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Chapter 1
General introduction and
aims and outline of this thesis
Marleen Kets

Chapter 1

Case report
A patient with rectal cancer, developed at young age, is referred for genetic
counseling At age 40 he suffered from episodes of painless rectal blood loss in
his stools At sigmoidoscopy a carcinoma originating from a tubulo villous
adenoma was found at 5 cm distance of the anal ring No signs of distant
metastases were found Transanal endoscopic microsurgery took place, without
signs of recurrence during post-operative follow up Because of his young age at
onset a hereditary origin of his tumor is suspected The proband is concerned
about his own risk of recurrence and development of metachronous colon cancer,
but also about the colorectal cancer risk for his children and other relatives
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Background
A clinical geneticist is often consulted with the question whether colorectal cancer
(CRC) has a genetic origin. Which factors are of importance for identifying a high
familial risk of colorectal cancer and are thus a reason for molecular analysis?
How should we interpret results of molecular tests? The diagnostic process is
complex and encompasses a study of pathological records, pedigree analysis and
molecular analysis. This introduction first describes the background of genetic
alterations causing non-polyposis CRC and secondly the diagnostic
considerations of the clinical geneticist step by step in case of familial colorectal
cancer.
In general young age at onset, family history for colorectal cancer especially in
first-degree relatives, and multiple CRC's in one person raise the suspicion for a
hereditary origin of CRC.
Both hereditary and environmental factors contribute to the development of CRC.
Familial CRC is quite frequent: Approximately 10% of colorectal cancer patients
has a first degree relative with colorectal cancer and 30% has an affected first- or
second degree relative \ Colorectal cancer due to hereditary syndromes
comprises approximately 5% of the overall CRC burden2,3. Hereditary CRC can
be divided in 2 distinct categories; Non-polyposis CRC, including Lynch syndrome
(or hereditary nonpolyposis colorectal cancer, HNPCC) comprising 2-3% of all
CRC's and Polyposis syndromes in approximately 1% 3, of which Familial
Adenomatous Polyposis (FAP) is the most frequent. Table 1 gives an overview of
hereditary colorectal cancer syndromes.
FAP is characterized by a distinct and recognizable phenotype, often with
hundreds to thousands adenomas throughout the colon. In some patients the
phenotype is atypical with 10 to 100 polyps, for instance in attenuated FAP and
MUTYH associated polyposis (MAP).
Colorectal cancer caused by Lynch Syndrome has no phenotype that is easy to
recognize, which makes diagnosis and separation from familial CRC with
unknown genetic basis and sporadic CRC difficult. The diagnostic challenge for a
clinical geneticist is to discriminate between sporadic and hereditary CRC.
Lynch syndrome is caused by heterozygous germline mutations in mismatch
repair (MMR) genes such as MLH1, MSH2, MSH6 and PMS2 and has been
extensively reviewed4,5. Mutation carriers have a risk of up to 70% to develop
colorectal cancer and endometrial cancer and an increased risk of cancer of the
small bowel, stomach, pancreas, ovary, ureter or hepatobiliary tract and brain, as
well as sebaceous gland adenomas and keratoacanthomas. Identification of
Lynch syndrome is important, because surveillance can be offered, which has
been proven to reduce CRC risk and mortality ^ , An important question to be
answered in this thesis is to asses whether we are able to detect all patients with
Lynch syndrome with the currently available germline mutation detection
techniques.
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Table 1 Classification of hereditary colorectal cancer syndromes

Syndrome

Involved genes

Non- Polyposis
Lynch Syndrome

MMR genes (MLH1, PMS2,

Mwr-Torre syndrome

MSH2, MSH6)

Turcot syndrome (1/3)
Familial non polyposis CRC

Undefined genetic basis

Polyposis
Adenomatous
Familial Adenomatous Polyposis (FAP)
Attenuated Familial Adenomatous Polyposis
(AFAP)

APC

Gardner Syndrome
Turcot syndrome (2/3)
MUTYH Associated Polyposis (MAP)

MUTYH

Hamartomatous
Peutz-Jeghers

STK11 (LKB1)

Juvenile polyposis

MADH4, BMPR1A

Cowden syndrome

PTEN

Bannayan-Ruvalcaba-Riley (1/3)
Hyperplastic polyposis

Undefined genetic basis

Hereditary mixed polyposis

Undefined genetic basis

Lynch syndrome is a colorectal cancer susceptibility syndrome caused by MMR gene mutations
Mutation carriers are at high risk to develop colorectal cancer (60-90%) and endometrial cancer (2060%) and to a lesser extent cancer of small bowel, stomach, ovary, ureter and hepatobiliary tract at an
average age of approximately 45 years Subtypes of Lynch syndrome are Muir-Torre Syndrome
characterized by the presence of sebaceous tumors, mainly caused by MSH2 mutations and Turcot
Syndrome associated with the occurrence of Central Nervous System tumors
Familial Adenomatous Polyposis is an inherited colorectal cancer syndrome caused by a germlme
mutation in the APC gene and characterized by early onset hundred to thousands adenomas of the
large bowel, with 100% progression to colorectal cancer by the age of approximately 35 The
attenuated form of FAP (AFAP) is characterized by presence of fewer than 100 adenomas, delayed
age at onset and more frequent proximal localization op adenomas compared to FAP In the past
Gardner syndrome was diagnosed in patients with extracolomc features of FAP, i.e jaw cysts,
osteomata, pigmented retinal lesions and desmoid tumors, this syndrome is synonymous to FAP β
Turcot syndrome is characterized by adenomatous polyposis together with an early onset Central
Nervous System tumor caused by either APC mutations or (bi-allelic) MMR gene mutations910
MUTYH associated Polyposis (MAP) is an autosomal recessive condition caused by germlme
mutations in the MUTYH gene The MUTYH protein is a base excision repair glycosylase, which is
involved in the repair of damage caused by the oxidation. If the MUTYH protein is dysfunctional, G' C -> T: A mutations in the >4PC-gene give rise to polyposis and predisposition of colorectal carcinoma.
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Table 1 continued
Compared to classical FAP there is a later age of onset, less adenomas and fewer extra colonic
manifestations 1 '.
Peutz-Jegers, Juvenile Polyposis syndrome and Cowden syndrome predispose to hamartomatous
polyposis Besides Peutz-Jeghers syndrome is characterized by melanocytic macules of the lips,
buccal mucosa and digits and an increased risk of various neoplasms. Cowden syndrome is
characterized by several mucocutanous lesions and is mainly associated with breast, thyroid and
endometrial carcinomas 12 though colorectal cancer does occur13 A subtype of Cowden syndrome is
Bannayan-Ruvalcaba-Riley syndrome associated with macrocephaly and psychomotor retardation
Atypical juvenile polyps with hyperplastic components are seen in hereditary mixed polyposis 14

In clinical practice Lynch syndrome, being the most frequent form of hereditary
colorectal cancer, is suspected in the majority of familial CRC patients. However,
after molecular analysis, the genetic basis of familial CRC frequently remains
unknown. Unraveling the genetic basis of these familial CRCs with yet unknown
cause is of interest, since this might have implications for surveillance, treatment
and genetic testing possibilities in these families. Therefore the existence of a
CRC subgroup with molecular, morphological and/or clinical similarities possibly
valuable for identifying high penetrance genes, is explored is this thesis.

Genetic alterations causing CRC
What is known about the genetic alterations that cause CRC?
In 1988 Vogelstein et al15 described a model of colorectal tumorigenesis based
on dysregulation of the Wnt signaling pathway, with inactivation of APC and
additional genetic changes, causing increasingly aggressive subclones which
lead to development of adenomas into CRC. Later on it became clear that
tumorigenesis is initiated by two important underlying genetic instability pathways,
i.e. microsatellite instability (MSI) and chromosomal instability (CIN)16.
Chromosomal instability and microsatellite instability are regarded generally as
mutually exclusive; CRC with CIN will be most likely microsatellite stable and
CRC with MSI will be chromosomally stable. However some overlap does occur.
Later on the Vogelstein model appeared to be an oversimplification of the
colorectal carcinogenesis. The existence of other groups of colorectal cancers is
proposed. In this perspective the 'CpG Island methylator phenotype' is important,
where activating mutations in BRAF together with DNA methylation of CpG
islands initiate development of CRC in serrated polyps instead of adenomas,
which is mainly associated with sporadic MSI-high CRC 17"19. Another important
group of CRC not fitting the Vogelstein model is a group of microsatellite and
chromosomal stable colorectal carcinomas, at first described by Georgiades ef al
20
. In the past years it has become clear that CRC develops through multiple
pathways. Recently the group of Vogelstein described the genetic alterations in
colon cancers on a genome-wide scale, showing a large number of mutations (~
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80) 21 . A few genes are mutated in a large proportion of tumors referred to as
gene 'mountains'. The majority of mutations however do not occur in gene
'mountains' but in 'hills'; genes that are mutated in relatively low frequency (in <
5% of tumors). Although the role of these low frequency mutations in not known
yet, it is hypothesized that these mutations reflect changes in a limited number of
pathways (-20), that have a role in colorectal carcinogenesis.
Microsatellite instability
Microsatellite instability is caused by a defect of the MisMatch Repair (MMR)
system. In case of MMR malfunction a cell loses the ability to correct basepair
mismatches and short deletion and duplication loops that occur during DNA
replication. Short repetitive sequences, called microsatellites, are especially prone
to these mismatches resulting in microsatellite instability. When microsatellite
instability occurs in coding regions of genes in oncogenic pathways this will lead
to development of CRC. Microsatellite instability occurs in tumors of patients with
Lynch Syndrome, due to a germline mutation in one of the MMR genes (first hit)
in combination with a somatic inactivation of the other allele (second hit). MSI is
also seen in sporadic CRC caused by somatic inactivation of the MLH1 promoter
by hypermethylation 22. Therefore an MSI high pattern is suggestive but not
diagnostic for Lynch syndrome.
Chromosomal instability
The molecular basis of chromosomal instability is less well understood and under
debate. Mutations in genes that are involved in chromosome condensation,
spindle assembly and dynamics, cell cycle regulation and mitotic checkpoint
control 23 24 play a role. In CRC with chromosomal instability, loss and gains of
whole chromosomes occur, and viable combinations of chromosomes are
selected for during tumor formation. The elevated frequency of chromosomal
mutations, together with point mutations within the genes, will result in inactivation
of tumor suppressor genes and activation or amplification of oncogenes.
Of the CRCs with CIN, only a minority is known to be due to a hereditary
syndrome. An example for this is Familial Adenomatous Polyposis (FAP), which is
caused by germline mutations in the APC gene.
CRC without microsatellite instability and chromosomal instability
Georgiades ef al described absence of microsatellite and chromosomal instability
in 4 colorectal carcinomas 20 and suggested that this type of cancers account for
up to one third of all CRCs. Others confirm that microsatellite and chromosomally
stable colorectal cancer form a qualitatively different group from the other cancer
types 25. It is unknown due to which mechanism these CRCs accumulate somatic
mutations. Previous articles showed that they occur in young patients26'27 and in
a familial context28 more often than expected.
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The CpG Island methylator phenotype
Development of CRC with the CpG Island methylator phenotype (CIMP) is
caused by extensive promoter methylation, silencing tumor suppressor genes
Because CIMP-high CRCs are associated with sporadic MSI-high CRC 29 they
seem of minor importance in those CRCs suspected of a genetic predisposition
The CIMP-high CRCs with MLH1 promoter hypermethylation and the MSI-high
phenotype have a favorable prognosis and arise from proximal large hyperplastic
polyps or sessile serrated adenomas, referred to as the 'sessile' serrated pathway
of CRC development30 It is suggested that CIMP accounts for all sporadic MSI
high CRC, and only for a proportion of MSI-low (with instability in less that 30% of
tested markers) and MSI stable subtypes 3132
Heredity of CIMP CRC has been suggested by several groups 32 34 The rare
hyperplastic polyposis syndrome 35 might be related to CIMP CRC since both are
associated with serrated morphology 3 A co-dominant model of inheritance has
been hypothesized, in which they assume that homozygous/compound
heterozygous carriers of a mutation in a hypothesized gene lead to hyperplastic
polyposis while heterozygous carriers will develop a small number of serrated
polyps Both mono- and bi-allelic carriers have an increased risk of CIMP CRC 32
So called CIMP-low CRC, with aberrant DNA methylation of CpG islands to a
lesser extend than observed in CIMP-high CRC, is found m a subset of CRCs 31
These CRCs are MSI-low or MSI stable with low levels of chromosomal instability
They arise from traditional (non sessile) serrated adenomas, are more often
localized in the distal colon and rectum and have a less favorable prognosis
compared to those arisen from sessile serrated adenomas 30 31 Ogino ef al36
suggest that CIMP-low might be the underlying genetic instability pathway of MSIlow CRC The role of CIMP and CIMP-low in CRC suspected of a hereditary
origin still needs to be established
In clinical practice microsatelhte instability analysis is the first step in case of early
onset and/or familial CRC, to estimate the chance of Lynch syndrome Because
individual preventive surveillance is important when a MMR gene mutation is
found, microsatellite instability analysis should be highly sensitive, and preferably
also specific In this perspective the following questions are important and
addressed in this thesis 1) Do we miss MMR gene mutations (particularly MSH6)
when only patients with an MSI-high tumor are selected for germlme MMR
mutation analysis9 And 2) Are we able to detect the causative MMR gene
mutations m all MSI-high tumors9

The genetic counseling
Before molecular tests to diagnose Lynch Syndrome are started, careful genetic
counseling is a prerequisite Counseling is necessary because of the medical and
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psychosocial consequences 37 for probands and their relatives The discovery of
genes responsible for inherited forms of CRC has the potential to improve cancer
risk assessment and counseling, but may also have a harmful emotional impact
The psychological consequences of predictive testing for a MMR mutation in
healthy relatives have been studied and suggest that counseling and testing
relieve fear of cancer and have no harmful emotional impact38 Detection of the
MMR gene mutation may be of psychological benefit to relatives The
psychological distress in relatives is lower when the causative mutation is known
and there is access to genetic testing, compared to relatives of patients where the
causative mutation is unknown 39 It is important that the counselee understands
the implications of a diagnosis Lynch Syndrome as well as the implications of not
finding a MMR gene mutation prior to genetic testing There is often the need to
inform relatives for whom surveillance is advised, about a genetic cancer risk,
whether a MMR gene mutation is found or not This can be experienced as a
burden 40 The genetic counselor should encourage and help the proband to have
an active role in informing relatives about their cancer risk, recommendations for
surveillance and if available their options for genetic testing
Pedigree analysis
Information about inheritance patterns can be obtained by pedigree analysis
Lynch Syndrome is associated with an autosomal dominant inheritance pattern
The remaining familial CRCs with unknown genetic basis are known to be
heterogeneous with a proportion that might be caused by a single dommantly
inherited mutation 41"43 and a proportion suggestive for recessive inheritance4445
A pedigree analysis can provide an overview of the occurrence of specific
malignancies or other features in probands or relatives, and is therefore helpful
for making a differential diagnosis Verifying medical histories of relatives is
recommended since relatives can be unaware of the exact diagnosis and the
occurrence of colorectal cancer can be underreported 4 M 8 Another complicating
factor can be that nowadays many families are small, which decreases the
recognition of a genetic predisposition Several clinical criteria, like Amsterdam
criteria and Bethesda guidelines (table 2) 4950 have been made to recognize
patients with Lynch syndrome The role of the Amsterdam Criteria and Bethesda
guidelines in identifying Lynch Syndrome is limited The Amsterdam Criteria have
a sensitivity of approximately 78% and a specificity varying from 46 to 68% 51,
while the Bethesda Guidelines have a high sensitivity of near 100% and a low
specificity of around 15% 52 Scoring of personal and family history characteristics
can be very valuable in predicting a MMR gene mutation, as shown by the
PREMM Ì 2 model published by Balmana ef al53 In this model the probability of a
mutation in MLH1 or MSH2 is calculated by scoring several proband and family
characteristics and appeared to be highly effective in predicting a mutation in
MLH1 or MSH2
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Table 2 Amsterdam II criteria 54 and revised Bethesda guidelines 2004
Amsterdam criteria II
At least 3 relatives with a Lynch syndrome associated cancer cancer of the endometrium, small bowel,
ureter or renal pelvis while
•
•
•
•

1 is first-degree relative of the other 2
at least 2 succesive generations are affected
at least 1 CRC is diagnosed <50
pathology is verified and FAP=excluded

Revised Bethesda guidelines 2004
1. Colorectal cancer diagnosed < 50
2. Presence of synchronous, metachronous colorectal, or other Lynch syndrome-associated tumors',
regardless of age
3 Colorectal cancer with the MSI-H2 histology3 diagnosed in a patient < 60
4. Colorectal cancer diagnosed in one or more first-degree relatives with an Lynch syndrome-related
tumor1, with one of the cancers diagnosed < 50
5 Colorectal cancer diagnosed in two or more first- or second-degree relatives with Lynch syndromerelated tumors, regardless of age
1
Colorectal, endometrial, stomach, ovarian, pancreas, ureter and renal pelvis, biliary tract, and brain
tumors, sebaceous gland adenomas and keratoacanthomas in Muir-Torre syndrome, and carcinoma of
the small bowel 2 MSI-H = microsatellite instability-high in tumors refers to changes in two or more of
the five National Cancer Institute-recommended panels of microsatellite markers 3 Presence of tumor
infiltrating lymphocytes, Crohn's-hke lymphocytic reaction, mucinous/signet-nng differentiation, or
medullary growth pattern

In clinical practice the pedigree is mainly used to establish fulfillment of
Amsterdam criteria and Bethesda guidelines, and with that the indication for MSI
analysis. Pedigree data are used to determine the need for surveillance as well.
At first visit to the genetic counselor the pedigree is drawn, shown in figure 1. The
proband and his relatives are not known to have a history of polyposis, which
gives direction in the differential diagnosis.
Several relatives developed malignancies. His sister developed rectal cancer at
age 46, with metastases to the liver and lung for which resections were
performed. The patients mother developed colon cancer located in the sigmoid
colon at age 73. The proband and his sister fulfill several Bethesda guidelines and
the family fulfills the Amsterdam Criteria (table 2). Therefore Lynch Syndrome is
suspected. However, the late development of cancer in the mother and absence
of Lynch syndrome associated cancers in the maternal family suggests a sporadic
origin of her CRC. In that case the occurrence of early onset CRC in the two sibs

