genes hosted by the Leiden Open Varia-
tion Database (LOVD; http://www.insight-group.org/variants/
database/)31–35 is urgently needed. Thus at this stage genetic
susceptibility testing should be offered only in the context of
clinical trials with appropriate informed consent and follow-
up. Although in our study most patients requested being
informed about study results, a noticeable number of patients
(13%) provided a sample but preferred not to receive any
results after pretest counseling. This number is similar to that
of the study by Ward et al.,11 reflecting the anxiety that
results of susceptibility testing can evoke in patients and their
relatives. The work to compile and analyze the data needed
to reclassify genetic variants and quantify the magnitude of
cancer risks will continue to require multidisciplinary collab-
orations between clinicians, geneticists, molecular biologists
and statisticians.

In conclusion, our study shows that an unbiased approach
to genetic mutation detection in CRC is more efficient to
identify patients at risk for hereditary disease than currently
used clinicopathological approaches followed by sequential
gene testing. Due to our limited knowledge of the pathoge-
nicity of genetic variants, interpretation of results can be
challenging in some cases.
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