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Introduction and outline of the thesis

Lynch syndrome (LS) is an autosomal dominant inherited syndrome that predisposes 
to multiple malignancies, in particular colorectal cancer (CRC) and endometrial cancer 
(EC). The lifetime risk of developing CRC for a LS mutation carrier is 25 to 70%, while 
women with LS carry a lifetime risk to develop EC of 13 to 65%, dependant on family 
history and the affected MMR gene.1-12 In addition, LS carriers have an increased risk 
of up to 15% to develop other malignancies. These in particular include gastric, skin, 
ovarian and small bowel, as well as urinary tract cancers.2, 13-16

LS is caused by germline mutations in the mismatch repair (MMR) genes or deletion 
of the 3’ region of the TACSTD1 gene. In addition, LS can be caused rarely by germline 
hypermethylation of the promoter regions of the MLH1 or MSH2 gene.17 Recognition of 
LS is of utmost importance in order to provide adequate counseling and targeted sur-
veillance to individuals at risk. Colonoscopic surveillance has been proven to reduce CRC 
morbidity and mortality by 65-70%.18-20 Furthermore, surveillance for EC by transvaginal 
ultrasound and tumormarker analysis may enable detection of premalignant lesions or 
EC at an early stage, however this requires further proof.18, 21 Alternatively, prophylactic 
hysterectomy and bilateral salpingo-oophorectomy are offered to female LS mutation 
carriers when childbearing is complete.22

Since molecular and genetic testing is available for the identification of LS, dedicated 
treatment and surveillance can be offered to LS mutation carriers and their relatives who 
do carry a mutation. On the other hand, non-carriers can be relieved from the anxiety 
involved with the syndrome and burdensome surveillance programs. 

Genetic background

LS is an autosomal dominant genetic disorder. It is caused by germline mutations in 
one of the human MMR genes: MLH1, MSH2, MSH6 and PMS2 or deletion of the 3’ region 
of the TACSTD1 gene.17, 23-27 The protein products of the MMR genes are involved in 
detection and correction of mismatches and small insertion or deletion loops that arise 
during DNA replication, but also recognize exogenous mutations and are involved in 
transcription-coupled repair.26, 28, 29 Most relevant for LS are the MutS homologue family 
and MutL homologue family of proteins. Two different MutS-related heterodimeric com-
plexes are responsible for mismatch recognition: MSH2-MSH3 and MSH2-MSH6. MSH2 
is an obligatory partner in this system. MutS heterodimers signal the site of mispairing. 
After mismatch binding, a heterodimeric complex of MutL-related proteins, MLH1-
PMS1, MLH1-PMS2 or MLH1-MLH3, is recruited and this initiates the actual mismatch 
repair. MLH1 is the obligate partner in this system that excises the error, followed by 
resynthesis. However, additional proteins are necessary to complete the repair process. 
Loss of DNA MMR activity greatly accelerates the rate of accumulation of mutations in 
genes involved in regulation of growth, regulation of apoptosis, or DNA repair.28
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Recently, germline deletion of the 3’ end of the TACSTD1 gene, also referred to as EPCAM 
deletion, has been shown to cause LS as well.30 The underlying mechanism is MSH2 
promoter methylation, causing silencing of MSH2 by transcriptional read-through.31 A 
recent cohort study showed that these EPCAM deletion carriers have a 75% cumula-
tive risk of CRC before the age of 70 years, which does not differ significantly from that 
of MSH2 mutation carriers. On the contrary, the risk of EC in EPCAM deletion carriers is 
significant lower than in MSH2 mutation carriers.5 

Biallelic mutations in MMr genes

On rare occasions when both parents carry an MMR gene mutation, their offspring can 
inherit biallelic mutations in MMR genes. This leads to a childhood cancer syndrome, 
referred to as constitutional mismatch repair-deficiency (CMMR-D). CMMR-D is predomi-
nantly characterized by haematological malignancies, brain tumors and gastrointestinal 
tumors in early childhood. Carriers of biallelic MMR gene mutations often show signs of 
neurofibromatosis type 1, mainly café au lait spots. More than 100 cases of children with 
CMMR-D have been reported in the literature.32-37 

Microsatellite instability

The hallmark of mismatch repair deficiency is microsatellite instability (MSI). LS-MSI 
associated tumors are probably best recognized by the presence of this phenomenon. 
Microsatellites are simple repetitive DNA sequences that are found throughout the 
genome. In MMR deficient tumor cells, the number of nucleotide repeat units of micro-
satellites can deviate from the corresponding normal nucleotide repeat units. In most 
instances, the mutations at the microsatellite sequences result in a deletion of one or 
more of the mononucleotide or dinucleotide elements, resulting in a shorter sequence. 
Approximately 95% of all LS associated tumors exhibit MSI.38-40 However, 15% of MSI is 
caused by epigenetic mechanisms. A common mechanism for loss of DNA MMR activity 
in CRC is epigenetic inactivation of MLH1 gene by methylation of the promoter.41 Deter-
mination of MLH1 promoter hypermethylation in an MSI-high tumor with absent MLH1 
staining can distinguish between sporadic MSI-high CRC and LS associated CRC.42, 43 In 
the subgroup of MSI-high tumors, the acquired silencing of MLH1 usually occurs in older 
patients and females.44 Furthermore BRAF V600E mutation status has also been used 
to distinguish LS-associated from sporadic MSI-high tumors. The BRAF V600E mutation 
is associated with sporadic MLH1 inactivation secondary to promoter hypermethyl-
ation.45-49 Occasionally, BRAF mutations have been detected in LS patients.50 Compared 
to determination of hypermethylation of the MLH1 gene promoter, BRAF mutation 
analysis is less sensitive to detect sporadic MSI tumors.49
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Msi testing

The National Cancer Institute (NCI) recommended a panel of five microsatellite se-
quences to assess instability including two mononucleotide (BAT25 and BAT26) and 
three dinucleotide (D2S123, D5S346, D17S250) repeat sequences.39 For this panel DNA 
from formalin-fixed, paraffin-embedded tumor tissue and normal tissue of the same 
patients are compared. Preferable, tumor tissue from the youngest affected patient is 
used. Tumors are scored as MSI-high (MSI-H) if at least two of the five markers show 
instability, MSI-low if one marker shows instability and microsatellite stable (MSS) if 
none of the markers show instability. Biological, MSI-high tumors behave different than 
MSI-low and MSS tumors, and most studies categorize MSI-low as MSS. However, MSH6 
associated tumors may lack the MSI-H phenotype.51 More recently, a different pentaplex 
panel comprising five mononucleotide repeats (BAT 25, BAT 26, NR 21, NR 24 and MONO 
27) has been shown to be superior to the NCI panel for the detection ofMSI-H tumors, 
(sensitivity of 95.8% for the pentaplex panel vs 76.5% for the NCI panel and specificity 
of respectively 98.7% vs 97.2% for the detection of the absence of MMR protein expres-
sion).52 A Dutch study showed that mononucleotide instability is a very early event in 
the development of MSI-H tumors with MMR truncating mutations compared to MMR 
missense mutations and non-carriers. Furthermore, in LS associated tumors, mono-
nucleotide instability preceded dinucleotide instability.53 These findings favor the use of 
the mononucleotide pentaplex panel.

immunohistochemistry testing

Immunohistochemistry (IHC) on the tumor tissue can be performed to determine the 
affected MMR protein. Specific antibodies are used to check for staining of the MLH1, 
MSH2, MSH6 and PMS2 proteins. This will give an indication which MMR gene is most 
eligible for DNA analyses. In case of an MLH1 germline mutation, there is no expression 
of MLH1 protein in tumor cell nuclei, illustrating the pathological nature of the muta-
tion. MLH1 is the stabilizing protein partner of PMS2. The inactivation of MLH1 usually 
also leads to destabilization of the PMS2 protein and thus additional absent staining of 
PMS2. The same phenomenon is seen in case of a MSH2 germline mutation, leading to 
absent protein staining of both MSH2 and MSH6 in tumor cell nuclei. In case of a PMS2 or 
MSH6 germline mutation, isolated loss of PMS2 or MSH6 protein is generally seen by IHC 
staining.28, 54 In case there is no MLH1 expression in tumor cells, the methylation status 
of the MLH1 promoter should be determined.55 

IHC is especially indicative for MMR mutations that result in truncation of the protein, 
such as nonsense, frameshift, splicesite mutations, and large genomic rearrangements. 
In case of missense mutations, IHC is not always diagnostic. The missense can lead to loss 
of the enzymatic activity, but the expression of the protein can be preserved, leading to 
a false negative result.28, 54 IHC has a high sensitivity in predicting mutations in MSH2 
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(92%), MSH6 (90%) and MLH1 (71%; when including both MLH1 and PMS2 staining).54 
Discordant results do occur in MSI and IHC analysis.26, 56 

the clinical use of Msi status as predictive marker in CrC patients

Because MSI is the hallmark of LS associated tumors, MSI testing is used for the identifica-
tion of patients at high risk for LS. MSI tumors tend to have a better prognosis.39 In a sys-
tematic review, including 7642 CRC cases (1277 MSI-H) overall survival was significantly 
better in the MSI group (HR 0.65 :95% CI 0.59-0.71).57 However, others showed that only 
TP53 mutation or DNA ploidy status and not MSI status retained statistical significant 
associations with disease free survival in the multivariate analyses.58, 59 A study from 
Norway showed that neither MSI status nor DNA ploidy predicted distant metastasis, 
disease free survival and disease-specific survival.60 More prospective data are neces-
sary to determine the exact prognostic value of MSI status. With regard to treatment, 
several studies have shown that MSI-H tumors do not benefit from 5-fluorouracil (5-FU) 
adjuvant chemotherapy.61-63 Recently, Sargent et al evaluated MMR status as predictor 
of adjuvant chemotherapy benefit in 507 patients with stage II and III colon cancer from 
five RCTs. No benefit in disease free survival from 5-FU was observed in patients with MSI 
(HR: 1.39; 95 % CI 0.46–4.15; p = 0.56), compared to patients with MSS tumors (HR: 0.67; 
95 % CI 0.48–0.93; p = 0.02). 

Germline mutation analysis

Germline mutation analyses should be performed on the selected group of patients 
with MSI-H tumors and/ or loss of protein expression by IHC without MMR gene pro-
moter hypermethylation. It is obvious that analysis should start first with the gene that 
is indicated by the loss of protein expression. Mutation analyses techniques for MLH1, 
MSH2 and MSH6 are commercially available. The genetic diagnosis of a PMS2 germline 
mutation is difficult, because of the large number of pseudogenes which confound 
diagnostic DNA sequencing.64, 65 The technical details of germline mutation analyses 
will not be discussed in this introduction. Hundreds of distinct genomic variants have 
been identified throughout the four MMR genes. A large number of these alterations 
are missense variants, intronic variants and synonymous changes. The determination of 
the pathological significance of these variants is difficult.54 An international database is 
available with the known MMR gene variants (www.med.mun.ca/MMRvariants/). When 
a family is tested negative for any of the known germline mutations, it is possible that 
a present germline mutation escaped detection by the used method. From previous 
cohort studies it is known that by routine molecular testing for LS, a substantial part of 
suspected LS (sLS) patients test negative for germline MMR gene mutations.66-69 In these 
patients a germline mutation could have been missed or somatic mutations in MMR 
genes occur.68, 69 
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identification of Lynch syndrome

Clinical criteria
Apart from several clinical and pathological features, LS lacks clear phenotypic charac-
teristics. This makes identification of LS challenging. Several clinical features can help to 
identify LS. LS presents with an earlier mean age of onset of CRC (mean approximately 
45 years in MLH1 and MSH2 carriers and approximately 55 years in MSH6 carriers) com-
pared with an average age of onset of CRC in the general population between 60-70 
years.13, 70, 71 There is a predominance of right-sided colon cancers, approximately 70% 
of all cancers are proximal to the splenic flexure.40 Synchronous and metachronous 
CRC do occur more frequent.72 Besides CRC there is an excessive risk, mainly for EC, but 
also other extracolonic cancers do occur within the pedigree including ovary, stomach, 
small bowel, hepatobiliary tract, pancreas, upper uro-epithelial tract, brain and skin 
tumors.2, 13, 14, 73 Specific pathology features are associated with LS related CRC. These fea-
tures include the presence of tumor infiltrating lymphocytes, a Crohn’s-like lymphocytic 

CRC: 42

CRC: 33

CRC: 56
CRC: 59

CRC: 37
CRC: 61

OvC: 40 SmallbowelCa: 46

Figure 1. Example of a Lynch syndrome family fulfilling the Amsterdam criteria II and the revised Bethes-
da guidelines.   Arrow indicating initial counselee;  male;  female;  CRC, colorectal cancer; 

 small bowel cancer;  OvC, ovarian cancer; / deceased
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reaction, mucinous or signet ring differentiation, and a medullary or undifferentiated 
and solid growth pattern.74-77 LS patients develop adenomas at the same rate as subjects 
without the mutation, but the onset of adenoma is earlier and there seems to be an ac-
celerated transition to carcinoma.75 For the identification of LS families based on clinical 
criteria, a thorough family history is essential. A family history should include all cancers 
and age of onset in first and second-degree relatives (an example pedigree is shown in 
Figure 1). 

Preferentially, all cancers should be proven either by pathology report or medical 
record. However, the use of family history of cancer as a predictive marker is insensitive 
and can be difficult to assess accurately in a clinical setting.78, 79 In 1990 a set of selection 
criteria for families with LS (previously referred to as HNPCC) was established in order to 
provide a basis for uniformity in collaborative studies, known as the Amsterdam Criteria 
I.80 Because the Amsterdam Criteria I did not take into account the extracolonic cancers 
that are part of the syndrome, the Amsterdam Criteria II were published in 1999.81 These 
criteria are only based on clinical data. Furthermore, the criteria aimed to provide a 
common nomenclature for the selection of families for studies and comparison of 
study results.81 The Amsterdam criteria II do have a limited sensitivity of about 40% and 
specificity around 90% when also MSH6 mutation carriers are taken into account.82, 83 In 
order to optimize the identification of LS patients, the Bethesda guidelines have been 
developed in 1997 to select a group of cancer patients in whom MSI analyses should be 
performed. The revised Bethesda guidelines, published in 2004 are currently interna-
tional being used to select mainly CRC patients for further MSI analyses (Table 184).
When MLH1, MSH2 and MSH6 mutation carriers are taken into account, the sensitiv-
ity of the revised Bethesda guidelines is around 77-95% with a specificity around 30-
60%.76, 82, 83, 85 The revised Bethesda guidelines are not optimal and have been criticized 
for being too complex in clinical practice. Furthermore, there is a marked underutilization 
by adapting the Bethesda guidelines, leading to underdiagnosis of LS in CRC patients.55 

table 1. The revised Bethesda Guidelines for testing colorectal cancer for MSI.84

One of the following criteria need to be met to fulfill the guidelines:

1. Diagnosed with colorectal cancer before the age of 50 years;

2. Synchronous or metachronous colorectal or other LS-related tumors (which include stomach, bladder, 
ureter, renal pelvis, biliary tract, brain (glioblastoma), sebaceous gland adenomas, keratoacanthomas 
and carcinoma of the small bowel), regardless of age;

3. Colorectal cancer with a high-microsatellite instability morphology* that was diagnosed before the age of 
60 years;

4. Colorectal cancer with one or more first-degree relatives with colorectal cancer or other LS-related 
tumors. One of the cancers must have been diagnosed before the age of 50 years;

5. Colorectal cancer with two or more relatives with colorectal cancer or other LS-related tumors, regardless 
of age.

* Presence of tumor-infiltrating lymphocytes, Crohn’s like lymphocytic reaction, mucinous or signet-ring 
differentiation, or medullary growth pattern.
LS, Lynch syndrome; MSI, microsatellite instability
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Prediction models
In addition, several prediction models have been developed to predict the likelihood 
of carrying a germline mutation.27, 82, 85, 86 Mutation prediction models predict the prob-
ability of a mutation using logistic regression or Bayesian methods. These models use 
information based on personal and family history as input to predict the probability of 
mutation carriership. A major advantage of prediction models is that these models give 
a quantitative estimation of the likelihood of mutation carrier ship instead of a bivariate 
(yes/no) assessment as provided by the clinical diagnostic criteria. Furthermore, these 
models can be used for individuals for whom tumor samples are not available and for 
individuals in whom germline testing finds no mutation. Mutation prediction models 
are thus potentially useful in clinical practice to optimize the identification of LS. Ex-
ternal validation of the prediction model MMRpro on clinic-based families showed a 
good performance. This model was more sensitive and specific than the existing clinical 
guidelines (Amsterdam criteria and revised Bethesda guidelines) and the Leiden model 
for identifying individuals who may benefit from MMR germline testing.85 Another study, 
validating the PREMM1,2 model in a population based cohort identified all MLH1 and 
MSH2 mutation carriers, however the number of identified mutation carriers (N=8) was 
very low, limiting the generalizability of this study.87 A Dutch external validation study 
demonstrated that the PREMM1,2 model and Edinburgh model had the best performance 
in clinic-based families compared to the Leiden, UK-Ams and UK-alt models, showing 
the highest discriminative ability and the best calibration.88 More recently, Green et al 
evaluated the Leiden, MMRpro, PREMM1,2,6 and the MMRpredict model in CRC patients 
younger than 75 years of age, and demonstrated the best performance for selecting 
patients requiring additional workup for determining LS using the MMRpredict model.89 
To enable easy calculation of the predicted probabilities in clinical practice, the MMRpro 
(http://bcb.dfci.harvard.edu/bayesmendel/mmrpro.php), MMRpredict (http://hnpccpre-
dict.hgu.mrc.ac.uk/) and PREMM1,2,6 (http://www.dfci.org/premm) models are available 
as a free web-based model, as shown in Table 2.90 Despite the good performance of the 
prediction models, these models are not yet widely used in clinical setting. 

Routine molecular screening
In view of the above described disadvantages of current clinical guidelines, routine 
molecular screening by MSI testing and IHC in CRC and EC patients under the age 
of 50 years, with a central role of the pathologist, was introduced in the Netherlands 
(MIPA: MSI-testing-Indicated-by-a-Pathologist; Table 378). The MIPA criteria recommend 
MSI analysis in patients newly diagnosed with CRC before age 50, or before age 70 in 
patients diagnosed with two LS-associated cancers. A central role for the pathologist 
by direct selection of patients by tumor tissue simplifies the diagnostic procedure com-
pared to the revised Bethesda guidelines. However, this strategy predominantly fails to 
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identify MSH6 and PMS2 mutation carriers, since the mean age of CRC diagnosis in these 
subjects is above the age of 50 years.9, 70 Several large international cohort studies have 
been conducted to evaluate the yield of molecular screening for LS among unselected 
CRC and EC patients.66,91 Hampel et al included a total of 1566 unselected CRC and 
EC patients. In a total of 44 probands (2.8%) and 109 relatives an MMR mutation was 
detected as part of the study.14, 66, 92 When applying the revised Bethesda guidelines in 
the study cohort, it would lead to only 72% LS detection. In a large Spanish prospective 
cohort (EPICOLON) by Pérez-Carbonell et al 2093 CRC patients were studied.91 In tumor 
tissue of the included unselected CRC patients MSI and IHC testing was done.91 In tumor 
tissue of 180 CRC patients (8.6%) MSI and/ or loss of expression of the MMR proteins 
was found. In fourteen CRC patients an MMR germline mutation was confirmed (0.7%). 
Of the detected LS carriers, twelve CRC patients fulfilled the revised Bethesda guide-
lines (86%) in concordance with Hampel et al.66 These data suggest that if the revised 
Bethesda guidelines are used in clinical practice, still an important percentage of LS 
carriers would be missed.

Furthermore, cost-effectiveness for LS screening was evaluated by several studies 
using Markov models. Recently, Sie et al evaluated expansion of the age limit for LS 
screening to CRC patients ≤ 70 years of age and this resulted in an ICER of $44,000/
LYG (€32,381/LYG).93 This finding was in concordance with other cost evaluations.78, 94-96 
Ladabaum et al included also the use of prediction models in a large cost-effectiveness 
study using a Markov model.93 The combination of IHC with BRAF testing was found to 
be the preferred strategy according to their model. Number of tested relatives of muta-
tion carriers appeared to be an important determinant in analyses. Overall, the model 
based cost-effectiveness studies suggest that screening for LS could be cost-effective. 
However, cost-effectiveness analysis based on real life prospective data is lacking.

Family communication 

Despite the potential benefits of genetic testing for LS as previously described, a Dutch 
study by Ramsoekh et al on the interest in genetic testing for hereditary colorectal can-

table 3. Dutch guidelines for MSI-testing (www.oncoline.nl).

Adapted from: MIPA78, January 2008
The pathologist is advised to request MSI-testing (and immunohistochemistry of the MMR proteins in the 
following patients:

1. CRC or EC before the age of 50 years
2. A second CRC befor the age of 70 years
3. CRC before the age of 70 years AND another synchronous or previous LS-associated tumor*

*colorectal, endometrial ovarian, gastric, small-bowel, pancreas, hepatobilliary tract, renal pelvis or ureter 
cancer and brain tumors, sebaceaous gland adenomas and keratoacanthomas.
CRC, colorectal cancer; EC, endometrial cancer; LS, Lynch syndrome
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cer syndromes showed that almost half of the subjects in this cohort of family members 
at risk did not opt for genetic testing for LS at a median follow-up time after identifi-
cation of the family specific mutation of 82 months, ranging 10-140 months.97 Known 
reasons for refraining from genetic testing include problems with health insurance and 
mortgage.98, 99

In most European countries the communication regarding presence of an MMR gene 
mutation within a family occurs by means of the family-mediated approach. When a 
pathogenic mutation is detected, the LS mutation carrier or counselee is asked to inform 
all at risk relatives. During the counseling process, communication strategies to inform 
relatives are discussed with the counselee, including a letter to inform relatives. This 
approach implies that family members are responsible to inform their relatives on the 
diagnosis of LS and the possibility of genetic testing. Currently, literature on experiences 
with the family mediated approach is scarce.99 A previous qualitative study in the Nether-
lands among 30 individuals from LS families showed that motivation to disclose seemed 
to increase if there were more cancer cases in the family. Disrupted family relations were 
found to be an important reason for non-disclosure. The way family members commu-
nicate about LS may also influence whether or not at-risk family members decide to opt 
for genetic testing.100, 101 Knowledge on the challenges with regards to informing family 
members may help to improve counseling procedures and uptake of genetic testing.
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AiMs AND oUtLiNe oF tHe tHesis

In this thesis various aspects of diagnostic strategies for LS were evaluated. The aim 
of this thesis was to evaluate whether routine molecular testing for LS in CRC and EC 
patients older than 50 years of age can contribute to early LS detection. In addition, 
cost-effectiveness and prediction models were evaluated. Furthermore, we aimed to 
investigate barriers to genetic testing and family communication. 

The first part of this thesis focuses on challenges and pitfalls in tumor tissue analyses 
for LS and the more rare CMMR-D. The second and main part of this thesis consists of 
population and clinical based studies on LS diagnostic strategies. The papers in this 
thesis are mainly derived from a prospective multicenter population based study named 
LIMO (Lynch syndroom Immunohistochemisch en MSI Onderzoek). Clinical data are de-
rived from the prospective cohort of LS families at the department of Clinical Genetics, 
Erasmus MC.

In Chapter 2 of the thesis we focus on the molecular diagnostics in a CMMR-D family 
with biallelic PMS2 mutations from our clinical research cohort. In Chapter 3 we further 
investigate somatic MMR gene aberrations in microsatellite-unstable CRC and EC of 
suspected LS patients negative for germline MMR gene mutations. It is important to 
evaluate whether somatic mutations may be the cause of the MSI-high tumor, since this 
may relieve family members from the intensive surveillance program that is currently 
advised to suspected LS carriers.

Early detection of LS remains challenging and the optimal LS diagnostic strategy is 
still under debate. We evaluated routine molecular testing in tumor tissue of CRC and EC 
patients up to the age of 70 years and in advanced adenomas of patients until 45 years 
of age in the large population based LIMO study (Chapter 4 and 5). Cost–effectiveness 
of routine molecular testing for LS in CRC patients up to 70 years of age is evaluated in 
Chapter 6. Another promising strategy to detect LS families based on familial risk are 
LS prediction models. Since validation of LS prediction models was lacking, an interna-
tional validation study of prediction models for LS was conducted, including MMRpro, 
MMRpredict, and PREMM1,2,6  (Chapter 7). 

In Chapter 8 we performed a cross-sectional survey among individuals with a per-
sonal or family history of LS to explore communication about a familial mutation and 
barriers to genetic testing.

Finally, Chapter 9 presents an overview and general discussion of this thesis. 





Part i: 
Challenges and pitfalls in 
molecular analyses
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ABstrACt

Heterozygous germline mutations in the mismatch repair (MMR) genes MLH1, MSH2, 
MSH6 and PMS2 cause Lynch syndrome. Biallelic mutations in the MMR genes are associ-
ated with a childhood cancer syndrome referred to as constitutional mismath repair-de-
ficiency (CMMR-D). This is predominantly characterized by hematological malignancies 
and tumors of bowel and brain, often associated with signs of neurofibromatosis type 
1 (NF1). Diagnostic strategies for selection of patients for MMR gene analysis include 
analysis of microsatellite instability (MSI) and immunohistochemical analysis (IHC) of 
MMR proteins in tumor tissue.
We report the clinical characterization and molecular analyses of tumor specimens 
from a family with biallelic PMS2 germline mutations. This illustrates pitfalls of present 
molecular screening strategies. Tumor tissues of five family members were analyzed for 
MSI and IHC. MSI was observed in only one of the analyzed tissues. However, IHC of brain 
tumor tissue of the index patient and his sister showed absence of PMS2 expression, 
and germline mutation analyses showed biallelic mutations in PMS2: p.Ser46IIe and 
p.Pro246fs. The same heterozygous mutations were confirmed in the father and mother, 
respectively. 
These data support the conclusion that in case of a clinical phenotype of CMMR-D, it is 
advisable to routinely combine MSI analysis with IHC for expression of MMR proteins. 
With inconclusive or conflicting results, germline mutation analysis of the MMR genes 
should be considered after thorough counseling of the patients and/or their relatives. 
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iNtroDUCtioN

Heterozygous germline mutations in mismatch repair (MMR) genes MLH1, MSH2, 
MSH6 and PMS2 cause Lynch syndrome. 23-25, 102, 103 Carriers of heterozygous MMR gene 
mutations are at high-risk for developing colorectal carcinomas (CRC) and extracolonic 
neoplasias such as endometrial, small bowel, ureter, renal pelvis, stomach, ovarian, and 
brain tumors. In Lynch syndrome carriers, these malignancies usually develop during 
the 4th and 5th decade of life. Biallelic mutations in MMR genes lead to a childhood cancer 
syndrome. This is predominantly characterized by haematological malignancies, brain 
tumors and gastrointestinal tumors in early childhood. Carriers of biallelic MMR gene 
mutations often show signs of neurofibromatosis type 1 (NF1), mainly café au lait (CAL) 
spots. This childhood cancer syndrome is often referred to as constitutional mismatch 
repair-deficiency (CMMR-D). To our knowledge, a total of 107 cases of children with 
CMMR-D have been reported in the literature.32-37

Diagnostic strategies for fast selection of patients with an MMR gene defect suspected 
for Lynch syndrome include analysis of microsatellite instability (MSI) and immunohisto-
chemical (IHC) analysis of tumor tissue for expression of MMR proteins.39, 104, 105 However, 
the sensitivity of molecular tests in tumor tissue of patients with CMMR-D is unclear. 
MSI and absent MMR protein staining have been described in gastrointestinal tumors 
of patients with CMMR-D.35 In contrast, tumor tissue of most reported CMMR-D patients 
with brain tumors did not show MSI.34, 106 Here, we report a family with childhood brain 
tumors and early onset CRC with biallelic germline mutations in the PMS2 gene that 
underscores pitfalls of the present molecular screening strategy.

CAse rePort

Family data

At age 7 the index patient was diagnosed with an anaplastic glial brain tumor (Figure 
1: pedigree, individual IV.2). His older sister (individual IV.1) had died from a primitive 
neuroectodermal brain tumor (PNET) at 4 years of age. Both children had multiple large 
CAL spots (Figure 2) and the index patient showed freckling. The younger sister of the 
index patient (individual IV.3) showed one CAL spot. Both non-consanguineous parents 
were from Dutch origin and showed no signs of  NFI. At the time of counseling the family 
history of both parents was not suggestive for Lynch syndrome. One maternal uncle had 
been diagnosed with CRC (individual II.5) at age 62. The parents of the index patient 
declined endoscopic screening. However, within two years after the diagnosis of the 
brain tumor of our index patient, father was diagnosed with CRC at age 43 (pT4N2M1, 
Dukes stage D). The paternal mother (individual II.2) was diagnosed with CRC during 



Chapter 2

26

the same period of time at age 84. The mother of our index patient then underwent 
surveillance colonoscopy and one adenoma with low grade dysplasia was removed.

Msi and iHC analyses

Tissues of five family members including CRC tissues from the father and his mother, 
the colonic adenoma from the mother and brain tumor specimens from the index case 
and his sister were analyzed for MSI and IHC aberrations (Table 1). MSI analysis was 
performed on DNA retrieved from paraffin-embedded tumor tissues, using five mono-
nucleotide repeat MSI markers (Promega pentaplex) as previously described.55, 106 As 
controles, normal leukocyte DNA from the index patient, DNA from paraffin-embedded 
normal tissue from the father (III.2), DNA from paraffin-embedded normal tissue from 
the grandmother (II.2), and unrelated normal DNA were used. The MSI marker profiles 
of all these normal DNA samples (3 family members, one unrelated normal DNA) were 
identical, demonstrating the absence of MSI in normal tissues. IHC analysis was per-
formed for four mismatch repair proteins: MLH1, MSH2, MSH6 and PMS2, according to 
the standard procedure.55 The brain tumor of the index patient showed an MSI pattern 
with additional fragments of increased size of markers NR-21 and BAT-26. Surprisingly, 
microsatellite stability (MSS), was observed in the brain tumor of the sister of the index 
patient (Figure 3.a). IHC analysis of brain tumor tissues from both children showed 

Figure 1. Pedigree of the reported family. Patient details on malignancy, adenomas and age of diagnosis in 
years are given.  index patient;  male;  female; 6  males and females;  CRC, colorectal cancer;  
brain cancer; / deceased.
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table 1. Summary of results of the molecular and immunohistochemical analyses of tissues from the studied 
family.

Case Malignancy Age at 
diagnosis 
(years)

skin lesions NF1 gene 
mutation

Analysis 
of Msi

iHC LoH 
analysis 
PMS2

PMS2 gene 
mutation

II.2 Adenocarcinoma 
of the rectum

84 ND ND MSS Normal ND None

III.2 Adenocarcinoma 
of the transverse 
colon

43 None ND MSS Normal no LOH Heterozygous 
p.Ser46IIe

III.3 One adenoma 
(low grade 
dysplasia)

45 None ND MSS Normal ND Heterozygous 
p.Pro246fs

IV.1 PNET 4 CAL spots > 6, 
haemangioma 
leg

ND MSS PMS2 
absent

ND Compound 
heterozygous 
Pro246fs, 
p.Ser46IIe

IV.2 Anaplastic glial 
brain tumor

7 CAL spots > 6,  
axillary 
melanotic 
freckling 

None MSI-H PMS2 
absent

ND Compound 
heterozygous 
Pro246fs, 
p.Ser46IIe

CAL, café au lait; IHC, immunohistochemistry of MLH1, MSH2, MSH6 and PMS2; LOH, loss of heterozygosity 
analysis by sequencing; ND, not determined; MSI, microsatellite instability; MSI-H, microsatellite instability-
high; MSS, microsatellite stable; PNET, primitive neuroectodermal brain tumor.

Figure 2. Café-au-lait spots of the index patient.
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absence of PMS2 expression in the tumor and normal cells. Tumor specimens from all 
other family members were MSS and showed normal expression of the MMR proteins in 
the tumor and normal tissue.