15

Chapter 1

can also fit a recessive inheritance pattern The fact that there are many
unaffected siblings older than 50 is more in line with a recessive than with a
dominant inheritance pattern
Figure 1 Pedigree
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Pathology reports
Review of pathology reports is important because Lynch syndrome associated
colorectal cancers frequently show specific pathological features which can be
recognized by an experienced pathologist, i.e. frequent presence of tumorinfiltrating lymphocytes, mucinous histology, presence of signet cells, poor
differentiation, medullary-type growth pattern, Crohn's like lymphoid reaction
and/or lack of dirty necrosis 55 56. A recent study published by Jenkins ef al57 has
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shown a high sensitivity of the so called Ms Path model to predict MSI in CRC. In
this model several items are scored: age at diagnosis, anatomical site, histologic
type, grade, presence of Crohn's like reaction and tumor infiltrating lymphocytes,
which can predict microsatellite instability accurately. Presence of these features
raises the chance of a Lynch syndrome associated cancer. Sporadic colorectal
serrated adenocarcinoma has distinct pathological features with serrated
morphology, mucinous differentiation, cell clusters or chains floating in mucin,
eosinophilic cytoplasm, vesicular nuclei and absence of dirty necrosis 30'58. These
features might discriminate sporadic MSI-high CRC from CRC due to Lynch
Syndrome. Lymphocytic infiltration is more common in Lynch Syndrome
associated CRC and mucinous differentiation is more common in sporadic MSI
high 5960. The pathological features of serrated cancers that are MSI-low6162 and
MSS still need to be elucidated in studies with large patient cohorts.
In practice the study of pathology reports is valuable in determining cancer
diagnoses in probands and relatives and with that fulfillment of Amsterdam criteria
and Bethesda guidelines and reason for MSI analysis. Unfortunately pathology
reports frequently lack information to judge presence of 'MSI-high' histology.
The pathology report of the proband shows a T1NXMX well to moderate
differentiated mucinous rectal cancer The sister had a T3N1M1 moderate
differentiated adenocarcinoma of the rectum with lymph node metastasis in 1 out
of 9 resected lymph nodes Synchronous liver metastases were diagnosed The
mother had a T2N0MX well to moderate differentiated partly papillary
adenocarcinoma of the sigmoid Four Bethesda guidelines (BG) are fulfilled The
proband and sister fulfill BG1, because of the young age at onset There is no
fulfillment of BG2, since there were no signs of synchronous or metachronous
CRC in the proband or his affected relatives There is fulfillment of BG3 in the
proband, because the mucinous histology in the CRC of the proband fits an MSIhigh specific feature Bethesda 4 and 5 are fulfilled because of the occurrence of
CRC in relatives
Clinical phenotype
Features of the Lynch Syndrome are: early age at onset, predominantly rightsided colon cancers, increased incidence of synchronous or metachronous colon
cancers, extra-colonic adenocarcinomas, distinctive pathological features,
increased survival from colon cancers and accelerated carcinogenesis 63"65.
Polyposis, reported in endoscopy and/or pathology reports, is not part of the
Lynch Syndrome phenotype. The Lynch syndrome associated cancers are:
colorectal cancer, endometrial cancer, cancer of the small bowel, stomach,
pancreas, ovary, ureter or hepatobiliary tract and brain, as well as sebaceous
gland adenomas and keratoacanthomas 50. In Lynch syndrome MLH1 and MSH2
mutations are most frequent66, followed by mutations in MSH6 which account for
approximately 15-30% 67"69 and PMS2, being least frequent. In MLH1 and MSH2
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mutation carriers the mean age at diagnosis of colorectal cancer is approximately
45 years and of endometrial cancer 50 years, while MSH6 mutation carriers have
a later age at onset of colorectal cancer and endometrial cancer70. In MSH6
mutation carriers colorectal cancer occurs less frequent in women than men 70.
Extracolonic cancers occur more frequently in MSH2 compared to MLH1 mutation
carriers 7172. Mutations in PMS2 are associated with a lower penetrance 73.
Lynch syndrome patients have a higher risk of development of one or a few
adenomas at younger age, more frequently localized at the right of the colon,
compared to a control group 74.
Recent data suggest that Lynch syndrome patients do not benefit from and may
be even harmed by 5-FU based chemotherapy. An intact MMR system is
necessary to mediate the cytotoxicity of 5-FU and cell cycle arrest and cell death
depend upon functioning MMR proteins. Large prospective, randomized trials are
needed to investigate optimal chemotherapy for patients with MSI high tumors 75.
In the near future it is likely that knowledge of MSI status is needed for optimal
treatment. This will enhance Lynch syndrome identification. So far chemotherapy
for colorectal cancer is still offered to patients based on the stage of their cancer
(and some additional risk factors) but not on microsatellite instability status.
Individuals with inheritance of homozygous or compound heterozygous mutations
in MMR genes show a distinct phenotype with early onset hematological, brain or
gastrointestinal malignancies and café au lait patches in the first to fourth
decades of life. The phenotype depends on the residual protein present76 Felton
et al propose that this unique tumor spectrum should be defined separately from
Lynch Syndrome and suggest Lynch III to be an appropriate name 7.
In daily practice the clinical phenotype of probands and relatives is decisive to
determine if molecular testing for Lynch syndrome should be performed or not.
The fulfillment of most Bethesda guidelines raises the suspicion of Lynch
syndrome in this family However several findings are not in line with the
diagnosis Lynch syndrome None of the colorectal cancers reported m this family
are located in the right colon, none of the patients had synchronous or
metachronous Lynch syndrome associated tumors and the medical records of the
sister with carcinoma of the uterine cervix and the brother with oropharyngeal
carcinoma were studied and confirmed as not Lynch syndrome associated The
aggressive form of CRC in the sister would not be expected if she had Lynch
syndrome
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Molecular analysis of Lynch syndrome
In a diagnostic setting presence of Lynch syndrome is tested by microsatellite
instability analysis and immunohistochemical staining of MMR proteins in tumor
material and germline mutation analysis in MMR genes. MLH1 promoter
methylation and c.1799T>A (p.Val600Glu) BRAF mutation analyses are used to
discriminate Lynch Syndrome associated CRC from MSI-high CRC based on
hypermethylation of the MLH1 promoter.
The patient is offered molecular analysis for Lynch syndrome because he fulfills
several Bethesda guidelines and the Amsterdam criteria He is informed about
Lynch syndrome and the importance of identifying Lynch syndrome, since
surveillance and management strategies have proven effective in cancer control
The consequences for his children and other relatives are discussed including
possible health care insurance discrimination After considering benefits and
disadvantages, the patient agreed to initiate molecular analysis
Molecular analysis of tumor tissue
MSI analysis
Microsatellite instability is seen in more than 90-95% of tumors of Lynch
syndrome patients4 and in approximately 15% of sporadic CRC. This latter group
shows hypermethylation of the MLH1 promoter 22'7e. In clinical practice MSI
analysis is used as a prescreening tool to select patients for further analysis of
MMR gene defects. In a minority of patients tumor material will not be available
initially and mutation analysis without preselection by MSI is started. Mutation
analysis is costly and time consuming. Since the sensitivity of MSI analysis is
assumed to be high, MMR gene mutation analysis is preferably initiated in case of
an MSI high tumor to increase the chance to find a mutation. When MSI analysis
is performed it is recommendable to use the pedigree to select the CRC of the
patient with the highest probability of having Lynch syndrome. That is the patient
with the youngest age at onset, MSI-high histology (table 2) and/or localization in
(right) colon instead of rectum 79. The National Cancer Institute [NCI]
recommended the microsatellite panel including the dinucleotide markers
D2S123, D5S346, D17S250 and mononucleotide markers 8^725 and BA72680
for microsatellite instability analysis in CRC. A tumor is regarded as MSI high
when 2 or more markers are classified as instable. A tumor is considered MSI low
when 1 marker shows microsatellite instability and stable when no markers show
instability 80. To differentiate between MSI high and MSI stable tumors, it is
suggested by NCI that the number of tested markers should be extended in case
of an MSI-low tumor. In clinical practice MSI-low tumors are regarded as being
not suspicious of Lynch Syndrome. MSH6 mutation carriers, however, have been
reported to have MSI-low tumors 81. Others described distinct molecular features
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of MSI-low tumors 62,82"84, suggesting a separate entity of MSI-low tumors. The
significance of MSI-low tumors is poorly understood so far.
Recently the use of a pentaplex of mononucleotide repeats 85 performed better
than the NCI panel to detect (sporadic) MSI high tumors 86, but the sensitivity of
this panel still needs to be established for tumors of patients with Lynch
syndrome.
Molecular testing for Lynch syndrome can also be performed by testing tumors for
presence or absence of MLH1, PMS2, MSH2 and/or MSH6-proteins as
determined by immunohistochemistry (IHC). IHC is an attractive method because
it is easy to perform and less time consuming, but it is slightly less sensitive than
MSI analysis 54. A major advantage of IHC is that it can pinpoint the mutated
gene, decreasing the costs of germline mutation analysis.
MLH1 promoter methylation and c.1799T>A (p.Val600Glu) BRAF mutation
analysis
Discrimination of sporadic MSI high CRC from Lynch syndrome associated MSI
high CRC can be done by MLH1 promoter methylation analysis and/or c.1799T>A
(p.VaieOOGIu) BRAF mutation analysis in those tumors with loss of MLH1/PMS2
protein expression. Presence of MLH1 promoter methylation has a higher
sensitivity in predicting a sporadic origin of a tumor than the c.1799T>A
(p.Val600Glu) mutation in BRAF87. It is assumed that the BRAF mutation in colon
epithelial cells contributes to a gain in resistance towards apoptotic stimuli and
might predispose to hypermethylation of the MLH1 promoter88. Analysis of MLH1
promoter methylation can be performed on normal cells as well, to exclude hemiallelic germline hypermethylation of the MLH1 promoter. This phenomenon has
been observed in DNA derived from lymphocytes 89"93, although it seems highly
uncommon 90 93 and heredity is unlikely 94. Since hypermethylation of MLH1 is
also described as the second hit in tumors of MLH1 mutation carriers 95, presence
of MMR germline mutations should always be considered in MSI high tumors with
hypermethylation of the MLH1 promoter.
Germline mutation analysis
Germline mutation analysis is usually performed on DNA isolated from blood and
can be done by DNA sequencing or other techniques 96 which should also include
analysis of large deletions and duplications 97'98 by Multiplex Ligation-dependent
Probe Amplification (MLPA). Since several genes are involved and mutation
analysis is costly and time consuming it is important to select patients at high risk
for Lynch syndrome. When a pathogenic MMR gene mutation is detected,
surveillance programs are offered and presymptomatic DNA analysis for relatives
is possible. The initial counselee, with the help of the genetic counselor and/or
psychosocial worker, is asked to inform relatives about the possibility of genetic
testing and screening advises for relatives.
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Sometimes interpretation of the consequences of mutations in MMR genes can
be difficult. Mutations leading to a truncated protein are clearly pathogenic, but
the consequences of missense and silent mutations are less clear. Frequently
used criteria supporting the pathogenicity of a missense mutation are: location in
a conserved region, expected splice site alteration leading to dramatic ammo acid
change, cosegregation of the mutation with the disease and absence of the
mutation in healthy individuals. Information can be obtained by performing
functional tests but these require much labor and are often not available in a
diagnostic setting.
Using the pedigree the tumor most appropriate for MSI testing was selected All
tumors were localized at the left of the colon, of which two in the rectum Because
of the young age at cancer diagnosis the tumors of the proband and his sister
were considered eligible for MSI analysis MSI analysis in the rectal carcinoma of
the proband showed stable patterns of the 5 NCI markers The diagnosis Lynch
syndrome was considered unlikely in the proband MSI analysis in the rectal
tumor of the sister showed an MSI-low pattern, with instability in the dmucleotide
marker D17S250 The implications of MSI-low were not clear and therefore
additional immunohistochemistry of MMR proteins in her tumor was performed
Protein staining of MLH1, PMS2, MSH2 and MSH6 was observed in both normal
and tumor cells
Because the sensitivity of microsatellite instability as a marker for Lynch
Syndrome is high, the chance that this is a Lynch Syndrome family is expected to
be negligible MMR gene germlme mutation analysis is not indicated The
occurrence of familial CRC remains unexplained in this family
The patient is informed that the results of the molecular analyses do not indicate
Lynch Syndrome It is explained that this does not rule out (low penetrance)
hereditary factors being causative for the CRC in his family, and therefore
surveillance is advised It is of great relief to the proband that there is no reason
to assume a very high risk of (metachronous) CRC or accelerated growth from
adenoma to carcinoma, like is seen in Lynch Syndrome, for him or his relatives

Colorectal surveillance program
Colorectal surveillance program in Lynch syndrome
When Lynch syndrome is diagnosed by detection of a pathogenic germline
mutation in one of the MMR genes stringent surveillance programs are offered,
which have a proven preventive effect6 7'54, to patients and their relatives. For
carriers of a pathogenic MMR gene mutation there is reason for colonoscopy
every 1-2 years beginning at age 20-25 54,99. Besides that, screening for extracolonic Lynch Syndrome associated cancers is recommended " .

21

Chapter 1

Familial colorectal cancer surveillance program
For a long time Lynch Syndrome was diagnosed based on clinical grounds when
a family fulfilled the Amsterdam criteria, irrespective of molecular analyses, and
stringent surveillance was recommended in those families. Recent studies have
provided evidence that when molecular analyses have made the diagnosis Lynch
syndrome unlikely, less frequent surveillance is sufficient, even when the family
fulfills the Amsterdam criteria 41. The CRC risk in these families appeared lower
(Odds ratio 2.3) and the progression from adenoma to carcinoma is slower,
compared to Lynch syndrome patients (Odds ratio 6.1) 41 .
For these families a frequency of colonoscopy once every 5 years is appropriate
100
starting 5-10 years before diagnosis of CRC in the relative or above 45 years
54

In this family Lynch Syndrome was diagnosed based on fulfillment of the clinical
Amsterdam criteria in 2003 (the year they visited our department) For patients
with CRC in this family and their first-degree relatives a colonoscopy once every 2
years was advised above 25 years of age Recent insight indicates that a lower
interval of colonoscopies is sufficient in non-Lynch Syndrome familial CRC
families Therefore the surveillance program is adjusted in colonoscopy once
every 5 years for CRC patients and their first-degree relatives above 35 years of
age (18 individuals)
The search for CRC predisposition genes remains important to accomplish
individual cancer risk assessment and screening If, for instance in this family,
the increased CRC risk would be due to an autosomal recessive susceptibility
gene, surveillance of only the young CRC patients and their sibs would be
needed (7 individuals instead of 18)

Aims and outline of this thesis
This thesis focuses on genetically unexplained non-polyposis colorectal cancer.
The aim of this thesis is to explore colorectal cancers suspected of a hereditary
origin with yet unknown genetic defect. This is done by using molecular,
histopathological, and clinical data, including pedigree analysis. The ultimate goal
is to identify CRC genes to improve the genetic counseling of hereditary CRC and
accomplish preventive strategies and therapeutic drugs. The flowchart in figure 2
gives an overview of the different subgroups of early onset/familial colorectal
cancer and the chapters of this thesis.
Within the MSI high tumors some occur without a detectable MMR gene mutation,
as is described in chapter 2. This chapter shows the mutation detection rate with
the currently used germline mutation detection techniques. Personal and family
characteristics of patients with an unexplained microsatellite instable tumor are
compared to those of patients with a pathogenic MMR gene mutation.