Figure 3. MSI analysis of the brain tumors of the index patient and his sister (individual IV.2 and IV.1) and 
LOH analysis of the father of the index patient (individual III.2).
a) Promega pentaplex MSI results of unrelated normal control DNA (C), index patients’ normal leukocyte DNA 
(N), index patient’s brain tumor DNA (T1) and his sister’s brain tumor DNA (T2). MSI (markers NR-21 and BAT-25, 
instability indicated by arrows) is only observed in the tumor of the index patient and not in his sisters’tumor. 
b) Sequencing results of exon 2 of the PMS2 gene, showing the heterozygous p.Ser46Ile (c.137G>T) mutation 
in normal tissue (N) and CRC (T) of father. No LOH is detected in tumor tissue (T). 
c) Result of LOH analysis with a dinucleotide polymorphic microsatellite at the P53 locus in normal tissue (N) and 
CRC (T) of father. Arrows indicate the relative loss of the larger allele in the CRC compared to the normal DNA.
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Germline mutation analysis

Mutation analysis of the NF1 gene was performed in the index patient but a mutation 
could not be identified. Mutation analysis in a blood sample of the index patient identi-
fied the compound heterozygous mutations, p.Pro246fs and p.Ser46IIe. Both mutations 
were also found in DNA derived from brain tissue from his sister. No mutation analysis 
was performed in the younger sister of the index patient. The heterozygous mutations 
p.Ser46IIe and p.Pro246fs were confirmed in the father and mother, respectively, indicat-
ing the compound heterozygous pattern in the index patient and his sister. The paternal 
grandmother appeared not to carry the p.Ser46IIe mutation as present in the father of 
the index patient. In both the index patient and his father no germline mutation was 
detected in the MLH1, MSH2 and MSH6 gene. 

Additional molecular analysis: loss of heterozygosity

To asses whether the tumor from the father of the index patient was caused by the PMS2 
germline mutation, loss of heterozygosity (LOH) analysis was performed (Figure 3.b). For 
that purpose, DNA extracted from normal and tumor tissue of the father was sequenced, 
according to a previously described method.106 No LOH of the PMS2 locus was found, 
while the tumor percentage was high enough to detect LOH, which was indicated by the 
presence of LOH at the P53 and APC loci (Figure 3.c). 

DisCUssioN

The above-mentioned family displays a CMMR-D phenotype in the presence of com-
pound heterozygous PMS2 mutations (p.Ser46IIe and p.Pro246fs). MSI was only found 
in the brain tumor of the PMS2 compound heterozygous index patient. The brain tumor 
of his compound heterozygous sister as well as the CRCs of the father and his mother 
and the colorectal adenoma of the mother were MSS. Immunohistochemical analysis 
showed absence of PMS2 staining in both the brain tumor and normal tissue of the in-
dex patient and his sister, but not in the analysed CRCs of their father and grandmother. 

PMS2 is considered a tumor suppressor gene.24 In tumors of carriers of a heterozygous 
PMS2 mutation, MSI and absence of immunohistochemical staining of PMS2 can be 
expected due to loss of the wild-type allele. In case of a biallelic germline mutation MSI 
and especially absence of PMS2 expression can be expected already in normal tissue, as 
well as in tumor tissue.  

Both parents of the index patients were found to carry a heterozygous PMS2 muta-
tion. The p.Pro246fs mutation of the mother (individual III.3) is a previously described 
pathogenic frameshift mutation.107 The p.Ser46Ile missense germline mutation of father 
(individual III.2) has been found in seven cases in a cohort of 400 selected Dutch patients 
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suspected for an MMR gene defect. In contrast, this mutation was not detected in 927 
controls (unpublished data of the Department of Human and Clinical Genetics, LUMC). 
Also, the amino acid involved in this mutation is positioned in a highly conserved small 
helix domain (codon 35-48) and in addition serine and isoleucine have very different 
physical and chemical properties. In the literature there is a clear overrepresentation of 
p.Ser46Ile in patients with PMS2 negative tumors.9, 65, 108-110 These findings support the 
pathogenicity of this mutation. 

Surprisingly no MSI and IHC aberrations were found in the CRC of the father. Eight 
additional CRCs in heterozygous carriers of the p.Ser46Ile mutation have been reported 
(Table 2). Unfortunately, only data on the MSI status of the tumor tissues of three of 
these eight patients were available, all displaying MSI. Absent PMS2 expression was 
found in all described tumors in contrast to our observations in the CRC of father. Be-
cause additionally no loss of heterozygosity of the PMS2 locus was detected in the tumor 
of father, a role of PMS2 in the development of the early onset CRC of the father can 
not be demonstrated at the moment. It is possible that other CRC susceptibility genes 
are involved. Since the tumor tissue of father’s CRC was found to be MSS, it is unlikely, 
however, that this concerns the other MMR genes. Also, germline mutation analyses of 

table 2. Genetic and clinical summary of nine reported cases (including our case) of patients with CRC and 
the heterozygous PMS2 mutation: c.[137G>T], p.Ser46IIe.

Patient Case Malignancy

Age at 
diagnosis of 
malignancy 

(years)
Analysis of 
Msi iHC reference

1 1 CRC: cecum 32 NA PMS2 absent Senter et al, 20089

2 2 CRC: cecum 47 NA PMS2 absent Senter et al, 20089

3 3
CRC: 
sigmoid 44 NA PMS2 absent Senter et al, 20089

4 5
CRC: 
transverse 43 NA PMS2 absent Senter et al, 20089

5 6
CRC: 
sigmoid 62 NA PMS2 absent Senter et al, 20089

6 Patient 1 CRC 31 MSI-H PMS2 absent
Nakagawa et al, 
200465

7

66603/
current 
report: 

III.2 CRC 43 MSS Normal
Van der Klift et al, 
2010110

8 74028 CRC 70 MSI-H PMS2 absent
Van der Klift et al, 
2010110

9 74055 CRC 54 MSI-H PMS2 absent
Van der Klift et al, 
2010110

CRC, colorectal carcinoma; IHC, immunohistochemistry; NR, not reported; MSI, microsatellite instability; 
MSI-H, microsatellite instability-high; MSS, microsatellite stable.
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MLH1, MSH2 and MSH6 revealed no aberrations in father. Nevertheless, other unknown 
susceptibility genes can not be excluded. In view of this, first degree relatives of the 
father, who test negative for the familial PMS2 mutation, should in our opinion still be 
offered colorectal surveillance.

The results of MSI and IHC analysis of the tissue of the paternal grandmother are in 
agreement with analysis of sporadic CRC This finding is in concordance with her not 
being a carrier of the familial PMS2 mutation.

The index patient and his sister inherited both PMS2 germline mutations from their 
parents, explaining their CMMR-D phenotype. However, MSI was found in only one of 
the two brain tumors. In gastrointestinal tumors MSI analysis seems a reliable tool to di-
agnose MMR deficiency. In the literature results of molecular analyses in 21 patients with 
gastrointestinal malignancies and biallelic MMR gene mutations have been reported. 
Nineteen patients were diagnosed with CRC and two patients with duodenal cancer. 
In all tumors MSI was detected. Additional IHC analysis showed absent immunostain-
ing of the corresponding affected MMR proteins in 19 of 21 analysed gastrointestinal 
tumors.9, 34, 108, 109, 111-123 In addition to the gastrointestinal patients, 43 patients (mean 8 
years, range 4-17, 88% male) with biallelic MMR gene mutations and brain cancer have 
been reported. In eight of these 43 cases, brain tumor specimens were analyzed for MSI 
and in five of these cases IHC of MMR proteins was performed (Table 3). Germline muta-
tion analysis showed one patient with MLH1, one with MSH2, four with MSH6 and two 
with PMS2 mutations. In six of the analysed eight cases no MSI was found in brain tumor 
tissue. A hypothesis to explain the lack of MSI in brain tumors from germline biallelic 
PMS2 mutant patients is that in brain tissue a PMS2 deficiency could lead to tumorigen-
esis through a different mechanism than the mismatch repair pathway.34, 106, 108 Also, the 
extend and pattern of MSI may differ between CRCs and brain tumors, making the MSI 
analysis that is routinely used for CRC less reliable for brain tumors.34, 106, 124, 125

IHC analysis showed absent immunostaining of PMS2 in the brain tumor cells as well 
as in normal cells in the specimens of our index case and his sister. This is in accordance 
with the absence of expression of the affected MMR protein in all five investigated 
brain tumors of germline biallelic mutant MMR gene patients described in the litera-
ture.34, 106, 108, 126, 127 From the literature and our own data, it can be concluded that MMR 
IHC may be more sensitive than MSI analysis to detect MMR deficiency in brain tumors.

The third child in this family (IV.3) is also at risk of being a heterozygous or compound 
heterozygous carrier of the familial PMS2 mutations. Because single CAL spots are a 
frequent finding in the general population and this child is eight years passed the age 
of onset of the brain tumors in her siblings, we estimate her risk for CMMR-D to be lower 
than the theoretical 25%. However, her risk is not excluded. No guidelines are available 
yet for the surveillance of children at risk for CMMR-D. In this family we think regular 
clinical surveillance by a paediatric oncologist including colonoscopy and possibly brain 
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Pitfalls in molecular analysis for mismatch repair deficiency

MRI can be considered. Because of behavioural and psychological problems of the third 
child, she and her mother declined genetic testing for the PMS2 mutations and surveil-
lance at the moment. 

In conclusion, the results of molecular analyses in this family display the diagnostic 
challenges in PMS2-mutation families. In case of a clinical phenotype of CMMR-D, it 
is recommended to routinely combine MSI analysis with IHC for expression of MMR 
proteins. With inconclusive or conflicting results, mutation analysis of the MMR genes 
should be considered after thorough counseling of the patients and/or their relatives.
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ABstrACt

Lynch syndrome (LS) is caused by germline mutations in mismatch repair (MMR) genes 
resulting in microsatellite-unstable tumors. Approximately 35% of suspected LS (sLS) 
patients test negative for germline MMR gene mutations, hampering conclusive LS 
diagnosis. The aim of this study was to investigate somatic MMR gene aberrations in 
microsatellite-unstable colorectal and endometrial cancers of sLS patients negative for 
germline MMR gene mutations. Suspected LS cases were selected from a retrospective 
clinical genetics diagnostic cohort and from a prospective multicenter population 
based study on LS in the Netherlands. In total, microsatellite-unstable tumors of 40 sLS 
patients (M/F 20/20, median age 57) were screened for somatic MMR gene mutations 
by next generation sequencing. In addition, loss of heterozygosity (LOH) of the affected 
MMR genes in these tumors as well as in 68 LS-associated tumors and 27 microsatellite-
unstable tumors with MLH1 promoter hypermethylation was studied. Of the sLS cases, 
5/40 (13%) tumors had two pathogenic somatic mutations and 16/40 (40%) tumors had 
a (likely) pathogenic mutation and LOH. Overall, LOH of the affected MMR gene locus 
was observed in 24/39 (62%) tumors with informative LOH markers. Of the LS cases and 
the tumors with MLH1 promoter hypermethylation 39/61 (64%) and 2/21 (10%) tumors, 
respectively, demonstrated LOH. Half of microsatellite-unstable tumors of sLS patients 
without germline MMR gene mutations have two (likely) deleterious somatic MMR gene 
aberrations, indicating their sporadic origin. Therefore, we advocate adding somatic mu-
tation and LOH analysis of the MMR genes to the molecular diagnostic workflow of LS.  
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iNtroDUCtioN

Lynch syndrome (LS) is an autosomal dominant hereditary condition that predisposes 
to various types of cancer and accounts for about 3% of all colorectal cancers (CRC) and 
about 2% of all endometrial cancers (EC).66, 92 The increased risk for malignant lesions in LS 
is due to an inactivating germline mutation in one of four mismatch repair (MMR) genes, 
MLH1, MSH2, MSH6, and PMS2, or a germline deletion in EPCAM.30, 31 The final diagnosis LS 
is based on the identification of the germline mutation in one of these genes.128 

MMR genes are classical tumor suppressor genes and biallelic inactivation results in 
tumorigenesis. The tumors of LS patients are characterized by a microsatellite instability 
(MSI) phenotype and absence of expression of one or more MMR proteins, both indicat-
ing DNA MMR deficiency. As a result of the LS testing algorithm (Figure 1) patients are 
indicated as suspected of LS (sLS) or non-suspected of LS, after which germline testing 
of the affected MMR gene(s), as indicated by immunohistochemistry (IHC), is performed 
in the sLS cases. Germline testing leads to identification of an MMR gene mutation or of a 
variant of unknown significance (VUS) in about 65% of the sLS patients, as was shown in a 
prospective multicenter population based study in the Netherlands in which all consecu-
tive CRC and EC patients ≤ 70 years were screened for LS.129, 130  The lack of identification of 
mutations in the remaining 35% severely hampers conclusive diagnosis (LS or no LS) for 
these patients and their relatives. An existing germline mutation could have been missed 
by germline analysis or they have a sporadic tumor caused by biallelic somatic MMR gene 
inactivation. The prevalence of somatic mutations in the MLH1, MSH2, and MSH6 genes 
in sporadic CRC is 16%, 10%, and 6%, respectively,131, 132 however, not all of the tumors 
included in these analyses showed MSI. More recently, somatic aberrations of the MLH1 
and MSH2 genes were studied in CRCs and ECs with MSI, but negative for both MMR 
germline mutations and promoter hypermethylation.68, 69 Sourrouille et al69 performed 
mutation analysis of 18 CRCs and detected in four tumors each two somatic mutations. 
Mensenkamp et al68 combined mutation- and LOH analysis in 25 CRCs or ECs and identi-
fied two somatic hits in 13 tumors. Both studies conclude that these double somatic hits 
indicate biallelic somatic inactivation and sporadic occurrence of the tumors. 

Reliable LS diagnosis is important both for patients with malignancies and for their 
healthy relatives at risk for carrying an MMR gene germline mutation as surveillance and 
preventive options can provide substantial health benefits in case of a pathogenic MMR 
germline mutation.18-20, 22 In addition, the exclusion of LS in patients suspected of LS 
can also lead to health benefits, since these patients and their relatives may be released 
from further surveillance, additional genetic testing and emotional distress. The aim of 
the present study was to improve LS diagnostics by the determination of somatic MMR 
gene aberrations in microsatellite-unstable tumors of sLS patients tested negative for 
germline MMR gene mutations.
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Figure 1. Patient selection flowchart. All unexplained tumors (without germline mutations) from a retro-
spective series of sLS patients counselled at the Clinical Genetics department of Erasmus MC during 2000–
2012 (1. CLINIC) as well as from sLS patients previously involved in a prospective, multicentre, population-
based study in The Netherlands (2. LIMO) were included: CRC, colorectal cancer; EC, endometrial cancer; 
LS, Lynch’s syndrome; MMR, mismatch repair; MSI, microsatellite instability; MSS, microsatellite-stable; n, 
number of patients.
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MetHoDs

Patient selection and DNA isolation

Patient selection is described in Figure 1, unexplained tumors from sLS patients were in-
cluded in the study. sLS patients were defined as patients (i) with microsatellite-unstable 
CRC, EC or ovarian cancer, (ii) without MLH1 promoter hypermethylation when MLH1 
was the affected MMR gene as indicated by IHC, and (iii) tested negative for germline 
mutations and VUS in the affected MMR gene (mutation analysis of entire genes includ-
ing analysis of large intragenic deletions), and negative for EPCAM deletions. If blood 
was not available as source of constitutional DNA because the patient was deceased at 
time of germline mutation analysis, one or more first degree relatives were analyzed.

A retrospective series of 22 tumors (including one adenoma) of sLS patients were 
screened for MMR gene aberrations; these patients or their relatives were counseled at 
the Clinical Genetics department of Erasmus MC, University Medical Center Rotterdam 
between 2000 and 2012 (Figure 1). Furthermore, 18 tumors of sLS that were previously 
involved in a prospective multicenter population based study in the Netherlands (LIMO) 
were included.129, 130 As controls, 68 tumors of LS patients with an identified pathogenic 
MMR gene germline mutation (M/F 35/33, median age 50, IQR 14) and 27 sporadic tumors 
with MLH1 promoter hypermethylation (M/F 9/18, median age 64, IQR 8) were analyzed. 
Of all 135 cases, formalin-fixed and paraffin-embedded (FFPE) normal and tumor tissues 
were manually microdissected from five to ten haematoxylin stained sections. DNA was 
extracted using proteinase K and 5% Chelex 100 resin, as previously described.55 

Figure 2. Locations of the SNPs used to screen for LOH of the MMR genes in four multiplex assays: vertical 
black lines, positions of the SNPs targeted by SNaPshot probes.
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Msi analysis, MMr protein iHC and MLH1, MSH2 and MSH6 promoter 
hypermethylation assay 

MSI, MMR protein IHC and MLH1, MSH2, and MSH6 promoter hypermethylation analyses 
were performed as previously described.55

LoH analysis and copy number detection of the MMr genes

LOH analysis was performed for the affected MMR gene (for sLS patients as indicated 
by IHC) with the SNaPshot multiplex kit (Applied Biosystems, Foster City, CA) on normal 
and tumor DNA as previously described.133 Single PCR - and multiplex PCR assays were 
designed to detect six to nine single nucleotide polymorphisms (SNPs) in or adjacent 
to each of the MMR genes (Figure 2). Classification of SNP results per gene was as fol-
lows: LOH: at least one SNP with LOH, no SNP with retention of heterozygosity (ROH); 
ROH: at least one SNP with ROH, no SNP with LOH; partial LOH: both SNP(s) with LOH 
and ROH; NI: all SNPs are non-informative (homozygous). To establish copy number of 
the affected MMR gene, fluorescent in situ hybridization (FISH) was performed using 
a commercial probe to detect MSH2 and custom made probes to detect MLH1, MSH6, 
or PMS2 (all Kreatech, Amsterdam, The Netherlands), according to standard protocols. 
Control probes targeting the centromere or a locus on the opposite chromosomal arm 
were included for each gene. 

Mutation analysis of the MMr genes and BRAF

All tumor samples of sLS patients were screened for somatic mutations of MLH1, MSH2, 
MSH6, and PMS2 with the Ion Torrent Personal Genome Machine (PGM) with suppliers ma-
terials and protocols (Life Technologies, Carlsbad, CA). A custom primer panel targeting the 
open reading frame including the exon-intron boundaries of the MMR genes was designed 

Figure 3. Somatic aberrations for the tumors of 40 suspected Lynch’s syndrome patients. The different 
colours indicate the deficient mismatch repair gene, as shown by immunohistochemistry: LOH, loss of het-
erozygosity; VUS, variant of unknown significance.
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using the Ion AmpliSeq Designer 1.2. This panel consisted of 150 amplicons covering 100%, 
92%, 97%, and 79% of MLH1, MSH2, MSH6, and PMS2, respectively. All variants in the cod-
ing regions and the splice sites were reported, excluding synonymous single nucleotide 
variants and known bona fide SNPs. All variants detected with the PGM were confirmed by 
Sanger sequencing in tumor and normal DNA, as previously described.134 For four MLH1 
deficient tumors (sLS-1, sLS-2, sLS-9, and sLS-10) conventional Sanger sequencing of the 
exonic regions of MLH1 was performed instead of PGM analysis. All previously identified 
germline mutations in LS patients were confirmed in normal and tumor tissue if possible. 
Additionally, all tumor samples were screened for BRAF mutations by Sanger sequencing 
and with mutation specific PCR for BRAF V600E and V600K using FAM-labeled primers.

Predicting pathogenicity for somatic MMr variants

Frame-shift, nonsense and splice site mutations were assumed to be pathogenic. For 
all missense variants and in-frame deletions multiple in silico tools, InSIGHT classifica-
tion,135, 136 and a literature search were used to predict pathogenicity. Finally, all variants 
were classified as: benign (1), likely not pathogenic (2), uncertain (3), likely pathogenic 
(4), or definitely pathogenic (5).  

resULts

somatic MMr aberrations in sLs patients

The tumors of 40 sLS patients negative for MMR gene germline mutations were screened 
for somatic MMR mutations and for LOH of the affected MMR gene as indicated by IHC 
(Table 1, Figure 4). This led to detection of 49 somatic MMR gene variants, 31 in MLH1, 11 
in MSH2, six in MSH6, and one in PSM2. Two of the 40 (5%) patients, both deceased and 
with first degree relatives negative for germline MMR mutations, showed a pathogenic 
mutation both in tumor and normal tissues. For all other patients, DNA from normal 
tissue showed no aberrations. Twenty-one of the 40 (53%) tumors showed either two 
pathogenic mutations (5) or one (likely) pathogenic mutation and LOH (16) (Figure 5). 
In 12 of the tumors with a mutation and LOH Sanger sequencing confirmed loss of the 
wildtype allele. Five of the 40 (13%) tumors showed a VUS combined with a pathogenic 
mutation or LOH. In 9/40 (23%) tumors only one somatic aberration was detected and 
1/40 (3%) tumors showed only a likely benign variant. Two out of 40 (5%) tumors 
showed no aberrations, including the tumor from patient sLS-38, for which no mutation 
analysis results were available. In total, two VUS and four likely benign variants, but no 
pathogenic mutations, were detected in non-affected MMR genes as indicated by IHC.
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Figure 4. Somatic aberrations for patient sLS-4, who was diagnosed with a moderately–poorly differenti-
ated adenocarcinoma of the colon.
(a) Tumor cells show absence of MLH1 and PMS2 expression and normal MSH2 and MSH6 expression (filled 
arrowheads), stromal cells show expression of all four proteins (open arrowheads); scale bar=50 μm. (b) 
Microsatellite instability (MSI) analysis shows MSI of six markers (NR-21, BAT-26, BAT-25, NR-24, MONO-27 
and Penta C) in the tumor (lower panel) compared to normal (upper panel); the MSI shifts are indicated 
by arrowheads. (c) A nonsense mutation (c.298C>T) in MLH1 was detected with the ion torrent personal 
genome machine. (d) Sanger sequencing confirmed the presence of the mutation (arrowhead) in tumor 
tissue (lower panel) and shows the absence of the mutation in normal tissue (upper panel). (e) At the loca-
tion of the mutation, loss of the wild-type allele was detected, as was confirmed by SNaPshot analysis; one 
marker in TRANK1 and one marker in ITGA9 (arrowheads) are heterozygous in normal tissue (upper panel) 
and show LOH in tumor tissue (lower panel). (f ) Copy number analysis by fluorescence in situ hybridization 
shows two copies of the MLH1 locus (red signal) and two copies of a control locus on the opposite arm of 
chromosome 3 (green signal) in the tumor cells (open arrowhead).
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LoH analysis

All tumors were screened for LOH of the affected MMR gene (for sLS patients as indi-
cated by IHC) by SNaPshot analysis and/or Sanger sequencing. Finally, 39/40 tumors 
from sLS patients, 61/68 tumors from LS patients, and 21/27 sporadic tumors showed 
evaluable and informative results. Of those, 24/39 (62%) tumors of sLS patients, 39/61 
(64%) LS-associated tumors, and 2/21 (10%) sporadic tumors showed LOH of (part of ) 
the affected gene (Figure 6). For the tumors of sLS patients, LOH was detected in 15/23 
(65%) and 9/12 (75%) of the MLH1 and MSH2 deficient tumors respectively. For 36 
variants detected in tumors of sLS patients, both PGM data and LOH results by Sanger 
sequencing were available, for these variants the percentage of variant reads by PGM 
was compared to LOH results by Sanger sequencing (Table 1). Fifteen out of 36 variants 
showed LOH both by PGM and Sanger sequencing, 20/36 variants showed ROH both by 
PGM and Sanger sequencing, and 1 variant showed LOH by PGM (81% variant reads) but 
ROH by Sanger sequencing. Interestingly, the tumor of this patient (sLS-8) did show LOH 
by SNaPshot analysis. For the LS-associated tumors, LOH was detected in 13/21 (62%), 
10/13 (77%), 11/21 (52%), and in 5/6 (83%) of the tumors of MLH1, MSH2, MSH6, and 
PMS2 germline mutation carriers respectively. Overall, seven tumors showed partial LOH 
by SNaPshot analysis and another eight tumors showed LOH by SNaPshot analysis but 
ROH by Sanger sequencing with at least one variant.

Copy number analysis

All tumors were screened with FISH to detect MMR gene copy number variations, 121 
tumors showed two copies of the affected MMR gene, two tumors showed only one copy, 
one tumor showed polysomy, nine tumors showed non evaluable results, and for two 
tumors copy number by FISH could not be determined. Both tumors with only one copy 
of the affected MMR gene (patients LS-27 and LS-56) showed LOH by SNaPshot analysis. 

Figure 5. Percentages of tumors with LOH or ROH for suspected Lynch’s syndrome (sLS) and LS patients and 
those with sporadic tumors; different colours indicate the affected mismatch repair genes (for sLS patients) 
as indicated by immunohistochemistry: LOH, loss of heterozygosity; ROH, retention of heterozygosity.
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BRAF mutation analysis

All tumors were screened for BRAF mutations with a sensitive mutation specific PCR to 
detect V600E and V600K mutations and with Sanger sequencing. For 127 tumors BRAF 
analysis had evaluable results. Combining the results from both assays, BRAF mutations 
were detected in 5/34 (15%) tumors of sLS patients, 1/67 (1%) LS-associated tumors, and 
22/26 (85%) sporadic tumors. V600E mutations were detected in three tumors of sLS 
patients and in 22 sporadic tumors, a K601E mutation was detected in the tumor of a sLS 
patient, and a BRAF D594G mutation was detected both in a LS-associated tumor and in 
the tumor of a sLS patient.  

DisCUssioN

Somatic MMR gene aberrations were investigated in 40 tumors of sLS patients negative for 
germline mutations in the affected MMR gene(s) as indicated by IHC; final conclusions are 
shown in Figure 6. Two somatic and (likely) deleterious aberrations of the affected MMR 
genes were detected in 21/40 (53%) of these tumors: 16/24 for MLH1 and 5/12 for MSH2 
(Figure 4). In addition, 5/40 (13%) patients showed a variant of unknown pathogenicity 
combined with a pathogenic mutation or LOH. No pathogenic mutations were detected in 

Figure 6. sLS patient details and final conclusions based on tumor analysis; numbers of patients (median 
age, IQR) are shown for all patient groups: MMR, mismatch repair; n, number of patients.
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the non-affected MMR genes as indicated by IHC. This suggests that secondary mutations 
in the non-affected MMR genes are uncommon. Furthermore, 19/21 (91%) tumors with 
MLH1 promoter hypermethylation showed ROH for the MLH1 gene, which is in accordance 
with the notions that microsatellite-unstable tumors are generally chromosomal stable137 
and that MLH1 promoter hypermethylation affects both alleles.138

Focusing on the MLH1 and MSH2 deficient tumors, 21/36 (58%) tumors had two somatic 
and (likely) deleterious aberrations. This is comparable to the study of Mensenkamp et 
al,68 they identified two somatic aberrations in 13/25 (52%) MLH1 or MSH2 deficient 
tumors. In the current study 5/36 (14%) of the tumors showed 2 pathogenic mutations, 
and 16/36 (44%) showed a combination of a (likely) pathogenic mutation and LOH. 
For the study of Mensenkamp et al68 this was 5/25 (20%) and 8/25 (32%) respectively; 
the slightly lower amount of tumors with a pathogenic mutation and LOH could be 
explained by the fact that for 10/25 tumors LOH analysis was not informative. We did not 
observe a different percentage of likely sporadic tumors for CRC (55%; 18/33) compared 
to EC (60%; 3/5). Mensenkamp et al68 showed that 48% (11/23) of CRC and 100% (2/2) of 
EC were likely of sporadic origin. Although both studies show that EC can be caused by 
two somatic aberrations, the numbers of included EC are too low to reliably compare the 
distribution of somatic aberrations between CRC and EC.

For two related sLS patients (sLS-25 and sLS-26; sisters) the same pathogenic MSH2 mu-
tation was found both in normal and tumor tissues indicating a germline predisposition. 
From these patients no blood DNA was available as source of constitutional DNA since both 
patients were deceased at time of germline mutation analysis. Four of their healthy children 
were tested and no germline mutations in MLH1, MSH2, or MSH6 were found, indicating 
these children did not inherit the MSH2 germline mutation from their mothers. This exempli-
fies that mutation analysis of normal and tumor DNA isolated from archival FFPE tissue can 
be a valuable approach for LS testing in patients from whom no blood DNA is available.

In the tumors of 21 sLS patients two (likely) deleterious somatic aberrations were detected, 
either two mutations or one mutation and LOH. It is likely that these aberrations are located 
on different alleles, causing biallelic inactivation of the involved MMR gene. For 12/16 tu-
mors with a mutation and LOH, loss of the wild type allele could indeed be confirmed by 
Sanger sequencing. These tumors may now be considered not to be associated with LS. As 
these patients are no longer suspect for LS, extensive colonoscopic surveillance similar to 
LS patients is no longer required. The starting age and frequency of colonoscopies for these 
patients and their relatives can now solely be based on family history. 

Part of the sLS patients included in the current study were previously involved in the 
prospective multicenter LIMO study (Figure 1), in which all consecutive CRC and EC pa-
tients ≤ 70 years were screened for LS.129, 130 In total, 1117 CRC and 179 EC were screened 
and germline mutation analysis was performed for 52 suspected LS patients: 34 (65%) 
patients had a germline MMR mutation or VUS and for 18 (35%) patients no mutations 
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were detected. We screened the tumors of these 18 patients without germline MMR 
mutations for somatic aberrations of the MMR genes: 12 tumors (ten CRC and two EC) 
had a likely sporadic origin and for six tumors (five CRC and one EC) the results were 
inconclusive (Figure 6). Thus, 12/52 (23%) patients that were referred to clinical genetics 
and tested for germline MMR gene mutations actually had (likely) sporadic tumors. 

Only two tumors showed absence of one of the MMR alleles by copy number analysis, 
whereas LOH was found in 65 tumors. This suggests that the LOH detected is due to copy 
neutral LOH (cnLOH). Previous studies report that cnLOH is an important mutational event 
in the carcinogenesis of microsatellite-unstable tumors and usually confined to the locus 
harboring pathogenic MMR gene mutations.137, 139 Interestingly, cnLOH was less frequently 
observed in tumors of MSH6 mutation carriers,139 which corresponds to our findings in LS 
patients where LOH is observed in only 11/21 (52%) of tumors of MSH6 mutation carriers, 
but in 13/21 (62%), 10/13 (77%), and 5/6 (83%) of tumors of MLH1, MSH2, and PMS2 muta-
tion carriers, respectively. This suggests that the second hit in MSH6 affected tumors is less 
often loss of the wildtype allele, but may be a second somatic mutation. An alternative 
explanation for the absence of copy number alterations is that only a small part of the 
chromosome is lost, which is not detected by our FISH probes. In 15/65 (23%) tumors we 
indeed found indications for partial LOH of the involved MMR gene.

BRAF mutation status is regularly used to distinguish LS-associated tumors from spo-
radic microsatellite-unstable colon cancer, as BRAF mutations are correlated with MLH1 
methylation and are strong predictors of MMR gene mutation-negative status.49, 140 In 
none of the tumors from LS patients a BRAF V600E mutation was detected, however, 
one germline MSH6 mutation carrier showed a BRAF D594G mutation in the tumor. The 
same mutation was detected in the tumor of a sLS patient. This mutation appears to be 
a low activity mutant141 and has been described before in CRC,142, 143 but the significance 
of this mutant in the screening for LS is unknown. In total, BRAF mutation status was de-
termined in 15 likely sporadic MLH1 deficient tumors of sLS patients, interestingly, 3/15 
(20%) showed a BRAF mutation (V600E, K601E and D594G). As these tumors showed no 
MLH1 promoter hypermethylation, BRAF screening could be valuable in this subgroup of 
patients to predict the sporadic origin of the tumors. 

In 12/40 (30%) tumors of sLS patients no or only one somatic mutation was found in 
the tumor. Obviously, some aberrations escaped detection by our analyses so no final 
diagnosis with regard to LS could be made for these cases. Other mechanisms, like mu-
tations in untranslated or (deep) intronic regions, large deletions, or alterations in other 
genes that are involved in regulation or expression of the MMR genes might be involved 
in these tumors. Recently, the risk of cancer in families of sLS patients without germline 
mutations was determined by Rodriguez-Soler et al.144 They found that the risk of CRC 
is lower in families with sLS than among patients with genetically confirmed LS, but 
significantly higher than in cases of truly sporadic CRC. Therefore, sLS patients should 
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only be released from cancer surveillance programs when two somatic hits are detected 
in the tumor, as any undetected hit can be a germline mutation. 

The current study also has some limitations. Some somatic aberrations might have 
escaped our detection methods; therefore, the number of somatic aberrations of the 
MMR genes could be underestimated. For the LOH analyses, 12/135 patients showed non-
evaluable results probably due to the use of DNA extracted from FFPE tissue. Furthermore, 
9/135 patients were homozygous for all investigated SNPs. As LOH might be confined 
to only a small region of the MMR gene, it could have been missed due to insufficient 
informative markers.  Additionally, some somatic mutations might have been missed due 
to the design of the PGM primer panel, as not all exonic regions were completely covered. 

We did not have a sufficient amount of DNA to analyze all tumors of sLS patients for 
MMR mutations with an alternative method, therefore, we do not know the false negativ-
ity rate for the PGM analysis. The tumors of three sLS patients (sLS-2, sLS-13 and sLS-38) 
had non evaluable PGM results (less than 80% of the target bases were covered more than 
100 times). For two of those tumors (sLS-13 and sLS-38) no conventional Sanger sequenc-
ing could be performed as an alternative due to a limited amount of DNA. Despite the 
low coverage, the tumor of patient sLS-13 did show 1 likely benign variant, but Sanger 
sequencing of this region could not be performed due to low quality DNA. As the PGM 
coverage for these patients is very low, potential mutations could have been missed. 

In 26/40 (65%) tumors of sLS patients two or more somatic MMR gene aberrations 
were found. For 21 patients this concerned (likely) pathogenic mutations, indicating 
the sporadic origin of the tumors. This result indicates that LOH and somatic mutation 
analyses of the MMR genes in tumors of sLS patients adds substantially to the final 
diagnostics of these patients and their relatives. Therefore, we propose to add somatic 
molecular analyses of the MMR genes to the routine molecular diagnostic workflow of 
tumors of sLS patients. To better document the incidence of somatic MMR mutations, 
intronic regions and regions that were not covered in the current design should be 
analyzed as well. Implementation of whole genome sequencing might help to identify 
unknown germline or somatic aberrations associated with LS.
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ABstrACt

Although early detection of Lynch syndrome (LS) is important, a considerable proportion 
of patients with LS remains unrecognized. We aimed to study the yield of LS detection 
by routine molecular analyses in colorectal cancer (CRC) patients until 70 years of age. 
We prospectively included consecutive CRC patients ≤ 70 years. Tumor specimens were 
analyzed for microsatellite instability (MSI), immunohistochemical mismatch-repair 
protein expression, and MLH1 promoter methylation. Tumors were classified as either 1) 
likely caused by LS, 2) sporadic microsatellite unstable (MSI-H), or 3) microsatellite stable 
(MSS). Predictors of LS were determined by multivariable logistic regression. A total of 
1117 CRC patients (57% males, median age 61 years) were included. Fifty patients (4.5%; 
95% CI 3.4-5.9) were likely to have LS, and 71 had a sporadic MSI-H tumor (6.4%; 95% CI 
5.1-8.0). Thirty-five patients likely to have LS (70%) were > 50 years. A molecular profile 
compatible with LS was detected in 10% (15/144) of patients ≤ 50, in 4% (15/377) of 
those aged 51-60, and in 3% (20/596) of patients older than 61 years. Compared to MSS 
cases, patients likely to have LS were significantly younger (OR 3.9; 95% CI 1.7-8.7) and 
had more often right-sided CRCs (OR 14; 95% CI 6.0-34). In conclusion, molecular screen-
ing for LS in CRC patients ≤ 70 years leads to identification of a molecular profile compat-
ible with LS in 4.5% of patients, with most of them not fulfilling the age-criterion (≤ 50 
years) routinely used for LS-assessment. Routine use of MSI-testing may be considered 
in CRC patients up to the age of 70 years, with a central role for the pathologist in the 
selection of patients. 
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iNtroDUCtioN

Lynch syndrome (LS) is the most common form of hereditary colorectal cancer (CRC), 
responsible for approximately 3% of all CRCs.66, 145 LS is caused by a germline mutation in 
one of the mismatch repair (MMR) genes; MLH1, MSH2, MSH6 and PMS2. The burden of LS 
is considerable, as the cancers are generally diagnosed at a young age and synchronous 
or metachronous malignancies occur in 30% of the patients. Furthermore, extra-colonic 
LS-associated malignancies frequently occur.40, 146, 147 

Early detection of LS is important, since colonoscopic surveillance has been proven 
to reduce CRC morbidity and mortality by 65-70%.18-20 However, the diagnosis of LS is 
complicated by the absence of a pre-morbid phenotype and DNA mutation analysis to 
confirm the diagnosis is time-consuming and expensive. MMR gene mutations lead to 
microsatellite instability (MSI) in tumor DNA, the molecular hallmark of LS. As MSI can 
be detected in approximately 95% of all LS-associated cancers, MSI-analysis can be used 
in the diagnostic approach of LS.38-40 The revised Bethesda guidelines have been devel-
oped to select patients for MSI-analysis, in order to identify patients at high risk for LS.84 

The combination of the revised Bethesda guidelines and MSI-testing is currently 
the most widely accepted approach for the identification of LS patients. However, the 
Bethesda guidelines have been criticized for being too complex for readily use,78 and it 
has been shown that these criteria are poorly implemented in clinical practice.148-150 In 
addition, several prediction models have been developed to quantitatively estimate the 
risk of LS on the basis of personal and familial data,27, 82, 85, 86, 151, 152 but the implementa-
tion of these models into clinical practice is limited. Together, this leads to a suboptimal 
detection of LS and the concern that many if not most mutation-carriers are not being 
identified.153, 154 

Therefore clinicians and researchers are searching for new simple strategies to improve 
the detection of LS. The aim of the present prospective population-based study was to 
evaluate the yield of routine molecular analyses, including MSI-analysis, in consecutive 
CRC patients ≤ 70 years and patients with advanced colorectal adenomas ≤ 45 years.

MetHoDs

In this prospective multicenter population-based study, we included all consecutive 
patients newly diagnosed with either an invasive colorectal adenocarcinoma ≤ 70 years, 
or an advanced colorectal adenoma ≤ 45 years. Adenomas were considered advanced 
when they were either ≥ 10 mm in diameter, showed a villous component or high-grade 
dysplasia, or when at least 3 synchronous adenomas (regardless of size and histology) 
were found. Patients were included between May 2007 and September 2009 in 11 Dutch 
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hospitals including one academic medical center and 10 general hospitals (5 pathology 
laboratories). Patients were identified by monthly electronic searches in the institutional 
pathology databases. The following data were anonymously collected from the original 
pathology reports (i.e. not by re-evaluation of pathological specimen): gender, age at 
diagnosis, tumor-characteristics including MSI-related histology features (i.e. presence 
of tumor-infiltrating lymphocytes, Crohn’s like lymphocytic reaction, mucinous /
signet-ring differentiation, or medullary growth  pattern),84 TNM-stage (5th edition) and 
localization. Tumors were defined as right-sided if located at or proximal to the splenic 
flexure, and left-sided when distal to the splenic flexure. Patients previously diagnosed 
with (attenuated) FAP and MAP were excluded. 

Routine formalin-fixed and paraffin-embedded (FFPE) tissue blocks, either from a 
surgical resection or, if not available, a diagnostic biopsy specimen, were collected from 
all included patients. Whenever possible, a biopsy specimen as well as a resection speci-
men were collected from rectal cancer patients treated with neo-adjuvant radiotherapy 
or chemoradiation (i.e. TNM ≥ T2), to evaluate possible therapy-effects on MSI-status. 
The collected tissue-samples were analyzed as shown in Figure 1. First, MSI-analysis and 
evaluation of immunohistochemical MMR protein expression (IHC) were performed in 
all patients. In case of a microsatellite unstable tumor (MSI-H, see below) with absent 

-+

Consecutive colorectal cancer cases  70 years
N=1137

MSI-H and/or absent MMR protein expression

N=121

Analysis for MSI and Immunohistochemistry MLH1, MSH2, MSH6, PMS2

N=1117

MLH1 absent

N=90

MSH2/MSH6/PMS2 absent

N=31

MLH1 promoter hypermethylation/ 
BRAF mutation

Sporadic MSI-H

N=71

Suspect for Lynch syndrome

N=50

Stable (MSS) and normal 
MMR protein staining 

N=996

Counselled at the department of Clinical Genetics 

N=42

Mutation 
positive 
N=27

Refuses 
further DNA 

analysis 

N=1

No tumor tissue available

N=20

No 
mutation 

found 
N=11

Mutation 
analysis

pending 
N=3

Not (yet) counselled 

N=8

Refuse 
counselling & 
DNA analysis

N=6

Deceased

N=1

Counselling 
pending 

N=1

Figure 1. Flow chart of molecular analyses performed on tumor tissue of CRC patients ≤ 70 years.
MSI, microsatellite instability; MMR, mismatch repair; MSS, microsatellite stable; MSI-H, high degree of 
micro satellite instability; LS, Lynch syndrome.
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MLH1 protein expression, we also studied hypermethylation of the MLH1 promoter and 
somatic BRAF mutations. This was done as MSI can be seen in approximately 15% of 
sporadic CRCs due to MLH1 promoter methylation.155 MLH1 promoter methylation is in 
its turn associated with somatic BRAF mutations.156 

Msi-analysis

MSI-analyses were performed on DNA derived from micro-dissected FFPE tumor tissue, 
using a panel of pentaplex markers as previously described.55 Tumors with more than 
one unstable marker were categorized as having a high degree of microsatellite instabil-
ity (MSI-H). Those with one or no unstable marker were categorized microsatellite stable 
(MSS).

immunohistochemistry, MLH1 promoter hypermethylation assay, & BRAF 
mutation analysis 

Immunohistochemistry, MLH1 promoter hypermethylation assay, and BRAF mutation 
analysis were performed as previously described.55 IHC analyses were performed for the 
mismatch repair proteins MLH1, MSH2, MSH6 and PMS2. If there was no MLH1 expres-
sion in tumor cells, the methylation status of the MLH1 promoter was determined by 
methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA), and 
BRAF alterations of mutational hotspot codon V600 were determined by bi-directional 
cycle-sequencing of PCR-amplified fragments. Additionally, in all MSI-H tumors the 
methylation status of the other MMR genes (MSH2, MSH6 and PMS2) was determined.

Analyzed tumors were classified as either 1) likely caused by LS if MSI-H and simul-
taneously showing absent MMR protein expression, with exclusion of MLH1 promoter 
hypermethylation and/or BRAF mutation in the case of absent MLH1 expression, 2) 
sporadic MSI-H tumors displaying absent MLH1 expression and established MLH1 
promoter hypermethylation and/or BRAF mutation, or 3) sporadic, microsatellite stable 
(MSS) tumors. If difficulties occurred in the interpretation of the MSI or IHC results, the 
analyses were repeated on biopsy tissue if available.

The study was approved by the Institutional Review Boards of the participating hospi-
tals. Patients were informed about the study by their gastroenterologist or surgeon and 
received written information. In the written information the relevance of early detection 
of hereditary CRC was addressed and it was explained that complementary pathological 
examinations were performed, possibly indicating an elevated risk of hereditary CRC. 
The information folder allowed patients to lodge an objection to the molecular analyses. 
If they did object, their archival tissue-blocks were anonymously collected informing 
neither the patient nor their doctor about the results of the additional analyses. Other-
wise the results were discussed with the patient by their doctor, and patients likely to 
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have LS were referred to the department of Clinical Genetics for counseling eventually 
followed by germline mutation analysis.

Germline mutation analysis

In DNA isolated from peripheral blood samples all coding regions and intron-exon 
boundaries of the MLH1, MSH2 and/or MSH6 gene were completely and systemati-
cally analysed using direct sequence analysis. Reaction products were analysed using 
a capillary automated sequencer (details of method and primer sequences available 
on request). In addition, MLPA kits P003 and P072 (MRC-Holland) were used to detect 
large rearrangements. The mutation analysis of PMS2 was performed as previously 
described.157 Germline mutation analyses were guided by the results of the immunohis-
tochemical MMR protein expression, with the most likely affected gene being examined 
first.55 In case of an MSI-H tumor with absent MSH2 (and MSH6) expression (and MSH2 
promoter methylation) without a detectable MMR gene mutation, the TACSTD1 gene 
was analyzed.30 

Data were analyzed using the SPSS 15.0 statistical software for Windows, and were re-
ported using descriptive statistics. The incidence of a molecular profile compatible with 
LS and a sporadic MSI-H phenotype were analyzed, and predictive factors for LS and 
sporadic microsatellite instability were determined by multivariable logistic regression 
analyses. Finally, we assessed differences in MSI-status before and after neo-adjuvant 
therapy in cases with advanced rectal cancers. Two-sided p-values less than 0.05 were 
considered significant.

resULts

Colorectal cancer patients

A total of 1137 CRC patients were eligible for inclusion in this study. Twenty patients 
had to be excluded as there was either no vital tumor tissue left for the analyses (n = 
9), or the tumor specimen could not be collected (n = 11). The 1117 included cases 
(57% males) had a median age of 61 years (interquartile range 55-66) and the youngest 
patient was 27 years old. Most CRC patients were older than 50 years and 28% of all CRCs 
were located in the right colon (Table 1). Only 4 patients (0.4%) lodged an objection to 
the molecular analyses.

The molecular analyses revealed a profile compatible with LS in 50 of the 1117 CRCs 
(4.5%; 95% CI 3.4-5.9) and 71 sporadic MSI-H tumors (6.4%; 95% CI 5.1-8.0). Thirty-five 
of the 50 patients likely to have LS (70%) were older than 50 years at CRC diagnosis. On 
the basis of immunohistochemical protein expression and MLH1 promoter methylation 
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status, 20 patients were suspect for a MLH1 gene defect, 11 for MSH2, 13 for MSH6 and 
6 for a PMS2 defect. 

So far, 42 patients have been referred and counselled. A pathogenic MMR gene muta-
tion has thus far been found in 26 of them (5 MLH1, 5 MSH2, 11 MSH6, and 5 PMS2 muta-
tions, Table 2), and in one case showing MSH2 promoter hypermethylation, a deletion in 
TACSTD1 (EPCAM) was detected. In 11 patients likely to have LS no MMR gene mutation 
has been detected so far, mutation analyses are still pending in 3 patients, and 1 patient 
refused DNA analysis. Four cases from known MMR-gene positive families were blindly 
included for the molecular analyses, and in all these cases the known involved MMR 
gene was indicated. Thirty-five of all 42 patients (83%) referred for counseling did not 
have a family history indicative for LS (i.e. fulfilling the Amsterdam criteria II81), and 24 

table 1. Characteristics of 1117 CRC patients and results of molecular analyses.

Mss

N = 996 
(89.2%)

Likely caused by Ls

N = 50 
(4.5%)

sporadic Msi-H                       

N = 71 
(6.4%)

total

N = 1117 
(100%)

Age in years
Median (IQR)
Age ≤ 50 years 

61 (55-66)
128 (13%)

57 (49-65)
15 (30%)

64 (61-68)
1 (1.5%) 

61 (55-66) 
144 (13%)

Gender
Males 579 (58%a) 35 (70%) 19 (27%) 633 (57%)

Localisation
Right-sided b

N = 947 (49 NS)
204 (21.5%)

N = 48 (2 NS)
34 (71%)

N = 69 (2 NS)
62 (90%)

N = 1064 (53 NS)
300 (28%)

Msi-H histology c

   Mucinous 
   Signet ring cells
   Medullary 
   TIL’s d

   Crohn’s reaction e

N = 107 (11%)
99
14
-
-
-

N = 13 (26%)
12
3
-
-
-

N = 22 (31%)
20
2
-
1
-

N 142 (13%)
131
19
-
1
-

tNM-stage

I
IIA
IIB
IIIA
IIIB
IIIC
IV

N = 660 
(336 NS)
159
158
33
53
113
106
38

N = 38
(12 NS)
11
12
4
-
6
5
-

N = 58
(13 NS)
8
23
6
-
7
11
3

N = 756 
(361 NS)
178
193
43
52
126
122
41

CRC, colorectal carcinoma; MSS, microsatellite-stable; LS, Lynch syndrome; MSI-H, high degree of microsat-
ellite instability; NS, not further specified; IQR, interquartile range.
a i.e. 58% of all patients with an MSS tumor were male.
b CRCs were defined to be right-sided if located at or proximal to the splenic flexure,
and left-sided when distal to the splenic flexure.
c Several tumors (n = 18) displayed both a mucinous differentiation as well as signet ring cells.
d Tumor-infiltrating lymphocytes. 
e Crohn’s-like lymphocytic reaction.
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patients (57%) fulfilled the criteria of the revised Bethesda guidelines. In addition, six 
patients refused referral to the clinical geneticist, one patient died before referral, and 
counseling is pending in another patient.

Multivariable analyses demonstrated that CRC patients likely to have LS were signifi-
cantly younger at cancer diagnosis (OR 3.9; 95% CI 1.7-8.7), had more often right-sided 
CRCs (OR 14; 95% CI 6.0-34) and had cancers with a lower TNM-stage at diagnosis (OR 
0.44; 95% CI 0.28-0.69) than patients with MSS tumors (Table 1). A profile compatible 
with LS was detected predominantly in younger patients: in 15 of the 144 patients (10%) 
≤ 50 years, in 15 of 377 patients (4%) aged 51-60 years, and in 20 of 596 patients (3%) 
aged 61 years or older. Conversely, a sporadic MSI-H status was more often detected 
in older patients; in 1/144 (1%) of those aged ≤ 50 years, in 15/377 (4%) of those aged 
51-60 years, and in 55/596 (9%) of the patients aged 61 or older (Figure 2).

Furthermore, compared to MSS-tumors, sporadic MSI-H tumors were significantly 
more often located right-sided (OR 43; 95% CI 15-125), more often displayed MSI-H his-
tology features (OR 2.4; 95% CI 1.2-4.8) and had a lower TNM-stage at time of diagnosis 
(OR 0.65; 95% CI 0.44-0.96). In addition, patients with sporadic MSI-H tumors were more 
often female (OR 0.34; 95% CI 0.17-0.66) and older than 50 years (OR 0.12; 95% CI 0.02-
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Figure 2. Correlation between age and the results of the molecular analyses.  LS, Lynch syndrome; MSI-H, 
high degree of microsatellite instability.  Spline functions with 95% confidence interval. Spikes indicate the 
ages of individual patients with and without the outcome of interest. 
Left panel: Prevalence of tumors likely caused by Lynch syndrome according to age; the chance to detect 
a patient likely to have Lynch syndrome by molecular analyses clearly decreases with age.
right panel: Prevalence of sporadic MSI-H tumors according to age; the chance to detect a patient with a 
sporadic MSI-H tumor by molecular analyses clearly increases with age.
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0.92) compared to patients with a MSS tumor. In none of the 50 CRCs likely caused by LS 
and in 46 of the 71 sporadic MSI-H tumors a V600E BRAF mutation was detected. 

Of 122 included patients with advanced rectal cancer who were treated by neo-
adjuvant chemoradiation prior to resection, both pre-treatment biopsy specimens as 
well as resection specimens were analyzed. MSI-status did not differ between biopsy 
and corresponding resection specimen. 

Advanced adenoma cases

A total of 130 patients with advanced adenoma were eligible for inclusion in this study. 
In 125 (96%) of these cases, adenomatous tissue was available for molecular analyses. 
These 125 subjects (58% males) had a median age of 41 years (interquartile range 37-44, 
Table 3). Three male adenoma patients (2.4%; 95% CI 0.5-7.1%) aged 34, 41, and 44 years, 
were likely to have LS. One of these three patients fulfilled the Amsterdam criteria II, and 
two patients fulfilled the revised Bethesda guidelines. IHC showed lack of MLH1/ PMS2 
expression in two of these three patients, and lack of MSH6 expression in one patient. 
In all three patients a pathogenic MMR gene germline mutation was identified by DNA 
analysis (two MLH1 and one MSH6 mutation, Table 4). 

table 3. Characteristics of 125 patients with advanced adenoma and results of molecular analyses.

Mss

N= 121 (96.8%)

Likely caused 
by Ls
N= 3 (2.4%)

sporadic Msi-H

N= 1 (0.8%)

total

N= 125

Age in years
 Median (IQR) 41 (37-44) 41 (34-44) 44 41 (37-44)

Gender
 Males 70 3 0 73 (58%)

Localisation
 Right-sided # 31 0 0

N = 113 (12 NS)
31

Advanced
 Villous component
 High grade dysplasia
 Size ≥ 10 mm 
 ≥ 3 synchronous   
   adenomas

77
30
47
14

2
0
1
0

1
0
0
0

80
30
48
14

MSS, microsatellite-stable; LS, Lynch syndrome; MSI-H, high degree of microsatellite instability; NS, not fur-
ther specified; IQR, interquartile range.
# Adenomas were defined to be right-sided if located at or proximal to the splenic flexure,
and left-sided when distal to the splenic flexure.
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DisCUssioN

This prospective study shows that routine molecular screening for LS in CRC patients 
≤ 70 years leads to the identification of a profile compatible with LS in 4.5%. Seventy 
percent of these patients are older than 50 years at the time of CRC diagnosis and do not 
meet the age-criterion routinely used for LS assessment. In patients with an advanced 
adenoma ≤ 45 years a molecular profile compatible with LS was detected in 2.4 %. These 
adenoma patients would not have been detected by the current screening guidelines 
such as the revised Bethesda guidelines. The detection of CRC and adenoma patients 
likely to have LS is of major importance since these patients and their family members 
at risk (carriers) can enter surveillance programs which have been proven to reduce CRC 
morbidity and mortality by 65-70%.18-20 Our analyses furthermore revealed a sporadic 
MSI-H status in 6.4% of all analyzed CRCs. The establishment of a sporadic MSI-H status 
by MLH1 promoter hypermethylation assay and to a lesser extent by BRAF mutation 
analysis considerably reduced the number of patients referred for counseling and germ-
line genetic testing at the Clinical Genetics department. Furthermore, the establishment 
of a sporadic MSI-H status reduced the number of patients worrying about being an 
MMR gene mutation carrier.

Of all CRC patients likely to have LS immunohistochemistry indicated MSH6 or PMS2 
gene involvement in 24% and 12%, respectively. These percentages are higher than 
expected,158-160 but in line with a previous report on LS-detection in the Netherlands, 
describing a high incidence of MSH6-mutations.83  The relatively high incidence of  MSH6 
and PMS2 involved in LS may be explained by the fact that MSH6 and PMS2 mutations 

table 4. Characteristics of three patients with advanced colonic adenomas and a germline mutation in an 
MMR gene.

Gender Age Location Histology
No. of 

adenomas
size of 

adenoma Criteria Msi iHC
Methylation 

status Gene
Nucleotide 

change

AC rBC

No. of 
pos 

markers

Absent 
MMr 

protein

M 34 rectum

Tubulovillous  
Low grade 
dysplasia 1 < 10 mm No Yes 3/5

MLH1/
PMS2 

MLH1 
unmethylated

MLH1
(known 

LS 
family) c.1614del18

M 42 sigmoid

Tubulovillous 
Low grade 
dysplasia 1 < 10 mm Yes Yes 3/5 MSH6 NA MSH6

deletion 
exon 3

M 44 rectum
Tubular Low 

grade dysplasia 1 ≥ 10 mm No No 3/5
MLH1/
PMS2 

MLH1 
unmethylated MLH1 c.676C>T

AC, Amsterdam Criteria II; rBC, revised Bethesda Guidelines; MSI, microsatellite instability; IHC, immuno-
histochemistry of MMR genes; MMR, Mismatch Repair; MSS, microsatellite stable; MSI-H, high degree of 
microsatellite instability; known LS, known Lynch syndrome family; NA, not analyzed.
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have for a long time been underestimated due to the more atypical presentation of 
disease in MSH6 and PMS2 families.28, 161 In addition, regional differences in germline 
mutation frequency of MSH2 and PMS2 cannot be excluded.

Since we do not have data on family history of all included patients, we cannot 
compare the yield of our strategy in terms of LS detection to other strategies including 
the revised Bethesda guidelines,84 the Amsterdam criteria II81 and several prediction 
models.27, 82, 85, 86, 151, 152 However, the Bethesda guidelines have been criticized for being 
too complex to use and have been proven to be poorly implemented in clinical prac-
tice.148-150, 162 The Amsterdam criteria II are predominantly hampered by a low sensitiv-
ity,163 and although some of the prediction models to estimate the risk of LS have been 
validated in population-based cohorts of CRC patients,87, 89, 164 the implementation of 
these models in clinical practice is still in its infancy. Therefore, the MIPA criteria (MSI-
testing-Indicated-by-a-Pathologist) have been developed.78 The MIPA criteria simplify 
the Bethesda guidelines in such a way that pathologists, without knowledge of family 
history, can select patients for MSI analysis. They resemble our strategy, yet the MIPA 
criteria recommend MSI analysis in patients newly diagnosed with CRC before age 50, or 
before age 70 in patients diagnosed with two LS-associated cancers. As we demonstrate 
that most CRC patients likely to have  LS are > 50 years, our strategy may thus help to 
detect more LS patients. 

As neo-adjuvant chemotherapy may alter MMR protein expression in cancer cells165 
and exposure to ionising radiation promotes the development of MSI in mouse tu-
mors,166 one might hypothesize that neo-adjuvant (chemo)radiation as advocated for 
advanced rectal cancers,167 may influence MSI-status. This is an interesting hypothesis, 
as MSI-analyses are usually performed on surgical resection specimens. Therefore we 
assessed differences in MSI-status in 122 rectal cancers before and after neo-adjuvant 
therapy. No differences in MSI-status were found, suggesting that neo-adjuvant (chemo)
radiation has no effect on MSI-status and that surgical resection specimens can be used 
for MSI-analysis.

In contrast to the revised Bethesda guidelines, the original Bethesda guidelines rec-
ommended MSI analysis on adenomas of patients < 40 years.168 Yet, this was found to 
be ineffective to identify new LS cases.169, 170 Nevertheless, it has been demonstrated 
that most adenomas of LS patients show MSI.171, 172 Furthermore, LS-associated adeno-
mas have been demonstrated to be larger and to have a higher proportion of villous 
components and/or high grade dysplasia than patients without LS,26 and MSI-analysis is 
more reliable in these high risk adenomas.173 Therefore, we also analysed advanced ad-
enomas of patients younger than 45 years, revealing three patients with LS that would 
not all have been detected by current screening guidelines. It remains to be established 
whether or not it is cost-effective to screen advanced adenomas of young patients for 
LS.
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The strength of this study lies in the fact that we performed a prospective population- 
based study in which we evaluated routine molecular screening for LS in CRC patients 
using a high age cut-off. The high age cut-off allowed us to gain insight in the correlation 
between age and diagnostic yield (i.e. LS detection, Figure 2). We chose for an age cut-
off of 70 in CRC patients in order to compromise between the feasibility of MSI-analysis 
in a large number of patients on the one hand, and a reasonable detection of patients 
likely to have LS on the other hand. In the future, it might be considered to subject 
all newly diagnosed CRC patients to MSI analysis, as MSI analysis is not only valuable 
for detection of LS, but also has prognostic and therapeutic implications. Regardless 
of stage at diagnosis, microsatellite unstable CRCs (including sporadic MSI-H cancers) 
are associated with a better prognosis than MSS tumors 57, 174 and patients with MSI-H 
tumors do not seem to benefit from adjuvant chemotherapy with 5-fluorouracil.57, 61, 63 
However, as the optimal strategy for adjuvant therapy of MSI-H cancers still needs to be 
established, we do not believe that it is justified to screen all CRCs for MSI at this stage.

This study also has some limitations. Since data on family history are lacking, we can-
not compare the yield of our strategy in terms of LS detection to other strategies in 
which family history is one of the cornerstones. However, obtaining a thorough family 
history is difficult in clinical practice,79 CRC patients frequently report their family history 
inaccurately,175-177 and it may become more difficult to identify LS patients on the basis 
of family history as family sizes are decreasing. Second, the molecular analyses used 
in this study also have some drawbacks as previously described.55 Because we could 
not perform DNA mutation analysis of the MMR genes in all included subjects, some LS 
cases may have been missed. LS has not been confirmed by germline mutation analysis 
in all cases likely to have LS yet as in a few cases analyses are still pending (n=3) and one 
patient died before he could be referred to the clinical geneticist (in two other deceased 
cases first degree relatives have been counselled). Furthermore, in a small proportion of 
patients likely to have LS, no germline MMR gene mutation could be detected by DNA 
mutation analysis (n=11). Yet, these patients might still suffer from an inherited MMR 
defect that escaped detection by the used DNA sequencing strategy. A final limitation 
is that some clinicians may have ethical objections against molecular screening for LS 
prior to genetic counseling, since the results of the molecular analyses, especially the IHC 
results, can be very suggestive for LS. However the molecular analyses do not establish 
the diagnosis of LS, but make underlying LS at best likely. Therefore, we believe that the 
benefits of accurate LS diagnosis outweigh potential negative effects, especially when 
the clinician informs the patient that the diagnostic pathological examinations not only 
give information about the nature of the tumor, but may also indicate an elevated risk 
of an underlying hereditary disorder. Yet, we underscore that germline analysis for LS 
should exclusively be performed after genetic counseling.  
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In conclusion, this study demonstrates that routine molecular screening for LS in CRC 
patients ≤ 70 years with a central role for the pathologist in the selection of patients, 
leads to the identification of a profile compatible with LS in 4.5%. For advanced ad-
enoma patients ≤ 45 years a molecular profile compatible with LS was detected in 2.5%. 
Identification of LS is of major relevance for these patients as well as their affected fam-
ily members, as CRC-related morbidity and mortality can be reduced by colonoscopic 
surveillance. As most CRC patients likely to have LS were older than 50 years and do not 
meet the age-criterion routinely used for LS assessment, and because routine molecular 
screening is easy to implement in clinical practice, our strategy may help to increase the 
detection of LS. However, the cost-effectiveness of this approach as well as the optimal 
age cut-off for molecular screening remain to be established.  
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ABstrACt

objective: Lynch syndrome (LS) is a hereditary syndrome that predisposes to multiple 
malignancies including endometrial cancer (EC). We aimed to evaluate a diagnostic 
strategy for LS based on routine analysis of microsatellite instability (MSI) and immuno-
histochemical (IHC) staining for mismatch repair (MMR) proteins in tumor tissue of all 
newly diagnosed EC patients ≤ 70 years.
Methods: Consecutive EC patients ≤ 70 years were included prospectively in eight 
Dutch centers. EC specimens were analyzed for MSI, IHC of four MMR proteins, MMR 
gene methylation status and BRAF mutations. Tumors were classified as; 1) likely to be 
caused by LS, 2) sporadic MSI-H, or 3) microsatellite stable (MSS). 
results: Tumor specimens of 179 patients (median age 61 years, IQR 57-66) were 
analyzed. In our study 92% of included patients were over 50 years of age. Eleven EC 
patients were found likely to have LS (6%; 95% CI 3-11%), including 1 patient suspected 
of an MLH1, 2 of an MSH2, 6 of an MSH6 and 2 of a PMS2 gene defect. Germline mutation 
analyses revealed 7 MMR gene germline mutations. Ten patients likely to have LS (92%) 
were older than 50 years. In addition, 31 sporadic MSI-H tumors with MLH1 promoter 
hypermethylation (17%; 95% CI 13-24%) were identified.
Conclusions: Molecular screening for LS in patients with EC diagnosed ≤ 70 years, leads 
to identification of a profile likely to have LS in 6% of cases. New screening guidelines for 
LS are needed, including recommendations for EC patients older than 50 years of age. 
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iNtroDUCtioN

Lynch syndrome (LS) is an autosomal dominant inherited syndrome that predisposes 
to multiple malignancies including endometrial cancer (EC). The lifetime risk of women 
with LS to develop EC is 40 to 60%. In addition, patients with LS carry a lifetime risk of 
50 to 85% to develop colorectal cancer (CRC) and also an increased risk of up to 15% 
to develop other malignancies including gastric, ovarian, small bowel and urinary tract 
cancers.14-16, 178

LS is caused by a mutation in one of the mismatch repair (MMR) genes; MLH1, MSH2, 
MSH6 or PMS2. As a consequence, LS tumors are MMR deficient and phenotypically char-
acterized by DNA microsatellite instability (MSI). MSI can be detected in more than 90% 
of all ECs in LS mutation carriers.179 Therefore, MSI analysis can be used in the diagnostic 
approach of LS.40 However, MSI can also be detected in 17 to 23% of sporadic ECs,180, 181 
which is mostly caused by transcriptional silencing of the MLH1 gene by promoter hy-
permethylation.182, 183

In addition to MSI analysis, immunohistochemical (IHC) analyses can be performed 
to evaluate the expression of the four MMR proteins. Tumors showing absent MLH1 
expression can be selected for MLH1 promoter methylation assay to identify sporadic 
MSI-H tumors. In case of MSI and loss of MMR protein expression, with exclusion of MLH1 
promoter hypermethylation in MLH1 negative tumors, further germline DNA testing is 
indicated for LS associated MMR genes to make the final diagnosis LS. 