22

Figure 2 Flowchart different
subgroups of early onset/familial
CRC and chapters of this thesis
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When an unclassified variant is found in one of the MMR genes it often remains
unknown whether the variant can be regarded as the cause of CRC An example
of interpretation of an unclassified variant in the MSH2 gene is given in chapter 3
The significance of the initiation codon variant c 1A>G (p MefP) is derived from
clinical and molecular data of two patients who are compound heterozygotes for
the initiation codon variant and a pathogenic deletion of the first six exons of
MSH2
Within the non-MSI high tumors with unknown genetic defect the question is
raised whether the use of an MSI high phenotype as a preselection method for
MMR germlme mutation analysis is accurate MSH6 mutation carriers might be
underdiagnosed, because tumors of MSH6 mutation carriers have been reported
to have non-MSI high tumors To investigate this, MSH6 germlme mutation
analysis was performed in a group of patients with an MSI stable or MSI-low
CRC This study is presented in chapter 4
Little is known about the importance of MSI-low CRC Some groups question the
existence of MSI-low CRC, while others describe distinct molecular features of
MSI-low CRC The significance of an MSI-low phenotype in CRC suspected of a
hereditary origin is studied in chapter 5 Colorectal tumors of patients suspected
of Lynch Syndrome were classified as MSI-low, MSI-stable or MSI-high according
to strict criteria Subsequently, the different groups were compared with regard to
family history, climcopathological and molecular features
The role of microsatelhte and chromosomally stable CRC in familial and/or early
onset CRC is studied in chapter 6 Within microsatelhte stable familial and/or
early onset CRC climcopathological characteristics and inheritance patterns of
chromosomally stable and chromosomally unstable CRC are compared and
segregation of microsatellite and chromosomally stable CRC within families is
studied
In chapter 7 the results of the various studies in this thesis are discussed and
future perspectives are formulated Finally the results of the different studies in
this thesis are summarized in chapter 8
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Abstract
The cancer risk is unknown for those families in which a microsatellite instable tumor is neither
explained by MLH1 promoter methylation nor by a germline mutation m a mismatch repair gene Such
information is essential for genetic counseling
Families suspected of Lynch syndrome (n=614) were analyzed for microsatellite instability, MLH1
promoter methylation and/or germline mutations in MLH1, MSH2, MSH6, and PMS2 Characteristics of
the 76 families with a germline mutation (24 MLH1, 2 PMS2, 32 MSH2, and 18 MSH6) were compared
to those of 18 families with an unexplained microsatellite instable tumor The mean age at diagnosis of
the index patients in both groups was comparable at 44 yrs Immunohistochemistry confirmed the loss
of a mismatch repair protein suggestive of germline mactivation of a known gene The Amsterdam II
criteria were fulfilled in 50/75 families (66%) that carried a germline mutation in a mismatch repair gene
and in only 2/18 families (11%) with an unexplained microsatellite instable tumor (P<0 0001)
Current diagnostic strategies can detect almost all highly penetrant mismatch repair gene mutations
Patients with an as yet unexplained microsatellite instable tumor likely carry a different type of mutation
that confers a lower risk of cancer for relatives
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Introduction
Lynch syndrome (Hereditary NonPolyposis Colorectal Cancer (HNPCC)) accounts
for about 5% of colorectal cancers and is caused by a germline mutation in one of
the mismatch repair (MMR) genes 1"5. Known MMR genes causing Lynch
syndrome are MLH1, PMS2, MSH2, and MSH6. Typical Lynch syndrome families
show autosomal dominant predisposition to a number of cancers of which
colorectal cancer is the most important. Conversely, over 90% of colorectal
cancers of Lynch syndrome patients have a defect in the MMR system 5. Failure of
the DNA MMR system causes microsatellite instability (MSI) in tumors.
MSI reflects either the presence of a germline mutation in the MMR system or
somatic hypermethylation of the promoter region of the MLH1 gene3. Patients with
a tumor with MSI and somatic hypermethylation of the MLH1 promoter rarely carry
a germline mutation in the MMR system, although rare exceptions have been
reported. A few families have been described in which Lynch syndrome patients
display hypermethylation of the MLH1 promoter in tumor as well as in non-tumor
tissue 6"1 . In addition, a family was recently described in which the susceptibility to
tumors is caused by germline methylation of the MSH2 promoter11. Taken
together, hypermethylation of the MLH1 promoter indicates a very low likelihood
that Lynch syndrome is the cause of the MSI 12'13. Such patients can be offered
less stringent surveillance programs 14"16.
Little is known about the cancer risk in those families in which MSI is detected in a
tumor, but where the MSI cannot be explained by hypermethylation of the MLH1
promoter, nor by a germline mutation in an MMR gene. Such information is
essential for genetic counseling.
In the present study, we examined patients with a tumor that indicated possible
Lynch syndrome for germline mutations in the MMR genes MLH1, MSH2, MSH6,
and PMS2. In addition, we tested tumor DNA for hypermethylation of the MLH1
promoter. Most of these patients were preselected by MSI analysis. Family
characteristics of the patients with an MMR germline mutation were compared to
those of patients with an unexplained microsatellite instable tumor.

Materials and methods
Patients
We examined 614 families, who visited the department of Human Genetics of the
Radboud University Nijmegen Medical Centre between 1997 and November 2005
because of possible familial colorectal cancer. Families were included because
they either fulfilled the Amsterdam II criteria 17 (n=126), or fulfilled the Bethesda
guidelines 18 (n=333), or had a history very close to the Bethesda guidelines
(n=155). Such patients are suspected of Lynch syndrome, which is defined as
cancer due to a germline mutation in one of the MMR genes 19.
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Two diagnostic molecular strategies were used. Mutation analysis of germline DNA
was performed as the first test in 83 families, who fulfilled clinical criteria for Lynch
syndrome, or in which no tumor material was available. MSI analysis was also
performed in 43 of these families. In the other 531 families MSI analysis was used
as the initial step to select patients for germline mutation analysis.
The index tumor of a family was defined as the MSI positive tumor that was
diagnosed at the youngest age or, in case MSI analysis was not performed, the
first tumor of the patient in whom the germline mutation was detected. The study
was performed in accordance with the rules of the Radboud University Nijmegen
Medical Centre Medical Ethical Committee.
Germline mutation analysis of the MMR system
Mutation analysis of MLH1, PMS2, MSH2, and MSH6 was performed in DNA from
peripheral blood lymphocytes by a combination of either single-strand conformation
polymorphism (SSCP) analysis or denaturing gradient gel electrophoresis (DGGE)
and direct sequence analysis essentially as described elsewhere 20'21. Only
mutations resulting in a premature termination codon, the recurrent amino acid
deletion in MLH1 c.1852_1854del (p.Lys618del) and the amino acid deletion
c.211_213del (p.Glu71del) in MLH1, which has been shown to abort the function of
MLH1 22, were considered pathogenic. For the detection of large deletions and
duplications in MLH1, MSH2, MSH6, and PMS2 the P003 and P008 Multiplex
Ligation-dependent Probe Amplification (MLPA) kits of MRC Holland (Amsterdam,
the Netherlands) were used. All deletions and duplications were confirmed by
Southern blot analysis essentially as described elsewhere 23 or with a specific PCR
using primers flanking the deletion or one of the breakpoints of a duplicated region.
Microsatellite instability analysis
In total 667 tumors in 574 families were tested for MSI: 566 colorectal carcinomas,
34 colorectal adenomas, 47 endometrium carcinomas, 8 duodenum/small
bowel/appendix carcinomas, 1 sebaceous carcinoma and 1 other skin tumor
(trichoepithelioma or trichoblastoma), 1 ovarian carcinoma, and 9 urothelial cell
carcinomas.
MSI analysis was performed using the Bethesda panel of microsatellite markers
(D2S123, D5S346, D17S250, BAT25, BAT26) 24.Tumors were scored as MSI
positive if at least two of the five Bethesda markers showed instability; they were
scored MSI negative if none of the Bethesda markers showed instability. In case of
one instable marker, additional markers were included, and IHC of MMR proteins
was performed 20. In 273 tumors the mononucleotide marker BAT40 was added to
the standard set of markers and in 558 of 667 tumors immunohistochemistry (IHC)
of MSH6 was performed irrespective of the microsatellite instability status to
minimize the chance of missing a tumor that was due to an MSH6 germline
mutation.
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Immunohistochemistry
IHC was performed on formalin-fixed, paraffin-embedded tissues. Slides were
stained with antibodies against MLH1 (Pharmingen code: 51-1327gr), PMS2
(Pharmingen code: 556415), MSH2 (Oncogene Research Products code: NA26)
and MSH6 (Transduction Laboratories code: G70220). Staining patterns of MMR
proteins were evaluated using normal epithelial, stromal, and inflammatory cells as
internal controls. Stained slides were scored as (1) positive, i.e. showing nuclear
staining in at least some tumor cells, (2) negative, i.e. no staining of the tumor with
a positive internal control, or (3) not assessable, i.e. when the technical quality was
insufficient to provide an unambiguous result despite repeated assays 25.
Analysis of hypermethylation of the MLH1 promoter
The DNA methylation status of the MLH1 promoter region was determined after
bisulphite treatment of the DNA using the EZ DNA methylation KIT™, ZYMO
Research. To avoid conversion of methylated cytosines to uracil, the modification
time was optimised. Modification was performed in duplicate for 3 and 6 hours,
respectively. Methylation of the region of 337 bp to 154 bp upstream of the
translational start site, which has been shown to correlate with MLH1 expression,
was analysed 26. FAM labeled PCR products were generated using primers (5'TATTTTTGTTTTTATTGGTTGGATA-S' and 5'AATACCAATCAAATTTCTCAACTCT-S') flanking 11 CpG sites and analyzed on an
ABI PRISM 3730 Genetic Analyzer under denaturing conditions using genemapper
software. The products of unmethylated and methylated DNA migrate at 186 bp
and 183 bp, respectively. This was verified by digestion by BstU\ (New England
Biolabs), which cleaves only the CGCG sequence, which is not converted by
bisulphite treatment when methylated. To assess the amount of methylation, the
peak height of the product at 183 bp was divided by the sum of the peak heights at
183 bp and 186 bp. The resulting percentage of methylation was corrected for the
percentage of tumor cells. Most tumors with methylation of the MLH1 promoter
showed percentage of methylation above 80%, whereas in none of the adjacent
normal tissues methylation was detected.
Patient characteristics and pedigree analysis
The following information was obtained for all families as part of the genetic
counseling procedure: age at diagnosis, type of cancer, number of family members
who had cancer, their age at diagnosis, their type of cancer, and their relation with
the patient. Pathological and surgical reports were evaluated whenever possible.
Pedigrees were scored as fulfilling the Amsterdam I criteria 2 7 , the Amsterdam II
criteria 17, or the criterion described by Rodriquez-Bigas ef al. 18 that is: 2 first
degree relatives with a cancer associated with Lynch syndrome, one of them with
an age at diagnosis below 50 years. Since this study was mainly directed at MSI in
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tumors, a positive score for fulfillment of one of these three criteria was only given if
the index patient was part of the criterion. The occurrence of metachronous or
synchronous cancers associated with Lynch syndrome was noted.
Data analysis
Descriptive statistics were used to describe the results of the molecular laboratory
tests, germline mutation analysis, and pedigree analysis. Categorical variables
were checked for statistically significant differences using either the Chi-square test
or logistic regression. Continuous variables were checked for statistically significant
differences using either the Student's t-test or analysis of variance. The TukeyKramer test was used to calculate differences in continues variables between two
groups with adjustment for multiple testing. P-values <0.05 were considered
statistically significant. Analyses were performed with the SAS system for Windows
V8.2.

Results
Identification and characterization of families with a germline MMR gene
mutation
Our strategy 1 involved germline mutation analysis without prior testing for MSI in
those families that fulfilled clinical criteria for Lynch syndrome, and those for whom
no tumor DNA was available for MSI analysis. We found a germline mutation in 31
out of these 83 families (Figure 1, Table 1 ). In total, 43 index patients were tested
for MSI within this group. MSI was detected in tumors of 17/43 patients. In all 17
MSI positive index patients a germline mutation in MLH1, MSH2, or MSH6v/as
identified. One MSH2 mutation was detected in a patient with an endometrial tumor
diagnosed at age 39 that was tested MSI negative without loss of MLH1, PMS2,
MSH2, or MSH6 protein staining. No other tumors from this family were available.
One MSH6 mutation was detected in a patient in whom a rectum tumor at an age
of 51 years was MSI negative without loss of MLH1, PMS2, MSH2, or MSH6
protein staining. Material from a sigmoid carcinoma that occurred in another family
member at the age of 33 years, was not available.
Strategy 2 involved 531 families clinically suspected of Lynch syndrome. Here, a
positive MSI test result was used to select families for germline mutation analysis.
In 86/531 families at least one MSI positive tumor was detected. Although their
tumors were MSI positive, 3 patients declined testing for germline mutations and
for MLH1 promoter methylation in their tumor. In the remaining 83 families 45 MMR
gene germline mutations were detected (Table 1 ).
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Figure 1. Analytic strategy of the study and number of patients in each analysis and for each result.
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Thus, a pathogenic germline mutation was found in 76 out of 614 families (12%)
with a clinical history suggestive of Lynch syndrome. There were 24 mutations in
MLH1, 2 in PMS2, 32 in MSH2, and 18 in MSH6.
Most MSI positive tumors were also tested by IHC. Tumor cells of MLH1 mutation
carriers generally lacked MLH1 and PMS2 protein by IHC staining. Those of MSH2
mutation carriers lacked MSH2 and MSH6. Tumors of MSH6 mutation carriers
lacked MSH6, and those of PMS2 mutation carriers lacked PMS2. The IHC pattern
correctly pinpointed the mutated gene in 50 of the 53 tumors (94%) where IHC was
sufficiently informative.
We tested whether MLH1 promoter methylation occurs in the presence of a
germline mutation in one of the MMR genes. This was found to be a rare event. We
tested a total of 42 microsatellite instable tumors from families with a germline
mutation in MLH1 (13), PMS2 (1), MSH2 (14), or MSH6 (14). In only one of these
tumors (a tumor with an MSH6 germline mutation and absence of MSH6 protein
staining, but presence of MLH1 protein staining) we detected incomplete MLH1
promoter methylation (about 60%). Table 1 presents the results of analysis of
MLH1 promoter hypermethylation of index patients.
The majority (66%) of the proven Lynch syndrome families (50/76) fulfilled the
Amsterdam II criteria. This was true for both strategy 1 (87%) and for strategy 2
(51%). The mean age at diagnosis of the index patients was 44 years (42 and 46
years in strategy 1 and 2, respectively).
Identification and characterization of families with hypermethylation of the
MLH1 promoter in their tumor
Pathogenic germline mutations in the MMR genes could not be detected in 38
families with at least one MSI positive tumor (Figure 1 ). We therefore examined the
methylation status of the MLH1 promoter in 42 MSI positive tumors of these 38
families. Methylation of the MLH1 promoter was detected in 22 tumors (20 families)
(Table 2). In the corresponding normal tissues MLH1 promoter methylation was
never detected, suggesting that the promoter methylation was not present in the
germline.
In the group of 20 index patients with tumors with MLH1 promoter methylation, we
performed subsequent molecular analyses of other tumors of index patients or
family members. Tumors either were MSI negative or showed methylation of the
MLH1 promoter in combination with absence of MLH1 protein staining (Table 2).
The Amsterdam II criteria were met in 11 of the 20 families (55%) with an MSI
positive tumor that was due to somatic hypermethylation of the MLH1 promoter.
The mean age at diagnosis of these index patients was 61 years.
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Table 1. Molecular laboratory tests results and patient characteristics of 76 patients with a pathogenic germline mutation in MLH1,
PMS2, MSH2, or MSH6.
No
MLH1
8
288
189
118
645
163
198
318
19
345
454
335
734
428
15
451
168
42
3
324
392
65
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5
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528
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Table 1 continued
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No
139
287
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350
117
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237
190
210
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25
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11
14
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Sigmoid
Endometrium
Flexura lienalis
Sigmoid
Rectum
Cecum
Colon transversum
Endometrium

Other tumor(s)
C042

AC
+

-

+

-

+
+
+
+

co61
en37,ov37
co25
co50,co50

-

2fam
+
+

+
+
+

+
+

-

-

co29

+
+
+

-

+

+

+
+

-

co26
co46

+
+
+

-

+
+

-

-

-

-

co45,co63

+

-

-

+
+
+

en33,co50

co42
co53
co46

+
+

+

+
+
+
+

+

+
+

-

-

-

co45

+

+

ur57

_

+

-

+
+

en37

+
+
+

-

+

+

ov38

-

-

co38,51,58,ur69

-

+

-

+

+
+
+
+

Table 1 continued

Nr
766
446
450
711
692
500
434
128
886

S
2
2
2
2
2
2
1
1
1

Germline mutation
c3261del(pPhe1088fs)
c3261dup(pPhe1088fs) 5
c3273dup(pLys1092X) 5
C3438+10A
C3438+10A
c3514dup(p Argii72fs)
C3678 3706dup(pAla1236fs) 5
c3838C>T(pGln1280X) 5
c4001G>A(pArg1334Gln) 1

MSI
+
+
+
+
+
+
nt
+
+

Meth

-nt
nt
+
nt

-

nt

•HC
MSH6MSH2/MSH6MSH6MSH6na
MSH6na
MSH6nt
MSH6MSH6na6

Tumor tested for
MSI
Endometrium
Endometrium
Colon ascendens
Rectum
Colon transversum
Colon transversum
Endometrium
Colon nos

Age
41
43
50
45
43
70
38
36
44

Other tumor(s)

AC

-

-

co46,co50

-

en53,ov43
ur70
en38

-

co61 MSI pos,
IHC MSH6 na

+
+
+

-

+

-

S=strategy of molecular testing, MSI=microsatellite instability, Meth=methylation analysis of MLH1 promoter, IHC=immunohistochemical analysis of
MLH1, PMS2, MSH2, and MSH6, Tumor tested for MSI=tumor origin or exact location of tumor in case of colon cancer of tumor tested for MSI, Age=age
at diagnosis of tumor tested for MSI or age at diagnosis of (first) tumor in case MSI analysis was not performed, Other tumor(s)= metachronous or
synchronous cancer associated with Lynch syndrome of index patient who had MSI analysis or tumor(s) of index patient who did not have MSI analysis
and age at diagnosis, AC=Amsterdam II criteria 17, 2fam=2 first degree relatives (including index) with cancer associated with Lynch syndrome, one of
them with an age at diagnose below 50 years le 18
1=strategy 1 (germlme mutation analysis without preselection by MSI analysis), 2=strategy 2 (first MSI analysis), +=positive, —negative, nt=not
tested, na=not assessable, nos=not otherwise specified, co=colon, en=endometrium, ur=urothelial, ov=ovarian
1
affects splice site 2 carrier status of patient deduced from mutation status of relatives,3 also carrier of variant c 1 A>G (p Met1 ?) m MSH2
(manuscript in preparation),4 also carrier of variant c 965G>A(p Gly322Asp) m MSH2,5 mutations published elsewhere 28 , 6 adenocarcinoma
cecum of sister with same mutation MSI and IHC MSH6- (1co46 MSI IHC MSH6-),7 also carrier of variant c 65G>C (p Gly22Ala) m MLH1

Table 2 Molecular laboratory tests results and family history of 20 patients with an MSI positive tumor with somatic MLH1 promoter
methylation

ro

No

Meth

IHC

312
408
642 '
477
226
755
299
154
771
683
785
142
86
482^
748
57
441
316
331
655

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2/
MSH2/MSH6-

Tumor tested for
MSI
Cecum
Colon ascendens
Colon transversum
Colon transversum
Colon ascendens
Colorectum nos
Colon ascendens
Colon ascendens
Colon ascendens
Colon ascendens
Colon descendens
Colon ascendens
Colon ascendens
Cecum
Colorectum nos
Colon transversum
Cecum
Colon nos
Duodenum
Colon descendens

Age

Other tumor(s)