Early detection of LS in EC patients is of great importance, since LS carriers are at risk of 
other cancers, especially CRC, and this risk can significantly be reduced by colonoscopic 
surveillance.18, 20, 184 Selection of patients for molecular testing for LS is currently based 
on clinical criteria, in particular the Amsterdam criteria II and the revised Bethesda 
guidelines.81, 185 In the Amsterdam criteria II, EC is included as a diagnostic parameter. 
However, the Amsterdam criteria II lack sensitivity, particularly in cases of small families 
or when extensive family history information is not available.83, 186 The revised Bethesda 
guidelines focus primarily on patients with CRC and not with EC. Furthermore, current 
clinical guidelines advise molecular testing for LS for patients with EC below the age of 
50 years. This contributes to the concern that LS in EC patients remains undetected.

Therefore, the aim of this prospective multicenter study was to evaluate the feasibility 
and the yield of large scale molecular analyses in patients newly diagnosed with EC aged 
70 years and younger. 



Chapter 5

78

MetHoDs

endometrial Cancer Patient Population

All consecutive patients ≤ 70 years newly diagnosed with invasive EC of epithelial origin 
were included in eight Dutch hospitals, including seven regional hospitals and one aca-
demic medical center, between May 2007 and September 2009. Patients were identified 
by monthly electronic searches in the pathology databases of the participating centers. 
Data were collected on age at diagnosis and tumor-characteristics including histological 
subtype and pathological tumor (T) stage. 

The study was approved by the Institutional Review Boards of the participating hos-
pitals. Prior to cancer treatment the patients were informed about the study by their 
gynaecologist and they received an information folder about the research project. This 
folder also enabled patients to lodge an objection to receive the results of the molecular 
analyses. In case patients did not want to receive the results of molecular analyses but 
did want to be included in the study, their archival tissue-blocks were collected anony-
mously without informing the patient or their doctor about the results of the molecular 
analyses. The treating gynaecologists discussed the test results with their patients. 
Patients, who wanted to be informed and were likely to have LS based on the molecular 
profile in their tumor, were referred to the department of Clinical Genetics for counsel-
ing and germline mutation analysis.

Routine formalin-fixed, paraffin-embedded (FFPE) tissue blocks were collected from 
all included EC patients. The collected tissue-samples were analyzed for MSI and IHC 
of MMR-protein expression was performed (Figure 1). In microsatellite unstable tumors 
(MSI-H) with loss of MLH1 expression, hypermethylation of the MLH1 promoter was 
investigated to identify sporadic MSI-H tumors. 

Tumors were classified as either 1) sporadic, microsatellite stable (MSS) tumors, 2) 
likely caused by LS, or 3) sporadic MSI-H tumors. Tumors likely caused by LS were de-
fined as MSI-H tumor tissue in combination with absent MMR protein expression, with 
exclusion of MLH1 promoter hypermethylation in the case of absent MLH1 expression. 
Sporadic MSI-H tumors were defined as tumor tissues with absent MLH1 expression and 
established MLH1 promoter hypermethylation.

Analysis for Msi

Analysis for MSI was performed on FFPE tumor and normal tissue, using a panel of five 
mononucleotide microsatellite markers (BAT-25, BAT-26, NR-21, NR-24 and MONO-27; 
Promega pentaplex assay) as previously described. 55 In addition, two pentanucleotide 
markers (Penta C and Penta D) were added for detection of sample mix-up or contami-
nation. For MSI analysis, a fluorescent multiplex PCR-based assay was used (Promega, 
Madison, WI, USA). The PCR products were separated by capillary electrophoresis using 
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an ABI PRISM 3130xl genetic analyser (Applied Biosystems, Foster City, CA, USA). PCR 
was performed according to the kit instructions. The output data were analysed with 
GeneMarker software (SoftGenetics, State College, PA, USA) to determine MSI status of 
EC samples. Tumors with more than one unstable marker were categorized as having a 
high degree of microsatellite instability (MSI-H). Tumors with one or no unstable mark-
ers were categorized as being microsatellite stable (MSS). 

immunohistochemistry, MLH1 promoter hypermethylation assay, & BRAF 
mutation analysis 

IHC analysis was performed for four mismatch repair proteins: MLH1, MSH2, MSH6 and 
PMS2, according to the standard procedure.55 If there was no MLH1 expression in tumor 
cells, the methylation status of the MLH1 promoter was determined by methylation-
specific multiplex ligation-dependent probe amplification (MS-MLPA). MS-MLPA was 
performed with the SALSA MSMLPA Kit ME011-A1 for MMR genes (MRC-Holland, 
Amsterdam, the Netherlands), as previously described.55 In all MSI-H tumor specimens 
additionally the methylation status of the other MMR genes: MSH2, MSH6 and PMS2, was 
ascertained using the same MS-MLPA kit. BRAF sequence analysis of the mutation hot-
spot codon V600 was performed by bi-directional cycle-sequencing of PCR-amplified 
fragments, using a previously described method.55

Germline mutation analysis

Analyses of MSI in combination with IHC revealed patients likely to have LS, i.e. those 
with an MSI-H tumor tissue profile in combination with absent MMR protein expression, 
with exclusion of MLH1 promoter hypermethylation in the case of absent MLH1 expres-
sion. To all patients likely to have LS and referred to the department of Clinical Genetics, 
germline mutation analysis was offered. In DNA isolated from peripheral blood samples 
all coding regions and intron-exon boundaries of the MLH1, MSH2 and MSH6 genes 
were completely and systematically analysed using direct sequence analysis. Reaction 
products were analysed using a capillary automated sequencer (details of method and 
primer sequences available on request). In addition, MLPA kits P003 and P072 (MRC-
Holland) were used to detect large genomic rearrangements. The mutation analysis of 
PMS2 was performed as previously described.157

statistical analysis

Data were analyzed using SPSS 17.0 statistical software for Windows, and were reported 
using descriptive statistics. The prevalence of a molecular pattern compatible with LS 
and a sporadic MSI-H phenotype were analyzed. The Mann-Whitney U test was used 
to compare the different groups. Two-sided p-values less than 0.05 were considered 
statistically significant.
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resULts

endometrial Cancer Patient Population

A total of 183 EC patients were eligible to participate in the study (Figure 1). In four cases 
no tumor tissue was available for molecular analyses; therefore 179 EC patients were 
included. The median age at EC diagnosis was 61 years (IQR 57-66). Fifteen patients were 
≤ 50 years (8%) at time of diagnosis. One hundred forty-six of 179 ECs (82%) showed 
endometrioid type histology. The majority of included EC tumor tissues were found to 
be grade 1 (73 patients, 41%). Histology showed tumor confined to the uterus in 126 
tumor specimens (70%, i.e. T1) (Table 1).

Molecular analyses

Overall, 137 tumors were found to be MSS and 42 tumors displayed an MSI-H phenotype 
with absence of at least one of the MMR proteins. Promoter methylation status of the 
MMR genes was determined by MS-MLPA in the 42 MSI-H tumors. Thirty-one tissues 
were methylated at all 5hMLH1 sites and were concluded to be sporadic MSI-H tumors 

-+

Consecutive endometrial cancer cases  70 years
N=183

Analysis for MSI and Immunohistochemistry MLH1, MSH2, MSH6, PMS2
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MSI-H and 
MLH1 absent
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MSI-H and 
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Figure 1. Flow diagram of the diagnostic strategy and results of molecular analyses.
MSI, microsatellite instability; MMR, mismatch repair; MSS, microsatellite stable; MSI-H, high degree of 
microsatellite instability.
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(17%; 95% CI 13-24%). In eleven MSI-H tumors with absent MMR protein expression, all 
MMR genes were unmethylated and thus were classified as likely to have LS (6%; 95% 
CI 3-11%). On the basis of immunohistochemical MMR protein expression, one of these 
patients was suspected of an MLH1 gene defect, two for MSH2, six for MSH6 and two 
for a PMS2 defect. There was 100% concordance between IHC results and MSI status in 
analysed EC tumor tissues.  

BRAF mutation analysis was performed in all 42 MSI-H tumors, but no BRAF muta-
tions were detected. No difference in age at EC diagnosis between patients with an MSS 
tumor and patients with a sporadic MSI-H tumor was found.

Patients likely to have Lynch syndrome

Eleven patients were likely to have LS on the basis of the molecular and MMR IHC analy-
ses. The median age of these patients was 59 years (IQR 53-66), and ten patients were 
older than 50 years at time of EC diagnosis (Table 2). There was no difference in age at 
EC diagnosis between patients likely to have LS and patients with either sporadic MSI-H 
tumors (p = 0.19) or patients with MSS tumors (p = 0.46). The correlation between age 
and the results of the molecular analyses is shown in figure 2. Comparing tumor grade 
and pathological tumor (T) stage, there were also no differences between patients likely 

table 1: Endometrial cancer patient characteristics and results of molecular analyses.

Mss

N= 137 
(76%)

sporadic 
Msi-H
N= 31 
(17%)

Likely to 
have Ls
N=11 
(6%)

total

N= 179
(100%)

Median Age (IQR) 61 (57-66) 62 (57-69) 59 (53-66) 61 (57-66)

Histology
 Endometrioid adenocarcinoma
 Adenosquamous carcinoma
 Serous adenocarcinoma 
 Mixed adenocarcinoma
 Clear cell carcinoma
 Squamous cell carcinoma
 Adenocarcinoma not further specified

107 (78%)
1 (1%)
7 (5%)
7 (5%)
1 (1%)
1 (1%)
13 (9%)

30 (97%)
0
0
0
0
0
1 (3%)

9 (82%)
0
0
1 (18%)
1 (9%)
0
0

146 (82%)
1 (1%)
7 (4%)
8 (4%)
2 (1%)
1 (1%)
14 (7%)

Tumor grade
1
2
3
Grade unknown

60 (44%)
28 (21%)
18 (13%)
31 (22%)

11 (35%)
11 (35%)
7 (23%)
2 (7%)

2 (18%)
4 (36%)
4 (36%)
1 (10%)

73 (41%)
43 (24%)
29 (16%)
34 (19%)

Pathological tumor (T) stage 
Tis   
T1  Confined to corpus 
T2 – T4 Expansion beyond uterus 
T stage unknown

1 (1%)
92 (82%)
20 (15%)
24 (17%)

0 (0%)
24 (77%)
4 (12%)
3 (10%)

0 (0%)
10 (91%)
0 (0%)
1 (9%)

1 (1%)
126 (70%)
24 (13%)
28 (16%)

EC, endometrial carcinoma; MSI, microsatellite instability; MSS, microsatellite stable; LS, Lynch syndrome; 
Tis, endometrial carcinoma in situ.
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to have LS and patients with sporadic MSI-H tumors (p=0.25; p=0.44). Furthermore, no 
differences in age and pathological tumor (T) stage at EC diagnosis, between patients 
likely to have LS and patients with MSS tumors were observed (p=0.46; p=0.20; p=0.10). 
However tumor tissues of patients likely to have LS were of higher tumor grade than 
MSS tumor tissues (p= 0.02, Table 1).
The gynaecologists of the eleven patients, who were likely to have LS based on their 
EC cancer phenotype, were advised to refer their patients to the department of Clinical 
Genetics for counseling and germline mutation analysis (Table 2). All eleven patients 

table 2. Characteristics of the eleven EC patients likely to have LS.

Patient 
no.

Age at 
diagnosis Histology

Grade Criteria Msi iHC Germline 
analysis

Mutation

AC rBC No. of 
positive 
markers

Absent 
MMr 
protein

1 58 endometrioid 
adenocarcinoma

2 No No 5/5 MSH2/
MSH6

Yes No mutation in MSH2 
and MSH6

2 53 endometrioid 
adenocarcinoma

3 No No 5/5 MSH2/
MSH6

Yes No mutation in MSH2 
and MSH6

3 62 endometrioid 
adenocarcinoma

2 No No 5/5 MSH6 Yes c.3173-2A>C p.? (MSH6, 
exon 5) 

4 59 endometrioid 
adenocarcinoma

NA No Yes 5/5 MSH6 Yes Known LS family:
c.467C>G p.Ser156X 
(MSH6 exon 3)

5 62 endometrioid 
adenocarcinoma

3 No No 5/5 MSH6 Yes c.467C>G p.Ser156X 
(MSH6 exon 3)

6 69 mixed 
adenocarcinoma

3 No No 3/5 PMS2 Yes No mutation in PMS2

7 52 endometrioid 
adenocarcinoma

1 No No 3/5 MSH6 Yes c.3173-
452_3556+209del2269 
(MSH6 exon 5-6)

8 53 endometrioid 
adenocarcinoma

2 Yes Yes a 4/5 MSH6 Yes c.467C>G p.Ser156X 
(MSH6)

9 66 endometrioid 
adenocarcinoma

1 No No 3/5 MLH1/ 
PMS2b

ND: 
declines 
DNA 
analysis

NA

10 69 endometrioid 
adenocarcinoma

2 No No 5/5 PMS2 Yes c.219_220dup, 
p.Gly74ValfsX3 (PMS2)

11 48 clear cell 
adenocarcinoma

3 Yes Yes 4/5 MSH6 Yes Known LS family:
c.1784delT p.Leu595fs 
(MSH6, exon 4)

a Patient was diagnosed with colorectal cancer in the same year she developed endometrial cancer.
b Additional analysis showed absence of MLH1 promoter hypermethylation.
rBC, revised Bethesda Guidelines; AC, Amsterdam Criteria II; MSI, analysis of microsatellite instability; IHC, 
immunohistochemistry; NA, not available; ND, not done.
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were referred to the department of Clinical Genetics and ten patients underwent germ-
line analyses. One patient refused germline DNA mutation analysis, due to religious 
considerations. 

Germline mutation analyses revealed in six patients an MSH6 mutation and in one 
patient a PMS2 mutation. Of these, two families were already known to have LS and were 
blindly included for the molecular analyses. In both cases the MMR protein of the known 
involved MMR gene mutation was absent in IHC. In three patients whose tumor tissues 
showed MSI and absence of one or more MMR proteins, DNA mutation analysis of the 
corresponding genes in these patients was negative.

Nine of eleven referred patients (82%) did not fulfill the Amsterdam criteria II. Three 
patients (27%) did fulfill the revised Bethesda guidelines (Table 2).  

DisCUssioN

In this prospective multicenter population-based study, we found that routine molecu-
lar analyses lead to the identification of 6% (95% CI 3-11%) of all newly diagnosed EC 
patients aged 70 years and younger as likely to have LS. Seven germline mutations in an 
MMR gene have been identified in eleven patients likely to have LS. The detection of LS 
in EC patients is of great importance since these patients are at high risk for synchronous 
carcinomas, especially CRC. Moreover, the diagnosis of LS is of importance to relatives. EC 
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Figure 2. Correlation between age and the results of the molecular analyses.
Spline functions with 95% confidence interval. Spikes indicate the ages of individual patients with and 
without the outcome of interest.
Left panel: Prevalence of tumors likely caused by Lynch syndrome according to age; the chance to detect 
a patient likely to have LS by molecular analyses is not related to age.
right panel: Prevalence of sporadic MSI-H tumors according to age; the chance to detect a patient with a 
sporadic MSI-H tumor by molecular analyses clearly increases to the age of 63 years.
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patients with LS and their family members harbouring an MMR gene mutation can enter 
surveillance programs which have been proven to reduce CRC morbidity and mortality 
by 65-70%.18, 20, 184 For female LS carriers gynaecologic surveillance programs, including 
endometrial biopsy and transvaginal ultrasound, are available. However, gynaecological 
surveillance is currently based on expert opinion since no controlled trials have been 
published on the effectiveness of surveillance.187 Instead of surveillance, prophylactic 
surgery can be considered after childbearing has been completed, as this may prevent 
endometrial and ovarian carcinoma effectively.22

In our study we performed both MSI and IHC for four MMR proteins in all 179 tumors to 
select patients at high risk for LS. Furthermore, in case of MSI-H MMR gene MS-MLPA and 
BRAF V600 mutation analyses were performed to identify sporadic MSI-H tumors. Since 
the concordance rate in our study between MSI analysis and IHC analysis was 100%, 
these results support the use of IHC analyses in combination with MS-MLPA of the MMR 
genes as molecular strategy to detect patients at high risk for LS in EC patients aged 70 
years and younger. However it should be taken into consideration that deleterious mis-
sense mutations can escape detection by IHC and that the interpretation of mismatch 
repair protein IHC is subject to large interobserver variation (45%-83%).188 

Additionally to MSI and IHC analyses we performed MLH1 promoter methylation 
assay (MS-MLPA) in MSI-H tumors with absent MLH1 expression, revealing a sporadic 
MSI-H status in 17% of all analyzed ECs. This finding is in concordance with findings 
in previous studies.182, 183, 189 The establishment of a sporadic MSI-H status considerably 
reduced the number of patients referred for counseling and germline genetic testing. 
A recent retrospective study recommended the combination of MSI testing and DNA 
methylation to detect EC patients at high risk for LS.189 A disadvantage of this strategy is 
that methylation status does not provide information on the gene most likely to be af-
fected. A combination with IHC testing is hence needed for selecting patients for further 
germline mutation analysis. 

In all MSI-H tumors we also did BRAF mutation analysis. In contrast to BRAF mutations in 
colorectal cancer, previous studies found BRAF mutations in only 2-21% of EC cases.190, 191 
Furthermore, in a recent study with MSI-H EC cases, no BRAF mutations were detected.192 
However, numbers of investigated ECs were too small to make a statement with regard 
to the presence of BRAF mutations in MSI-H tumors, without MLH1 protein expression 
and MLH1 promoter hypermethylation. We did not detect the BRAF V600E mutation in 
any of the MSI-H EC cases in our study. Therefore, BRAF mutation analysis showed to be 
irrelevant for the identification of sporadic MSI-H ECs MLH1 promoter hypermethylation 
analysis is more suitable to identify sporadic MSI-H EC cases.

We chose for an age cut-off of 70 years to compromise between the feasibility of the 
study and an optimal detection of patients likely to have LS. Previous studies have been 
conducted to evaluate the yield of molecular screening for LS. In the largest unselected 
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cohort of EC patients (N=543), 1.8% of newly diagnosed patients, aged 39-69 years, was 
diagnosed with an MMR germline mutation, of whom none above 70 years of age.92 
However, this study may have been biased by the fact that almost half of the eligible 
patients declined molecular screening of their tumor tissue. Our strategy appears ef-
fective in detecting patients at high risk of LS (6%). One can debate whether patients 
are sufficiently aware of the possible consequences of molecular tumor screening for 
LS, being informed by their gynaecologist and a folder. In a recent prospective study on 
routine IHC staining for MMR proteins in EC patients at high risk of LS, low acceptance 
of genetic consultation (20%) was noted.193 In our experience, substantial explanation 
to gynaecologists and their patients was needed to clarify the relevance of referral to 
a Clinical Genetics department. These findings are supported by the results of a recent 
questionnaire study among EC patients about the risk for LS in which it was concluded 
that most patients underestimate their risk of LS. Therefore, physicians should pay more 
attention to family history and to explaining the results of tumor analysis for LS.194 All 
eleven patients likely to have LS in the present study were referred for genetic coun-
seling. Of these patients, one patient declined further DNA analysis, due to religious 
considerations. In our strategy we experienced that logistic and communication issues 
were the main causes for delay in informing patients about the molecular test results. 
This indicates that better implementation of genetic services in hospitals is needed to 
improve uptake of genetic counseling and testing.

Our current study, as well as previous studies,92, 193, 195-199 demonstrates the urge to 
implement EC in diagnostic criteria for LS. In the Netherlands the MIPA criteria and 
also the international SGO guidelines recognise the importance to advice EC patients 
on molecular analysis for LS.200, 201 However, these guidelines include only EC patients 
diagnosed under the age of 50 years or patients with two or more LS associated tumors. 
In our study 92% of patients likely to have LS were over 50 years of age. On the basis 
of these data and data from the literature,92, 189, 196 molecular testing for LS should not 
be limited to EC patients under the age of 50 years. A recent study proposed routine 
molecular screening for LS in tumor tissue of EC patients until 60 years of age.193 In 
our study we detected five patients (45%) likely to have LS between 60 and 70 years 
of age. Therefore, it should be considered to include EC patients until the age of 70 for 
LS screening in tumor tissue. More studies on the optimal age criterion for molecular 
testing and cost-benefit analysis data are desirable. Recently, the cost-effectiveness of 
IHC screening for LS was assessed by a Markov Monte Carlo simulation model, indicating 
that IHC triage of women with EC at any age having at least one first degree relative with 
a LS-associated cancer is a cost-effective strategy for detecting LS. The input data for 
this model came from a variety of studies. An important finding in our study is that only 
two of eleven patients likely to have LS had a first degree relative with a LS-associated 
malignancy. This finding contradicts the conclusion that IHC screening can be limited to 
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women with at least one positive first degree relative and suggests IHC screening in all 
EC patients under the age of 70, regardless family history.202

A limitation of our study is the lack of data on family history in women not referred 
for genetic counseling. Therefore, we can not compare our strategy to the Amsterdam 
criteria II, the Bethesda guidelines, or predictive models for LS.185, 203 However, 82% of pa-
tients likely to have LS and referred for counseling did not fulfill the Amsterdam criteria II 
and 73% did not fulfill the revised Bethesda guidelines. In the population based study by 
Hampel et al, the families of seven of ten families (70%) of EC patients, who were likely to 
have LS, did not fulfill Amsterdam criteria II or the Bethesda guidelines.92 This indicates 
that these guidelines may not be suitable to detect LS in EC patients. Recently, LS predic-
tive models including family history and outcome of molecular analyses for patients 
with EC were evaluated, and it was concluded that these models worked reasonably well 
to identify EC patients at high risk for LS. Further research is needed to develop specific 
LS predictive models for EC patients.203

Another limitation is that we did not perform germline testing on all patients in this 
study. From previous studies among patients with LS-associated EC is known that the 
sensitivity of MSI detection in EC patients is higher with mononucleotide repeats.204 
In this study a panel of five mononucleotide markers was used to detect MSI. In case 
of an MSI-H tumor with absent MLH1 protein expression and hypermethylation of the 
MLH1 promoter we concluded this tumor to be sporadic MSI-H. This could have lead to 
underestimation of LS in our study population. However, previous studies indicate that 
MLH1 promoter hypermethylation by MS-MLPA is a sufficient tool to detect sporadic 
tumors.182, 183, 205

In conclusion, routine molecular screening for LS by analysis of MSI, immunohisto-
chemical MMR protein expression and MLH1 promoter hypermethylation in EC patients 
aged 70 years and younger helps to detect more patients at high risk for LS. Therefore, 
new screening guidelines for LS are needed for LS detection in EC patients. However, 
the optimal age-criterion for this strategy needs to be determined, in combination with 
information on family history. Furthermore, both physicians and patients have to be 
educated about the importance of identifying LS in EC patients, and should be informed 
about genetic counseling and surveillance programs for LS mutation carriers and their 
relatives.
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ABstrACt

objective: To assess cost-effectiveness of routine screening for Lynch syndrome (LS) in 
colorectal cancer (CRC) patients ≤ 70 years of age.
Methods: A population-based series of CRC patients aged ≤ 70 years was routinely 
screened for LS by analysis for microsatellite instability, immunohistochemistry and MLH1 
hypermethylation, followed by germline mutation analysis. Effectiveness of screening 
was based on the number of LS carriers detected among CRC patients and their relatives. 
We calculated life years gained (LYG) and incremental cost-effectiveness ratios (ICERs) 
comparing different age cut-offs and comparing age-targeted screening to the revised 
Bethesda guidelines.
results: Screening amongst 1117 CRC patients identified 23 LS carriers, of whom 7 were 
≤ 50, 7 were 51-60 and 9 were 61-70 years of age. Additionally, 67 LS carriers were identi-
fied among relatives (12, 42 and 13 per age category respectively). Overall, screening 
amounted to 74.7 LYG or 13.7, 46.0 and 15.0 LYG per age category. ICERs were €9,494/
LYG for LS screening in CRC patients ≤ 60 years compared to ≤ 50 years and €19,833/
LYG for screening CRC patients ≤ 70 years compared to ≤ 60 years. The revised Bethesda 
guidelines identified 17/23 (74%) LS carriers and 50/67 (75%) relatives. The ICER for LS 
screening in CRC patients ≤ 70 years was €19,695/LYG compared to LS screening accord-
ing to the revised Bethesda guidelines. All ICERs remained < €29,000/LYG in sensitivity 
analyses.
Conclusion: Routine screening for LS by analysis for microsatellite instability, immuno-
histochemistry and MLH1 hypermethylation in CRC patients up to 70 years is a cost-
effective strategy with important clinical benefits for CRC patients and their relatives.
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iNtroDUCtioN

Lynch syndrome (LS) is the most common hereditary colorectal cancer (CRC) syndrome, 
responsible for 3-5% of all CRC cases.40, 145 This syndrome is characterized by early onset 
of CRC, endometrial cancer and other extracolonic cancers.40, 147 Mutations in one of the 
four mismatch repair (MMR) genes MLH1, MSH2, MSH6 and PMS2 or the 3’ region of the 
EPCAM gene are the underlying defect in LS.17, 23, 24, 102, 103 Detection of LS in CRC patients 
is of great importance, since treatment with subtotal colectomy can prevent develop-
ment of metachronous tumors.206 Moreover, affected family members can benefit from 
LS surveillance programs, which reduce CRC incidence and mortality by 56-70%.18, 19, 207

Molecular diagnostics on tumor tissue consisting of analysis for microsatellite instabil-
ity (MSI) and immunohistochemical staining (IHC) for loss of MMR protein expression 
can identify patients at high risk of having LS.55, 145, 208 MSI and loss of MMR protein ex-
pression are markers for MMR deficiency. However, loss of MLH1 protein expression can 
also occur in sporadic tumors as a result of somatic MLH1 promoter hypermethylation. 
Therefore, sporadic MLH1 deficient tumors can be distinguished from LS-associated 
tumors by MLH1 hypermethylation analysis.55

The revised Bethesda guidelines have been developed to select patients eligible for 
MSI testing and IHC analysis based on a set of diagnostic criteria.84 These guidelines 
are poorly applied in clinical practice and may miss a substantial number of LS patients 
because of limited sensitivity.150, 209 Routine analysis of MSI and IHC is recommended in 
CRC patients under the age of 50 years.78 This strategy predominantly fails to identify 
MSH6 and PMS2 mutation carriers, since the mean age of CRC diagnosis in these subjects 
is above the age of 50 years.9, 70 Routine molecular screening has been proposed to 
improve LS detection, but age cut-offs are still under debate.93, 94, 210 

We previously reported that routine MSI analysis and IHC for MMR proteins revealed 
a profile compatible with LS in 4.5% of CRC patients ≤  70 years of age.130 A majority 
of these patients were over 50 years of age.130 The current study aimed to assess the 
cost-effectiveness of routine screening for LS by MSI and IHC analysis in CRC patients 
≤ 70 years of age. We compared costs and health benefits for age-targeted LS screening 
and compared age-targeted screening with LS screening based on the revised Bethesda 
guidelines.

MetHoDs

We performed a cost-effectiveness analysis of routine screening for LS by MSI and IHC 
analysis in CRC patients ≤ 70 years of age in a population based setting. The analysis es-
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timated healthcare costs in euros and health benefits in life years gained for LS patients 
identified among CRC patients in different age groups and their relatives.

subjects and diagnostic work-up

The present study is an extension of a prospective population based study on the yield of 
routine molecular screening for LS in CRC patients up to 70 years of age.130 Consecutive 
CRC patients ≤ 70 years of age (n=1117) from 11 Dutch hospitals were included between 
May 2007 and September 2009. The diagnostic approach and methods regarding tumor 
analyses and germline mutation analyses have been described in detail elsewhere.130 
In summary, both MSI analysis and IHC for MLH1, MSH2, MSH6 and PMS2 protein 
expression were performed in tumor tissue of CRC patients ≤  70 years of age. MLH1 
hypermethylation analysis was performed in cases with loss of MLH1 protein expression. 
In case tumors showed a high degree of MSI (MSI-H and/or absence of MMR protein 
without MLH1 promoter hypermethylation, patients were suspect of having LS. These 
patients were offered genetic counseling and germline mutation analysis (Figure 1). In 
case patients suspected of having LS had deceased before they could be referred to a 
clinical geneticist, genetic counseling was offered to their first degree relatives. 

If a pathogenic germline mutation was identified in one of the MMR genes (MLH1, 
MSH2, MSH6, PMS2) or the EPCAM gene, patients were labelled index patients. Patients 
identified with a variant of unknown significance (VUS) were not considered to be LS 
index patients. Relatives were contacted by index patients and were offered genetic 
counseling and germline mutation analysis. We collected data on the number of rela-
tives counselled, the number of relatives accepting germline mutation analysis and the 
number of LS carriers identified among these relatives until May 2014. This study was 
approved by the Institutional Review Boards of the participating hospitals.

effectiveness

Effectiveness of LS screening was expressed in life years gained (LYG), based on the 
number of LS patients detected among CRC patients and their relatives and using esti-
mations from literature (Table 1).

In previous studies LS surveillance was associated with 0.15-2.5 LYG for index patients 
and 1.07 to 32.76 LYG for relatives (Table 1).78, 93-96, 211-213 We used the lowest estimations 
in our base case scenario, biasing the analysis against routine LS screening. In case the 
index patient had deceased, only relatives were considered to benefit from surveillance.

Costs

Detailed direct medical costs of all analyses in the diagnostic work-up were determined 
following the microcosting method, which is based on comprehensive bottom-up 
analyses.214 Cost data included the costs of employment, material, equipment and 
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overhead, which were obtained from the Department of Pathology and the Depart-
ment of Clinical Genetics of the Erasmus Medical Centre Rotterdam (Appendix). Costs 
for PMS2 germline mutation analysis were assumed to be similar to cost for germline 
mutation analysis of other MMR genes. Total costs were calculated based on the number 
of CRC patients and relatives analysed. The costs for germline mutation analysis in index 
patients were calculated using the total number of genes analysed. LS surveillance costs 
for index patients and relatives were estimated from previous literature including costs 
for colonoscopy and treatment of complications (Table 1 and Appendix).215 Surveillance 
was defined as colonoscopy with polypectomy every two years, starting at the age 
patients were diagnosed with LS. Median age of index patients at time of diagnosis was 
57 years.130 For relatives, surveillance was assumed to start when they turned 25 years 
of age, or at time of LS diagnosis for relatives over 25 years of age. For index patients as 
well as relatives surveillance was assumed to be continued until 80 years of age. For cost 
savings by prevention of CRC in surveillance programs, the most conservative estimate 

table 1. Parameters and values used in the cost-effectiveness analysis.

Parameter Base case value range source

Ls surveillance†

    Life years gained

        Index patients 0.15 0.15-2.5 78, 93, 95, 96, 213

        Relatives 1.07 1.07-32.76 78, 93, 94, 95, 96, 211, 212

    Median age of LS diagnosis

        Index patients 57 IQR 49-63 130

        Relatives 42 IQR 32-56 Current study

    Number of colonoscopies

        Index patients 12 IQR 8-16 †

        Relatives 19 IQR 12-24 †

    Complication rate of colonoscopy 0.0024 215

CrC risk and risk reduction

    Lifetime risk of developing CRC for 
    LS carriers

0.25 0.25-0.70 19, 207, 211, 212

    Reduction in CRC risk by LS 
    surveillance

0.56 0.56-0.70 19, 20, 207

revised Bethesda guidelines

    Proportion of CRC patients fulfilling 
    the revised Bethesda guidelines in   
    an unselected CRC population

0.26 0.26-0.50 89, 216, 217, 218

LS, Lynch syndrome; CRC, colorectal cancer.
†  Lynch syndrome surveillance by colonoscopy  with polypectomy every two years, starting from the age of 

Lynch syndrome diagnosis or at age 25 and continued until 80 years of age.
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i.e. only treatment costs for the first 12 months of stage I CRC was used (Appendix). Costs 
and LYG were not discounted, since we did not use a set time horizon.

Cost-effectiveness analyses

We evaluated cost-effectiveness of our diagnostic work-up to identify LS patients using 
age cut-offs of 50, 60, and 70 years. LS screening for CRC patients ≤ 50 years was the 
reference strategy. Incremental cost-effectiveness ratios (ICERs) per age cut-off were 
expressed as additional costs per LYG. In order to test robustness of ICERs we performed 
one-way sensitivity analyses. Costs were assumed to range from 0.5 to 2 times as much 
as calculated. Ranges for all other parameters were based on literature (Table 1).

Fulfillment of the revised Bethesda guidelines

The proportion of CRC patients fulfilling the revised Bethesda guidelines was based on 
literature (Table 1).  In an unselected population, 26-50% of CRC patients fulfill the re-
vised Bethesda guidelines.89, 216-218 Assuming that only a small percentage of CRC patients 
fulfill the revised Bethesda guidelines, reduces the number of patients needed to be 
screened for LS. Since this approach is favourable for the cost-effectiveness of a strategy 
using the revised Bethesda guidelines, we assumed only 26% of the CRC patients in our 
cohort fulfilled the revised Bethesda guidelines.

For all index patients, a detailed family history was obtained during genetic counsel-
ing. Fulfillment of revised Bethesda guidelines was assessed by one clinical geneticist 
(AW).

resULts

In our population-based cohort 50 out of 1117 CRC patients (4.5%) were suspected of 
having LS by routine analysis of MSI and IHC (Figure 1). Consecutive germline mutation 
analyses in 42 of these CRC patients finally identified 24 LS patients (2.1%). In one case 
the germline mutation was identified in stromal tissue resected along with the CRC tis-
sue. Since this patient nor any relatives were available for germline mutation analysis, 
this patient was not considered an index patient.

effectiveness of age-targeted strategies

The median age of CRC patients was 61 years (IQR 55-66), 144 CRC patients were ≤ 50 
years, 377 CRC patients 51-60 years and 596 CRC patients 61-70 years of age. The 
prevalence of LS was highest in the age category ≤ 50 years where a pathogenic MMR 
mutation was found in 4.9% (7/144) of the CRC patients. The prevalence of LS decreased 
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to 2.1% (8/377) in CRC patients 51-60 years of age and 1.5% (9/596) in CRC patients 
61-70 years of age (Table 2).

For index patients up to 50 years of age a total of 29 first degree relatives were eligible 
for germline mutation analysis, compared to 44 and 40 first degree relatives in the age 
categories 51-60 years and 61-70 years respectively. Genetic counseling and germline 
mutation analysis was offered to these relatives and cascaded to further relatives 
if indicated. For each index patient a median of 3 (IQR 1-8) relatives finally accepted 
counseling and germline mutation analysis. There was a wide range in the number of 
relatives tested for LS. In all families germline mutation analysis was accepted by at least 
1 relative and in some cases as many as 20 or 37 relatives were tested. In total, 137 rela-
tives were tested, identifying 67 additional LS carriers. Notably, over three times as many 
LS carriers were identified among relatives of CRC patients 51-60 years of age compared 
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Figure 1. Diagnostic work-up to detect Lynch syndrome among colorectal cancer patients ≤ 70 years.
MSI, microsatellite instability; MSS, microsatellite stable; MMR, mismatch repair; MSI-H, high degree of mic-
rosatellite instability; CRC, colorectal cancer; VUS, variant of unknown significance.
† In 4/41 cases the index patient was not available for germline mutation analysis and germline mutation 
analysis was performed in a first-degree relative.
‡ In one patient a pathogenic MMR mutation was identified in stromal tissue resected during colorectal 
cancer surgery. This patient nor any family members were available for germline mutation analysis and this 
patients was excluded from the analyses.
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to the other age categories (Table 2). In the 51-60 age category a median of 6.0 (IQR 2-8) 
LS carriers were detected among relatives for each index patient, compared to 1 (IQR 
1-2 and IQR 0-2.5 respectively) LS carrier among relatives from index patients ≤ 50 years 
of age and 61-70 years of age. The high number of LS carriers detected among relatives 
from CRC patients 51-60 years of age was partly attributable to  one index patient with 
37 relatives tested and 16 LS carriers identified.

Based on estimated benefit of LS surveillance, a total of 74.7 life years were gained by 
LS screening in CRC patients up to 70 years of age. Surveillance of relatives led to the 
highest benefit with a total of 71.7 LYG compared to a total of 3.0 LYG for index patients. 
Total benefit from LS screening in the age category 51-60 years (46.0 LYG) exceeded the 
other age categories, due to the high number of LS carriers identified among relatives.

table 2. Number of patients screened and detection of Lynch syndrome among CRC patients and relatives.

Colorectal cancer patients (n=1117) < 50 years 51-60 years 61-70 years ≤ 70 years

Ls diagnostics in CrC patients
  Analysis for microsatellite instability and 
  IHC testing for MMR protein expression 144 377 596 1117

  MLH1 hypermethylation analysis 6 21 65 92

  CRC patients suspected of having LS 15 15 20 50

  CRC patients or first degree relatives 
  accepting genetic counseling 12 13 17 42

  CRC patients or first degree relatives 
  accepting germline mutation analysis 11 13 17 41

  Genes tested in CRC patients suspected    
  of having LS or first degree relatives 18 22 30 70

  Ls index patients identified 7 7† 9 23†

Ls diagnostics in relatives
  Relatives of index patients accepting 
  genetic counseling 23 78 37 138

  Relatives of index patients accepting 
  germline mutation analysis 23 77 37 137

  Ls carriers identified among relatives 12 42 13 67

Life years gained
  Life years gained by index patients 0.9 1.1 1.1 3.0

  Life years gained by relatives 12.8 44.9 13.9 71.7

  Total life years gained (index patients and 
  relatives together) 13.7 46.0 15.0 74.7

Numbers of life years gained may not add up due to rounding.
 LS, Lynch syndrome; CRC, colorectal cancer; IHC, immunohistochemistry; MMR, mismatch repair
† In one additional case a germline mutation was identified in stromal tissue resected along with the CRC 
tissue. This patient was not considered an index patient, since the patient nor any relatives were available 
for germline mutation analysis.
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Costs and cost-effectiveness

Total costs for LS screening and surveillance increased from €162,304 (€8,542 per LS 
carrier detected) for CRC patients ≤ 50 years of age to €895,619 (€9,951 per LS carrier 
detected) for CRC patients ≤ 70 years of age (Figure 2).

LS screening for CRC patients ≤ 60 years of age had an ICER of €9,494/LYG compared 
to screening patients up to 50 years of age. The ICER of LS screening in CRC patients up 
to 70 years of age compared to screening CRC patients ≤ 60 years of age was €19,833 
per LYG (Table 3).

In one-way sensitivity analysis ICERs were most sensitive to assumed LYG by relatives 
and the costs for surveillance colonoscopy. The ICER for screening CRC patients ≤ 60 
years of age compared to screening patients with CRC diagnosed ≤ 50 years of age never 
exceeded €18,000/LYG. The ICER for screening CRC patients ≤ 70 years of age compared 
to screening patients with CRC diagnosed ≤ 60 years of age remained < €29,000/LYG 
under all assumptions (Figure 3). Assuming LYG by relatives over 2,20 years would de-
crease this ICER to < €10,000/LYG. Using the highest number of LYG by relatives from the 
literature would decrease both ICERs to below €1,000/LYG.

Fulfillment of the revised Bethesda guidelines

In our cohort, application of the revised Bethesda guidelines would have identified 
17/23 LS carriers among CRC patients, thereby missing 26%. Among relatives 50/67 
(75%) LS carriers would be detected, resulting in a total of 55.8 LYG compared to 74.7 
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Figure 2. Total costs and life years gained (LYG) for Lynch syndrome screening in colorectal cancer patients 
≤ 50 years of age, ≤ 60 years of age and ≤ 70 years of age.
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table 3. Incremental costs in euro for Lynch syndrome screening in CRC patients of different age categories.

Colorectal cancer patients (n=1117) < 50 years 51-60 years 61-70 years ≤ 70 years

Lynch syndrome diagnostics
  CRC patients

    Analysis for microsatellite instability, IHC 
    testing for MMR protein expression and 
    MLH1 hypermethylation analysis € 32,850 € 86,527 € 139,939 € 259,316

    Genetic counseling € 4,668 € 5,057 € 6,613 € 16,338

    Germline mutation analysis € 9,684 € 11,836 € 16,140 € 37,660

  Relatives

    Genetic counseling € 5,632 € 19,968 € 9,216 € 34,816

    Germline mutation analysis € 6,688 € 23,408 € 10,944 € 41,040

Lynch syndrome surveillance
  Index patients € 29,963 € 34,957 € 34,957 € 99,876

  Relatives € 94,882 € 332,089 € 102,789 € 529,760

  Savings by prevention of CRC - € 22,063 - € 77,222 - € 23,902 - € 123,188

total costs (minus savings) € 162,304 € 436,619 € 296,696 € 895,619

total life years gained 13.7 46.0 15.0 74.7

Costs per life year gained reference € 9,494 € 19,833 -

Numbers may not add up due to rounding.
CRC, colorectal cancer; IHC, immunohistochemistry; MMR, mismatch repair.

0 6000 12000 18000 24000 30000

LY gained index
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Surveillance colonoscopies index
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Treatment cost of stage I CRC first twelve months
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Figure 3. One-way sensitivity analysis for incremental cost-effectiveness ratio (ICER) of routine screening 
for Lynch syndrome in colorectal cancer patients ≤ 70 years of age compared to routine Lynch syndrome 
screening in patients with colorectal cancer diagnosed ≤ 60 years.
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LYG by screening all CRC patients ≤  70 years of age. Using assumptions most favour-
able for the revised Bethesda guidelines i.e. a small number of patients fullfilling the 
revised Bethesda guidelines and hypermethylation analysis not needed in any cases, 
total cost for this strategy amounted to €522,601 or €7,800 per LS patient detected. The 
ICER for routine LS screening in CRC patients ≤ 70 years was €19,695/LYG compared 
to testing patients fulfilling the revised Bethesda guidelines. In sensitivity analysis this 
ICER for LS screening in CRC patients up to 70 years compared to the revised Bethesda 
guidelines did not exceed €29,000/LYG. Assuming LYG by relatives over 2,15 implied an 
ICER < €10,000/LYG and using the highest number of LYG for relatives from the literature 
decreased this ICER to €669/LYG. 

DisCUssioN

Our economic evaluation indicates that routine screening for LS in CRC patients ≤ 70 
years of age by analysis of MSI and IHC is cost-effective according to currently accepted 
standards. In an one-way sensitivity analysis, expanding routine screening for LS from 
CRC patients ≤ 50 years of age to CRC patients ≤ 60 years of age never exceeded €18,000/
LYG. Subsequently, costs for including CRC patients 61-70 years of age remained < 
€29,000/LYG. The cost-effectiveness threshold of any diagnostic strategy depends on 
a healthcare system’s willingness to pay for each LYG. In the Dutch healthcare system, 
willingness to pay depends on severity of the disease and most interventions will be con-
sidered cost-effective if costs remain under €40.000/LYG.219 In the UK and US a threshold 
of $50,000/LYG (approximately €37,000/LYG) is commonly used in cost-effectiveness 
analyses for cancer screening. Some authors have argued that thresholds over $50,000/
LYG could also be justified.220

Our sensitivity analysis confirmed the finding of other studies that the assumed ben-
efit (LYG) by LS surveillance has a tremendous effect on ICER, especially LYG assumed 
for relatives.78, 93-96 In recent literature benefit of LS surveillance programs for relatives 
ranges from 1.07 LYG up to 32.76 LYG per relative.94, 95 These extreme differences reflect 
the impact of assumptions made on uncertain parameters such as CRC risk for LS car-
riers, the method and risk reduction of LS surveillance and assumed adherence to LS 
surveillance programs. In our study we used conservative estimates. Using the lowest 
number of LYG from literature for both index patients and relatives, ICERs were well 
within currently accepted thresholds for cost-effectiveness. Moreover, assuming only a 
little over 2 LYG per relative led to ICERs < €10.000/LYG, and using the highest number of 
LYG per relative from literature even decreased all ICERs well below €1.000/LYG.

In our study over three times as many LS carriers were identified among relatives of 
CRC patients 51-60 years of age compared to the other age categories. In part this dif-
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ference can be explained by the fact that 1.5 times as many first degree relatives were 
eligible for genetic testing in this age group compared to index patients ≤ 50 years of 
age. The number of adult first degree relatives was similar for the age categories 51-60 
years and 61-70 years. The difference between these groups was caused by a higher 
percentage of relatives from index patients 61-70 years of age testing negative for LS 
syndrome. A possible explanation for this lower prevalence of LS could be that siblings 
of these patients are presumably older than siblings from younger CRC patients. As 
a consequence, the prevalence for LS might be lower in these older relatives, due to 
the reduced life expectancy of LS carriers. Furthermore, the age category 51-60 years 
contained a very large familiy with 37 relatives tested and 16 LS carriers identified.

Our results are in line with previous studies using Markov models, in which LS screen-
ing by IHC testing for CRC patients > 50 years of age was found to be cost-effective.93, 94, 213 
In one study LS screening of CRC patients up to 60 years of age led to an ICER of $33,800/
LYG (€24,875/LYG) compared to screening patients ≤ 50 years of age. Expanding the age 
limit for LS screening to CRC patients ≤ 70 years of age resulted in an ICER of $44,000/
LYG (€32,381/LYG).93 The considerably smaller ICERs found in our study might be due 
to the large number of family members that accepted germline mutation analysis. 
Ladabaum et al assumed that 4 relatives per index patient accept germline mutation 
analysis.93 Among our 23 index patients this would lead to a total of 92 relatives tested. 
We did find a median of 3 relatives that were tested for each index patient. However, 
there was a very wide range from 1-37 relatives that were tested per index patient for a 
total of 137 relatives. Nonetheless, our study may still underestimate the number of LS 
patients ultimately detected among relatives. Relatives who currently refrain from ge-
netic counseling and germline mutation analysis, could request genetic testing at a later 
time. Moreover, minors not yet eligible for genetic testing can also be offered germline 
mutation analysis and can be enrolled in surveillance programs from the age of 25 years. 
Another reason for the difference in ICERs could be that other studies discounted costs 
and LYG with 3% per year annually. Since we did not use a set time horizon, costs and 
LYG were not discounted.

In contrast, a recent Dutch study found an ICER of only €2,703 for LS screening in CRC 
patients ≤ 70 years of age compared to screening CRC patients ≤ 50 years of age.213 
However, LYG for relatives in their study was 6.9 to 7.22 years. Furthermore, a direct 
comparison was made for LS screening in CRC patients with an age cut-off of 70 years 
to 50 years, whereas we used a stepwise approach and compared an age cut-off of 70 
years to an age cut-off of 60 years. Assuming 6.9 LYG for relatives in our study and di-
rectly comparing LS screening in CRC patients up to 70 years of age to screening in CRC 
patients up to 50 years of age would lead to a similarly low ICER (€1,922/LYG).

LS screening for CRC patients up to 70 years of age identified over 4.5 times as many 
LS carriers among index patients and relatives combined, compared to only screening 
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CRC patients up to 50 years of age. LS screening without any age cut-off is expected to 
further increase benefit for LS carriers. The AGA recently recommended LS screening of 
all CRC patients by IHC or MSI analysis as a possible screening strategy.221 However, it is 
unclear whether the benefit of LS screening in all CRC patients will come at acceptable 
costs. In our population-based cohort, the prevalence of LS decreased with increasing 
age of CRC diagnosis. There are conflicting results on cost-effectiveness for universal 
LS screening by molecular diagnostics. LS screening by IHC without an upper age limit 
compared to age-targeted screening was found to be < €30,000/LYG in one study and > 
€60,000/LYG in another, while using equal discount rates.93, 94

The revised Bethesda guidelines were developed to select patients eligible for MSI 
analysis and IHC testing.84 Between 26% and 50% of all CRC patients are expected to fulfill 
these guidelines. To assess cost-effectiveness of age-targeted LS screening we assumed 
only 26% of CRC patients in our cohort would fulfill the revised Bethesda guidelines. De-
spite this favourable assumption for the revised Bethesda guidelines, our cost analysis 
indicates that age-targeted LS screening is cost-effective with ICER remaining < €29,000/
LYG in one-way sensitivity analysis. Moreover, we assumed 100% adherence to these 
guidelines, while in clinical practice molecular diagnostics for LS may be performed in 
only 11-14% of the patients fullfilling the revised Bethesda guidelines.150, 209 In a previous 
study, low rates of failure to apply the revised Bethesda guidelines made LS screening by 
molecular diagnostics the preferred strategy.93 We expect that routine screening for LS 
using molecular diagnostics in CRC patients based on age would be much easier to use 
in clinical practice compared to clinical criteria based on family history.

Strengths of this study are the use of real life data of index patients and their rela-
tives, our detailed analysis of costs and inclusion of hypermethylation analysis in the 
diagnostic work-up. To our knowledge this study is the first cost analysis for LS screening 
using cost data and family data directly derived from a prospective population-based 
cohort of CRC patients. In contrast to studies using modelling techniques, our approach 
limits the potentially undesirable effects of assumptions as compared to more reliable 
data based on observational studies. If needed, conservative assumptions were used, i.e. 
a low number of LY gained, minimal cost savings by CRC prevention and relatively low 
lifetime risk of developing CRC.

This study also has several limitations. First, we did not correct LYG for quality of life. 
As posed by some, being identified as LS carrier might not have an impact on quality 
of life and it has been suggested that it is not necessary to include quality of life in 
cost-effectiveness analyses of life saving strategies.222, 223 However, two previous cost-
effectiveness analyses of LS screening did find an impact on the ICER by including quality 
of life.94, 224 Secondly, costs and benefit from surveillance for extracolonic cancers were 
not included in our analyses. Third, we did not perform a full probabilistic sensitivity 
analysis. Since we used conservative assumptions, such an analysis is expected to lead 
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to more favourable ICERs. Our study could also underestimate the benefit of routine LS 
screening, as patients refraining from genetic counseling and testing at this time might 
opt for germline mutation analysis at a later stage. Furthermore, in this study we did not 
analyse cost-effectiveness of MSI and IHC alone. In previous studies, LS screening by IHC 
alone was found to be more cost-effective compared to LS screening by MSI analysis 
or MSI analysis and IHC combined.93, 94 Finally, in this study we did not include the use 
of prediction models for LS detection, since detailed family history was not available 
from all patients. MMRpro, MMRpredict en PREMM1,2,6 have been proposed as prescreen-
ing tools for LS.82, 85, 152 It has been suggested that a combined strategy using IHC and 
prediction models among CRC patients < 70 years of age increases LS detection.225 Also, 
prediction models may improve cost-effectiveness of LS screening by excluding CRC 
patients with a minimal risk of having LS from molecular diagnostics. Further research 
should therefore focus on validation of prediction models in population based cohorts 
and evaluate the combination with molecular testing for LS. 

In conclusion, routine screening for LS in CRC patients up to 70 years of age is a 
cost-effective strategy with important clinical benefits. Our findings support the recent 
recommendation for LS screening by analysis of MSI or IHC and MLH1 hypermethylation 
in all CRC patients ≤ 70 years of age.221, 226
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APPeNDix

Cost data in 2013 euros for Lynch syndrome diagnostics and surveillance.

Cost source

Lynch syndrome diagnostics†

 Analysis for microsatellite instability € 89 Dept. of Pathology, Erasmus MC

 IHC testing for MMR protein expression € 135 Dept. of Pathology, Erasmus MC

 MLH1 hypermethylation analysis        € 99 Dept. of Pathology, Erasmus MC

 Genetic counseling for index patients € 389 Dept. of Clinical Genetics, Erasmus MC

 Genetic counseling for relatives € 256 Dept. of Clinical Genetics, Erasmus MC

 Germline mutation analysis for relatives
 (per gene)

€ 538
Dept. of Clinical Genetics, Erasmus MC

 Germline mutation analysis for relatives € 304 Dept. of Clinical Genetics, Erasmus MC

Lynch syndrome surveillance

 Surveillance colonoscopy including polypectomy € 413 Wilschut et al 2011215

 Treatment of complications after colonoscopy € 1,313 Wilschut et al 2011215

 Treatment cost of stage I CRC (first 12 months) € 13,133 Wilschut et al 2011215

IHC, immunohistochemistry; MMR, mismatch repair; CRC, colorectal cancer.
† Costs were determined following the microcosting method and included costs of employment, material, 
equipment and overhead, obtained from the Department of Pathology and the Department of Clinical 
Genetics of the Erasmus Medical Centre Rotterdam.
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ABstrACt

Background: Lynch syndrome (LS) is the most common inherited colorectal cancer 
(CRC) syndrome and is caused by mismatch repair (MMR) gene mutations. 
objective: To compare the currently recommended LS prediction models, MMRpredict, 
MMRpro, and PREMM1,2,6, to identify mutation carriers.
Design/setting/Patients: Pedigree data were obtained from 11 North American, 
European, and Australian cohorts including CRC patients from 6 clinic and 5 population-
based settings. We calculated predicted probabilities of any pathogenic MLH1, MSH2, 
and MSH6 gene mutation by each model and gene-specific predictions by MMRpro and 
PREMM1,2,6. 
Measurements: We examined discrimination using the area under the receiver operator 
curve (AUC), calibration using the observed to expected (O/E) ratio, and clinical useful-
ness using decision curve analysis to select subjects for further evaluation.  
results:  Mutations were detected in 539/2304 (23%) individuals from the clinic-based 
cohorts (238 MLH1, 250 MSH2, 51 MSH6) and 150/3451 (4.4%) individuals from the 
population-based cohorts (47 MLH1, 71 MSH2, 32 MSH6).  Discrimination was similar 
for clinic and population-based cohorts: AUCs of 0.76 vs 0.77 (P=0.77) for MMRpredict, 
0.82 vs 0.85 (P=0.27) for MMRpro, and 0.85 vs 0.88 (P=0.06) for PREMM1,2,6. For clinic and 
population-based cohorts, O/E deviated from 1 for MMRpredict (0.38 and 0.31, respec-
tively) and MMRpro (0.62 and 0.36) but were more satisfactory for PREMM1,2,6 (1.0 and 
0.70). MMRpro or PREMM1,2,6 predictions were clinically useful at thresholds ≥ 5% and in 
particular, at ≥ 15%. 
Conclusions: MMRpro and PREMM1,2,6 can well be used to select CRC patients from 
genetics clinics or population-based settings for tumor and/or germline testing at a ≥5% 
cut-off. Other genetic etiologies should be considered when risk estimates exceed 15% 
and no MMR deficiency is detected.
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iNtroDUCtioN

Lynch syndrome (LS) is the most prevalent inherited colorectal cancer (CRC) syndrome. 
It accounts for approximately 3% of CRCs and is caused by germline mutations in the 
DNA mismatch repair (MMR) system involving the MLH1, MSH2, MSH6, PMS2 and EPCAM 
gene.14, 227 The diagnosis of LS in a patient with CRC indicates a need for more intensive 
post-treatment colonoscopic surveillance, consideration for more extensive surgery, 
and management of extracolonic cancer risks. Furthermore, identification of a LS muta-
tion in a patient with CRC has implications for their family since mutation carriers have 
a 35-75% lifetime risk of developing CRC and other cancers, often at young ages.3, 12 
Early identification of these individuals allows for implementation of cancer prevention 
strategies such as intensified surveillance, prophylactic surgery, and/or chemopreven-
tion to reduce the cancer risk and improve survival.163 

The consideration of a diagnosis of LS has traditionally relied on screening via clinical 
criteria such as the Amsterdam criteria or Revised Bethesda guidelines.84, 168, 228 System-
atic molecular tumor testing is increasingly supported for newly diagnosed patients with 
CRC, either as “reflex testing” (all patients undergo microsatellite instability [MSI] and/or 
immunohistochemistry [IHC] testing for protein expression of the MMR genes related to 
LS), or based on age.14, 130, 229 The most recent National Comprehensive Cancer Network 
(NCCN) guidelines for risk assessment and management of LS recommend genetic test-
ing if the predicted risk of carrying an MMR mutation is > 5% using one of three recently 
developed risk prediction models, MMRpro, MMRpredict, or PREMM1,2,6.82, 85, 152, 230 These 
prediction models quantify an individual’s risk for carrying an MMR gene mutation and 
aim to support decision making regarding genetic evaluation, including germline test-
ing or molecular tumor testing.225 Their performance in diverse populations (i.e. external 
validity) has not systematically been compared. We aimed to externally validate and 
assess the potential clinical usefulness of MMRpro, MMRpredict, and PREMM1,2,6 for 
selecting patients with MMR gene mutations in a multi-center international study. 

MetHoDs

Data sources and subject eligibility

Individual-level data were obtained from eleven international cohorts of subjects with 
CRC: six were considered clinic-based and five population-based. Additional data on each 
cohort is provided in the Appendix. Subjects with CRC and available molecular tumor 
testing and/or MMR gene mutational analyses results were eligible. Only one individual 
per family (referred to as the proband) was included for analysis and subjects with any 
polyposis syndrome were excluded.
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The clinic-based cohorts recruited subjects through genetics clinics and/or fam-
ily cancer registries and included the: (1) Medical Genetics Program of Newfoundland 
(Newfoundland, Canada), (2) Colon Cancer Family Registry (CCFR; http://epi.grants.
cancer.gov/CFR/),231 (3) Dana Farber Cancer Institute Gastrointestinal Cancer Genetics 
and Prevention Program (Boston, Massachusetts), (4) participating centers in the He-
reditary Cancer Group of the Spanish Medical Oncology Society (SEOM), (5) Erasmus 
MC Genetic Registry (Rotterdam, the Netherlands),88 and (6) participating centers in the 
Fondazione IRCCS Istituto Nazionale Tumori (Milan, Italy). The population-based cohorts 
included the: (1) Newfoundland Colorectal Cancer Registry,89 (2) CCFR,231 (3) EPICOLON 
Consortium (Spain),232 (4) LIMO Study group (the Netherlands),130  and the (5) Ohio State 
University.14  Information regarding the evaluation process for DNA mutational analysis 
and/or molecular tumor testing by specific site is as previously described. This study 
was reviewed and approved by the Dana-Farber/Harvard Cancer Center and Columbia 
University Medical Center Institutional Review Boards.

Variables for risk Prediction models 

The primary outcome was MMR gene mutation carrier status based on germline testing 
results for the most common genes, MLH1, MSH2, and MSH6. PMS2 gene mutation carriers 
were not included as only a few sites conducted germline testing for PMS2 mutations. 
Subjects without germline testing results were classified as noncarriers if CRC tumor test-
ing showed no evidence of MMR deficiency. Each participating site provided deidentified 
datasets to Dana-Farber/Harvard Cancer Center and Columbia University investigators for 
analysis (RO, RM, CA, FK). Data for probands included demographic information, cancer 
history (including ages of cancer diagnoses and date of last follow-up), tumor testing 
results, and results of germline testing. Family history of cancer was limited to first-degree 
relatives (FDR) or second-degree relatives (SDR) affected with LS-associated cancers (colon, 
endometrial, stomach, ovaries, urinary tract, small intestine, pancreas, bile ducts, brain, 
sebaceous glands), including their ages of diagnosis and/or date of last follow-up.  For 
relatives unaffected by cancer the age, gender, and date of last follow-up were included.

For every subject, predicted probabilities were estimated for carrying an MMR 
gene mutation using the MMRpredict, PREMM1,2,6 , and MMRpro models.82, 85, 152  The 
MMRpredict and PREMM1,2,6  predictions were generated using published formulas and 
for MMRpro, probabilities were derived using software provided by the developing 
investigators. Predictions were verified by comparison of probabilities from our calcula-
tions with those from web-based calculators for a sample of at least 10 patients. Due to 
limited available tumor data, model comparisons were based on pedigree data alone 
and did not incorporate tumor testing information.
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Data analysis

We compared predicted probabilities from each model with observed frequencies of 
mutations (MLH1, MSH2, MSH6, or any of these) in each cohort. We stratified by cohort 
type (population versus clinic) and considered cohort-specific results before pooling. We 
tested for differences in predicted probabilities by cohort in the pooled data by model-
ing an interaction term (cohort*logit of predicted probability) in logistic regression with 
any one of the mutations as the outcome. An interaction term with P<0.05 indicates the 
relation between predicted probabilities and mutation status varied by cohort.

Discrimination and calibration
Discrimination is the model’s ability to differentiate between a mutation carrier and 
non-carrier. It was assessed using the area under the receiver operating characteristic 
curve (AUC). An AUC of 0.5 indicates the model does not discriminate any better than 
random selection for diagnostic work-up. Calibration refers to the agreement between 
the observed and predicted probabilities and can be depicted graphically.233 Systematic 
under- or overestimation (‘calibration-in-the-large’) was quantified by the intercept in 
a logistic regression model with the log odds of the predictions as an offset variable: 
y ~ offset (logit of predicted probability), with y the presence of a genetic mutation as 
a binary outcome.  For ease of interpretation, we converted the intercept estimates to 
Observed to Expected (O/E) ratios: O/E = exp(intercept). We also estimated a calibration 
slope to indicate the agreement with the 45 degree line in the validation plot by logistic 
regression analysis: y ~ logit of predicted probability. An intercept of zero (O/E=1) and 
calibration slope of 1 indicate perfect calibration.233

Clinical usefulness
When models are used to guide decisions, decision curve analysis has been advocated 
to quantify the potential clinical usefulness, considering both true positive classifica-
tions and false positive classifications.234-237 A decision curve shows the net benefit of 
using a model for a range of potential decision thresholds. The net benefit is the sum 
of the number of true positive mutation carriers (for whom benefit is obtained) minus a 
weighted number of false-positive classifications (who should not have been tested): NB 
= (TP – wFP)/n, where n is the total sample size, and w is the relative weighted of the harm 
of missing a mutation carrier versus unnecessary testing. The weight w is defined by the 
threshold probability that is applied to define at-risk subjects that need genetic testing. 
We calculated the net benefit of each prediction model and two reference strategies: 
select none or select all for testing. We considered threshold probabilities between 0% 
(very liberal testing) and 30% (very restricted testing of high-risk probands). The model 
with the highest net benefit is most clinically useful. Discrimination, calibration and 
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decision curve analyses were conducted in R version 2.8.1 (R Foundation for Statistical 
Computing, Vienna, Austria).  

resULts

We studied 5755 individuals including 2304 from clinic-based and 3451 from population-
based CRC registries. The median age of CRC diagnosis in the clinic-based cohorts was 
between 45 and 50 years, while subjects in the population-based cohorts were older 
(median age between 60 to 70 years, Tables 1a and 1b). The prevalence of MMR gene 
mutations in the clinic-based cohorts was 23% (539/2304), with similar numbers of MLH1 
and MSH2 mutations (237 and 251 respectively) and fewer MSH6 mutations (51/2304, 
2.2%). The prevalence of any MMR gene mutation was lower in the population-based 
cohorts (150/3451, 4.4%, Table 1b) with more MSH2 than MLH1 and MSH6 mutations (71 
vs 47 and 32 respectively).