AC

2fam

Tumors of close relatives

63
62
62
75
67
72
50
71
65
69
54
55
55
65
45
49
51
71
47
64

-

+
+

+
+

1C053MSS

-

-

1C075MSIIHC MLH1-,meth+
2co50 MSS

-

-

co40
co62 MSI, IHC MLH1-, mett +
co75

-

co72
co50

-

+
+
+

+
+

-

-

-

-

-

-

-

-

-

-

co65

-

co 54
en57

-

co64

en70 MSS,co71
co47 MSS ur64 MSS

+
+
+

+
+

+

+
+

1C059MSS
1co38 MSS
1C058MSS
1C022MSS

+

+

2co43 MSS

+

Meth=methylation analysis of MLH1 promoter, IHC=immunohistochemical analysis of MLH1, PMS2, MSH2, and MSH6, Tumor tested for MSI=tumor origin or
exact location of tumor in case of colon cancer of tumor tested for MSI, Age=age at diagnosis of tumor tested for MSI, Other tumor(s)= metachronous or
synchronous cancer associated with Lynch syndrome of index patient and age at diagnosis, AC=Amsterdam II criteria 17, 2fam=2 first degree relatives
(including index) with a Lynch syndrome associated cancer, one of them with an age at diagnose below 50 years 1β, Tumors of close relatives=tumors of
close relatives tested for MSI and/or IHC, meth
+=positive, —negative nos=not otherwise specified, co=colon, en=endometrium, ur=urothelial, MSI=MSI positive, MSS=MSI negative, 1=first degree relative,
2=second degree relative (e g 1co53 MSS=a first degree relative of index patient had a colon tumor diagnosed at the age of 53 years which was MSI
negative) ' carrier of unclassified variant c 3744_3773dup (p His1248_Ser1257dup) m MSH6,2 carrier of unclassified variant c 663A>C (p Glu221Asp) in
MSH6

O

•8
ro

Unexplained MSI tumors

Characterization of families with an unexplained MSI positive tumor
There were 18 families with MSI positive tumors, where neither a pathogenic MMR
gene mutation was present, nor could hypermethylation of the MLH1 promoter be
demonstrated in the tumor (Table 3). These tumors were truly MSI positive, since
in 17 of these tumors more than 75% of markers were instable, while the remaining
tumor (nr 421) had three instable mononucleotide and three stable dinucleotide
markers.
In 16 of the 18 index patients without a detectable germline mutation in an MMR
gene and without hypermethylation of the MLH1 promoter, the staining of at least
one MMR protein was absent. The IHC patterns were in line with inactivation of
MLH1 (5 families), PMS2 (2 families), MSH2 (6 families), and MSH6 (1 family (nr
421)). In the last family an unclassified gene MSH6 variant was detected for which
the pathogenic nature could not be established 28. In two families there was
simultaneous loss of IHC protein staining of MSH2 and MSH6, and of PMS2.
Subsequent molecular analyses of tumors of family members of these index
patients are presented in Table 3. Two index patients with absent MSH2 staining
had a family member with a tumor with an IHC pattern that also matched with
MSH2 inactivation, i.e. absence of MSH2 and MSH6.
Only 2 of the 18 families (11 %) with an unexplained MSI positive tumor fulfilled the
Amsterdam II criteria. The mean age at diagnosis of these index patients was 44
years.
Sensitivity of current mutation detection techniques
Mutation analysis was performed in 100 families with at least one tumor with MSI.
In 20 of these families MLH1 promoter methylation was present. A pathogenic
germline mutation was detected in 62 of the remaining 80 families (78%). Mostly
their clinical characteristics matched those of classical Lynch syndrome: a germline
mutation was detected in 36 of 38 (95%) of those families that fulfilled the
Amsterdam II criteria. Likewise, a MMR gene mutation was found in 47 of 54 (87%)
of the families that met the following criterion of the Bethesda guidelines: two first
degree relatives (including the index patient) with a tumor associated with Lynch
syndrome, of which at least one was diagnosed below the age of 50 years.
Comparison of characteristics of families with and without a detectable MMR
gene mutation
The majority of families with an MMR gene mutation fulfilled the Amsterdam II
criteria. In the 83 families selected by MSI only (strategy 2), we found that the
clinical Amsterdam II criteria were met in 51% of the families in which an MMR
gene mutation was eventually found compared to 11 % of those in whom no such
mutation was detected (P<0.009). The mean age at onset of the index patients was
comparable in both groups (46 and 44 years, respectively). The mean age at

43

Table 3 Molecular laboratory tests results and family history of 18 patients with an MSI positive tumor with unexplained etiology.
Meth

No
1

149
499
445
498
172
373 1
554
582
396
224
580
718
736
421 '
135
243
127
375 J

IHC
MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2MLH1/PMS2PMS2PMS2MSH2/MSH6MSH2/MSH6MSH2/MSH6MSH2/MSH6MSH2/MSH6MSH2/MSH6MSH6PMS2/MSH2/MSH6- *
PMS2/MSH2/MSH6- "
NoneNone-

Tumor tested for
MSI
Colon ascendens
Colon ascendens
Colon transversum
Sigmoid
Colon ascendens
Cecum
Colon transversum
Sigmoid
Appendix
lleocecum
Endometrium
Rectum
Rectum
Colon ascendens
Colon ascendens
Colon transversum
Rectum
Cecum

Age

Other tumor(s)

43
58
49
58
51
36
55
33
34
53
45
18
58
53
27
30
54
36

-

AC

2fam

Tumors of close relatives
3co45 MSS

co49

-

co55

-

1C056MSS
1co47 MSI,IHC MSH2-,meth-

co34,co50

-

1co47 MSI,HC MSH2-,meth-

co58 MSS

-

1en62MSI/IHCna

Meth=methylation analysis of MLH1 promoter, IHC=immunohistochemical analysis of MLH1, PMS2, MSH2, and MSH6, Tumor tested for
MSI=tumor origin or exact location of tumor in case of colon cancer of tumor tested for MSI, Age=age at diagnosis of tumor tested for MSI, Other
tumor(s)= metachronous or synchronous cancer associated with Lynch syndrome of index patient and age at diagnosis, AC=Amsterdam II
criteria 7 2fam=2 first degree relatives (including index) with Lynch syndrome associated cancer, one of them with an age at diagnose below 50
years 18, Tumors of close relatives=tumors of close relatives tested for MSI and/or IHC, meth
+=positive, —negative, na=not assessable, #=IHC difficult to interpret, co=colon, MSI=MSI positive, MSS=MSI negative, 1=first degree relative,
2=second degree relative, 3 third degree relative (e g 3co45 MSS=a third degree relative of index patient had a colon tumor diagnosed at the age
of 45 years which was MSI negative)
1
carrier of unclassified variant c 1852_1853delinsGC (p Lys618Ala)in MLH1,2carrier of unclassified variant c 2117T>C (p Phe706Ser) in MSH62S,
3
carrier of unclassified variant c 250A>G (p Lys84Glu) m MLH1 and c 984C>T (silent) m MSH2

Unexplained MSI tumors

diagnosis of index patients with a tumor with somatic hypermethylation of the
MLH1 promoter (61 years) was significantly higher than that of mutation positive
index patients (Table 4)

Discussion
A disease causing germline mutation was identified in 78% of patients suspected of
Lynch syndrome with an MSI positive tumor and absence of hypermethylation of
the MLH1 promoter Interestingly, the remaining 22% of patients with an
unexplained MSI positive tumor had a less pronounced family history of cancer, but
were diagnosed at an age comparable to that of proven Lynch syndrome patients
Assessment bias is not likely to cause this difference, since the criteria for family
history of cancer only include data from close relatives that should be known by the
index patients The large majority of the tumors in this group without gene
mutations or promoter methylation, nonetheless showed loss of IHC staining of at
least one of the MMR proteins This is highly suggestive for the presence of either
a germline mutation or of a somatic mactivation of the gene involved These
families had a much less prominent history of cancer, which might suggest the
presence of a different type of mutation with a lower risk of cancer for relatives Our
current mutation detection protocol, which was highly effective in the classical
Lynch syndrome families, did not pick up such putative mutations in this cohort
The putative mutations might include (1) point mutations m the PMS2 gene that are
known to have a lower cancer risk 29 3 , (2) germline methylation of the MSH2
promoter as was recently described 11, (3) mutations in regulatory sequences or
missense variants which might lead to a lower risk of tumor development in
relatives because the complete mactivation of the affected MMR gene might be
more dependent on modifier genes, and (4) a type of mutation that frequently
arises de novo
To our knowledge, this is the first study in which the difference in family history
between patients with unexplained MSI positive tumors and patients with a
recognized germline mutation is addressed The underlying mechanism for the
familial occurrence of a tumor with MSI m such families remains unknown
Irrespective of this, confirmation for these findings in future studies might suggest
that the clinical management m these families needs to be modified For the time
being, our surveillance advice for patients with an unexplained MSI positive tumor
and their close relatives remains identical to that of patients with Lynch syndrome
including the start of surveillance at an early age
The present study shows that the currently used techniques to detect a
germline mutation have a sensitivity of 78% for patients with an MSI positive tumor
without hypermethylation of the MLH1 promoter A similar percentage can be
calculated from data published by Hampel ef al after exclusion of MSI positive
tumors with methylation of the MLH1 promoter, they found a germline mutation in
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Table 4. Family history and patient characteristics of index patients with an MSI positive tumor who were preselected by MSI
analysis (strategy 2) a comparison between patients with a germline mutation, with somatic methylation of the MLH1
promoter and with a tumor with unexplained MSI

Amsterdam I criteria positive

1

Amsterdam II criteria positive

1

2 first degree relatives with Lynch
syndrome associated cancer, one
below 50 years '
Metachronous or synchronous Lynch
syndrome associated cancers of index
patient
Age at diagnosis of MSI positive index
tumor
Age at diagnosis of first Lynch
syndrome associated cancer of index
patient
Mean age of two youngest relatives
with Lynch syndrome associated
cancer 2

Germline
mutation
MLH1, PMS2,
MSH2, or MSH6
n=45

Somatic
methylation
of MLH1
promoter
n=20

Unexplained
MMR
deficiency
n=18

Germline
mutation
vs
somatic
methylation

Germline
mutation
vs
unexplained MMR
deficiency

16(36%)

6 (30%)

2(11%)

P=0 66

Ρ =0 07

23(51%)

11 (55%)

2(11%)

Ρ =0 77

Ρ =0.009

31 (69%)

9 (45%)

7 (39%)

Ρ =0 07

Ρ =0.03

17(38%)

10(50%)

4 (22%)

Ρ =0 20

Ρ =0 24

45 9
[42 6 ^ 9 1]

60 6
[55 7-65 5]

43 9
[38 8 ^ 9 1]

P<0.0001

P=0 80

43 1
[39 9-46 3]

58 6
[53 8-63 4]

42 4
[37 3 ^ 7 5]

P<0.0001

Ρ =0 97

45 7
[40 3-51 1]

54 0
[46 3-61 7]

49 5
[31 5-67 5]

P = 0 19

Ρ =0 91

1
a positive score for fulfillment was only given if the index patient was part of the criterion Mean age of the two youngest affected relatives
of the index patient This was only calculated for families that fulfilled the Amsterdam II criteria Bold values signify P-values <0 05

Unexplained MSI tumors

23 out of 29 patients (79%) with an MSI positive tumor ". Their methods to analyze
germline mutations are comparable to those used in our study. The sensitivity of
germline mutation detection could not be deduced from other studies, since they
did not include analysis of hypermethylation of the MLH1 promoter and/or
performed less comprehensive germline mutation analyses 2'32'33. Wagner et al.
also found a difference in prevalence of pathogenic MLH1, MSH2, or MSH6
mutations between families that fulfilled the Amsterdam criteria (39 mutations in 49
families (80%)) and those not fulfilling these criteria (5 mutations in 10 families
(50%)) using methods that detect a similar type of mutations as the methods used
in the present study34.
In conclusion, this is the first study showing that almost all highly penetrant MMR
gene mutations are identified with the currently used germline mutation detection
techniques. The sensitivity of the currently used germline mutation detection
techniques is at least 78% and probably near 100% in Lynch syndrome families
with a highly penetrant mutation. A minority of MSI positive tumors may be due to
germline mutations in MMR genes that cannot yet be detected. Such putative
mutations may confer a lower risk of cancers associated with Lynch syndrome for
relatives.
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Abstract
Mono-allelic germline mutations in mismatch repair (MMR) genes lead to Lynch syndrome, an
autosomal dominant syndrome with an increased risk of predominantly colorectal and endometrial
cancers Bi-allelic germline mutations in MMR genes predispose to hematological malignancies, brain
tumors, gastrointestinal tumors, polyposis and features of Neurofibromatosis type 1 in early childhood
We report a brother and a sister with bi-allelic germline mutations m MSH2, a pathogenic deletion of the
first 6 exons and an alteration of the initiation codon (c 1 A>G (p Met1 ?)), while their phenotypes (4
colorectal cancers, small bowel carcinoma and 15 adenomas at age 39 and 48, and colorectal cancer,
endometrial cancer and 4 adenomas at age 33 and 44, respectively) are more suggestive of a monoallehc pathogenic MMR gene mutation The carcinomas showed microsatellite instability in the presence
of MLH1, PMS2, MSH2 and MSH6 proteins, indicating that the variant c 1 A>G leads to an alternative
protein with reduced activity that is retained in the tumors
Our data suggest that the variant c 1A>G (p MefP) should not be considered as a regular pathogenic
mutation that leads to a strongly increased cancer risk, though it possibly contributes to a more severe
phenotype when combined with a truncating mutation on the other allele
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Introduction
Heterozygous germline mutations in mismatch repair (MMR) genes such as MLH1,
MSH2, MSH6 and PMS2 lead to Lynch syndrome (or hereditary nonpolyposis
colorectal cancer, HNPCC), a well-defined autosomal dominant cancer
susceptibility syndrome with high penetrance. Mutation carriers are at high risk of
developing colorectal and endometrial cancer and to a lesser extent cancer of
small bowel, stomach, ovary, ureter and hepatobiliary tract at an average age of
approximately 45 years 1. A hallmark of malignancies due to Lynch syndrome is
contraction/expansion of repetitive sequences in tumor DNA, known as
microsatellite instability (MSI).
Bi-allelic pathogenic germline mutations in MMR genes predispose to
hematological malignancies, brain tumors and gastrointestinal tumors in early
childhood and features of Neurofibromatosis type 1(NF1); especially café au lait
patches (for review see Felton et al 2). Patients with pathogenic bi-allelic MMR
gene mutations show microsatellite instability in gastrointestinal tumors 3"10. On the
contrary microsatellite stability has been observed in a central nervous system
tumor of a patient with bi-allelic MSH2 gene mutations suggesting a different
pathway to tumorigenesis 3. The clinical signs of NF1 in carriers of bi-allelic MMR
gene mutation carriers are attributed to somatic NF1 gene inactivation caused by
defective MMR 11 . Disruption of the NF1 gene might contribute to development of
malignancies. In accordance with the phenotype of MMR gene knock out mouse
models 12 all reported patients with pathogenic bi-allelic mutations in MLH1 and
MSH2 developed malignancies and died early. Bi-allelic mutations with residual
protein function may lead to development of brain, hematological or gastrointestinal
cancers in the second to fourth decades of life 2'13.
Interpretation of the consequences of mutations in MMR genes can be difficult.
Some mutations, encoding truncated proteins, are clearly pathogenic, but the
consequences of missense and silent mutations are less clear. We report two
relatives with Lynch syndrome associated malignancies developed in the fourth
and fifth decade that carry bi-allelic mutations in the MSH2 gene; a pathogenic
deletion of the first 6 exons (c.1-?_1076+?del) and a variant involving the initiation
codon (c.1 A>G (p.Metl?)). Observations in these relatives indicate that the variant
c.1A>G leads to a variant MSH2 protein, which probably has reduced activity.

Material and methods
Family data
Initially a 45-year-old healthy female was referred to the Department of Human
Genetics of the Radboud University Nijmegen Medical Centre for genetic
counseling because of the occurrence of colorectal cancer in her younger brother
and sister. The pedigree is shown in figure 1. Personal and family cancer histories
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were obtained. The medical history of the brother (111:2), sister (111:3) and father
(11:1) was confirmed by reviewing pathological reports.
Individual 111:2, the brother
The brother developed 3 synchronous colorectal carcinomas (in the cecum,
ascending colon and an unspecified location) and synchronous cancer in the ileum
(T3N1M0 stage NIB) at age 39. Fifteen synchronous adenomas were found of
which some showed high-grade dysplasia. A subtotal colectomy and partial
resection of the ileum was performed. Anamnestic no features of
Neurofibromatosis type 1 were present. Colonic surveillance was offered but
declined by the patient, as was physical examination. He developed a fourth
primary colorectal cancer at age 48.
Individual 111:3, the sister
The sister developed a colorectal cancer at age 33 in her cecum, T3N2M0 stage
NIC. A right-sided hemicolectomy was performed. An endometroid type endometrial
carcinoma without lymph node metastasis was diagnosed at age 44, treated with
radical surgery. Physical examination and periodic colonoscopies took place every
one to two years. At age 46 four adenomas with low-grade dysplasia were found in
the colon, 2 proximally and 2 distally located. Physical examination of the sister
(111:3) showed no signs of Neurofibromatosis type I, except for a large head
circumference (60 cm, +2.5 SD). Dermatological examination revealed several
lenticular maculae diagnosed as naevi without signs of café au lait spots, freckling
or neurofibromas.
Family history of cancer
The father had an excision of pre-auricular basal cell carcinoma at age 65. He died
of poorly differentiated non-small cell lung carcinoma at age 69. In his family
several relatives (paternal father, mother, uncle, aunt) possibly died of cancer,
none of them could be verified.
The mother is, besides orthopedic disabilities, healthy at age 80. Several of her
relatives died of non- Lynch syndrome associated cancer (3 brothers and the
mother).
Molecular studies
MSI analysis was performed in 4 colorectal, 1 small bowel and 1 endometrial tumor
using formalin-fixed paraffin embedded tissue essentially as described by
Hoogerbrugge et al14. Areas with 60% to 80% tumor cells were used for analysis.
The Bethesda panel of microsatellite markers 15 was used together with the
additional markers D1S158, D9S63, D18S58, D18S61, D8S199 and BAT40. The
instable dinucleotide markers were evaluated for the presence of limited instability
presented by the addition of only one dinucleotide repeat as described by Kets et
a/ 16 .
Immunohistochemistry (IHC) was performed using antibodies against MLH1
(Pharmingen code: 51-1327gr), PMS2 (Pharmingen code: 556415), MSH2

54

Limited consequence of a disrupted initiation codon

(Oncogene Research Products code: NA26), and MSH6 (Transduction
Laboratories code: G70220).
DNA extracted from peripheral blood lymphocytes of the sister (pedigree no 111:3)
was analyzed for MLH1, MSH2, and MSH6 mutations by a combination of
Denaturing Gradient Gel Electrophoresis (DGGE), sequence analysis and Multiplex
Ligation-dependent Probe Amplification (MLPA). Mutation analysis in the initial
counselee (pedigree no 111:1), brother (lll:2) and mother (ll:2) was performed by
sequence analysis of exon 1 and MLPA of the MSH2 gene.

Results
Lynch syndrome was suspected, because the pedigree (figure 1) revealed the
occurrence of early-onset and multiple Lynch syndrome associated cancers in two
first-degree relatives. Initially MSI analysis and immunohistochemical staining of
the MMR proteins was performed on cancer of the cecum of the sister (lll:3). The
results of the MSI analysis with the Bethesda markers 15 were inconclusive. Only
the marker D2S123 showed subtle instability. The marker BAT25 did not show
additional peaks in tumor DNA, but the pattern was shifted 2 bases to the left (table
1, figure 2). More markers were analyzed which resulted in overall judgment that
the colon tumor was MSI high, but with an microsatellite instability pattern different
from instability patterns usually seen in tumors of patients with mismatch repair
germline mutations. The immunohistochemical analysis of her colorectal tumor
showed staining of MLH1, PMS2, MSH2 as well as MSH6. Because of the MSI
high tumor without IHC results indicating which gene to analyze first, mutation
analysis of MLH1, MSH2 and MSH6 was performed in the sister (lll:3). A
pathogenic deletion of the first 6 exons (c.1-?_1076+?del) and a mutation of the
initiation codon (c.1A>G (p.Metl?)) in exon one of the MSH2 gene was found.
MSH2 mutation analysis in relatives showed presence of both mutations in the
brother (111:2), absence of both mutations in the initially referred counselee (111:1 )
and the healthy mother was shown to be a carrier of the c.1 A>G variant. To
examine whether instability was present in more tumors developed by the brother
(lll:2) and sister (lll:3) and to gain insight in the carcinogenesis of these tumors, 5
additional tumors were analyzed for MSI and IHC. All tested tumors of the sister
and the brother were MSI high (table 1 ). In total four times a BAT marker was
scored stable, although the pattern of the mononucleotide marker was shifted 1 or
2 bases to the left in tumor compared to normal DNA (figure 2).
Immunohistochemical staining of the MSH2 protein was weak and the
concentration of the antibodies was increased to improve the results. No difference
in staining intensity was observed between normal cells and tumor cells. MSH2
(figure 3a), MLH1 and PMS2 protein staining was observed in all tumors. MSH6
protein (figure 3b) was observed in 5/6 tumors, while judgment of the
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Figure 1 Pedigree
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immunohistochemical pattern was inconclusive in 1/6 MSH6 stainings. Additionally,
staining of all 4 MMR proteins was found by immunohistochemical analysis in 3
low-grade adenomas of the sister (lll:3).

Discussion
These findings show that overall the observed instability in tumors of our patients is
more subtle than generally observed in tumors of classical Lynch syndrome
patients. Only 9/18 (50%) of the mononucleotide markers BAT25, BAT26 and
BAT40 were obviously instable, whereas tumors of Lynch syndrome patients are
known to show instability in more than 95% of mononucleotides 1 7 1 8 . The
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Table 1 MSI and IHC results of subjects III 2 and III.3
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Figure 2 BAT25 MSI patterns of tumours of individuals 111:2 and 111:3.
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Figure 3 Examples of immunohistochemistry MSH2 and MSH6 in colorectal cancer
of individual 111:3.

A: Presence of MSH2 staining in Colorectal Cancer of individual 111:3
B: Presence of MSH6 staining in Colorectal Cancer of individual 111:3
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majority (42/47 (89%)) of interprétable dmucleotide markers showed instability In
colorectal cancer tissue, the addition of only one dmucleotide repeat was observed
relatively frequently (27% compared to 13% in CRC's of classical Lynch syndrome
patients 16)
The weak MSH2 staining in both normal and tumor tissues of both our patients
indicates that the allele with variant c 1 A>G generates a product which can be
recognized by the antibody against MSH2 Most likely an MSH2 protein with a
different N-termmus is produced due to the use of a second in frame initiation
codon, 26 codons downstream of the normally used initiation codon While the wild
type initiation codon has a strong Kozak sequence with a G at position -3 and a G
at position +4, the Kozak sequence of the alternative initiation codon is less strong
but still adequate with a G at position -3 and a C at position +4 19 In the ilial
carcinoma of III 2 instability of BAT26 is observed Since BAT26 is located in intron
5 of the MSH2 gene and thus is not present in the allele with the deletion of the first
6 exons, this underlines the presence of the c 1 A>G allele in that tumor All
together the instability patterns and immunohistochemical staining indicate that
malfunction of the mismatch repair occurs without somatic mactivation of the
c 1 A>G-allele This demonstrates that the activity of the variant c 1 A>G MSH2
protein is reduced
Neither of both sibs showed hematological malignancies, brain tumors or cafe au
lait spots Thus, compound heterozygosity for the pathogenic deletion of the first 6
exons and the variant c 1 A>G of the MSH2 gene in the two individuals in this report
is not associated with the phenotype that has been reported to be present in
individuals with bi-allehc pathogenic MMR gene mutations 2 The family history of
the mother, carrier of the c 1A>G variant, is not suggestive for Lynch Syndrome
Both the absence of a bi-allehc pathogenic MMR gene mutation phenotype and
lack of Lynch syndrome associated carcinomas in the maternal family suggest that
the effect of the c 1 A>G variant is not as severe as that of a truncating mutation
For that reason presymptomatic testing for the variant c 1 A>G is not offered to
relatives at the moment
Carnership of the pathogenic deletion is assumed m the deceased father His
family history is difficult to interpret since he is only-child His paternal family history
might be suggestive for a predisposition of cancer but this could not be verified
Two other mutations of the initiation codon of MSH2 have been described in 2
Scottish CRC patients (c 1 A>T 20 and c 1 A>C 21 and 1 undefined patient ( c 1A>C
22
) Both mutations were considered pathogenic20 21 In carriers of these initiation
codon mutations the tumor was not MSI-H and there was no family history of
colorectal cancer Moreover, immunohistochemical staining of MLH1, MSH2 and
MSH6 was positive in the CRC of the carrier of variant c 1 A>C21 This is in line with
our observation that the mutation of the initiation codon of the MSH2 gene does not
seem to lead to a classical Lynch syndrome phenotype
The family here reported shows that compound heterozygosity for the pathogenic
deletion of the first 6 exons and the variant c 1 A>G of the MSH2 gene is not
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associated with childhood tumors or major features of neurofibromatosis type 1.
The variant c.1 A>G results in a variant MSH2 protein, which most likely has
residual activity. This demonstrates that mutations of initiation codons, that are
generally considered to be pathogenic, should be interpreted with caution.
Moreover it illustrates the strength of studying the co-occurrence of mutations for
the interpretation of unclassified variants, which is becoming an increasingly
important subject in clinical molecular genetics.
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Abstract
Introduction Hereditary Non-Polyposis Colorectal Cancer (HNPCC) is caused by mutations in one of
the mismatch repair genes MLH1, MSH2, MSH6 or PMS2 and results in high-level microsatellite
instability (MSI-high) in tumors of HNPCC patients The MSI test is considered reliable for indicating
mutations in MLH1 and MSH2, but is questioned for MSH6
Methods Germlme mutation analysis was performed in 19 patients with an MSI-high tumor and
absence of MSH2 and/or MSH6 protein as determined by immunohislochemistry, without an MLH1 or
MSH2 mutation, and in 76 out of 295 patients suspected of HNPCC, with a non MSI-high colorectal
cancer (CRC) All 295 non-MSI-high colorectal cancers were analyzed for presence of MSH6 protein by
immunohistochemistry
Results In 10 patients with an MSI-high tumor without MSH2 and/or MSH6 expression, a pathogenic
MSH6 mutation was detected, while no pathogenic MSH6 mutation was detected in 76 patients with a
non-MSI-high CRC and normal MSH6 protein expression In none of the 295 CRC's loss of MSH6
protein expression was detected
Conclusion The prevalence of a germlme MSH6 mutation is very low in HNPCC suspected patients
with non-MSI-high colorectal cancer MSI analysis in colorectal cancers is highly sensitive to select
patients for MSH6 germlme mutation analysis
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Introduction
Hereditary Non-Polyposis Colorectal Cancer syndrome (HNPCC) is an autosomal
dominant inherited disorder predisposing to colorectal cancer and several other
cancers at an early age, including endometrial carcinoma. It is clinically suspected
by Amsterdam criteria and Bethesda guidelines ì^2. HNPCC is caused by mutations
in one of the mismatch repair (MMR) genes {MLH1, MSH2, MSH6 and PMS2) and
is characterized by tumors that show microsatellite instability (MSI). Failure of MMR
results in microsatellite instability especially in short repetitive sequences.
Molecular testing for HNPCC can be performed by testing tumors for MSI and
absence of MLH1, PMS2, MSH2 and/or MSH6 as determined by
immunohistochemistry, and germline mutation analysis of MMR genes.
In clinical practice MSI analysis is used as a prescreening tool to select families for
further analysis of MMR gene defects. Germline mutations in the MSH6 mismatch
repair gene account for approximately 15-30% of cases of HNPCC 3"5. However
MSH6 mutation carriers were reported to have tumors without an MSI high pattern
6 8
" , whereas in MLH1 and MSH2 mutation carriers almost all HNPCC associated
tumors show MSI 9 . The reliability of MSI analysis to select patients at risk for
MSH6 mutations is therefore questioned. Since germline mutation analysis and
immunohistochemistry of MMR proteins is almost exclusively initiated when MSI
analysis shows microsatellite instability, we might miss MSH6 germline mutations.
The aim of this study was to establish the prevalence of MSH6 mutations in
HNPCC suspected patients without microsatellite instability in their tumors to
investigate the value of MSI analysis to detect MSH6 mutations.

Material and methods
The study is based on 617 tumors of patients or their family members suspected of
HNPCC that visited our clinical genetics department in which MSI and subsequent
analyses were performed between 1997 until 2006 (figure 1). In the families
analyzed in our study MSI analysis is performed in the tumor of the youngest
relative available. All findings in this group that were available at 1-1-2006 are
included in this study. In 529 tumors of patients a reliable distinction between MSI
high and MSI stable/low could be made using the standard set of markers 10.
Immunohistochemistry of MMR proteins became available and was applied for
from 1999, in some cases retrospectively. Immunohistochemistry of the MSH6
protein was performed in all tumors regardless of MSI results.
Immunohistochemistry of all MMR proteins was performed in case of an MSI high
or MSI low tumor or when other tissue than colorectal cancer was tested, such as
endometrial cancer, gastric cancer, sebaceous carcinoma, urothelial cell carcinoma
and brain tumors \ We focused on two separate cohorts of patients; patients with
and without microsatellite instability in their tumor DNA. The pedigrees made as a
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part of the genetic counseling procedure were studied for fulfillment of Amsterdam
II criteria and Bethesda guidelines 1'2.
The study was performed according to the rules of the Medical Ethics Committee of
the Radboud University Nijmegen Medical Centre.
Molecular analysis
For MSI analysis normal and tumor tissues were extracted from formalin fixed and
paraffin embedded tissues. The Bethesda microsatellite panel D2S123, D5S346,
D17S250, BAT25, BAT2610 was used essentially according to methods described
previously 11. A tumor was considered MSI high when instability was found in > 2
out of 5 markers (n=91 ) and MSI stable or low in case of instability in < 1 out of 5
markers (n=438). In 178 samples the mononucleotide marker BAT40 was included
in the standard marker set. Immunohistochemistry (IHC) of the MMR proteins was
performed with the monoclonal antibodies against MSH6 (Transduction lab code:
G70220), MLH1 (Pharmingen code: 51-1327gr), PMS2 (Pharmingen code:
556415) and MSH2 (Oncogene code: NA26). Germline MSH6 mutation analysis of
the coding regions and splice sites of the MSH6 gene was performed with a
combination of sequence analysis (exon 1, splice acceptor site of exon 10), one
dimensional denaturing gradient gel electrophoresis (DGGE) (exons 2 up to and
including 10) essentially as described by Wu ef al12 and multiplex ligationdependent probe amplification (MLPA, MRC Holland) for the detection of exon
deletions and duplications (exon 1 to 10). Only changes located within 10
nucleotides of the coding region that have not been described as polymorphisms
before, are reported.
Patients with an MSI high tumor
MSH6 germline mutation analysis was performed in a group of 19 patients with
MSI high HNPCC associated tumors and loss of MSH6 expression in which MLH1
and MSH2 mutations were excluded. 9 of these tumors showed loss of MSH6
expression in the presence of MSH2 expression and 10 showed loss of both MSH2
and MSH6 expression, of which 2 were difficult to interpret and possibly also
showed loss of PMS2 expression. MSI patterns of HNPCC associated tumors of 12
MLH1, 22 MSH2 and 10 MSH6 mutation carriers were studied to compare the
instability patterns of tumors of patients with germline mutations in MSH6 to those
with germline mutations in MLH1 and MSH2.
Patients with a non MSI high tumor
363 non MSI-high HNPCC associated tumors (295 CRC) were analyzed out of 335
families. Patients most suspected of HNPCC were selected by fulfillment of at least
one of the following criteria; 1. age at diagnosis below 50 years, 2. first
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degree relative with an HNPCC related tumor or 3. second colorectal cancer. Of
the patients that fulfilled one or more of these criteria a subgroup of 89 patients, 76
of whom had CRC, and one first degree relative, were analyzed for MSH6 germline
mutations.
Statistical analysis
Categorical variables were compared with the use of the Fisher's exact test using
SPSS, version 12.0. A p-value of 0.05 is considered as threshold for statistical
significance.

Results
MSH6 mutation analysis in patients with an MSI high tumor
In a group of 19 patients with both an MSI-high HNPCC associated tumor and loss
of MSH6 expression, but no detectable defect in MLH1 or MSH2, 10 pathogenic
mutations in MSH6 were found in 9 families (table 1). Besides the 9 different MSH6
germline mutations found in patients with an MSI high tumor, 2 pathogenic
mutations in MSH6 were found in patients in whom MSI analysis could not be
performed. The mean age at diagnosis of the 11 index patients from the families
with a pathogenic MSH6 mutation was 44 years (range 36-57). The MSI analyses
in 9 of these index patients with an MSH6 mutation were performed on 4
endometrial, 4 colorectal and 1 urothelial cell cancer. All MSH6 mutation carriers
fulfill one or more Bethesda guidelines and in 64% of the families the Amsterdam II
criteria are fulfilled. In the MSH6 families endometrial cancers occur as frequently
as colorectal cancers.
Of the remaining 9 tumors with loss of MSH6 expression, 8 tumors also showed
loss of MSH2 expression of which 2 were difficult to interpret and possibly showed
loss of PMS2 expression as well, suggesting the presence of an as yet undetected
MSH2 (or PMS2) germline mutation. One tumor, a colorectal cancer developed at
age 53, exclusively showed loss of the MSH6 protein. In this female patient an
MSH6 variant c.2117T>C (p.Phe706Ser) was found of which the pathogenicity is
uncertain. She also carries a pathogenic mutation in BRCA2 (c.3269del
(p.Met1080fs)). The patients' mother carries the same MSH6 variant but not the
BRCA2 mutation. She was diagnosed with endometrial cancer at age 62. MSI
analysis and immunohistochemistry on her tumor were inconclusive.
Stability in one or more of the dinucleotide markers occurred significantly more
often in colorectal tumors of MSH6 than of MLH1 and MSH2 mutation carriers
(table 2). Stability of mononucleotide markers is uncommon in tumors of MSH6 as
well as MLH1 and MSH2 mutation carriers.
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Table 1 Characteristics of patients with a germlme mutation m MSH6
Tested
cancer &
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diagnosis
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Table 2 Results of the MSI analysis in MSH6, MLH1 and MSH2 mutation carriers
MSH6
mutation carriers

MLH1 and MSH2
mutation carriers

P-Value Fisher exact

1 or more of 3
dinucleotides* stable
CRC
Non CRC

4/5 (80%)
4/5 (80%)

4/22(18%)
1/6(17%)

0.017
ns

1 or more
mononucleotides* stable
CRC only
Non CRC

1/5 (20%)
0/5 (0%)

2/26 (8%)
0/6 (0%)

ηs
ηs

MSI pattern

* D2S123, D5S346, D17S250 #• BAT25, BAT26 η s not significant
MSH6 mutation analysis in patients with a non MSI high tumor
Immunohistochemical staining showed MSH6 expression in all 295 non MSI-high
colorectal cancers and in 67 out of 68 other non MSI-high HNPCC related tumors
(table 3).
A subgroup of patients with the highest suspicion of HNPCC, was tested for the
presence of MSH6 germline mutations. In none of the 76 patients with colorectal
cancer, nor in the 13 patients with other HNPCC related tumors a pathogenic
germline mutation in MSH6 was detected. One non MSI-high tumor of metastatic
tumor tissue (most probably derived from a CRC) of a deceased patient showed
loss of MSH6 expression, in presence of MLH1 and MSH2 expression. Because
mutation analysis could not be performed in the deceased patient, mutation
analysis in her brother was performed. No mutation in MSH6 was detected (table
4).
Silent variants c.3852G>A, c.2154C>T, c.1068T>C and c.3246G>T were found.
None of these are predicted to affect splicing and thus do not seem to have
functional consequences. The missense variant c.3101G>C (p.Arg1034Pro) that
was found in a female patient with colorectal cancer at age 43 might be
pathogenic. Since the carcinoma was not available the MSI and IHC analyses were
performed in an adenoma, which might have decreased the sensitivity of the
analyses. Segregation analysis in the family showed that her brother who had a
glioma, and the mother who had two sisters with anamnestic endometrial cancer
did not carry the MSH6 variant, making the pathogenecity of this variant less likely.
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Table 3 Overview of microsatellite stable/low tumors