Prediction of any MMr gene mutation

Clinic-based cohorts: The AUCs for any MMR gene mutation prediction for the pooled 
data were 0.76 (95% CI: 0.74-0.79), 0.82 (95% CI: 0.80-0.84) and 0.85 (95% CI: 0.83-0.87) for 
MMRpredict, MMRpro, and PREMM1,2,6 respectively (Table 2a). The O/E ratio of predicted 
risk for PREMM1,2,6  was 1.0 (95% CI: 0.89-1.2) compared with 0.38 (95% CI: 0.32-0.45) for 
MMRpro and 0.62 (95% CI: 0.53-0.74) for MMRpredict (Table 2a). The calibration slope 
for PREMM1,2,6  was 0.81 versus 0.42 and 0.28 for MMRpro and MMRpredict respectively 
(Figures 1a-c). MMRpro and PREMM1,2,6  identified a similar percentage of carriers (95% 

table 1a. Characteristics of subject participants: clinic based cohort.

total

N=2304

CCFr

N=529

DFCi

N=229

Milan,
italy

N=232

Newfoundland,
Canada

N=120

rotterdam,
Netherlands

N=514 

spanish
Consortium

N=680
Male (%) 1136 (49.3) 263 (49.7) 99 (43.3) 118 (50.9) 65 (54.2) 243 (47.3) 348 (51.2)

Median age of CRC
diagnosis (y, IQR)

46 (39-55) 45 (38-51) 43 (35-50) 44 (37-53) 53 (43-62) 51 (42-61) 45 (39-55)

Mutation Carriers
Any mutation (%) 539 (23.4) 166 (31.4) 62 (27.1) 99 (42.7) 19 (15.8) 58 (11.3) 135 (19.9)

MLH1 (%) 237/539 (44) 71/166 (42) 30/62 (48) 44/99 (44) 3/19 (16) 19/58 (33) 70/135 (52)

MSH2 (%) 251/539 (47) 84/166 (51) 26/62 (42) 47/99 (47) 15/19 (79) 21/58 (36) 58/135 (43)

MSH6 (%) 51/539 (9) 11/166 (7) 6/62 (10) 8/99 (9) 1/19 (5) 18/58 (31) 7/135 (5)
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and 96%, respectively) at a cutoff of ≥ 5% (Table 3). Above a cutoff of 10%, PREMM1,2,6  
identified a higher proportion of known carriers among identified high-risk subjects 
while MMRpro overestimated the number of mutation carriers.

Population-based cohorts:  The pooled AUCs for any MMR gene mutation prediction 
were slightly higher for population-based than clinic-based cohorts (Table 2b). Predic-
tions were too high for all models, with O/E ratios of 0.70 (95% CI: 0.58-0.84) for PREMM1,2,6, 
0.36 (95% CI: 0.27-0.47) for MMRpro and 0.31 (95% CI: 0.24-0.39) for MMRpredict. Predic-
tions were too extreme for MMRpro (slope 0.43, 95% CI: 0.37-0.48) and for MMRpredict 
(slope 0.37, 95% CI: 0.31-0.42, Figures 2a-c, Table 2b). MMRpro and PREMM1,2,6 identified 
a similar proportion of high-risk subjects who were mutation carriers at a cut-off of 5% 
to identify high risk individuals (13% versus 15% respectively; Table 3). All analyses were 
also performed by cohort and confirmed the patterns noted for the pooled data sets 
(Appendix Tables 1a and b).

Gene-specific Predictions

The PREMM1,2,6  and MMRpro models provide gene-specific predictions for MLH1, MSH2, 
and MSH6.  In both clinic- and population-based cohorts, the models performed similarly 
in discrimination of MLH1 and MSH2 mutations (Tables 2a and b). However, discrimina-
tion of MSH6 mutations from no mutation carriers was more difficult. Gene-specific O/E 
ratios and the calibration slopes were better for PREMM1,2,6  than MMRpro for each gene 
in both types of cohorts (Table 2). Cohort-specific analyses confirmed these patterns. 

table 1b. Characteristics of subject participants: population based cohort.

total

N= 3451

CCFr

N=1196 

Newfoundland, 
Canada

N= 731

osU

N= 191 

rotterdam,
Netherlands

N= 196 

spanish
Consortium

N= 1137

Male (%) 1,905 (55.2) 581 (48.6) 443 (60.6) 89 (46.6) 117 (59.7) 675 (59.4)

Median age of CRC 
diagnosis (y, IQR)

64 (54-72) 58(48-67) 64(56-71) 63(51-72) 59(52-64) 71(63-78)

Mutation Carriers
Any mutation 150 (4.4) 78 (6.5) 14 (1.9) 30 (2.5) 18 (9.2) 10 (0.9)

MLH1 (%) 47/150 (31) 30/78 (38) 2/14 (14) 8/30 (27) 4/18 (22) 3/10 (30)

MSH2 (%) 71/150 (47) 36/78 (46) 10/14 (71) 15/30 (50) 4/18 (22) 6/10 (60)

MSH6 (%) 32/150 (21) 12/78 (15) 2/14 (14) 7/30 (23) 10/18 (56) 1/10 (10)

CCFR, Colon Cancer Family Registries; DFCI, Dana Farber Cancer Institute; OSU, Ohio State University; IQR, 
interquartile range; Y, years of age.



Chapter 7

112

table 2a. Pooled performance characteristics of MMRpro, PREMM1,2,6, and MMRpredict for prediction of MMR 
gene mutations associated with colorectal cancer cases in international clinical based cohorts (n=2304).

MMrproa PreMM1,2,6 
b MMrpredictc*

DisCriMiNAtioN
AUC (95% CL)
Any mutationd 0.82 (0.80, 0.84) 0.85 (0.83, 0.87) 0.76 (0.74, 0.79)
MLH1 0.87 (0.84, 0.89) 0.88 (0.86, 0.90)
MSH2 0.83 (0.80, 0.86) 0.87 (0.84, 0.89)
MSH6 0.57 (0.49, 0.65) 0.67 (0.60, 0.75)
CALiBrAtioN
o/e ratio (95% CL)
Any mutationd 0.62 (0.53, 0.74) 1.0 (0.89, 1.2) 0.38 (0.32, 0.45)
MLH1 0.49 (0.39, 0.62) 0.97 (0.82, 1.2)
MSH2 0.51 (0.41, 0.64) 0.93 (0.78, 1.1)
MSH6 0.26 (0.18, 0.37) 1.1 (0.84, 1.5)
slope (95% CL)
Any mutationd 0.42 (0.38, 0.45) 0.81 (0.73, 0.88) 0.28 (0.25, 0.32)
MLH1 0.47 (0.42, 0.53) 0.81 (0.72, 0.90)
MSH2 0.42 (0.37, 0.47) 0.77 (0.68, 0.86)
MSH6 0.09 (-0.01, 0.20) 0.69 (0.44, 0.93)

a Test of statistical interaction between cohorts and predicted probabilities: p < 0.001
b Test of statistical interaction between cohorts and predicted probabilities: p = 0.03
c Test of statistical interaction between cohorts and predicted probabilities: p < 0.001
For a-c: an interaction term with p < 0.05 indicated that the relation between predicted probabilities and 
mutation status varies by cohort. 
* MMRpredict does not generate gene-specific probabilities
d MLH1, MSH2, or MSH6 mutation
AUC, area under the receiver operating characteristic curve; CL, confidence limits; O/E, observed/expected.

table 2b. Pooled performance characteristics of MMRpro, PREMM1,2,6, and MMRpredict for prediction of 
MMR gene mutations associated with colorectal cancer cases in international population based cohorts 
(n=3451).

MMrproa PreMM1,2,6
b MMrpredictc

DisCriMiNAtioN
AUC (95% CL)
Any mutationd 0.85 (0.81, 0.88) 0.88 (0.85, 0.92) 0.77 (0.73, 0.82)
MLH1 0.84 (0.77, 0.91) 0.90 (0.85, 0.96)
MSH2 0.92 (0.90, 0.95) 0.92 (0.88, 0.96)
MSH6 0.68 (0.61, 0.76) 0.75 (0.66, 0.84)
CALiBrAtioN
o/e ratio (95% CL)
Any mutationd 0.36 (0.27, 0.47) 0.70 (0.58, 0.84) 0.31 (0.24, 0.39)
MLH1 0.21 (0.13, 0.32) 0.61 (0.44, 0.85)
MSH2 0.27 (0.18, 0.39) 0.71 (0.54, 0.94)
MSH6 0.28 (0.18, 0.45) 0.70 (0.49, 1.00)
slope (95% CL)
Any mutationd 0.43(0.37, 0.48) 1.07 (0.94, 1.19) 0.37 (0.31, 0.42)
MLH1 0.42 (0.34, 0.51) 0.93 (0.77, 1.09)
MSH2 0.52 (0.44, 0.61) 1.03 (0.88, 1.18)
MSH6 0.21 (0.10, 0.32) 1.12 (0.82, 1.43)

a Test of heterogeneity between cohorts: P = 0.47; MMRpro results do not include data from the Spanish 
cohort.
b Test of heterogeneity between cohorts: P < 0.001
c Test of heterogeneity between cohorts: P < 0.001; MMRpredict does not generate gene-specific probabilities
d MLH1, MSH2, or MSH6 mutation
AUC, area under the receiver operating characteristic curve; CL, confidence limits; O/E, observed/expected.
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Clinical usefulness

In clinic-based cohorts, the decision to recommend genetic testing based on PREMM1,2,6  
or MMRpro estimates at any threshold ≥ 5% provided a higher net benefit compared to 
MMRpredict (Figure 3a). There was no net benefit in using MMRpredict to select subjects 
for testing at a threshold up to 10% compared to a strategy of testing all subjects. The 
PREMM1,2,6  model provided the highest net benefit at thresholds ≥ 15% where more true 
positive carriers were identified compared to MMRpro. At liberal thresholds (< 5%), none 
of the models provide clinical usefulness beyond that of testing all subjects. 
In population-based cohorts, using any of the models to determine who should undergo 
genetic testing was superior to testing all subjects for thresholds ≥ 5%. More carriers 
were identified with PREMM1,2,6 than MMRpro and MMRpredict at higher thresholds 
(Figure 3b). 
The net benefit for PREMM1,2,6 was higher for gene-specific testing for MLH1 and MSH2 
compared with MMRpro for both clinic and population-based cohorts while the net 

Figure 1a-c. Calibration plots for MMRpredict, 
MMRpro, and PREMM1,2,6 models: clinic-based cohort.
Figures 1a-c display calibration plots for external vali-
dation of a) MMRpredict, b) MMRpro, and c) PREMM1,2,6 
for predicting MMR mutations for individuals in clin-
ic-based settings. The X-axis represents predicted 
probabilities, the Y-axis represents the observed pro-
portion of MMR mutations, and the dashed diagonal 
line represents the ideal model with perfect predic-
tion. The triangles represent observed frequencies by 
quantiles of predicted probability with corresponding 
95% confidence limits (vertical lines). The population 
distribution (histogram) of predicted probabilities by 
mutation status is displayed in the lower portion of the 
Figure.
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benefit for MSH6 gene testing was limited. For PREMM1,2,6, the net benefit was limited to 
risk thresholds from 5% to 15% and only in clinic-based cohorts. 

table 3.  Proportion of subjects identified as gene mutation carriers by MMRpro and PREMM1,2,6 at different 
decision thresholds.

Model and risk score category High risk subjects *
N (%)

identified gene mutation 
carriers

N (%)

Clinic-based cohorts

PreMM1,2,6 

> 0% 2294 (100) 536 (100) 

> 5% 1754 (76) 516 (96)

> 10% 1156 (50) 467 (87)

> 20% 744   (32) 403 (75)

> 40% 449   (20) 304 (57)

MMrpro

> 0% 2304 (100) 539 (100)

> 5% 1595 (69) 510 (95)

> 10% 1338 (58) 482 (89)

> 20% 990 (43) 422 (78)

> 40% 701 (30) 365 (68)

Population-based cohort

PreMM1,2,6 

> 0% 3451 (100%) 150 (100%)

> 5% 887(26) 130 (87)

> 10% 375 (11) 102 (68)

> 20% 179 (5) 81 (54)

> 40% 91 (3) 52 (35)

MMrpro

> 0% 2314 (100%) 150 (100%)

> 5% 906 (39) 119 (79)

> 10% 730 (32) 111 (74)

> 20% 532 (23) 102 (68)

> 40% 293 (13) 85 (57)

High Risk= number of subjects within each designated risk score category.
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DisCUssioN

Both MMRpro and PREMM1,2,6 better discriminated MMR gene mutation carriers from 
noncarriers than MMRpredict in this large dataset of international cohorts of individuals 
diagnosed with CRC in both clinic- and population-based settings. These models were 
clinically useful at the 5% threshold as recommended in the recent NCCN guideline 
for consideration of predictive genetic testing.230 Highest usefulness was seen with 
PREMM1,2,6 at thresholds above 15%, balancing the identification of mutation carriers 
without unnecessary extra testing. The PREMM1,2,6 model also identified more carriers 
among population-based cases at thresholds ≥ 5%.

Our study provides important insight about the models’ clinical usefulness through 
decision curve analyses which offers information beyond the standard performance 
metrics that indicate discrimination and calibration.233-238 This methodology allowed 

  

 

Figure 2a-c. Calibration plots for MMRpredict, 
MMRpro, and PREMM1,2,6 models: population-based 
cohort. Figures 2a-c display calibration plots for 
external validation of a) MMRpredict, b) MMRpro, 
and c) PREMM1,2,6 for predicting MMR mutations 
for individuals in population-based settings. The 
X-axis represents predicted probabilities, the Y-axis 
represents the observed proportion of MMR muta-
tions, and the dashed diagonal line represents the 
ideal model with perfect prediction. The triangles 
represent observed frequencies by quantiles of 
predicted probability with corresponding 95% 
confidence limits (vertical lines). The population 
distribution (histogram) of predicted probabilities 
by mutation status is displayed in the lower portion 
of the Figure.
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3a. 

Figure 3a.  Net benefit analyses comparing MMRPredict, MMRPro, and PREMM1,2,6: Clinic-

based cohort

Figure 3a displays the net benefit curves comparing the three prediction models among the 

clinic-based cohort. The y-axis measures net benefit which is calculated by summing the 

benefits (true positives) and subtracting the harms (false positives), where the latter are 

weighted by a factor related to the relative harm of a missed mutation carrier compared with 

the harm of unnecessary genetic testing. A model is considered of clinical value if it has the 

highest net benefit compared with other models and simple strategies such as performing 

genetic testing in all patients (dashed black line) or no patients (horizontal black line) across 

the full range of threshold probabilities at which a patient would choose to undergo genetic 

testing. For example, at the threshold of 10% used to designate an individual at risk of having 

a gene mutation, the net benefit of PREMM1,2,6  is interpreted as the identification of 18 

mutation carriers per 100 screened individuals in a clinic-based setting for whom germline 

testing would confirm a mutation without increasing the number tested unnecessarily. 
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Figure 3a.  Net benefit analyses comparing MMRpredict, MMRpro, and PREMM1,2,6: clinic-based cohort.
Figure 3a displays the net benefit curves comparing the three prediction models among the clinic-based 
cohort.  The y-axis measures net benefit which is calculated by summing the benefits (true positives) and 
subtracting the harms (false positives), where the latter are weighted by a factor related to the relative harm 
of a missed mutation carrier compared with the harm of unnecessary genetic testing. A model is consid-
ered of clinical value if it has the highest net benefit compared with other models and simple strategies 
such as performing genetic testing in all patients (dashed black line) or no patients (horizontal black line) 
across the full range of threshold probabilities at which a patient would choose to undergo genetic testing.  
For example, at the threshold of 10% used to designate an individual at risk of having a gene mutation, the 
net benefit of PREMM1,2,6  is interpreted as the identification of 18 mutation carriers per 100 screened indi-
viduals in a clinic-based setting for whom germline testing would confirm a mutation without increasing 
the number tested unnecessarily.

3b. 

Figure 3b.  Net benefit analyses comparing MMRPredict, MMRPro, and PREMM1,2,6: 

Population-based cohort 

Figure 3b displays the net benefit curves for the three models among the population-based 

cohort.  For example, at the threshold of 10% used to designate an individual at risk of 

having a gene mutation, the net benefit of PREMM1,2,6  is interpreted as the identification of 2 

mutation carriers per 100 screened individuals in a population-based setting for whom 

germline testing would confirm a mutation without increasing the number tested 

unnecessarily. 

0.00 0.05 0.10 0.15 0.20 0.25

0.00

0.01

0.02

0.03

0.04

0.05

Risk threshold

N
et

 B
en

ef
it

No testing
All tested
MMRpredict
MMRpro
PREMM126

Figure 3b.  Net benefit analyses comparing MMRpredict, MMRpro, and PREMM1,2,6: population-based cohort.
Figure 3b displays the net benefit curves for the three models among the population-based cohort. For ex-
ample, at the threshold of 10% used to designate an individual at risk of having a gene mutation, the net 
benefit of PREMM1,2,6  is interpreted as the identification of 2 mutation carriers per 100 screened individuals 
in a population-based setting for whom germline testing would confirm a mutation without increasing the 
number tested unnecessarily.
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us to estimate the net number of carriers identified by each model over different risk 
thresholds to select cases for further testing, penalizing for the number of patients hav-
ing unnecessary testing. There was no net benefit of any of the models at relatively low 
risk thresholds (< 5%), where testing all individuals would be optimal. With thresholds 
of 5% or greater, both MMRpro and PREMM1,2,6 are clinically useful in the clinic-based 
cohorts, where the selection of those recommended genetic testing is improved with 
use of the models compared to without them. PREMM1,2,6 also had an appreciable net 
benefit in the population-based cohorts, despite being originally developed using 
clinic-based CRC cases. This is explained by the better calibration of PREMM1,2,6  (i.e. the 
predicted probabilities are more consistent with the observed probabilities of muta-
tions) than MMRpro and MMRpredict. While all models overestimated the probability of 
being a carrier among population-based cases, they most often deviated in their predic-
tions thresholds of < 5%, where the predicted number of carriers far exceeded those 
observed. While this affects overall calibration, it has limited clinical significance since 
germline testing has not been recommended in subjects with predicted probabilities 
< 5%. 

The geographic diversity of the cohorts provides a more comprehensive assessment 
of external validity than previous analyses,87-89, 151, 239-242 in addition to a recent meta-
analysis of studies that have validated the prediction models.243 The clinic-based sample 
included individuals with CRC evaluated at cancer genetics clinics where personal and 
family histories of cancers were well characterized. We addressed the potential utility 
of the models in general medical settings by the inclusion of population-based series. 
Our results also provide new information about the ability of MMRpro and PREMM1,2,6  to 
predict gene-specific risk estimates. Both models performed equally well in identifying 
MLH1 and MSH2 gene mutation carriers but had low overall discrimination for MSH6 
gene mutations. MSH6 gene mutation carriers are challenging to identify as the age of 
CRC diagnosis is commonly higher in comparison to MLH1 and MSH2 and cases may be 
missed as they appear as “sporadic CRC”. In addition, endometrial cancer may present as 
the sentinel malignancy in female MSH6 carriers. 

Several limitations of our study should be considered. The mechanisms of case identifi-
cation at each site may have contributed to site-specific variation in model performance, 
although the overall patterns of the validity of the prediction models were rather con-
sistent. Differences in the prevalence of carriers between sites could be attributable to 
heterogeneity in standard assessments between sites (i.e. the referral filter).244 Another 
possible limitation is that some sites screened individuals for MMR deficiency based 
on tumor testing results and did not pursue germline testing when tumor testing was 
normal. This partial verification bias may misclassify some individuals as noncarriers245 
and may be more relevant for individuals with MSH6 gene mutations, whose tumors 
are not always microsatellite unstable and where certain pathogenic missense muta-
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tions do not completely abrogate protein expression yielding false negative IHC results. 
Therefore, partial verification bias may have contributed to the low discriminatory ac-
curacy for MSH6 mutations. Lastly, the current models do not predict PMS2 and EPCAM 
mutations. Since the majority of sites did not perform these mutational analyses, the 
models’ performance for these genes could not be assessed.  

The results of our study have several implications for individuals with CRC. Assessment 
of family history of cancer by the Amsterdam criteria or Bethesda guidelines84, 168 has 
been the cornerstone for the diagnosis of LS, but multiple studies have demonstrated 
limited sensitivity and specificity for both tools.246, 247 In addition, the performance of 
PREMM1,2,6 and MMRpro has been shown to exceed that of existing clinical criteria to 
identify mutation carriers82, 85, 87, 89, 151, 164 and it has been suggested that prediction models 
replace clinical criteria as prescreening tools in the risk assessment process for LS.89, 239, 242 
For such an application, the PREMM1,2,6 model has the advantage of being simpler to 
apply than MMRpro.239 Another approach that has been advocated is systematic tumor 
testing for MMR deficiency through MSI or IHC for all newly diagnosed individuals with 
CRC.14, 246 This approach may be feasible for some centers and superior to the use of 
any prediction model if we accept a high rate of unnecessary testing. However, false-
positive tumor results may occur due to somatic causes of MSI via MLH1 gene promoter 
hypermethylation, particularly in older patients. Among 10,206 population-based CRC 
cases, selective tumor testing in those diagnosed at ≤ 70 years and in patients > 70 
years who met at least one criterion of the revised guidelines, achieved a similar yield 
to the universal strategy of testing all patients.248 Our group has also found improved 
identification of gene mutation carriers though a combined strategies approach using 
IHC and prediction model risk estimates with the same age cutoff of 70 years.225 The 
higher rates of false-positive results on tumor testing in older patients were offset by 
the increased performance of PREMM1,2,6 with every 10-year increase in age of CRC 
diagnosis. In light of these considerations, the PREMM1,2,6 or MMRpro models can be 
used to direct germline testing or genetic referral when ≥ 5% if tumor testing is unavail-
able or when resources are limited and the universal tumor testing approach cannot 
be adopted. These prediction models can also complement results from tumor testing 
since false-negative results are possible with IHC testing.225 Individuals with high risk, 
i.e. ≥ 15%, may need to be considered for inherited cancer syndromes other than LS. 
Screening patients with CRC for LS based on molecular tumor testing alone may miss 
the opportunity to identify other familial cancer syndromes. For those patients without 
a germline MMR mutation but with high prediction scores, intensive surveillance may 
be considered and additional genetic testing in the future may be warranted as novel 
genes associated with familial CRC are discovered. 

In summary, the MMRpro and PREMM1,2,6 models are clinically useful tools to assess 
patients who are newly diagnosed with CRC for LS. We note that the PREMM1,2,6 model 
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may be preferred for clinical use since it does not require information on unaffected 
family members and its simple, web-based platform.239 A threshold of > 15% may as-
sist in the clinical management of individuals when MMR deficiency is undetected by 
indicating a high-risk for familial CRC despite negative tumor and/or genetic test results. 
These patients likely need continued modified cancer surveillance tailored to their spe-
cific cancer spectrum as well as consideration of other genetic etiologies for the cause 
of cancer in their families.
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APPeNDix

table 1a. Site-specific performance characteristics of MMRpro, PREMM1,2,6, and MMRpredict for prediction 
of any MMR gene mutation among colorectal cancer cases: clinic-based cohort.

MMrpro PreMM1,2,6 MMrpredict

DisCriMiNAtioN
AUC (95% CL)

CCFR 0.85 (0.82, 0.89) 0.84 (0.81, 0.88) 0.78 (0.73, 0.82)

DFCI 0.83 (0.77, 0.89) 0.85 (0.79, 0.90) 0.78 (0.71, 0.85)

Milan, Italy 0.72 (0.65, 0.78) 0.79 (0.73, 0.85) 0.72 (0.65, 0.78)

Newfoundland, Canada 0.87 (0.76, 0.98) 0.91 (0.84, 0.98) 0.86 (0.76, 0.96)

Rotterdam, Netherlands 0.77 (0.70, 0.84) 0.79 (0.73, 0.86) 0.65 (0.57, 0.73)

Spanish Consortium 0.85 (0.81, 0.89) 0.85 (0.82, 0.89) 0.84 (0.79, 0.88)

CALiBrAtioN
o/e ratio (95% CL)

CCFR 0.61 (0.43, 0.86) 1.0 (0.79, 1.3) 0.29 (0.21, 0.39)

DFCI 0.57 (0.33, 1.0) 1.1 (0.73, 1.6) 0.30 (0.18, 0.49)

Milan, Italy 1.8 (1.3, 2.5) 1.2 (0.82, 1.7) 0.51 (0.31, 0.84)

Newfoundland, Canada 0.35 (0.14, 0.86) 0.74 (0.40, 1.4) 0.13 (0.07, 0.26)

Rotterdam, Netherlands 0.51 (0.35, 0.76) 0.69 (0.50, 0.94) 0.20 (0.14, 0.29)

Spanish Consortium 0.48 (0.35, 0.67) 1.2 (0.96, 1.5) 0.83 (0.63, 1.1)

slope (95% CL)

CCFR 0.39 (0.32, 0.46) 0.71 (0.57, 0.84) 0.28 (0.22, 0.34)

DFCI 0.39 (0.28, 0.50) 0.73 (0.52, 0.94) 0.28 (0.19, 0.38)

Milan, Italy 0.38 (0.23, 0.52) 0.52 (0.36, 0.68) 0.20 (0.12, 2.7)

Newfoundland, Canada 0.50 (0.29, 0.71) 1.35 (0.79, 1.9) 0.68 (0.35, 1.0)

Rotterdam, Netherlands 0.42 (0.31, 0.54) 0.91 (0.67, 1.1) 0.17 (0.09, 0.26)

Spanish Consortium 0.53 (0.44, 0.62) 1.0 (0.86, 1.2) 0.61 (0.5, 0.72)

AUC, area under the receiver operating characteristic curve; CL, confidence limits;
O/E, observed/expected; CCFR, Colon Cancer Family Registries; DFCI, Dana Farber Cancer Institute.
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table 1b. Site-specific performance characteristics of MMRpro, PREMM1,2,6, and MMRpredict for prediction 
of any MMR gene mutation among colorectal cancer cases: population-based cohort.

MMrpro PreMM1,2,6 MMrpredict

DisCriMiNAtioN
AUC (95% CL)

CCFR 0.83 (0.78, 0.88) 0.87 (0.82, 0.92) 0.86 (0.81, 0.90)

OSU 0.97 (0.93, 1.00) 0.95 (0.87, 1.00) 0.94 (0.87, 1.00)

Newfoundland, Canada 0.86 (0.80, 0.92) 0.88 (0.81, 0.94) 0.76 (0.66, 0.85)

Rotterdam, Netherlands 0.75 (0.62, 0.88) 0.80 (0.69, 0.91) 0.75 (0.64, 0.85)

Spanish Consortium - 0.74 (0.53, 0.95) 0.78 (0.60, 0.95)

CALiBrAtioN
o/e ratio (95% CL)

CCFR 0.26 (0.18, 0.37) 0.79 (0.60, 1.04) 1.01 (0.73, 1.40)

OSU 0.29 (0.12, 0.68) 0.32 (0.17, 0.59) 0.09 (0.05, 0.17)

Newfoundland, Canada 1.09 (0.50, 2.36) 1.51 (0.91, 2.49) 0.56 (0.26, 1.21)

Rotterdam, Netherlands 0.71 (0.36, 1.42) 1.13 (0.67, 1.93) 0.52 (0.23, 1.19)

Spanish Consortium - 0.28 (0.15, 0.54) 0.06 (0.03, 0.12)

slope (95% CL)

CCFR 0.45 (0.36, 0.53) 0.99 (0.82, 1.16) 0.55 (0.45, 0.65)

OSU 0.78 (0.52, 1.04) 1.73 (1.14, 2.32) 0.78 (0.48, 1.09)

Newfoundland, Canada 0.30 (0.19, 0.41) 0.73 (0.46, 1.01) 0.23 (0.14, 0.33)

Rotterdam, Netherlands 0.44 (0.24, 0.64) 1.01 (0.55, 1.47) 0.21 (0.09, 0.34)

Spanish Consortium - 0.97 (0.55, 1.39) 0.50 (0.27, 0.74)

AUC, area under the receiver operating characteristic curve; CL, confidence limits;
O/E, observed/expected; CCFR, Colon Cancer Family Registries; OSU, Ohio State University.
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ABstrACt 

Current genetic counseling practice for Lynch syndrome (LS) relies on diagnosed index 
patients to inform their biological family about LS, referred to as the family-mediated 
approach. 
The objective of this study was to evaluate this approach and to identify factors in-
fluencing the uptake of genetic testing for LS. In 59 mutation carriers, 70 non carriers 
and 16 non-tested relatives socio-demographic characteristics, family communication 
regarding LS, experiences and attitudes towards the family-mediated approach and 
motivations for genetic testing, were assessed. 
The majority of all respondents (73%) were satisfied with the family-mediated approach. 
Nevertheless, 59% of the respondents experienced informing a family member and 57% 
being informed by a family member as burdensome. Non-tested differed from tested 
respondents, in that they were younger, less closely related to the index patient and a 
lower proportion had children. The most important reasons for declining genetic testing 
were 1) anticipating problems with life insurance and mortgage, 2) being content with 
life as it is, and 3) not experiencing any physical complaints.
In conclusion, the majority of respondents consider the current family-mediated infor-
mation procedure acceptable, although the provision of information on LS by relatives 
may be burdensome. Special attention should be paid to communication of LS to more 
distant relatives. 
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iNtroDUCtioN

Lynch syndrome (LS) is a hereditary condition which predisposes to colorectal cancer, 
endometrial cancer and other cancers.249, 250 It is caused by inherited germline muta-
tions in mismatch repair (MMR) genes, particularly MLH1, MSH2, MSH6 and PMS2 or 
the 3’ region of the EPCAM gene.17, 23-25, 102, 103 LS carriers have an increased cumulative 
lifetime risk for colorectal cancer of 25 to 70%, while women with LS carry a lifetime risk 
to develop EC of 13 to 65%.1-12 In addition, LS carriers have an increased risk for cancers 
of the stomach, ovaries, small bowel, urinary tract, skin and brain.15, 16, 54, 251

Genetic testing for LS is available to all family members of a mutation carrier. Genetic 
testing can have medical and psychological advantages, irrespective of the outcome in 
an individual subject. Non-carriers may avoid unnecessary surveillance programs for LS 
and experience relief from worries about developing cancer both for themselves and 
their children. For carriers, genetic testing can lead to relief from uncertainty and guide 
screening recommendations, improving survival through early detection.54, 252 Despite 
the potential benefits of genetic testing, a Dutch study on the interest in genetic testing 
for hereditary colorectal cancer syndromes showed that almost half of the subjects in 
this cohort of family members at risk did not opt for genetic testing for LS at a median 
follow-up time after identification of the family specific mutation of 82 months, ranging 
10-140 months.97

In the Netherlands the communication regarding presence of an MMR gene mutation 
within a family occurs by means of the family-mediated approach. When a pathogenic 
mutation is detected the counselee is asked to inform all at risk relatives. During the 
counseling process, communication strategies to inform relatives are discussed with the 
counselee. Furthermore a letter to inform relatives is supplied. This approach implies that 
family members are responsible to inform their relatives on the diagnosis of LS and the 
possibility of genetic testing. Currently, little is known about patients’ experiences with 
and attitudes towards this family-mediated approach.99 Knowledge on the challenges 
with regards to informing family members may help to improve counseling procedures. 
A previous study on family communication of LS genetic test results showed that most 
individuals who undergo genetic testing for LS share their test result with first degree 
relatives, while more distant relatives are reached less often.253 Interestingly, another 
study on family communication of LS-genetic testing results showed a significant gen-
der difference. Men were less likely to communicate the diagnosis of LS to their relatives, 
yet disclosed this result significantly more often via a support person such as a spouse.254 
A previous qualitative study in the Netherlands among 30 individuals from LS families 
showed that motivation to disclose seemed to increase if there were more cancer cases 
in the family. Disrupted family relations were found to be an important reason for non-
disclosure. The way family members communicate about LS may also influence whether 
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or not at-risk family members decide to opt for genetic testing.100, 101 It would be of clini-
cal interest to gain more insight into the factors influencing the decision whether or not 
to opt for genetic testing. However, clinical information about the group of non-tested 
individuals for LS is scarce, since individuals who do not opt for genetic testing often do 
not apply for genetic counseling. 