Patient with non
MSI-high tumor
and loss of
MSH6
expression

Patients with
non MSI-high
tumors and
positive MSH6
expression

Selected group of patients with
non MSI-high tumors and
positive MSH6 expression
without a pathogenic mutation
in MSH6

295

76

171 (58%)

62 (82%)

67

13

15
3
4
1
1
7
1

3

34
1
34(51%)

10

Colorectal ca
Age < 50 yr
Other HNPCC related
neoplasia
Endometrial ca
Gastric ca
Sebaceous ca
Urothelial cell ca
Brain tumor
Metastatic tissue
Small bowel
Adenoma
Colon
Duodenum
Age < 50 yr

1

1a

0

9 (69%)

MSI = microsatellite mstability.HNPCC = hereditary non-polyposis colorectal cancer,
ca = cancera Mutation analysis in the patients' brother showed no MSH6 mutation
Table 4 MSI-test result and immunohistochemistry (IHC) protein expression pattern of
tumors from patients tested for the presence of a MSH6 germline mutation

MSI-high

MSI

MSI-stable/low

MSH6MSH2+
MLH1 +
PMS2+

MSH6MSH2MLH1 +
PMS2+

MSH6-#
MSH2-#
MLH1+#
PMS2-#

MSH6-

MSH6+

No pathogenic mutation
m MSH6

1Φ

6

2

1*

89

Pathogenic mutation in
MSH6

8

2

IHC

Φ with MSH6 variante 2117T>C (p Phe706Ser)# IHC difficult to interpret * mutation analysis was
performed in the patients' brother
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Discussion
In this study not one pathogenic germline MSH6 mutation was detected in HNPCC
suspected patients with a non-MSI-high colorectal cancer or HNPCC related tumor.
Previous studies suggested that the sensitivity of MSI analysis to predict an MSH6
mutation is low and that MSI should not be used as a selection criterion for MSH6
mutation analysis 12, finding microsatellite stable or low patterns in 17% up to 50%
5813
of HNPCC associated tumors of MSH6 mutation carriers. However careful
consideration of previous studies is required since part of the conclusions are
based on MSH6 missense mutations of unknown pathogenecity or testing a
sporadic tumor within an HNPCC family (a phenocopy) as suggested by positive
immunostaining of MSH6 in the tumor. These have an unfavorable effect on the
sensitivity of MSI analysis. In addition MSI analysis on endometrial cancer, the
most frequent tumor in female MSH6 mutation carriers might decrease its
sensitivity, since it is known that the instability in these tumors is generally less
pronounced 7'14.
MSH6 mutations result in a weaker mutator phenotype 15, which may be explained
by the major function of MSH6 to correct base-base mismatches and single
nucleotide deletion loops but not larger deletion loops 16 . Like in previous studies
1517
our study shows that mononucleotide markers but not dinucleotide markers
are sensitive to show instability in tumors of MSH6 mutation carriers. The
sensitivity of MSI analysis therefore depends on the microsatellite markers used.
Enlarging the standard (Bethesda) marker set 10 with a mononucleotide marker
(like BAT40) will increase the sensitivity of MSI analysis by minimizing the chance
of missing tumors with MSH6 inactivation. Since data on MSI analysis of other noncolorectal HNPCC related tumors with defective mismatch repair are insufficient,
we recommend additional IHC of MLH1, PMS2, MSH2 and MSH6 proteins when
MSI analysis is performed on non-colorectal HNPCC related cancers.
Immunohistochemical staining of mismatch repair proteins will also improve the
interpretation of MSI patterns when a low percentage of tumor cells or an adenoma
is tested or when only one mononucleotide marker shows instability (MSI-low).
When a patient is excluded from further HNPCC analysis based on a non MSI-high
pattern in tumor DNA, a second MSI analysis in the family should always be
considered to avoid missing a germline mutation because of an initial test in a
phenocopy.
From previous studies we know, that in MSH6 mutation carriers colorectal cancer
occurs at older age than in MLH1 and MSH2 mutation carriers 7. In our study, the
patients with MSI stable/low tumors that were analyzed for MSH6 mutations were
mainly diagnosed before the age of 50. This selection is not expected to have a
large influence, because MSI analysis in the families in our study is performed in
the tumor of the youngest relative available. The mean age of diagnosis in MSH6
mutation carriers is above 50, but the occurrence of 1 relative below 50 is expected
to be present in most of the MSH6 families. The pedigrees of the diagnosed MSH6
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families in our study all contained an affected relative diagnosed below 50 years of
age.
The prevalence of MSH6 mutation carriers in HNPCC suspected colorectal cancer
patients is low, as is demonstrated by the fact that we detected an MSH6 mutation
in only about 1 % of these patients. All these mutations were found in patients with
an MSI-high tumor. Data from previous studies 3'5"B show that approximately 15%
of colorectal tumors of MSH6 mutation carriers do not have an MSI high pattern,
whereas they do show loss of MSH6 expression and thus might be the result of the
MSH6 germline mutation. On the other hand, approximately 5% of colorectal
tumors of MSH6 mutation carriers do show neither an MSI high pattern nor loss of
MSH6 expression and thus might have arisen independent from the genetic
background of the carrier. Based on our finding of the low incidence of MSH6
mutations in HNPCC suspected CRC patients and the percentage of non-MSI-high
tumors in MSH6 mutation carriers from the literature, the probability of missing a
mutation by not performing mutation analyses in patients with non-MSI-high CRCs
is expected to be extremely low. This is confirmed by the fact that we did not find
any non-MSI-high colorectal cancer with loss of MSH6 expression, nor a germline
MSH6 mutation in any of the patients with a non-MSI-high tumor. Our findings
show that MSI analysis is highly suited to trace CRC of carriers of MSH6 germline
mutations.
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Abstract
A high degree of microsatellite instability in colorectal cancer is a hallmark of Hereditary Non Polyposis
Colorectal Cancer, caused by germlme defects in the mismatch repair genes. A low degree of instability
(less than 30% of the microsatellites) is seen in a subset of tumors To clarify the significance of this low
degree of microsatellite instability phenotype, we studied the differences between patients with
colorectal tumors with high level, low level and no microsatelhte instability
Colorectal tumors with no (n=68) and low level (n=18) microsatellite instability of patients clinically
suspected of Hereditary Non Polyposis Colorectal Cancer were compared to colorectal tumors with high
level microsatellite instability (n=12) of patients that carry a pathogenic germlme mutation in a mismatch
repair gene Compared to tumors with no microsatellite instability, tumors with low level microsatellite
instability were classified more frequently as stage T3 or T4 (100% versus 68% respectively), and
showed less immune response (p=0 02) No significant differences in familial colorectal cancer risk were
found by comparing pedigrees of these two groups of tumors Compared to the group of tumors with
high level microsatellite instability, the group of tumors with low level microsatellite instability had a less
suspicious family history, a higher percentage of lymph node metastasis (56% versus 17%), and less
immune response Thus, with respect to genetic risks, familial colorectal cancer can be divided into two
groups Tumors with high level microsatellite instability and tumors with low level or no microsatellite
instability. However, tumors with low level microsatellite instability show unfavorable pathological
characteristics compared to tumors with no and tumors with high level microsatellite instability These
differences suggest a distinct underlying biology of colorectal cancer with low level microsatellite
instability
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Introduction
Hereditary Non-Polyposis Colorectal Cancer (HNPCC) is caused by a defect in one
of the mismatch repair (MMR) genes (e.g. MLH1, MSH2, MSH6, and PMS2).
Failure of the DNA mismatch repair system causes microsatellite instability (MSI) in
tumors of HNPCC patients. MSI analysis is used to select patients for germline
mutation analysis of the MMR genes. When only a small number of the tested
markers shows instability (less than 30%) the tumor is considered MSI low 1. In
clinical practice both the MSI low group and the microsatellite stable (MSS) group
are considered as being not suspicious of HNPCC. However, the significance of
MSI low is not well understood. Although the existence of a defined class of MSI
low tumors is questioned 2, there are studies that show molecular differences
between MSI low and MSS tumors e.g. a higher KRAS mutation rate3"5, less
frequent loss of heterozygosity of 5q 3, a higher rate of MGMT promoter
hypermethylation 5 and distinct gene expression profiles in microarray experiments
6
. Moreover, MSI low tumors may confer a worse prognosis 78 . Little is known
about the histopathological features of familial MSI low tumors. To clarify the
importance of MSI low status in colorectal tumors of patients suspected of HNPCC,
tumors were classified as MSI low or MSS according to strict criteria.
Subsequently, the different groups were compared with regard to family history,
dinicopathological and molecular features. In this study MSI high colorectal tumors
of MMR mutation carriers were used as reference.

Material and Methods
Patient selection and family history
In total, 177 colorectal cancer patients clinically suspected of HNPCC, attending
our hereditary cancer clinic between July 2002 and September 2004, were studied.
In these families MSI analysis was performed in the tumor of the youngest patient
available. When MSI analysis was performed in more than one tumor within a
family, only the tumor of the youngest family member was included in the analysis
of the family history. The family history was studied for fulfillment of Amsterdam
criteria 9 and modified Bethesda guidelines 2001 10. Inheritance patterns were
divided in (1) autosomal dominant (AD), defined as first degree relatives with
colorectal cancer (CRC) in two or more generations, (2) AD with reduced
penetrance defined as 2 or more non first degree relatives with CRC and (3)
autosomal recessive (AR) which is defined as two or more first degree relatives
with CRC in one generation. The study was performed according to the rules of the
Medical Ethics Committee of the Radboud University Nijmegen Medical Centre.
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Molecular testing
MSI analysis was performed with the Bethesda microsatellite panel D2S123,
D5S346, D17S250, BAT25, BAT26 1 using methods described previously 11.
Normal and tumor tissues were extracted from formalin fixed and paraffin
embedded tissues. Microsatellite instability in MSI low tumors is often confined to
the addition of a single dinucleotide repeat (fig. 1A). If the alleles of a given marker
differ only one repeat, the pattern of the addition of a single dinucleotide repeat to
the smaller allele can not be discriminated from that of Loss of Heterozygosity of
the smaller allele (fig 1C). Therefore, these markers were scored as nonconclusive. A tumor was regarded as MSS when all 5 markers were classified as
stable. A tumor was considered MSI low when 1 dinucleotide marker showed
microsatellite instability. In such a case 5 extra markers were tested. Extending the
number of markers never resulted in reclassification of these tumors as MSI high.
Only MSI high tumors of patients with a germline mutation in one of the mismatch
repair genes were used in this study. The pathogenic germline mutations in the
MSI high group consisted of 6 MLH1 mutations, 5 MSH2 mutations and 1 MSH6
mutation. In one deceased patient with an MSH2 mutation the germline mutation
was concluded from mutation analysis of affected family members. All MSI high
tumors showed microsatellite instability in at least 3 of the standard markers.
Of the 177 colorectal cancers, 93 could be classified unambiguously using these
criteria. 84 tumors were excluded; 69 non MSI high tumors because one or more
markers were not interprétable and 15 MSI high tumors were excluded because a
MMR mutation was not found at that moment. The MSI low group was enlarged
with all 5 tumors that could be unambiguously classified as MSI low tumors from
the subset of tumors of HNPCC suspected patients tested between 1998 and June
2002. A total of 98 CRC tumors (18 MSI low; 68 MSS and 12 MSI high) were
included for further analysis.
Immunohistochemistry (IHC) of MLH1, PMS2, MSH2 and MSH6 was performed on
53 available tissue blocks, including 10 MSI low tumors, 36 MSS tumors and 7 MSI
high tumors using monoclonal antibodies against MLH1 (Pharmingen code: 511327gr)l PMS2 (Pharmingen code: 556415), MSH2 (Oncogene code: NA26) and
MSH6 (Transduction lab code: G70220).
Clinicopathological features
Data relating to cancer site, depth of invasion and nodal spread were obtained
from pathological records, using the current (2002) TNM staging system. Rightsided colon cancer was defined as located proximal to the splenic flexure.
Morphology is reviewed by a single experienced pathologist (J.H.J.M. ν Κ.) using
Haematoxylin and Eosin (H&E) sections. The following additional pathological
parameters were scored;
1 ; Tumor differentiation: well, moderate, or poor, according to WHO criteria 12 2;
Growth pattern: infiltrative partly circumscribed (<50%) or extensively
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Figure 1 Genescan patterns of microsatellite markers of three pairs of normal (N) and
corresponding tumor (T) tissue
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1A Example of a characteristic MSI pattern in a MSI low tumor with addition of only one dinucleotide
repeat
1B Example of an obvious MSI pattern
1C Example of an unclear instability pattern, increase in allele 207 can be caused by an addition of 1
dinucleotide to or loss of allele 205
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circumscribed (>50%), 3; Crohn's like lymphoid reaction: discrete lymphoid
aggregates at the outside of the muscularis propria; no, moderate, or extensive,
using criteria defined by Graham et al13, 4; Mucinous differentiation: none (0%),
moderate (< 50%), or extensive (> 50%), 5; Lymphangioinvasive growth: none,
focal, or extensive, 6; Amount of individual lymphocytes in the tumor: presence of
intraepithelial lymphocytes; few, intermediate or many, as described by van den
Bos ef al14, 7; Amount of peritumoral lymphocytes: cap or mantle of lymphocytes
surrounding the invasive front; no, partially or complete, 8; Amount of intertumoral
lymphocytes: lymphocytes between tumor glands; few, intermediate or many.
To compare MSS, MSI high and MSI low tumors the pathological parameters are
subdivided in two categories. For tumor differentiation, a subdivision is made in
well differentiation and moderate to poor differentiation. For Crohn's like lymphoid
reaction, lymphangioinvasive growth, intra-epithelial lymphocytes, peritumoral
lymphocytes and intertumoral lymphocytes, the scores are divided in presence or
absence. For mucinous differentiation only the score extensive (> 50%) is counted
as presence, thus representing mucinous carcinoma.
Statistical analysis
Patient and family characteristics:
Independent sample Γ-tests and one way ANOVA's with Bonferroni correction for
multiple testing were used to compare mean values of continuous variables in
different groups. Two-group-comparisons of dichotomous variables were done with
Fisher exact tests only for variables for which logistic regression revealed
significant differences between the three groups.
Clinicopathological features:
Comparisons of MSI low and MSS tumors on dichotomous variables were done
with Fisher exact tests. For the 4 items reflecting immune response (Crohn's like
lymphoid reaction, intra-epithelial, peritumoral and intertumoral lymphocytes)
multiple analysis by Generalized Estimation Equation (GEE) was performed to
compare the MSI low group and the MSS group.
P-values < 0.05 are considered to indicate significance. For GEE analysis we used
SAS version 8.0, all other analyses were performed using SPSS, version 12.0.

Results
Patient and family characteristics
In 5 families 2 family members were included; in 2 families one patient had an MSI
low tumor and the other an MSS tumor, in 3 families both patients had an MSS
tumor. For pedigree analysis only the youngest tested patient was included. The
mean age of colorectal cancer diagnosis was 48 years [range 23-72 years] with 56
males (60%). The mean age of the youngest relative in the family with CRC was 45
years [range 23-70] and the mean age of CRC diagnosis of all relatives with CRC
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was 53 years [range 23-74]. A family history of colorectal cancer was present in 79
patients (85%). In 32 of these families the Amsterdam criteria were fulfilled. In table
1 and 2 the characteristics are described for the MSI low, MSS and MSI high
groups separately.
There were no significant differences between the MSI low and MSS group in
fulfilling Amsterdam criteria and Bethesda guidelines. Although a second HNPCC
related tumor (Bethesda guideline A) and age at diagnosis below 50 years
(Bethesda guideline C) occurred more often in the MSI low group as compared to
the MSS group, these differences did not reach statistical significance. In all groups
an autosomal dominant inheritance pattern was most frequent. The inheritance
patterns of the MSI low group and MSS group are comparable. Both MSI low and
MSS groups had a less suspicious family history as compared to the MSI high
group, fulfilling the Amsterdam I and II criteria significantly less often. Additionally
the mean age at diagnosis of all relatives with CRC and of the mean age of the
youngest relative with CRC in the family is significantly higher than in the MSI high
group.
Clinicopathological features
Thirty (31 %) tumors were localized at the right of the colon. The minority was well
differentiated (11%) with 33% showing a circumscribed growth pattern. No
differences were found between the MSI low and MSS groups in mucinous
differentiation grade and growth pattern. The MSI low tumors showed a lower
amount of tumor infiltrating, peritumoral and intertumoral lymphocytes (p=0.043) as
compared to MSS tumors (Table 3, Figure 2). GEE analysis showed a significantly
lower anti-tumor immune response, reflected by the items tumor infiltrating,
peritumoral and intertumoral lymphocytes and Crohn like lymphoid reaction, of MSI
low tumors compared to MSS tumors (p=0.02). The MSI low tumors tended to have
positive lymph nodes more often (figure 3) and had a higher T-grade (p= 0.004).
Both MSI low and MSS tumors were better differentiated, less often mucinous,
showed less lymphocytic reaction and had more often lymph node metastasis
compared to MSI high tumors.
Molecular features
In the MSI low group the dinucleotide repeat marker D5S346 showed instability in
6%, D17S250 in 39% and D2S123 in 56% of tumors. In the MSI high group each
dinucleotide marker showed instability in 90 to 92% of tumors. The nature of the
instability pattern is different between the MSI low and MSI high group (figure 1A
and B). Addition of only one dinucleotide repeat is seen in 78% of instable
dinucleotide repeat markers in the MSI low group, but in only 13% of those in MSI
high tumors (figure 1A).
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Table 1 Patient and family characteristics

MSI low
n=16

Male
Amsterdam 1 + '
Amsterdam II + '
Bethesda A + '
Bethesda Β + '
Bethesda C + '
Familial CRC

MSS
n=65

No

%

No

12
3
4
4
8
11
14

75
19
25
25
50
69
88

38
13
18
10
31
39
53

MSI high
n=12

58
20
28
15
48
60
82

No

%

6
8
10
4
10
9
12

50
67
83
33
83
75
100

Ρ value logistic
regression
Wald test

0 368
0.008
0.006
0 303
0111
0 550
0 854

Ρ values for pair wise comparison
Fisher exact
MSI low
vs
MSS

MSI low
vs
MSI high

1 000
1 000

0 019
0 006

Non MSI high
vs
MSI high
0 532
0.002
<0.001
0 238
0.030
0 525
0 202

OO

Inheritance
n=14
n=53
n=12
2
7
24
67
0 421
0 225
AD
50
45
6
43
25
47
33
0 683
0 533
AD red penetrance i
4
8
0
0 999
1 000
AR'
1
7
Amsterdam I criteria Three or more relatives with histologically verified colorectal cancer, one of whom is a first-degree relative of the other two,
involving at least 2 generations and one or more cancer cases diagnosed before the age of 50 (FAP should be excluded) Amsterdam II criteria
Three or more relatives with an HNPCC-associated cancer (colorectal cancer, cancer of the endometrium, gastric carcinoma, ovarian carcinoma,
cancer of small bowel, brain, ureter, renal pelvis, carcinoma of the brain, hepatobiliary tract or sebaceous tumors), one of whom is a first-degree
relative of the other two, involving at least 2 generations and one or more cancer cases diagnosed before the age of 50 (FAP should be excluded and
tumors should be verified whenever possible) Bethesda A Individuals with 2 HNPCC-related cancers, including synchronous and metachronous
colorectal cancers or endometrial, ovarian, gastric, hepatobiliary, small bowel cancer and transitional cell carcinoma of the renal pelvis or ureter
Bethesda Β Individuals with colorectal cancer and a first-degree relative with colorectal cancer and/or HNPCC-related extracolonic cancer and/or a
colorectal adenoma, one of the cancers diagnosed at age < 50 years, and the adenoma diagnosed at age < 40 years Bethesda C Individuals with
colorectal cancer or endometrial cancer diagnosed at age < 50 years
' Inheritance patterns AD autosomal dominant, First-degree relatives with colorectal cancer in two or more generations AD red penetrance
autosomal dominant with reduced penetrance, CRC in 2 or more relatives, not all relatives are first-degree relatives AR autosomal recessive, 2 or
more first-degree relatives with CRC in 1 generation

Table 2 Age at diagnosis of patients and relatives

MSI low
n=16

MSS
n=65

MSI high
n=12

Ρ Values 1-way Anova
{mean difference in years}
[95 % confidence interval]

years

range

years

range

years

range

Comparison
MSS, MSI low,
MSI high

Mean age at diagnosis

49

33-71

49

23-71

45

27-72

0 537

0 264

Mean age at diagnosis
all family members with
CRC

53

33-74

54

23-72

47

37-56

0 128

0.045
{6 8 yrs }
[0 2-13 4]

Mean age at diagnosis
youngest family
member with CRC

46

33-64

46

23-70

37

27-54

0.016

oo

MSI low
vs
MSS

MSI low
vs
MSI high

Independent
Sample T-test

Non MSI high
vs
MSI high

-vl

1 000

0.04
{9 3yrs}
[0 3-18 2]

0.004
{8 7 yrs}
[2 8-14 5]
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Table 3 Tumor characteristics

No.

%

No.

%

Ρ Value
MSI low
vs.
MSS
Fisher exact

Right tumor localization

4/18

22

20/68

29

0.769

6/12

50

Well differentiated

2/18

11

9/62

15

1.000

0/12

0

Mucinous differentiation

2/18

11

8/59

14

1.000

3/12

25

Circumscribed growth pattern

7/18

39

20/59

34

0.780

5/12

42

Crohn like lymphoid reaction

10/18

56

33/54

61

0.783

6/12

50

Intra-epithelial lymphocytes

0/18

0

9/61

15

0.110

6/12

50

Peritumoral lymphocytes

5/18

28

28/58

48

0.175

8/12

67

Intertumoral lymphocytes

2/18

11

24/61

39

0.043

5/12

42

Lymphangoinvasive growth

7/18

39

15/59

25

0.371

2/12

17

Lymph node metastasis

10/18

56

27/53

51

0.790

2/12

17

T-grade T3 &T4

18/18

100

41/60

68

0.004

10/12
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Figure 2 Morphology
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MSI high
No.

%

Unfavorable pathology MSI-low

A: Intra-epithelial (tumor infiltrating) lymphocytes (t) in MSI high tumor of patient with pathogenic
mutation in MLH1 (H&E χ 625)
Β: inter (i)- and peri(p)tumoral lymphocytes in MSS tumor (H&E χ 62.5)
C: Crohn 's like lymphoid reaction (c) in MSI low tumor (H&E χ 35)

Figure 3
Presence of lymphocytes, lymph node metastasis and lymphangioinvasive growth

Figure 3
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Thirty-six MSS and 10 MSI low tumors were available for immunohistochemical
staining: No loss of staining of MLH1, PMS2, MSH2 or MSH6 was found. In some
cases weak or heterogeneous staining of the proteins was seen, most frequently of
MLH1 and MSH6 proteins. To investigate whether (partial) hypermethylation of the
MLH1 promoter could explain the MLH1 staining variability, additional methylation
analyses of MLH1 promoter was performed in 2 MSI low and 5 MSS tumors. No
hypermethylation of the MLH1 promoter was found. This was also the case in 3
MSI low and 1 MSS tumors with strong staining of the MLH1 protein (data not
shown). We conclude that the staining variability was not due to MMR gene
defects. In the 7 available MSI high tumors the immunohistochemical pattern was
in concordance with the germline mutations.

Discussion
In our study of familial CRC, MSI low tumors more frequently have a high T-grade,
lymph node metastasis and lymphangio-invasive growth, as compared to MSS
tumors. Additionally MSI low tumors show a lower anti-tumor immune response
(lack of intra-epithelial, peritumoral and intertumoral lymphocytes and Crohn's like
lymphoid reaction), a known marker for worse prognosis 15'16. These data may
explain the worse prognosis of MSI low tumors that was shown in the studies of
Kohonen-Coris 7 and Wright8. Data on survival are not available in our study. In
contrast to previous studies on sporadic tumors 8'17'18i we found differences in
clinicopathological features between MSI low and MSS tumors. This may be
explained by the fact that we focused on familial colorectal cancers, which might
generate groups with more homogeneous etiologies.
The family history in the MSI low group is comparable to that in the MSS group.
Individual patient characteristics that might be indicative for a genetic susceptibility,
like a synchronous or metachronous tumor development and colorectal cancer at
young age occur slightly more often in the MSI low group than in the MSS group.
The fact that the MSI low group has a less suspicious family history than the MSI
high group, underlines that there is no need to change the current practice in
genetic counseling, which makes no difference in risk estimation for HNPCC
between MSI low and MSS tumors.
In this study the standard panel of five microsatellite markers 1 is used to
distinguish between MSI high, MSI low and MSS tumors. According to the
guidelines a tumor is designated MSI low if only one of the five markers shows
instability. The MSS tumors only included those in which all markers could
unambiguously be characterized as stable. Despite of this, in the MSS group
additional MSI low tumors will still be present, which would have become apparent
when more markers would have been tested 1 9 · 2 0 . Despite of the contamination of
the MSS group with MSI low tumors, differences in pathological features between

90

Unfavorable pathology MSI-low

MSI low and MSS tumors were observed. This emphasizes that MSI low tumors
form a separate entity within the group of familial colorectal cancers.
MSI low tumors differ significantly from MSI high tumors both in the number of
instable repeats and the degree of instability of a given microsatellite repeat, which
is much less in MSI low tumors than in MSI high tumors. Like has been noticed
before 21, in MSI low tumors the instability is predominantly limited to the addition of
only one dinucleotide repeat, suggesting an underlying mechanism that is distinct
from the mismatch repair defects that are involved in HNPCC. It has been
suggested that hypermethylation of the promoter of the 06-methylguanine
methyltransferase gene (MGMT) might be involved in the generation of MSI low
tumors 5. However, this could not be confirmed by others 22 and the etiology of MSI
low tumors is not understood thus far.
In conclusion MSI low and MSS tumors are comparable with respect to family
history, but MSI low tumors show unfavorable pathological characteristics as
compared to MSS as well as MSI high cancers. This indicates a distinct underlying
biology of MSI low colorectal cancer.
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Abstract
Most colorectal cancers show either microsatelhte or chromosomal instability A subset of colorectal
cancers, especially those diagnosed at young age, is known to show neither of these forms of genetic
instability and thus might have a distinct pathogenesis Colorectal cancers diagnosed at young age are
suggestive for hereditary predisposition We investigate whether such early-onset microsatelhte and
chromosomally stable colorectal cancers are a hallmark of a genetic susceptibility syndrome
The ploidy status of microsatelhte stable (familial) colorectal cancers of patients diagnosed before age
50 (n=127) was analyzed in relation to the histopathological characteristics and family history As a
control the ploidy status of sporadic colorectal cancer, with normal staining of mismatch repair proteins,
diagnosed at the age of 69 years or above (n=70) was determined A diploid DNA content was used as
a marker for chromosomal stability
Within the group of patients with (familial) early onset microsatelhte stable colorectal cancer the
chromosomally stable tumors did not differ from chromosomally unstable tumors with respect to mean
age at diagnosis, fulfillment of Amsterdam criteria or pathological characteristics Segregation analysis
did not reveal any family with microsatelhte and chromosomally stable colorectal cancer in 2 relatives
The prevalence of microsatelhte and chromosomally stable colorectal cancer was not significantly
different for the early and late onset group (28% and 21%, respectively)
We find no evidence that early-onset microsatelhte and chromosomally stable colorectal cancer is a
hallmark of a hereditary colorectal cancer syndrome
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Introduction
Of the approximately 25% of colorectal cancers (CRC) that occur in a familial
setting around 10% is caused by a known hereditary syndrome predisposing to
CRC e.g. Lynch syndrome (Hereditary Non-Polyposis Colorectal Cancer, HNPCC).
It is expected that a part of the unexplained familial CRCs have an as yet unknown
1
genetic basis . This gives serious limitations to actual disease prevention and
follow-up for patients and their relatives, especially when the colorectal cancer is
diagnosed below the age of 50 years, which is suggestive for hereditary
predisposition.
Two forms of genetic instability are recognized in colorectal cancer: microsatellite
instability (MSI) and chromosomal instability (CIN). MSI is associated with defective
mismatch repair and encompasses accumulation of repeat length alterations in
repetitive DNA sequences called microsatellites. In CRC with MSI these slippage
induced mutations are seen in coding regions of specific genes that are involved in
tumor progression. Lynch syndrome is caused by a germline mutation in a DNA
mismatch repair gene 2'3 and is characterized by MSI, leading to a high
susceptibility to CRC and other cancers (e.g. endometrial cancer) and an early age
at diagnosis. Early onset colorectal cancers show MSI in approximately 13% of
cases 4 . Among these early onset colorectal cancers showing MSI, most occur in
the context of Lynch syndrome 5. Some are sporadic and are caused by
methylation and silencing of the promoter of the DNA mismatch repair gene MLH1
6
. Chromosomal instability (CIN) represents the other documented pathway for
colorectal cancer progression and is characterized by multiple chromosomal
rearrangements and an aneuploid DNA content 7 .
A subgroup of colorectal cancers, however, neither shows MSI nor CIN 8"14. Since
development of colorectal cancer requires multiple somatic mutations in a diversity
of genes, microsatellite and chromosomally stable tumors must have accumulated
such somatic mutations due to a mechanism different from CIN and MSI. These
microsatellite and chromosomally stable tumors might be particularly important in
unsolved familial colorectal cancer cases since they have been reported to occur
predominantly in young patients 12'15 or in patients with a positive family history 16.
This suggests germline transmission of genetic susceptibility for microsatellite and
chromosomally stable CRC amongst early onset colorectal cancer patients.
Clinically, microsatellite and chromosomally stable tumors might behave differently
compared to microsatellite stable and chromosomally unstable tumors although
data are conflicting. A favorable prognosis of microsatellite and chromosomally
stable tumors in patients with Astler-Coller stage B2 and C colon cancer has been
documented 17. Yet other studies found that microsatellite and chromosomally
stable tumors are associated with the presence of metastasis at the time of
diagnosis 9, indicating aggressive behavior, especially in absence of ΓΡ53
mutations in the tumor 1 .
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Identification of the hereditary cancers among early-onset colorectal cancer might
improve the detection of persons at high risk of colorectal cancer and facilitate the
search for the underlying genetic defect. In this study we investigate whether earlyonset microsatellite and chromosomally stable colorectal cancers are a hallmark of
a genetic susceptibility syndrome.

Materials and Methods
Patients with early onset CRC
We focused on patients with colorectal cancer diagnosed at or before age 50. We
only included patients with a microsatellite stable/low CRC, making Lynch
syndrome very unlikely. The patients or their relatives were referred by physicians
to the clinical genetics department because of the suspicion of Lynch syndrome.
After counseling at the department of Human Genetics of the Radboud University
Nijmegen Medical Centre, molecular tests for Lynch syndrome were performed as
described by Overbeek et al18. Patients were excluded in case of an MSI positive
tumor, a known pathogenic mutation in MLH1, MSH2, MSH6, PMS2, APC,
MUTYH, BRCA1 or BRCA2 in case the phenotypes or family history gave rise to
analyses of these genes, and patients with an excessive amount of adenomas (>
10) suggestive of polyposis. When molecular analyses were performed in more
than one patient within one family only the youngest patient was included. Of 237
referred CRC patients diagnosed at or before age 50, MSI analysis was
interprétable in 209 tumors of which 166 were microsatellite stable/low. One
hundred and twenty seven out of 166 microsatellite stable/low tumors were
available for DNA flow cytometry.
The pedigrees drawn as a part of the genetic counseling procedure were analyzed
for fulfillment of Amsterdam criteria and Bethesda guidelines 19,20. Inheritance
patterns were divided in (1 ) autosomal dominant (AD), defined as first degree
relatives with colorectal cancer (CRC) in two or more generations, (2) AD with
reduced penetrance defined as 2 or more non first degree relatives with CRC and
(3) autosomal recessive (AR) which is defined as two or more first degree relatives
with CRC in the same generation.
In 22 families additional colorectal cancer tumors of relatives (n=26) and 3
additional metachronous or synchronous CRC were analyzed by DNA flow
cytometry and microsatellite instability analysis. Permission for the study was
granted by the Medical Ethics Committee of the Radboud University Nijmegen
Medical Centre.
Control group of patients with sporadic colorectal cancer
A control group was formed by 95 patients with sporadic colorectal cancer
diagnosed at age 69 years or above, who had surgery for primary colorectal cancer
in the Radboud University Nijmegen Medical Centre from 1995 until 2005.
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MSI analysis
Normal and tumor colorectal cancer tissues were collected from different hospitals
in the Netherlands. DNA was extracted from formalin fixed and paraffin embedded
tissues. The microsatellite panel D2S123, D5S346, D17S250, BAT25, BAT2621
was used essentially according to methods described previously22. A tumor was
considered MSI stable/low when > 4 markers out of 5 showed a microsatellite
stable pattern. When < 4 markers were interprétable, additional markers (BAT40,
D1S158, D3S1298, D8S199, D9S63, D18S58, D18S61) were tested. In those
cases a tumor was considered MSI stable/low when less than 30% of the tested
markers showed instability.
Immunohistochemistry of the MMR proteins
Tissue microarrays (TMA's) were assembled from formalin-fixed paraffinembedded tissues of sporadic colorectal cancer patients who underwent surgical
resection in the Radboud University Nijmegen Medical Centre using a 2.0 mm
diameter punch (Beecher Instruments, Silver Spring, MD). TMA slides were stained
with antibodies against MLH1 (Pharmingen code: 51-1327gr), PMS2 (Pharmingen
code: 556415), MSH2 (Oncogene code: NA26) and MSH6 (Transduction lab code:
G70220). The staining intensities were evaluated comparing staining intensity of
tumor cells to normal epithelial, stromal or inflammatory cells (internal control)
within one punch. A staining pattern of a TMA punch was considered negative
when absence of staining in tumor cells was observed in the presence of staining
of internal control cells. A microsatellite stable pattern was assumed when
presence of all 4 MMR proteins was observed.
DNA flow cytometry
Flow cytometry was performed on microdissected material of 50 pm sections
containing at least 40% tumor cells as determined on HE stained 4 pm sections
from either side of the 50 pm section. The paraffin embedded tissue was
deparaffinized, rehydrated, ezymatically disintegrated with pepsine and the nuclei
in suspension were stained with propidium iodide (PI). Measurement of DNA ploidy
was analyzed on an EPICS Elite flow cytometer (Coulter, Luton, UK). An air cooled
argon ion laser with a wavelength of 488 nm set at 15 mW was used for PI
excitation. Fluorescence was measured using a 630 nm long pass filter. Forward
and right angle light scatters were used to set a gate including nuclei but excluding
as much debris as possible. A second gate set on peak area and height of the PI
fluorescence was used to further define the single nuclei population. Data were
collected in listmode and acquisition was generally stopped at 20 000 events.
Criteria for flow cytometrical analysis were adapted from the European Society for
Analytical Cellular Pathology guidelines 23. Data were analyzed for ploidy using
dedicated ModFIT software (Verity Software House, Topsham, USA). A sample
was considered diploid when the DNA histogram showed 2 peaks, one
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representing the GoGi phase of the cell cycle with a coefficient of variation below
10, and one representing the G2M phase in less than 20% of cells. The relative
DNA content of DNA aneuploid cells compared to diploid cells is reflected by the
DNA index. A tumor is defined as chromosomally stable in case of a diploid DNA
content (DNA-index = 1) and as chromosomally unstable when the tumor has an
aneuploid DNA content (DNA-index is < 0.8 or > 1.2). Examples of DNA
flowcytometry results of a diploid and aneuploid CRC are given in figure 1.
Samples with a DNA-index between 0.8 and 0.99 and 1.01 and 1.2 are regarded
as near diploid.
Clinicopathological features
Pathological records were studied using the 2002 edition of the TNM staging
system. Right-sided colon cancer was defined as proximal to the splenic flexure.
Morphology of the group of patients with early onset CRC was reviewed by an
experienced pathologist (J.H.J.M. v. K) using Haematoxylin and Eosin (H&E)
slides. The following morphological parameters were scored and divided in two
groups; 1. Tumor differentiation: well or moderate to poor; 2. Growth pattern:
diffuse or circumscribed; 3. Crohn's like lymphoid reaction (discrete lymphoid
aggregates at the outside of the muscularis propria as described by Graham et al
24
); presence or absence; 4. Mucinous differentiation: presence (>50%) or
absence; 5. Lymphangioinvasive growth: presence or absence; 6. Amount of
individual lymphocytes in the tumor (intraepithelial lymphocytes) as described by
van den Bos et al 2 5 : presence or absence (no to few); 7. Amount of peritumoral
lymphocytes (cap or mantle of lymphocytes surrounding the invasive front):
presence or absence (no to few); 8. Amount of intertumoral lymphocytes
(lymphocytes between tumor glands): presence or absence (no to few) as
described by Kets ef al26.
Statistical analysis
To analyze whether CRC with a diploid DNA content are a distinct group within the
early onset colorectal cancers regarding morphological features and family history
we compared diploid CRC to near-diploid CRC and aneuploid CRC. Categorical
variables were compared with the use of the Fisher's exact test. Separate
comparison between chromosomally stable CRC (diploid DNA content) and
unstable CRC (aneuploid DNA content) has been made, leaving out the near
diploid tumors since it is unclear whether near-diploid CRC should be regarded as
chromosomally stable or unstable. The non-parametric Kruskal-Wallis test was
used to compare the distributions of continuous variables in the groups of diploid,
near-diploid and aneuploid CRCs.
To compare the probabilities of diploid DNA content between the early and the late
onset CRCs, and to have the possibility to adjust this comparison for several other
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Figure 1 Examples of DNA flowcytometry results.