The aims of this study were to 1) evaluate experiences and attitudes towards a 
family-mediated approach in an LS cohort, 2) compare tested (mutation carriers and 
non-carriers) and non-tested individuals on demographic characteristics, anxiety, can-
cer worry, medical history, family communication, experiences and attitudes towards 
the family mediated approach, and 3) explore the motivations for uptake or decline of 
genetic testing for LS.

MetHoDs

subjects and procedure

We conducted a cross-sectional survey among individuals with a personal or family his-
tory of LS. The study was performed at the Department of Clinical Genetics of the Erasmus 
University Medical Center. Subjects were recruited from a cohort of 40 LS families with 
a proven LS mutation. All individuals were 25 years or older, since it is recommended to 
undergo genetic testing after this age. The tested individuals had received their genetic 
test result between 1995 and 2009. For each individual a family pedigree was available 
with detailed medical information.

Two hundred ninety seven tested individuals ≥ 25 years of age, including index pa-
tients, from the above described LS cohort were notified about the start of the research 
project by an advanced notification letter. Individuals who were interested in participat-
ing were asked to respond via a reply card and were subsequently contacted by de study 
coordinator. The study coordinator informed the individual about the study and asked 
the individual to participate in this survey. In addition, the study coordinator specifically 
asked the tested individuals if they knew family members who had refrained from ge-
netic testing for LS. The tested individuals were asked to contact these non-tested family 
members, in order to obtain consent for being approached for research purposes. A 
questionnaire was sent to all individuals who consented to participate. Individuals who 
did not return the questionnaire after two follow-up telephone calls and two additional 
mailings were considered non-responders.

This study was approved by the Institutional Review Board of the Erasmus MC, and 
written informed consent was obtained from all respondents.
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Measures 

The self-reported questionnaire addressed socio-demographic characteristics including 
age, gender, marital status, number of children, level of education, employment and 
medical characteristics. 

In addition, respondents were asked whether they, themselves or their relatives had 
ever been diagnosed with cancer, and to indicate the degree of relatedness to the clos-
est relative affected by cancer. Medical data of tested respondents was cross-checked 
with their family pedigree at the Department of Clinical Genetics. 

Family communication regarding LS was evaluated by a list of questions developed 
by the authors after a literature search.100, 255-257 Respondents were asked who informed 
them about LS, when they were informed, in which way and how the contact was before 
en after disclosure of the LS diagnosis. Furthermore we asked if it was burdensome to be 
informed and/or informing relatives on LS using a five-point Likert scale with response 
options ranging from 1 ‘very burdensome’ to 5 ‘not burdensome’.

Attitude towards the family mediated approach was measured by a self-developed 
questionnaire with two statements regarding moral duty to disclose LS diagnosis. In two 
other questions we asked the respondents if they were satisfied with the current family 
mediated approach using a five-point Likert scale. 

Anxiety and depression were measured by the Hospital Anxiety and Depression scale 
(HADS). Seven items of the HADS reflect anxiety and seven reflect depression. Response 
options range from 0 to 3.258 The sum on each subscale indicates the overall anxiety and 
depression score (between 0 and 21). A sum score of 11 or more is the threshold for 
clinical anxiety.

We assessed concerns regarding cancer by means of the cancer worry scale (CWS).259 
The CWS is a four-item scale that measures worries about the risk of developing cancer 
and the impact of worries on daily functioning (frequency of thoughts of developing 
cancer, impact of thoughts about cancer on mood, impact of thoughts about cancer on 
daily activities, and level of concern for developing cancer). Each item has four possible 
responses (from 1 ‘not at all’, to 4 ‘almost all the time/very concerned’), which are summed 
to create a CWS between 4 and 16. A higher score indicates more concerns regarding 
cancer.

Motivation for genetic testing was evaluated using a list of 15 reasons for non-partic-
ipation, which was adapted from literature.260, 261 Non-tested respondents were asked to 
rate to what extent they agreed with these reasons for non-participation in genetic test-
ing on a five-point Likert scale with response options ranging from 1 ‘totally disagree’ to 
5 ‘totally agree’. An open field was included to add another reason for non-participation. 
The questionnaire was pilot tested among ten LS carriers visiting the outpatient clinic.
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statistical analysis

Categorical variables were used to calculate proportions and interquartile ranges. The 
association between categorical variables was examined by means of the Chi-squared 
test or Fisher’s exact test. For ordered categorical variables, the Mann-Whitney U test was 
used. Scores from the HADS and cancer worry were treated as continuous variables. For 
continuous variables the mean and standard deviation was calculated. These variables 
were tested using the independent sample T-test. Respondents with missing data were 
omitted from the respective analyses.  

Mutation carriers, non-carriers and non-tested respondents were compared on socio-
demographic characteristics, anxiety, cancer worry, medical history, family communi-
cation, experiences and attitudes towards the family mediated approach. SPSS 17.0 
statistical package was used to analyse data. All p-values are two-sided and a p-value of 
< 0.05 was considered significant.

resULts

subject characteristics

Two hundred ninety seven eligible individuals were approached for enrolment by an ad-
vanced notification letter with reply card. Of these, 215 (72%) agreed to be contacted by 
phone (Figure 1). Of the 215 subjects who agreed to be contacted, 177 (60%) accepted 
to receive the questionnaire. One-hundred and twenty-nine (43%) tested individuals 
from 33 LS families returned the questionnaire. A total of 41 non-tested individuals were 
contacted via the tested individuals and 18/41 (44%) non-tested individuals returned 
the questionnaire. Two non-tested individuals were excluded, since they underwent 
genetic testing before completing the questionnaire. There was no difference in age 
and gender between non-participants, non-responders and responders in the tested 
and non-tested group (data not shown).

Baseline characteristics of all 145 respondents are shown in Table 1. Of all 129 tested 
respondents, 59 (46%) were mutation carriers and 70 (54%) had no LS mutation. The mean 
age of mutation carriers was 52 years (SD 14) and for non-carriers 67 years (SD 13). Both 
mutation carriers and non-carriers were older than non-tested respondents with a mean age 
of 42 years (SD 17, p=0.007). Twelve respondents from the 33 LS families were index patients.

Ls mutation carriers and non-carriers compared with non-tested respondents

Demographic and family characteristics of mutation carriers, non-carriers and non-test-
ed respondents are shown in Table 1. Non-tested respondents differed from LS mutation 
carriers and non-carriers in age, number of children, degree of relatedness to the index 
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patient and cancer diagnosis. Of non-tested respondents 44% did not have children, 
compared to 14% of mutation carriers (p=0.013) and 7% of non-carriers (p=0.02).

Twelve (8%) respondents had been index patients within their family and thus the first 
informed on LS in the family. Fifty-four respondents (37%) were first-degree relatives of the 
index patients and 78 (53%) were second or third-degree relative of the index patient. More 
non-tested respondents (63%) were second-degree relatives of the index patient, compared 
to mutation carriers (42%, p=0.03) and non-carriers (47%, p=0.02). A minority of total re-
spondents (N=10) were third-degree relatives (Table 1). None of the non-tested respondents 
reported to be diagnosed with cancer, while 19 (32%; p=0.004) of the mutation carriers and 
11 (16%; p=0.116) of the non-carriers reported to be diagnosed with cancer. Furthermore, 
non-tested family members reported to have a median of one relative with LS-associated 
cancer, while tested relatives had a median of two relatives with cancer (p=0.01). 

HADS scores did not differ between non-tested respondents and LS mutation carri-
ers and non-carriers (mean HADS respectively 4.0; 4.1; 4.7, Table 1) and are comparable 
with the mean HADS scores of the Dutch general population between 18 and 65 years 

Notification letter with reply card to 

297 tested individuals/ 40 LS 
families

215 tested individuals/ 40 LS 

families agreed to be contacted by 
telephone

129/177 (73%) tested respondents/ 40 
LS families

16/41 (39%) non-
tested respondents 

Tested individuals 
contacted 

41 non-tested relatives/ 
10 LS families

No response (N=48)

No response 
(N=25)

70/129 (54%) Non 
LS mutation 

carriers

59/129 (46%)  
LS mutation 

carriers

Decided to test for 
LS (N=2)

177 tested individuals/ 40 LS 
families agreed to receive a 

questionnaire

Declined (N=38)

Figure 1. Flowchart of the study procedure.
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table 1. Characteristics of the respondents.

 
Mutation 
carriers % 

Non- 
carriers % 

Non-tested 
respondents  %

total 
respondents  %

Number of 
respondents 59   70   16   145 100%

Male 26 44% 24 34% 6 38% 56 39%

Mean age (±SD)* 52 (14)   67 (13)   42 (17)   55 (15)   

                 

Marital status                

Single 5 8% 7 10% 3 19% 15 10%

(As) married 46 78% 53 76% 9 56% 108 74%

Divorced / 
separated / 
widowed 7 12% 8 11% 4 25% 19 13%

Missing 2 3% 1 1% 0 0% 3 2%

                 

Number of 
children                

None* 8 14% 5 7% 7 44% 20 14%

One or more 
children* 51 86% 65 93% 9 56% 125 86%

                 

employed                

Yes 38 64% 30 43% 10 63% 78 54%

Retired* 12 20% 27 39% 2 13% 41 28%

Student 1 2% 1 1% 1 6% 3 2%

Missing 2 3% 2 3% 0 0% 4 3%

                 

education                

High educational 
level 24 41% 20 29% 6 38% 50 34%

Low educational 
level 32 54% 47 67% 10 63% 89 61%

Missing 3 5% 3 4% 0 0% 6 4%

                 

relation to index                

Index patient 9 15% 3 4% 0 0% 12 8%

First degree 
relative* 24 41% 27 39% 3 19% 54 37%

Second degree 
relative* 25 42% 33 47% 10 63% 68 47%

Third degree 
relative 1 2% 7 10% 2 13% 10 7%

                 

Cancer diagnosis                

Yes* 19 32% 11 16% 0 0% 30 21%
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of age.262 Fourteen respondents (10%, six mutation carriers, seven non-carriers, one 
non tested respondent) had an anxiety score ≥11 and two other respondents (1%, one 
non-carrier, 1 non-tested) had a depression score ≥11. Mean worry about cancer did not 
differ among mutation carriers, non-carriers and non-tested respondents (Table 1).

experiences with the family mediated approach 

Table 2 shows the experiences with the family-mediated approach. A total of 115 of 
the 145 (79%) respondents were informed by a family member about the diagnosis LS 
mostly by means of a personal explanation (70/145; 48%) and/or the letter provided by 
the Genetics department to the index patient (63/145 43%). Interestingly, five of sixteen 
non-tested respondents reported to be informed on LS diagnosis by a genetic counsel-
lor. In three cases it was confirmed in our institutional LS database that these cases were 
counselled but refrained from genetic testing.

The majority of the respondents, who were informed by a family member about the 
presence of LS in their family, were informed by a first degree family member (81/115; 
70%) and most of them (74/115; 64%) reported to have good contact with this family 
member. For most respondents the LS disclosure did not change their contact with the 
family member. The majority of respondents informed by a family member about LS 
(65/115; 57%) reported that they had experienced the process of being informed by a 
family member as (moderately) burdensome. Significant more mutation carriers than 
non-carriers reported burden due to being informed on the LS diagnosis by a family 
member (p= 0.002). Furthermore, more mutation-carriers than non-tested respondents 
experienced burden while informing other family members about LS, but this difference 
was not significant (p=0.07).

table 1. (Continued)

 
Mutation 
carriers % 

Non- 
carriers % 

Non-tested 
respondents  %

total 
respondents  %

Anxiety and 
cancer worry                

Mean cancer worry 
(±SD) 5.3 (1.4)   5.2 (1.5)   5.1 (1.2)   5.1 (1.4)   

HADS anxiety 
(±SD) 4.1 (3.5)   4.7 (3.6)   4.0 (3.3)   4.5 (3.5)   

                 

Median number 
of relatives with 
Ls cancers* 2   2   1*   2   

                 

* P = <0.05, non-tested respondents vs LS mutation carriers and non-carriers
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table 2. Experiences with the family-mediated approach.

 
Mutation 
carriers %

Non- 
carriers %

Non-tested 
respondents %

total 
respondents %

2a. Communication within the family, answered by all respondents    

Number of respondents 59 100% 70 100% 16  100% 145 100%

                 

when were you informed about Ls in your 
family?                

< 1 week after diagnosing LS in a family member 20 34% 18 26% 3 19% 41 28%

 < 1month after diagnosing LS in a family member 8 14% 13 19% 3 19% 24 17%

 < 6 months after diagnosing LS in a family 
member 3 5% 11 16% 1 6% 15 10%

 < 1 year after diagnosing LS in a family member 3 5% 10 14% 0 0% 13 9%

< 5 years after diagnosing LS in a family member 6 10% 3 4% 3 19% 12 8%

> 5 years after diagnosing LS in a family member 2 3% 1 1% 0 0% 3 2%

Missing 17 29% 14 20% 6 37% 37 26%

                 

informed on the diagnosis of Ls in the family 
by…(multiple answers)                

Family member 41 - 61 - 13 115 -

Clinical geneticist/ counsellor 31 - 17 - 5 53 -

Missing 7 - 0 - 0 7 -

         

Communication tools within the family  
(multiple answers)        

Family information letter genetics 24 - 34 - 5 63 -

Personal letter from a family member 6 - 12 - 0 18 -

Personal explanation from a family member 25 - 34 - 11 70 -

Missing 4 - 2 - 0 6 -

                 

 2b. experiences on being informed by a relative about Ls.          

Questions are answered by family members 
who answered to be informed by a relative 
about Ls.                

Number of respondents 41 69% 61 87% 13 81% 115 79%

                 

which family member informed you about 
Ls?**                

First degree family member 31 75% 38 62% 12 92% 81 70%

Second degree family member 6 15% 6 10% 1 8% 13 11%

Third degree relative 4 10% 17 28% 0 0% 21 18%

Missing 0 0% 0 0% 0 0% 0 0%
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table 2. (Continued)

 
Mutation 
carriers %

Non- 
carriers %

Non-tested 
respondents %

total 
respondents %

Contact with the informing family member **                

Poor 6 15% 13 21% 3 23% 22 19%

Neutral 5 12% 12 20% 0 0% 17 15%

Good 29 71% 35 57% 10 77% 74 64%

Missing 1 2% 1 2% 0 0% 2 2%

                 

effect on family relations**                

Family relations improved 4 10% 3 5% 1 8% 8 7%

Family relations worsened 2 5% 0 0% 1 8% 3 3%

No change in family relations 34 83% 55 90% 9 69% 98 85%

Missing 1 2% 3 5% 2 15% 6 5%

                 

Burdensome being informed by family 
members**a                

Burdensome* 14 34% 4 7% 1 8% 19 17%

Moderately burdensome 16 39% 24 39% 6 46% 46 40%

Not burdensome 11 27% 30 49% 6 46% 47 40%

Missing 0 0% 3 5% 0 0% 3 3%

                 

 2c. experiences on informing  relatives about 
Ls.                

Questions are answered by respondents 
who answered to have informed a relative or 
relatives about Ls.                

Did you inform a family member about the 
diagnosis of Ls in your family                

Yes 35 56% 35 47% 4 25% 74 51%

No 24 41% 32 46% 12 75% 68 47%

Missing 0 0% 3 7% 0 0% 3 2%

                 

Number of respondents 35 59% 35 50% 4 25% 74 51%

Burdensome to inform family members*** a                

Burdensome 10 28% 5 14% 1 25% 16 22%

Moderately burdensome 16 46% 11 32% 1 25% 28 38%

Not burdensome 9 26% 19 54% 2 50% 30 40%

Missing 0 0% 0 0% 0 0% 0 0%

a Converted to 3-point Likert scale
*  P = < 0.05, LS mutation carriers vs. non-carriers 
**   Answered by respondents who answered to be informed by a relative about LS
***  Answered by respondents who answered to have informed a relative about LS
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Seventy-four respondents (51%) answered they had informed a relative about LS 
themselves. The majority (44/74; 59%) of these had experienced this as (moderately) 
burdensome.

Attitudes towards the family mediated approach 

Most respondents (106/145; 73%) reported to be satisfied with the current family-
mediated approach of communicating LS diagnosis within the family (Table 3). Of the 

table 3. Attitudes towards the family-mediated approach.

Do you think another way of 
informing relatives on Lynch 
syndrome is needed?

Mutation 
carriers %

Non - 
carriers %

Non-tested 
respondents %

total 
respondents %

No, current procedure is sufficient 41 69% 54 77% 11 69% 106 73%

Yes 15 25% 12 17% 3 19% 30 21%

I would have liked to receive no 
information about LS 1 2% 1 1% 1 6% 3 2%

Missing 2 3% 3 4% 1 6% 6 4%

                 

respondents who did not agree 
with the current procedure, 
suggested to be informed by:  15 100%  12   100%  3  100%    30 100%  

Medical specialist at the hospital 12 80% 9 75% 2 67% 23 77%

General practitioner 1 7% 1 8% 1 33% 3 10%

Family meeting 2 13% 2 17% 0 0% 4 13%

opinion of all respondents 
towards statement i:                

It is the personal duty of LS 
mutation carriers to inform one’s 
family members                

Disagree* 1 2% 2 3% 2 13% 5 3%

Neutral 7 12% 7 10% 5 31% 19 13%

Agree* 51 86% 59 84% 9 56% 119 82%

Missing 0 0% 2 3% 0 0% 2 1%

opinion of all respondents 
towards statement ii:                

It is the moral duty of physicians 
to inform patients in case of Lynch 
syndrome in their family                

Disagree 6 10% 12 17% 4 25% 22 15%

Neutral 14 24% 9 13% 1 6% 24 17%

Agree 35 59% 46 66% 11 69% 92 63%

Missing 4 7% 3 4% 0 0% 7 5%

* P = <0.05, non-tested respondents vs. LS mutation carriers and non-carriers
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30 respondents (21%; 15 mutation carriers; 12 non- carriers; 3 non-tested) who did not 
agree with the current family mediated approach, 23 (77%) respondents preferred being 
informed by a medical specialist. The 30 respondents, disagreeing with current family 
mediated approach belonged to sixteen LS families. In these sixteen families, two till 
four family members per family shared the opinion that not family members but health 
professionals should inform relatives about LS diagnosis. Women more often than men 
reported that health professionals should inform relatives (28% vs 14%).

Furthermore, the majority of the respondents agreed with the statement that it is 
the moral duty of healthcare specialists to inform individuals about LS in their family 
(63%). Also, most respondents agreed that it is the personal duty of LS carriers to inform 
relatives about LS (82%). However, significantly more of the non-tested respondents did 
not agree that it is the personal duty of tested individuals to inform the family about 
the LS diagnosis in their family compared to tested respondents (13% of non-tested 
respondents vs 2% of mutation carriers and 3% of non- carriers, p=0.004). 

Motivation for genetic testing for Ls

The most important reasons for genetic testing were: 1) availability of surveillance 
programs for LS (61%), 2) preference to end insecurity regarding LS diagnosis (34%), and 
3) fear for cancer (14%, Table 4). The three most important reasons for declining genetic 
testing by non-tested respondents were: 1) worry that testing would lead to problems 
with life insurance and mortgage (50%), 2) being content with life as it is (44%), and 3) 
not experiencing any physical complaints (37%, Figure 2). Fear for surveillance programs 
was reported in 19% of non-tested respondents.

table 4. Motivations for uptake of genetic testing for LS (N=129), > 100%.

Motivation tested respondents
Mutation 
carriers %

Non-
carriers %

Fear for cancer 8 14% 10 14%

Availability of surveillance programs for LS 36 61% 21 30%

To end insecurity regarding LS diagnosis 20 34% 31 44%

Other 11 19% 9 13%

DisCUssioN

In this cross-sectional survey among 145 individuals from LS families, we evaluated the 
current family-mediated procedure for informing at risk relatives about the identified 
familial LS mutation. Although the majority of the respondents were satisfied with the 
current family-mediated approach of communicating LS diagnosis within the families, 
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we found that a majority of the respondents (57%) experienced being informed by a 
family member as (moderately) burdensome. Moreover, approximately half of the 
respondents experienced informing a family member about the LS diagnosis as (mod-
erately) burdensome as well. Fortunately, for the vast majority of respondents being 
informed by a family member did not have an adverse impact on the relationship with 
that family member. 

A minority, 21% of the respondents would prefer another way of informing relatives 
on LS. Most of these respondents thought family members should be informed directly 
by a medical specialist. This percentage is in agreement with previous results of Aktan-
Collan et al, who reported that 25% would prefer another way of informing relatives and 
29% of respondents in a study by Pentz et al.254, 263

We found that half of the respondents who preferred another way of informing re-
ported that more members in their family shared this opinion. It may be that family 
culture plays a role in person’s preferred method of informing relatives. Families in which 
communication is less open or with less intimate family relationships may experience 
informing relatives about LS as more burdening. In line with Aktan-Collan et al, we also 
observed gender differences in attitude towards informing relatives. We found that 
women more often than men reported that health professionals should inform relatives 
(28% vs 14%). 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

…Other

…I think the bloodtest is heavy for me

…I am afraid of the influence of the test result on my relationship

…I dont have an elevated risk to develop cancer

…the test does not tell when te condition will emerge

…I have no time to go to the hospital

…I am afraid to lose my job

…I am afraid I cannot cope if I am positive

…I am afraid of the reactions of the children if I am found positive

…I think I already know my chances to develop colorectal cancer

…I was advised by my family not to be tested

…I am too young

…there is no treatment

…my children will be at increased risk if I am positive

…I was advised by my medical doctor not to be tested

…I am participating in Gynecologic surveillance programs

…I dont want to undergo regular gynecological surveillance

…I dont want to undergo regular surveillance colonoscopy

…I am happier not knowing the test result

….I might get in trouble with my health insurance

…I am participating in Colonoscopy surveillance programs

…I am afraid that I will become depressed upon an unfavourable test result

…I dont have any physical complaints

…I am happy with life as it is now

…I might get in trouble with my mortgage and/or life insurance

Agree Neutral Disagree NA

Figure 2. Reported reasons for refraining from genetic testing (N=16). NA, not available.
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Informing all at-risk relatives about LS is of great importance, in order to enable 
each family member to make an informed decision about genetic testing, in particular 
because surveillance has proven to reduce morbidity and mortality from colorectal can-
cer.207 Although all non-tested respondents in the current study were informed about 
LS in the family, it has been observed in a recent study that the LS diagnosis was less 
likely to be communicated to distant relatives.253 Therefore, it is important to conduct 
further research on optimal methods to inform all at-risk family members, including 
more distant relatives. Decision aids are an innovative strategy for patient education and 
proposed to help optimally inform at-risk relatives and support them in their decision 
about genetic testing for LS. Currently, only one study has evaluated a paper-based deci-
sion aid for genetic testing for LS.264 The results of this randomized trial were promising, 
since it has been found that the decision aid, in comparison with a control pamphlet, 
lead to lower decision conflict and increased informed decision making. 

In the current study, all non-tested respondents were informed about LS in the family 
and, consequently not being aware of LS diagnosis was not a reason for refraining from 
genetic testing. Reported reasons for refraining from genetic testing included problems 
with life insurance and mortgage, being happy with life as it is and not experiencing 
any physical complaints. The first two reasons are in agreement with previous studies 
on other hereditary cancer syndromes.261 In the Netherlands, insurance companies are 
restricted in the use of genetic information of their clients by the Medical Examination 
Act., nevertheless, some people encounter problems when applying for insurance. Al-
though this subject is included in the genetic counseling procedure, there is more need 
for clear information for the counselees on this topic. Furthermore, not experiencing any 
physical complaints was a common reason to refrain from testing in our study, which 
underlines the importance of counseling about LS in order to improve understanding 
on LS and available surveillance programs. 

Non-tested respondents differed from tested respondents on several demographic, 
medical and family characteristics. We found that non-tested respondents were younger 
and were less likely to have children than tested respondents. Consistent with this find-
ing, it has been reported that knowledge about the risk for children is one of the main 
reasons for testing.265 Furthermore, none of the non-tested respondents were diagnosed 
with cancer themselves. Compared to tested respondents, non-tested respondents had 
less family members with LS-associated cancers and were less closely related to the 
index patient. These factors might influence how one experiences the threat of cancer 
and, subsequently, the urge to participate in genetic testing for LS. Genetic test declin-
ers may benefit from information and counseling, even if they decide not to have a 
predictive genetic test. Fortunately, non-tested respondents were not found to be more 
vulnerable in terms of anxiety or cancer worries as compared to tested respondents. 
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Our study had a few limitations. First, the response rate among tested individuals was 
high (73%), however the response rate among non-tested individuals was only 39%. As 
in other studies, it is very difficult to include non-tested relatives.266 Nevertheless, this is 
the first study focussing on the specific group of non-tested relatives. It provides new 
insight in the characteristics and motivations of non-tested relatives. Second, further 
qualitative research should be done in order to gain a deeper understanding of family 
interactions and communication and decision making about genetic testing for LS.

In conclusion, the current family-mediated procedure is accepted by the majority of 
LS family members, although a substantial proportion experienced burden informing 
relatives or being informed by relatives about LS. Healthcare workers should therefore 
carefully explore how index patients would experience communicating the LS diagnosis 
to family member and whether a patient would prefer more involvement of the health-
care workers in informing relatives about LS, genetic testing and available surveillance 
programs. Special attention should be paid to communication of LS to more distant rela-
tives. It is important that family members who refrain from genetic testing are optimal 
and adequately informed about their own risks. They should be aware of the risks for LS, 
cancer and absence of symptoms in early stage cancer. Future studies should clarify risk 
perception of individuals who do not reach genetic services and the information and 
support needs of these individuals should be explored, including (online) decision aids.
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sUMMAry

Lynch syndrome (LS) is an autosomal dominant inherited syndrome that predisposes to 
multiple malignancies, mainly colorectal cancer (CRC) and endometrial cancer (EC). LS 
is caused by germline mutations in the mismatch repair (MMR) genes or deletion of the 
3‘ end of the TACSTD1 gene leading to hypermethylation of the MSH2 gene promoter. 
Since colonoscopic surveillance has been proven to reduce CRC morbidity and mortality 
by 65-70%, recognition of LS is of great importance.18-20 Current LS detection consists of 
a combination of clinical criteria (revised Bethesda guidelines) and tumor tissue analysis 
for microsatellite instability (MSI), immunohistochemical (IHC) staining for MMR proteins 
and MLH1 promoter hypermethylation. The final diagnosis LS is by a proven germline 
mutation in one of the MMR genes or deletion of the 3‘ end of the TACSTD1 gene. 

An important diagnostic challenge is that germline mutation analyses for LS should 
be performed in a selected group of patients with MSI-high (MSI-H) tumors and/or loss 
of protein expression by IHC without MLH1 hypermethylation. The overall aim of this 
thesis was to evaluate whether routine molecular testing for LS can improve early LS de-
tection. In a large population based study named LIMO (Lynch Immunohistochemisch 
en MSI Onderzoek) routine molecular analysis for LS was studied in a prospective cohort 
of 1117 CRC patients, 125 patients with advanced adenomas and 179 patients with EC. 
Furthermore, cost-effectiveness and prediction models were evaluated in this cohort. 
Uptake of genetic testing is far from complete and therefore barriers to genetic testing 
and family communication were studied in the Erasmus MC clinical cohort of LS families. 
The main findings are summarized in this section.

Part i: Challenges and pitfalls in molecular analyses

tumor tissue analysis in CMMr-D
CMMR-D is a rare cancer syndrome caused by biallelic mutations in MMR genes. This 
syndrome is characterized by the development of haematological malignancies, brain 
tumors and gastrointestinal tumors in early childhood. Previously, more than 100 cases 
of children with CMMR-D have been reported in the literature.32-37 MSI and absent MMR 
protein staining have been described in gastrointestinal tumors of these CMMR-D pa-
tients.35 In contrast, tumor tissue of most reported CMMR-D patients with brain tumors 
did not show MSI.34, 106 In Chapter 2, we report a family from our clinical research cohort 
with childhood brain tumors and early onset CRC with biallelic germline mutations in 
the PMS2 gene.267 In only one of five analysed tumors MSI was found. However, IHC 
analysis showed absent immunostaining of PMS2 in the brain tumor cells as well as in 
normal cells in the specimens of the index case and his sister. From the literature and our 
own findings can be concluded that MMR IHC may be more sensitive than MSI analysis 
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to detect MMR deficiency in brain tumors.34, 106, 108, 126, 127 Therefore, in case of a clinical 
phenotype of CMMR-D, we recommended to routinely examine tumor tissues for MSI 
analysis with IHC. As pointed out by a recent publication by the European Consortium 
“Care for CMMR-D”, a part from screening strategies for CMMR-D, also surveillance strate-
gies for this rare cancer syndrome remain to be evaluated.268

suspected Ls patients
From our recent prospective cohort study it is known that by routine molecular testing 
for LS, 35% of suspected LS (sLS) patients test negative for germline MMR gene muta-
tions.130 It is possible a germline mutation has been missed, however also somatic muta-
tions in MMR genes appear to occur.68 Recently, by Mensenkamp et al 25 MSI-positive 
tumors were screened for somatic mutations and loss of heterozygosity (LOH) in mutL 
homolog 1 (MLH1) and mutS homolog 2 (MSH2). In 13 of 25 tumors (52%; 8 MLH1-
deficient and 5 MSH2-deficient tumors), two somatic mutations were identified in MLH1 
or MSH2. We tested 40 tumors (EC and CRC of sLS patients for somatic MMR gene (MLH1, 
MSH2, MSH6, PMS2) aberrations by next generation sequencing and LOH analysis (Chap-
ter 3). In half (21/40) of the MSI tumors of sLS patients two (likely) deleterious somatic 
MMR gene aberrations were found. We could conclude that in these cases the tumor was 
not associated with LS. Therefore, we advise to add somatic mutation and LOH analyses 
to the current diagnostic tests for LS in tumor tissue.269

Part ii: Population and clinical based studies

routine molecular testing for Ls in colorectal cancer, endometrial cancer and 
advanced adenoma
From a previous study by van Lier et al at our institute it is known that the revised 
Bethesda guidelines are poorly used in clinical setting. This is one of the reasons that 
LS is under-diagnosed.150 In 2008 the MIPA criteria were introduced in the Netherlands 
with a central role for the pathologist (Table 3, page 11). However, this strategy pre-
dominantly fails to detect MSH6 and PMS2 mutation carriers, since the mean age of CRC 
diagnosis in these subjects is above the age of 50 years.9, 70 

In the prospective LIMO study routine molecular screening by MSI testing in combina-
tion with IHC and MLH1 hypermethylation in 1117 CRC patients ≤  70 years of age is 
evaluated (Chapter 4). Screening showed a profile compatible with LS in 4.5% of CRC 
patients ≤ 70 years of age and revealed a total of 24 LS carriers (2,1%).130 Twenty patients 
suspected of LS (74%) fulfilled the revised Bethesda guidelines. Interestingly, a large 
majority of sixteen LS carriers (70%) were over 50 years of age and would not fulfill the 
currently used age criterion for LS screening. On the basis of these results we advised 
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to expand the age limit for LS screening among CRC patients to 70 years. This result is 
supported by other international prospective cohort studies.66, 91 

MSI may be an early event and even detectable in advanced adenoma. For this reason, 
125 patients with an advanced adenoma ≤ 45 years were routinely screened for LS and a 
molecular profile compatible with LS was detected in three patients (2.4 %). Adenomas 
were considered advanced when they were either > 10 mm in diameter, showed a villous 
component or high-grade dysplasia, or when at least three synchronous adenomas (re-
gardless of size and histology) were found in one patient. In all three patients suspected 
of LS in our cohort of patients with advanced adenomas an MMR germline mutation was 
confirmed. These patients with advanced adenomas would not have been detected by 
the revised Bethesda guidelines or the current national guidelines. The detection of LS 
in advanced adenoma patients is of major importance since apart from relatives these 
patients themselves can enter surveillance programs that have been proven to reduce 
CRC morbidity and mortality by 65-70%.18-20

In addition we evaluated routine screening for LS in EC patients up to the age of 70 
years (Chapter 5). In the Netherlands, the MIPA criteria and the international guidelines 
of the Society of Gynaecologic Oncology advice to include EC patients diagnosed under 
the age of 50 years or patients with two or more LS associated tumors.200, 201 In our study, 
we evaluated routine MSI and IHC testing in 179 EC patients up to 70 years of age. We 
found eleven patients (6%) likely to have LS and in seven patients (4%) an MMR muta-
tion was confirmed. A large majority, 92% of patients likely to have LS were over 50 years 
of age. Furthermore, 82% of patients likely to have LS and referred for counseling did not 
fulfill the Amsterdam criteria II and 73% did not fulfill the revised Bethesda guidelines. 
This indicates that current guidelines may not be suitable to detect LS in EC patients. 
On the basis of these data, molecular testing for LS should not be limited to EC patients 
under the age of 50 years.

Cost-effectiveness of routine molecular screening
Since population based screening recommendations followed from our prospective 
study, cost-effectiveness remained to be evaluated. In previous studies Markov models 
were used to calculate cost-effectiveness of LS detection. In Chapter 6 cost-effectiveness 
analyses of the prospective cohort with CRC patients ≤ 70 years of age was evaluated. 
Additional 67 LS carriers were identified among relatives of the detected LS index cases 
by the LIMO study. Cost analyses revealed an incremental cost-effectiveness ratio for 
LS screening in CRC patients ≤  70 years of €19,695 per life year gained compared to 
LS screening according to the revised Bethesda guidelines. We concluded that routine 
screening for LS by analysis of MSI and IHC in CRC patients up to 70 years is a cost-
effective strategy with important clinical benefits for CRC patients and their relatives. 
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Prediction models 
Prediction models for LS have been developed to predict the likelihood of carrying 
a germline mutation.27, 82, 85, 86 A major advantage of prediction models is that they 
quantify the risk of germline MMR mutations. Furthermore, these models can be used 
for individuals for whom tumor samples are not available and for individuals in whom 
germline testing finds no mutation. However, large validation of LS prediction models 
was lacking. Therefore, we joined a large international validation study of prediction 
models (Chapter 7). A total of six clinical based and five population based cohorts were 
included; resulting in 5755 individuals respectively 2304 from clinic-based and 3451 
from population-based CRC registries. In this cohort three prediction models were stud-
ied: MMRpredict, MMRpro and PREMM1,2,6. Predicted probabilities of any pathogenic 
MLH1, MSH2, and MSH6 gene mutation were calculated by each model and gene-specific 
predictions by MMRpro and PREMM1,2,6. Mutations were detected in 539/2304 (23%) 
individuals from the clinic-based cohorts and 150/3451 (4.4%) individuals from the 
population-based cohorts. Discrimination was similar for clinic and population-based 
cohorts for all three tested prediction models. MMRpro and PREMM1,2,6 predictions 
were clinically useful at thresholds ≥ 5% and in particular, at ≥15%. When focusing on 
clinical Rotterdam and population based LIMO data alone, included in this international 
cohort study, we found a better discrimination performance of PREMM1,2,6 compared to 
the other two prediction models. Prediction of gene-specific MMR gene mutations was 
lowest for MSH6 in the Rotterdam clinical and population based cohorts compared to 
other cohorts, possibly due to the known founder effect of MSH6.83

Family communication
Once LS is detected in a family, genetic testing for the familial mutation can be offered 
to relatives at risk. From previous research by Ramsoekh et al at our institute is known 
that the uptake of genetic testing for LS is far from complete.97 One explanation for this 
could be insufficient information for relatives, by the current family-mediated approach. 
This approach implicates that relatives are informed by a family member. We evalu-
ated the satisfaction of patients with the current procedure (Chapter 8). Although the 
majority of the respondents were satisfied with the current family-mediated approach 
of communicating LS diagnosis within the families, we found that a majority of the 
respondents (57%) experienced being informed by a family member as (moderately) 
burdensome. Moreover, approximately half of the respondents experienced informing a 
family member about the LS diagnosis as (moderately) burdensome as well. Fortunately, 
for the vast majority of the respondents being informed by a family member did not 
have an adverse impact on the relationship with that family member. A minority, 21% of 
the respondents would prefer another way of informing relatives on LS. Most of these re-
spondents thought family members should be informed directly by a medical specialist. 
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Additionally, a small group of sixteen non-tested at risk LS relatives was asked for what 
reasons they refrained from genetic testing. Reported reasons for refraining from ge-
netic testing included problems with life insurance and mortgage, being happy with life 
as it is and not experiencing any physical complaints. The first two reasons are in agree-
ment with previous studies on other hereditary cancer syndromes.261 In the Netherlands, 
insurance companies are restricted in the use of genetic information of their clients by 
the Medical Examination Act., nevertheless, some people encounter problems when 
applying for insurance. Furthermore, not experiencing any physical complaints was a 
common reason to refrain from testing in our study, which underlines the importance of 
counseling about LS in order to improve understanding on LS and available surveillance 
programs. 

DisCUssioN

Early detection of LS remains challenging and the optimal LS diagnostic strategy is still 
under debate. Routine molecular screening for LS showed a profile compatible with LS 
in 4.5% of CRC patients ≤ 70 years of age amongst 1117 CRC patients and revealed a 
total of 24 LS carriers (2,1%).130 This strategy identified more than 3 times as many LS 
index patients and more than 4.5 times as many LS carriers when including relatives, 
compared to molecular screening in CRC patients up to 50 years of age. These results 
are in agreement with two international large prospective cohort studies.66, 91 Further-
more, the performed economic evaluation in CRC patients up to 70 years revealed an 
incremental cost-effectiveness ratio for LS screening of €19,695 per life years gained 
compared to LS screening according to the revised Bethesda guidelines. This result is 
in line with previous published cost-effectiveness analyses using Markov models.78, 93, 94 
However, our study used real life data and an interesting finding was that in our cohort 
the uptake of genetic testing was higher than assumed by previous studies.78, 93, 94 On 
the basis of our results, routine molecular screening for LS should include CRC patients 
up to 70 years. The recently published American Gastroenterological Association guide-
lines on LS advise to perform IHC and/or MSI testing in all CRC patients, irrespectively 
of age.270 However, cost-effectiveness of universal molecular evaluation especially by 
IHC analyses alone with inclusion of quality of life data and data on participation in sur-
veillance programs, remains to be determined by future prospective cost-effectiveness 
analyses in order to determine the most effective age cut off. 93, 94, 210, 270

In the 125 included patients with advanced adenomas, LS was detected in three pa-
tients (2.4 %). The detection of LS in advanced adenoma patients is valuable since apart 
from their relatives, these patients themselves can enter surveillance programs which 
have been proven to reduce CRC morbidity and mortality by 65-70%.18-20 Previous studies 
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showed various results regarding effectiveness to identify new LS cases in patients with 
advanced adenomas.169-173 Although we detected three LS patients, who would not have 
been diagnosed with LS by current LS screening guidelines, a limitation of this study 
was the small number of included patients. Before routine testing for LS in advanced ad-
enomas can be added to the current LS diagnostic strategy, cost-effectiveness remains 
to be evaluated in a larger cohort. It needs to be emphasized that early detection of 
LS in patients with advanced adenomas has important benefits since detection is at a 
very early stage. In case 2% or more LS detection in advanced adenomas is confirmed 
in a larger cohort of patients, molecular screening for LS in advanced adenomas should 
therefore be included in LS guidelines. 

In our prospective EC cohort with 179 patients up to 70 years, seven LS carriers (4%) 
were found by routine molecular testing.129 Six LS carriers were over 50 years of age and 
would not have been found by current used age criterion for LS testing in EC patients. On 
the basis of these data and previous published literature,92, 189, 196 molecular testing for LS 
should in concordance with CRC patients, not be limited to EC patients under the age 
of 50 years. LS screening guidelines should be updated to 70 years of age or without an 
age limit. To answer this question cost-effectiveness of unselected EC patients remains 
to be evaluated by prospective cohort studies. In a previous study by Kwon et al using a 
Markov Monte Carlo simulation model to evaluate cost-effectiveness for LS screening in 
EC patients was found that IHC testing of EC patients at any age having at least one first 
degree relative with LS associated cancer is cost-effective.271  

There are several potential pitfalls and challenges in routine molecular screening for 
LS. First, in a small number (1,5%) of CRC and EC cases we found discordant results in 
our prospective cohort, including discordance between results of MSI and IHC analyses, 
heterogeneity of tumor tissue and the use of additional hypermethylation assays.272 
These discordant results underscore the importance of correct interpretation of IHC 
and/ or MSI results by an expert panel in molecular genetics. Forthcoming national 
screening guidelines for LS advise only IHC analysis in tumor tissue as suggested in two 
large cohort studies based on costs analysis and improvement of IHC results.66, 91 In view 
of the above mentioned pitfalls, additional MSI testing and an expert team should be 
consulted in case of inconclusive results from IHC. 

Second, an important issue in LS diagnostics is testing for MLH1 promoter hyper-
methylation. The establishment of a sporadic MSI-H status considerably reduces the 
number of patients referred for genetic testing and relieve patients from worrying for LS. 
MLH1 promoter hypermethylation and thus sporadic MSI can be confirmed by different 
methods. One of these methods is Methylation-Specific Multiplex Ligation-Dependent 
Probe Amplification (MS-MLPA) as performed in our prospective studies. Furthermore, 
BRAF mutation status is used to distinguish LS-associated tumors from sporadic MSI 
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colon cancer, as BRAF mutations correlate with MLH1 methylation and are strong predic-
tors of MMR gene mutation-negative status. In our prospective cohort study, in none 
of the 50 CRCs likely caused by LS and in 65% sporadic MSI-H tumors a V600E BRAF 
mutation was detected. We concluded that MS-MLPA of the MMR genes is the preferred 
molecular strategy to test MLH1 promoter hypermethylation in MSI-H CRC with absence 
of MLH1 staining, instead of BRAF mutation testing. In EC the role of BRAF mutation 
status is not as clear as in CRC. In the prospective EC cohort, no BRAF V600 mutations 
were detected and showed to be irrelevant for the identification of sporadic MSI-H 
EC cases in our study. A recent systematic review evaluated the use of BRAF mutation 
status to determine MLH1 promoter methylation status and showed that BRAF muta-
tions occur infrequently in EC.273 However, in the additional tumor samples included in 
the study described in chapter 3, 3/15 (20%) MSI-H CRC cases without MLH1 promoter 
hypermethylation showed a BRAF mutation (V600E, K601E and D594G). By LOH and 
somatic mutation analysis these tumors appeared to be all sporadic. BRAF screening 
could therefore be a valuable test in this subgroup of patients to predict the sporadic 
origin of the tumors. 

A last important challenge in molecular testing for LS addressed in this thesis is the 
fact that a substantial part (35%) of patients with a MSI-H tumor suspected of LS remains 
without a germline mutation.130 In half (21/40) of the MSI-H tumors of sLS patients in-
cluded in our study (chapter 3), two (likely) deleterious somatic MMR gene aberrations 
were found, indicating the sporadic origin of these tumors.269 These findings are of great 
importance for the families involved, since patients are no longer suspect for LS and 
can be discharged from burdensome LS surveillance programs. The number of somatic 
aberrations may be underestimated due to the design of the PGM primer panel and the 
fact that not all exonic regions were completely covered. On the basis of our results and 
recent literature, we advise to add somatic mutation and LOH analyses to the current 
diagnostic tests for LS in tumor tissue as shown in Figure 1.68, 269, 274

In case no tumor tissue is available or MSI and/or IHC testing is not conclusive prediction 
models are a promising additional strategy to detect LS. In the international validation 
study (chapter 6) it was found that both MMRpro and PREMM1,2,6 better discriminated 
MMR gene mutation carriers from non-carriers than MMRpredict in both clinic- and 
population-based settings. However, for MSH6 mutation specific predictions were low-
est and currently prediction models are lacking for PMS2. Most important is that the 
value of prediction models for LS in clinical practice is still limited, due to the complexity 
of data entry and interpretation of results. Recently, easy-to-use online referral tools 
for patients with a high familial risk of CRC have been developed.275, 276 This may be a 
promising clinical tool based on prediction models to improve LS detection; however 
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implementation in the clinical setting is still far from optimal and will probably not 
replace routine molecular screening in LS.

Another important clinical challenge is the information procedure before and after 
molecular tissue testing for LS. The molecular analyses do not establish the diagnosis 
of LS directly as shown by our studies. Clear information form clinicians to patients not 
only on the nature of the tumor, but also about additional molecular testing for LS is 
important. In view of the complexity of possible test results and implications for healthy 
relatives and possible social consequences, germline analysis for LS should exclusively 
be performed after genetic counseling by a clinical geneticist. In this way, the patient 
can make an informed decision about genetic testing for LS.

Apart from the use of routine MSI testing for LS diagnostics, a topic not investigated in 
this thesis but clinical relevant is the use of MSI testing as predictive marker in CRC pa-
tients. Several studies have shown that MSI-H tumors do not benefit from 5-fluorouracil 

Figure 1. Proposed diagnostic strategy for Lynch syndrome based on this thesis.
*In patients with stage II/III colorectal cancer MSI testing is also done for therapeutic purposes. 
MSI, microsatellite instability; MMR, mismatch repair; MSS, microsatellite stable; MSI-H, high degree of mic-
rosatellite instability; LS, Lynch syndrome
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adjuvant chemotherapy.61-63 As a consequence, routine MSI is tested in CRC patients for 
therapeutic indications as well and subsequently more patients at high risk for LS will 
be detected in this way, emphasizing the importance of patient information about MSI 
testing in tumor tissue by their clinician. 

Despite the known benefits from LS surveillance programs, not all relatives of LS carriers 
participate in genetic counseling, germline mutation analysis and available surveillance 
programs.97 One of the known factors of influence in the uptake of genetic testing is in-
sufficient communication by the family-mediated approach. This approach implies that 
family members are responsible to inform their relatives on the diagnosis of LS and the 
possibility of genetic testing. We evaluated the satisfaction of patients with the current 
procedure in a cross-sectional survey among LS families and found that a minority of 
the respondents (21%) would prefer another way of informing relatives about LS. Most 
of these respondents thought family members should be informed directly by a medical 
specialist, in line with previously published literature.254, 263 In the Netherlands there is no 
legal responsibility for the physician to inform relatives. It is very challenging for physi-
cians to reach relatives at risk for LS. In recent literature a more active role for geneticist is 
proposed including a guideline with suggestions to improve the information regarding 
family communication and a review of ethical and legal considerations.277 However, the 
effect of this novel approach remains to be evaluated in patients as well as geneticists. 
We found that a majority of the respondents experienced being informed by a family 
member as (moderately) burdensome, indicating more help in this process is needed.

The reported reasons we found for refraining from genetic testing included problems 
with life insurance and mortgage, being happy with life as it is and not experiencing 
any physical complaints. These reasons indicate the need for additional information aids 
for LS relatives, including supportive information about genetic counseling and testing. 
Further qualitative (in depth interviews) and quantitative research in a larger cohort of 
non-tested individuals is needed to optimize methods to inform all at-risk family mem-
bers. Decision aids are an innovative strategy for patient education and proposed to 
help in order to optimally inform at-risk relatives and to support in their decision about 
genetic testing for LS.264
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NeDerLANDse sAMeNVAttiNG

Lynch syndroom (LS) is een autosomaal dominant overervend kankersyndroom dat 
wordt gekenmerkt door het ontstaan van verschillende kwaadaardige tumoren, voorna-
melijk dikke darmkanker en baarmoeder kanker. LS wordt veroorzaakt door kiembaan-
mutaties in de DNA herstelgenen MLH1, MSH2, MSH6, PMS2 of deletie in 3' exonen van 
het TACSTD1 gen. Aangezien surveillance door middel van colonoscopie heeft bewezen 
de morbiditeit en mortaliteit van darmkanker met 65-70% terug te brengen, is vroege 
opsporing van LS belangrijk.18-20 De huidige diagnostiek van LS bestaat uit een combi-
natie van klinische criteria (gereviseerde Bethesda richtlijnen) en tumorweefselanalyse. 
Moleculaire tumorweefselanalyse bestaat uit microsatelliet instabiliteit (MSI) analyse in 
combinatie met immunohistochemische kleuring van DNA hersteleiwitten en methy-
leringsonderzoek van de MLH1 promoter. De definitieve diagnose LS wordt gesteld bij 
een bewezen kiembaanmutatie in één van de DNA herstelgenen of deletie in 3' exonen 
van het TACSTD1 gen. 

Het doel van dit proefschrift was om te onderzoeken of routine moleculaire screening 
voor LS kan bijdragen aan vroegtijdige opsporing van LS. Het eerste deel van dit proef-
schrift beschrijft uitdagingen en valkuilen van tumorweefselanalyse voor LS en het meer 
zeldzame ‘constitutionele mismatch repair-deficiëntie’ (CMMR-D). In het tweede deel 
van dit proefschrift worden de resultaten van een grote populatie studie genaamd LIMO 
(Lynch syndroom Immunohistochemisch en MSI Onderzoek) beschreven. In dit pros-
pectieve cohort bestaande uit 1117 patiënten met darmkanker ≤ 70 jaar, 125 patiënten 
met advanced adenomen (darmpoliepen) ≤ 45 jaar en 179 patiënten met baarmoeder 
kanker ≤ 70 jaar, werd routine moleculaire analyse voor LS uitgevoerd en de opbrengst 
geëvalueerd. Aanvullend werd de kosteneffectiviteit van deze strategie berekend. Een 
andere diagnostische strategie voor LS om de kans op een mutatie in een van de DNA 
herstelgenen te voorspellen is het gebruik van predictiemodellen. Een aantal van deze 
predictiemodellen voor LS werd in internationaal onderzoeksverband gevalideerd. De 
belangrijkste resultaten van deze studies zijn samengevat in dit hoofdstuk. 

Deel i: Uitdagingen en valkuilen van moleculaire onderzoeken

tumorweefselanalyse in CMMr-D
Constitutionele mismatch repair-deficiëntie (CMMR-D) is een zeldzaam kankersyndroom 
veroorzaakt door biallelische (beide allelen) mutaties in de DNA herstelgenen. Dit 
syndroom wordt gekenmerkt door de ontwikkeling van hematologische maligniteiten, 
hersentumoren en tumoren in het maagdarmstelsel op jonge leeftijd. Meer dan 100 
kinderen met CMMR-D zijn beschreven in de literatuur.32-36, 106 Bij tumorweefselanalyse 
van maag- en darmtumoren van deze patiënten werd, in overeenstemming met LS, MSI 
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en afwezigheid van DNA herstel eiwitexpressie gevonden.35 Echter, MSI bleek niet detec-
teerbaar in hersentumorweefsel van de meeste gerapporteerde CMMR-D patiënten.34, 106 
In hoofdstuk 2, beschrijven wij een familie met biallelische kiembaanmutaties in het 
PMS2 gen uit het Erasmus MC klinisch onderzoekscohort van de afdeling Klinische Ge-
netica. Er werd onder andere bij twee kinderen behorend tot deze familie hersenkanker 
en bij hun vader darmkanker op jonge leeftijd vastgesteld. Tumorweefselanalyse van 
tumoren uit deze familie toont de valkuilen van de huidige diagnostische strategie voor 
CMMR-D. MSI analyse van in totaal vijf tumoren uit deze familie toont slechts één tumor 
met MSI. Echter, immunohistochemische analyse van DNA herstel eiwitten toont afwe-
zige expressie van PMS2 in de hersentumoren van twee familieleden. Deze bevinding is 
in overeenstemming met vijf eerder onderzochte hersentumoren van CMMR-D patiën-
ten beschreven in de literatuur.34, 106, 108, 126 Uit de literatuur en de bevindingen bij deze 
familie kan worden geconcludeerd dat immunohistochemisch onderzoek van de DNA 
hersteleiwitten gevoeliger is dan MSI analyse in hersentumoren van CMMR-D patiënten. 
Om deze reden is het aan te bevelen in geval van een klinisch fenotype passend bij 
CMMR-D, routinematig MSI analyse te combineren met immunohistochemisch onder-
zoek van de DNA hersteleiwitten. In geval van onduidelijke of tegenstrijdige resultaten 
van deze onderzoeken, zal kiembaanmutatie-analyse moeten worden overwogen na 
counseling van de patiënten en hun familieleden. Daarnaast zal toekomstig onderzoek 
in Europees verband verder richting geven aan surveillance adviezen voor dit zeldzame 
kankersyndroom.268

Patiënten verdacht voor Ls zonder aangetoonde kiembaanmutatie
Vanuit onze recente prospectieve cohortstudies onder darmkanker en baarmoeder 
kankerpatiënten is bekend dat 35% van de patiënten verdacht voor LS op basis van 
tumorweefselanalyse, geen kiembaanmutatie blijkt te hebben in één van de DNA her-
stelgenen.129, 130 Het is mogelijk dat kiembaanmutaties, die op dit moment nog niet in 
verband staan met LS, een rol spelen. Daarnaast kunnen somatische mutaties in DNA 
herstelgenen optreden.68 Onlangs, werden door Mensenkamp et al 25 MSI-positieve 
tumoren gescreend op het optreden van deze somatische mutaties en verlies van 
heterozygotie (LOH) in mutL homoloog 1 (MLH1) en mutS homoloog 2 (MSH2). In 13 
van de 25 tumoren (52%, 8 MLH1 deficiënte en 5 MSH2 deficiënte tumoren), werden 
twee somatische mutaties geïdentificeerd in MLH1 en MSH2. Wij testten 40 tumoren 
(baarmoederkanker en darmkanker) van patiënten verdacht voor LS voor somatische 
afwijkingen in de DNA herstelgenen (MLH1, MSH2, MSH6, PMS2) door middel van next 
generation sequencing en LOH analyse (hoofdstuk 3). In de helft (21/40) van deze MSI 
tumoren werden twee somatische afwijkingen in de DNA herstelgenen gevonden. 
Geconcludeerd werd dat in deze gevallen de tumoren niet geassocieerd zijn met een 
kiembaanmutatie in het kader van LS. Hieruit volgend hoeven familieleden veelal geen 
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LS surveillance programma te volgen. Vanwege deze belangrijke gevolgen, adviseren 
wij om analyse naar somatische DNA afwijkingen en LOH analyse toe te voegen aan de 
huidige diagnostische tests voor LS in tumorweefsel.

Deel ii: klinische en populatie studies 

routine moleculair onderzoek 
Uit een eerdere studie door Van Lier et al is bekend dat de gereviseerde Bethesda richt-
lijnen onvoldoende worden toegepast in de klinische praktijk. Dit is een van de redenen 
dat er sprake is van onderdiagnostiek van LS.150 In 2008 werden de MIPA criteria in 
Nederland geïntroduceerd met een centrale rol voor de patholoog (Tabel 3, Hoofdstuk 
1). Echter, deze strategie detecteert slechts een beperkt deel van de mutaties en mist 
met name mutaties in de genen MSH6 en PMS2 aangezien de gemiddelde leeftijd van de 
diagnose darmkanker bij deze mutatiedragers boven de leeftijd van 50 jaar is.9, 70

In de prospectieve LIMO studie werd routine moleculaire screening door middel van 
MSI analyse in combinatie met immunohistochemisch onderzoek van DNA hersteleiwit-
ten en MLH1 hypermethylering in 1117 dikke darmkanker patiënten ≤ 70 jaar geëvalu-
eerd (hoofdstuk 4). Screening leverde een moleculair profiel verdacht voor LS in 4,5% 
van de darmkanker patiënten ≤ 70 jaar op. In totaal werd in 2% van de geïncludeerde 
darmkanker patiënten LS vastgesteld. Twintig patiënten verdacht voor LS (74%) volde-
den aan de gereviseerde Bethesda richtlijnen. Interessant is dat een grote meerderheid 
van de zestien LS mutatiedragers (70%) ouder dan 50 jaar was en dus niet zou worden 
opgespoord via het momenteel gebruikte leeftijdscriterium voor LS screening. Op basis 
van deze resultaten adviseren we om de leeftijdsgrens voor LS screening bij darmkanker 
patiënten uit te breiden naar 70 jaar. Dit resultaat wordt ondersteund door twee interna-
tionale prospectieve studies.66, 91

MSI kan zelfs al worden aangetoond in advanced adenomen (darmpoliepen). Om deze 
reden werden 125 patiënten ≤ 45 jaar met advanced adenomen routinematig gescreend 
voor LS. Adenomen werden als advanced geclassificeerd wanneer: 1) de diameter van 
het adenoom groter dan 10 mm was, 2) het adenoom een villeuze component bevatte 
(≥ 25%) of hooggradige dysplasie, of 3) wanneer minimaal drie synchrone adenomen 
(ongeacht grootte en histologie) werden gevonden bij één patiënt. In alle drie de pa-
tiënten (2.4%) met advanced adenomen verdacht voor LS werd een kiembaanmutatie 
vastgesteld. Deze patiënten met advanced adenomen zouden niet zijn ontdekt via de 
gereviseerde Bethesda richtlijnen of de huidige nationale richtlijnen voor opsporing van 
LS. De opsporing van LS in patiënten met advanced adenomen is van groot belang, 
omdat behalve familieleden, ook deze patiënten zelf mee kunnen doen aan surveillance 
programma’s die morbiditeit en mortaliteit van dikke darmkanker verminderen met 
65-70%.18-20
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Daarnaast evalueerden we volgens dezelfde methode routine moleculair onderzoek 
in baarmoeder kankerpatiënten tot en met de leeftijd van 70 jaar (hoofdstuk 5). In 
Nederland adviseren de MIPA criteria en de internationale richtlijnen van de Society of 
Gynaecologic Oncology LS screening bij baarmoederkanker patiënten onder de leeftijd 
van 50 jaar of bij patiënten met twee of meer LS geassocieerde tumoren.200, 201 In onze 
studie hebben we routine moleculaire screening voor LS onderzocht in 179 baarmoe-
derkanker patiënten tot en met 70 jaar. Elf patiënten (6%) werden verdacht voor LS en in 
zeven patiënten (4%) werd de diagnose LS vastgesteld met kiembaanmutatie-analyse. 
Een belangrijke meerderheid, namelijk 92% van de patiënten verdacht voor LS was 
ouder dan 50 jaar op het moment van diagnose. Bovendien, vonden we dat 82% van de 
patiënten verdacht voor LS niet aan de Amsterdam criteria II voldeden en 73% niet aan 
de gereviseerde Bethesda richtlijnen voldeden. Deze bevindingen geven aan dat de hui-
dige richtlijnen niet geschikt zijn om LS te detecteren in baarmoederkanker patiënten. 
Op basis van deze gegevens dient routine moleculair onderzoek voor LS niet beperkt te 
blijven tot baarmoeder kankerpatiënten jonger dan 50 jaar. 

kosteneffectiviteit van routine moleculaire screening
In eerder gepubliceerde kostenstudies werden Markov modellen gebruikt om de kos-
teneffectiviteit van de opsporing van LS te berekenen. In hoofdstuk 6 werd kostenef-
fectiviteit van het prospectieve cohort met darmkanker patiënten ≤ 70 jaar geëvalueerd. 
Belangrijk is dat via gedetecteerde LS patiënten, 67 LS mutatiedragers gevonden 
werden onder de familieleden. Bij berekening van de kosteneffectiviteit van moleculaire 
screening voor LS bij darmkanker patiënten ≤ 70 jaar bleek een incrementele kostenef-
fectiviteitsratio van €19.695 per gewonnen levensjaar in vergelijking met LS screening 
volgens de gereviseerde Bethesda richtlijnen. Geconcludeerd werd dat routine screening 
voor LS door middel van analyse van MSI, immunohistochemisch onderzoek van de DNA 
hersteleiwitten en MLH1 hypermethylering in tumorweefsel van darmkanker patiënten 
tot en met 70 jaar een kosteneffectieve strategie is, met belangrijke klinische voordelen 
voor darmkanker patiënten en hun familieleden.

Predictiemodellen
Predictiemodellen voor LS zijn ontwikkeld om de kans op een mutatie in een van de 
DNA herstelgenen te voorspellen. Een groot voordeel van predictiemodellen is dat het 
risico op LS mutaties wordt gekwantificeerd. Bovendien kunnen deze modellen gebruikt 
worden voor individuen zonder beschikbaar tumorweefsel of wanneer geen kiembaan-
mutatie wordt gevonden. Echter, grootschalige validatie van LS predictiemodellen in 
verschillende darmkanker populaties was nog niet gedaan. Om deze reden hebben 
we meegewerkt aan een grote internationale validatie studie voor predictiemodellen 
(hoofdstuk 7). Zes klinische en vijf populatiecohorten bestaande uit dikke darmkanker 
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patiënten werden geïncludeerd in deze validatie studie. Dit resulteerde in een cohort 
bestaande uit 5755 darmkanker patiënten in totaal, respectievelijk 2304 patiënten uit 
klinische cohorten en 3451 patiënten uit populatie cohorten. Vanuit het Erasmus MC wer-
den zowel het klinische cohort van de afdeling Klinische Genetica met verwezen dikke 
darmkanker patiënten op basis van klinische criteria, als het LIMO populatie cohort met 
dikke darmkanker patiënten die routinematig gescreend waren voor LS, geïncludeerd. 
In het totale cohort werden drie predictiemodellen bestudeerd: MMRpredict, MMRpro 
en PREMM1,2,6. De voorspelde kans op een pathogene mutatie in de genen MLH1, MSH2 
en MSH6 werd berekend door elk model afzonderlijk. Genspecifieke voorspellingen wer-
den berekend door MMRpro en PREMM1,2,6. Bij 539/2304 (23%) patiënten uit de klinische 
cohorten en bij 150/3451 (4,4%) patiënten uit de populatie cohorten werden mutaties 
vastgesteld. Discriminatie van alle drie de geteste predictiemodellen was vergelijkbaar 
voor de klinische en populatie cohorten. Mutatie specifieke voorspellingen door de mo-
dellen MMRpro en PREMM1,2,6 werden klinisch bruikbaar bevonden. De resultaten voor 
het klinische Erasmus MC cohort en populatie cohort LIMO, lieten een betere prestatie 
van PREMM1,2,6 in vergelijking met de andere twee predictiemodellen zien. Het voorspel-
len van de kans op DNA herstel genmutaties bleek het minst nauwkeurig voor MSH6 
in het Erasmus MC klinische en het LIMO populatie cohort in vergelijking met andere 
cohorten, mogelijk vanwege het bekende founder effect van MSH6.83

Familiecommunicatie
Zodra LS in een familie wordt vastgesteld, kan genetisch onderzoek binnen de gehele 
familie worden aangeboden via de vastgestelde LS mutatiedrager (index patiënt). Uit 
eerder onderzoek door Ramsoekh et al is bekend dat slechts de helft van familieleden 
deelneemt aan genetisch onderzoek voor  LS.97 Een verklaring hiervoor zou kunnen zijn 
dat er een tekort aan beschikbare informatie is voor familieleden, vanwege de huidige 
familie-gemedieerde aanpak. Deze aanpak impliceert dat familieleden worden geïnfor-
meerd door een familielid over LS. We evalueerden de tevredenheid van patiënten met 
deze huidige familie communicatie procedure in hoofdstuk 8. Hoewel de meerderheid 
van de respondenten aangaf tevreden te zijn met de huidige familie communicatie 
procedure binnen de onderzochte families, gaf een meerderheid van de respondenten 
(57%) aan het worden geïnformeerd door een familielid als (matig) belastend te ervaren. 
Echter, een minderheid (21%) van de respondenten gaf de voorkeur aan een andere 
manier om familieleden te informeren over LS. De meesten van deze respondenten 
waren van mening dat familieleden rechtstreeks zouden moeten worden geïnformeerd 
door een medisch specialist.

Tenslotte hebben we onderzocht om welke redenen LS familieleden afzien van 
counseling en genetisch onderzoek voor LS. De belangrijkste redenen die door zestien 
niet-geteste LS familieleden werden gerapporteerd om af te zien van genetisch onder-
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zoek, betroffen problemen met levensverzekeringen en hypotheken, gelukkig zijn met 
het leven zoals het is en afwezigheid van lichamelijke klachten. De genoemde redenen 
onderstrepen vooral het belang van volledige informatie over genetisch onderzoek en 
de beschikbare surveillance programma’s voor LS.
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