Red diploid cell population, Yellow aneuploid cell population, Blue, debris and Green aggregates
A
Β

Example of a diploid CRC
Example of an aneuploid CRC with DNA index of 1 68
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variables that are not equally distributed over the two groups, we performed
multivariable logistic regression analysis.
For comparison with other studies regarding occurrence of chromosomal stability
the Fisher exact test was used.
A P-value of 0.05 is considered as threshold for statistical significance. SPSS
version 12.0 was used for statistical analysis.

Results
Characteristics of patients with microsatellite and chromosomally stable
CRC
A schematic outline of different subgroups of early onset CRC (< 50 years) is given
in figure 2. Lynch syndrome is diagnosed in 42 out of 237 patients (18%). Of the
209 tumors in which MSI analysis was performed and interprétable, 166 tumors
were microsatellite stable (79%). We were able to collect sufficient tissue material
and perform DNA flow cytometry in 127 of these early onset CRC patients. A
diploid DNA content (chromosomal stability) was found in 28%, an aneuploid DNA
content (chromosomal instability) in 57%, while 15% had a near diploid DNA
content. The mean age at diagnosis of patients with a diploid tumor was 43 years
(range 23-50), while this was 41 years (range 25-50) of those with an aneuploid
tumor and 43 years (range 23-50) of patients with a near diploid tumor. The
observed differences were not statistically significant (P-value: 0.25). The age
distribution among the different groups is given in figure 3. Comparing patients with
a diploid and aneuploid tumor the median age is highest in patients with diploid
tumors.
In table 1 the clinicopathological features of diploid, aneuploid and near diploid
microsatellite stable early onset colorectal cancers are shown. The differences
between the groups are small and none of them reach statistical significance,
suggesting that microsatellite and chromosomally stable CRC is not associated
with specific clinicopathological characteristics.
In table 2 the family characteristics are shown of patients with microsatellite stable
early onset colorectal cancers. Only small differences between diploid, aneuploid
and near diploid CRC in fulfillment of Amsterdam criteria and Bethesda guidelines
and in inheritance patterns are observed. A positive family history for CRC in
relatives occurs as frequent in families of probands with diploid CRC as in families
of probands with aneuploid tumors.
Occurrence of microsatellite and chromosomally stable CRC among relatives
In 22 families, 36% fulfilling the Amsterdam I criteria, additional tumors of firstdegree relatives (n=21), second/third degree relatives (n=5) and meta- or
synchronous tumors of probands (n=3) were tested for microsatellite instability and
ploidy. In 23 tumors of relatives an MSI stable/low pattern was observed and in 2
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Figure 2 Schematic representation in different subgroups of early onset CRC

(Familial) early-onset ( s 50 )
Non-Polyposis
Colorectal cancer
n=237
Lynch Syndrome (18%)
MSI analysis, n= 216

11 germline mutations
31 germline mutations

I

Direct mutation
analysis, n=21

21%

Microsatellite instability
n=43

10 unexplained MSI high

•

MSI analysis not
interprétable
n=7

(Familial) early-onset ( £ 50 )
Non-Polyposis
Colorectal cancer
n=209
79%
n=166

2 Methylation MLH1 promoter

72% non diploid
Near diploid
n=19

(Familial) early-onset ( < 50 )
Microsatellite stable
Non Polyposis
Colorectal cancer
tested for ploidy
n=127
28 % diploid

(Familial) early-onset
Microsatellite stable and
Chromosomal instable
Non Polyposis
Colorectal cancer
n=73

(Familial) early-onset ( < 50 )
Microsatellite stable and
Chromosomal stable
Non Polyposis
Colorectal cancer
n=35
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more relatives a microsatellite stable pattern was assumed based on the normal
immunohistochemical staining of MLH1, PMS2, MSH2 and MSH6. The mean age
at diagnosis of these colorectal cancers with a microsatellite stable tumor was 61
years (42-85) with 13 males (52%) and 2 (8%) of these tumors located at the right
of the colon.

Figure 3 Age distributions of diploid, aneuploid and near diploid early onset CRC.

I
diploid

1^
aneuploid
DNA content

I
near diploid

The box plots give the age distribution in the groups of patients with a diploid CRC, aneuploid CRC and
near diploid CRC The median for each group is represented by the black centerline, and the first and
third quartiles are the edges of the gray area, which is known as the inter-quartile range (IQR). The 2
small circles represent outliers (between 1.5 times and 3 times the inter-quartile range from the lower
quartile)
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The ploidy status of the microsatellite stable colorectal cancers of the relatives was
concordant with that of the proband in 0 out of 4 of the probands with a diploid
tumor, in 10 out of 16 (63%) of the probands with an aneuploid tumor and 1 out of
5 (20%) of the probands with a near diploid tumor. Since concordance in ploidy
pattern is not observed more frequently than would have been expected by
chance, there is no indication that ploidy patterns segregate within these families.
Of the 3 meta- or synchronous tumors, only one tumor (a metachronous aneuploid
tumor) was concordant with ploidy and microsatellite stability status of the index
tumor. Two of the tested additional tumors were MSI high: a synchronous colon
cancer, that developed at age 50 and a colon cancer that was diagnosed at age 71
year in a father of a proband who developed a colorectal cancer at age 40. Both
MSI high tumors showed loss of immunohistochemical staining of MLH1 and
PMS2. The etiology of these tumors is unknown since no hypermethylation of the
Table 1 Chnicopathological tumor characteristics of microsatellite stable colorectal cancers
diagnosed at or below 50 years with a diploid or aneuploid DNA content.
Ρ Value
Diploid

Aneuploid

diploid vs

Ρ Value
Near diploid

aneuploid

3
groups

η

%

η

%

Well differentiated

6/34

18

7/72

10

0 34

1/19

5

0.41

Mucinous differentiation
Circumscribed growth
pattern
Crohn's like lymphoid
reaction
Intra-epithelial
lymphocytes
Penlumoral lymphocytes

4/30

13

5/70

7

0 45

3/19

16

0 39

9/30

30

18/71

25

0.63

6/19

32

0 74

15/28

54

41/69

59

0 65

6/19

32

011

7/34

21

5/71

7

0 05*

4/19

21

0 06

η

%

Histological features

13/29

45

26/70

37

0.51

11/19

58

0 25

Intertumoral lymphocytes
Lymphangoinvasive
growth
Clinical features

14/33

42

17/71

24

0.07

7/19

37

0 13

5/29

17

20/70

29

0.31

6/19

32

0 39

Lymph node metastasis

19/30

63

44/65

68

0 82

11/19

58

0 69

T-grade T3 &T4

27/30

90

61/70

87

1 00

15/19

79

0 56

9/34

27

14/72

19

0.45

8/19

42

0 14

Localization right colon

' Ρ value not significant (originally 0 053)
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MLH1 promoter could be detected and mutation analysis of MLH1 gene did not
reveal a germline mutation.
Comparison of the prevalence of microsatellite and chromosomally stable
tumors in a control population.
To find out whether microsatellite stable colorectal cancers with a diploid DNA
content occur more frequently in early onset CRC with frequently a positive family
history than in sporadic CRCs, we tested a control group of 95 late onset colorectal
cancers. In this control group, the MMR system was analyzed by
immunohistochemistry of MLH1, PMS2, MSH2 and MSH6 on Tissue Micro Array
(TMA) slides. Seventy tumors showed normal MMR protein staining and were
considered MSI stable. Twenty (22%) tumors were considered MSI high because
they showed aberrant MMR protein staining; 17 showed both MLH1 and PMS2
loss, 1 showed PMS2 loss while MLH1 was not interprétable, 1 showed PMS2 loss
only and 1 showed MSH6 loss only. The MMR protein staining could not be
interpreted in 5 tumors. In table 3 the distribution of diploid DNA content vs nondiploid DNA content are shown of microsatellite stable early onset and sporadic
CRC. The differences in ploidy statuses between early onset CRC and late onset
CRC are not significant; the odds ratio for diploid DNA content in the early onset
group relative to the late onset group is 1.40, Ρ value = 0.35. Also, after correction
by multivariable logistic regression analysis for tumor localization, presence of
lymph node metastasis, presence of T3/T4 grade, and gender, no significant
differences in ploidy patterns between the two groups are found (adjusted odds
ratio 1.35, Ρ value 0.46).

Discussion
Our data indicate that early-onset microsatellite and chromosomally stable
colorectal cancer is not a hallmark of a genetic susceptibility syndrome. There is no
indication for the existence of a hereditary form of microsatellite and
chromosomally stable CRC because; (1) we did not observe a higher frequency of
chromosomally stable CRC in younger patients with microsatellite stable CRC,
whereas it is assumed that the chance of a hereditary origin of CRC is higher at
young age of onset, (2) pedigree analysis shows no excess of cancer incidence in
relatives of patients with microsatellite and chromosomally stable CRC as in
relatives of patients with chromosomally unstable CRC and (3) segregation
analysis did not reveal any family with microsatellite and chromosomally stable
CRC in two or more relatives.
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Table 2 Family characteristics of diploid, aneuploid and near diploid microsatellite stable
colorectal cancers developed < 50 years

Ρ value
Diploid

Aneuploid

Diploid vs
aneuploid

Near

Ρ value

Diploid

3 groups

n=35

n=73

n=19

%

%

%

14

19

0 60

16

0 90

Amsterdam I I b

23

23

1 00

21

1 00

Bethesda A c

0

6

0 30

16

0 Οδ-

Bethesda Β d

37

55

0 10

42

Ο 20

71

71

1 00

79

0 82

n=25

n=52

n=15

%

%

%

Autosomal Dominant

36

52

47

Autosomal Dominant
reduced penetrance

56

42

33

Autosomal Recessive

8

6

20

Criteria Fulfilled
Amsterdam 1

Familial CRC

a

e

Inheritance

0 47

0 31

* Ρ value not significant (originally 0 051)
a

Amsterdam I criteria Three or more relatives with colorectal cancer, one of whom is a first-degree
relative of the other two, involving at least 2 generations and one or more cancer cases diagnosed
before the age of 50 b Amsterdam II criteria Three or more relatives with an HNPCC-associated
cancer*, one of whom is a first-degree relative of the other two, involving at least 2 generations and one
or more cancer cases diagnosed before the age of 50 c Bethesda A Individuals with 2 synchronous or
metachronous HNPCC-related cancers*, including colorectal cancers d Bethesda Β Individuals with
colorectal cancer and a first-degree relative with colorectal cancer and/or HNPCC-related extracolonic
cancer* and/or a colorectal adenoma, one of the cancers diagnosed at age < 50 years, and the
adenoma diagnosed at age < 40 years * Familial CRC: More than one relative with colorectal cancer
* HNPCC-associated cancer colorectal cancer, cancer of the endometrium, gastric carcinoma, ovarian
carcinoma, cancer of small bowel, brain, ureter, renal pelvis, carcinoma of the brain, hepatobiliary tract
or sebaceous tumors
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Table 3 Data of microsatellite stable early onset colorectal cancers diagnosed £ 50 years
and sporadic late onset CRC with normal protein expression of MMR genes diagnosed > 69
years.

Early onset CRC

Late onset CRC

n=127

n=70

42

76

Mean Age (years)
DNA content
Diploid

35

28%

15

21%

Non diploid

92

72%

55

79%

Aneuploid

73

57%

48

69%

Near diploid

19

15%

7

10%

The frequency of diploid DNA content (28%) in our study differs from observations
in previous studies that found a high frequency (50%) of a near normal CGH
pattern (regarded as chromosomally stable) in familial microsatellite stable CRC in
the study by Abdel-Rahman16 and a high frequency (73% and 43%) of diploid
DNA-content in early onset microsatellite stable CRC unselected for family history
in the studies of Chan and Boardman 12,15. The major difference between our study
and the other studies 12·15·16 js presence of family history, being more pronounced
(all fulfilled Bethesda or Amsterdam criteria) in the study by Abdel-Rahman 16 and
less pronounced in the studies of Chan and Boardman 12'15. To correct for this we
divided our patients in a group of patients with significant family history (fulfilling
Bethesda B) and without a significant family history (not fulfilling Bethesda B). In
our study the proportion of diploid CRCs decreases (13/61 =21 % instead of 28%)
when we only include early onset CRC patients with significant family history. This
minimises the difference between early onset familial CRC and our control group of
late onset sporadic CRC, and enlarges the difference between our study and
familial CRC (mean age 53.9) in the study of Abdel-Rahman 16. Their results are
not in line with our finding that familial CRC might be less likely to be diploid and
we cannot explain this discrepancy. It is unlikely that the different methods to
measure chromosomal stability (CGH and DNA flow cytometry) are an explanation,
since diploid DNA content measured by DNA flow cytometry has been reported to
be highly associated with near-normal (a)CGH patterns 12'1 .
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If we exclude the patients with significant family history in our study, the percentage
diploidy raises (22/66 =33% instead of 28%) and the difference compared to our
control group of late onset sporadic CRC increases, although still not statistically
significant (P-value 0.13), and the difference with the percentages diploidy in early
onset CRC in the study by Chan and Boardman 12,15 reduces and loses statistical
significance (P-value 0.08 and 0.13 respectively). These findings suggest that an
excess of diploidy in early onset CRC compared to late onset CRC concerns
sporadic CRC, but not familial CRC.
The use of paraffin embedded tissue, which might decrease the quality of the DNA
histograms, instead of fresh frozen tissue, is unlikely to cause significant
differences, since a clear distinction between diploid and aneuploid DNA content
could be made.
We cannot exclude that the discrepancies of our study with the studies of AbdelRahman, Boardman and Chan et al 12'15'16i might be partly explained by
differences in ethnic background.
Differences in prognoses between chromosomally and microsatellite stable CRCs
and chromosomally unstable microsatellite stable CRC have been reported.
Sinicrope et al 1 7 found a better prognosis of the chromosomally stable CRCs,
whereas Hawkins 9 et al suggested a worse prognosis. Since data on survival are
not available in our study, potential prognostic features of microsatellite and
chromosomally stable CRC can only be derived from clinicopathological
characteristics. Although the differences are not significant, the higher number of
intra-epithelial, peritumoral and intertumoral lymphocytes that is seen in our series
is more in line with a favorable prognosis.
Chromosomally stable CRCs do not seem to form a qualitatively different group
within early onset microsatellite stable CRC with a hereditary background since no
major distinctive differences in clinicopathological characteristics or inheritance
patterns are found. This does not exclude that a subgroup of these tumors form a
distinctive group with a genetic background, because our group might still be
heterogeneous. Different molecular mechanisms may underlie a diploid phenotype
without microsatellite instability. Multiple whole chromosome deletions and regains,
mitotic recombination events27, translocations 28 or a defective repair system 29
may lead to diploid tumors.
In conclusion, we cannot confirm previous findings that suggest that microsatellite
and chromosomally stable tumors might be particularly important in unsolved early
onset and familial colorectal cancer cases 1 2 · 1 5 1 6 . No evidence is found for the
existence of a hereditary syndrome predisposing to microsatellite and
chromosomally stable colorectal cancer.
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Discussion and future perspectives
The aim of this thesis is to explore the genetic causes of colorectal cancer (CRC) in
patients with yet unexplained early onset and/or familial CRC The data in this
thesis show that the current mismatch repair (MMR) gene mutation detection
protocol is highly effective in the classical Lynch syndrome families An MMR gene
mutation is found in 95% of families with occurrence of an MSI high tumor that fulfill
the Amsterdam criteria The patient group of CRC of possible hereditary origin that
remains unexplained after Lynch syndrome diagnostics has a less pronounced
family history compared to Lynch syndrome patients
The occurrence of patients with colorectal cancer at very young age or m a familial
setting without the known genes being responsible, indicates the presence of high
penetrance genes predisposing to CRC that are still to be recognized The ultimate
goal of research on hereditary CRC is the identification of these high penetrance
CRC susceptibility genes The benefits of identification are improved compliance
with recommended surveillance, early detection of polyps and reduction in cancer
mortality Moreover reassurance for relatives found to be negative is a major
benefit Such relatives, previously considered at increased CRC risk, can then be
dismissed from surveillance, which will dimmish burden, costs and risk of
complications of screening
Figure 1 gives an overview of the different subgroups of early onset/familial CRC
and the chapters of this thesis Both genetically unexplained MSI high tumors and
non-MSI-high tumors are studied

MSI high tumors
Unexplained MSI high tumors
In most high penetrance families with microsatellite instable (MSI-high) colorectal
cancer the underlying MMR gene mutation can be found The origin of the MMR
deficiency remains unexplained in about 20% of MSI-high tumors, after MMR gene
mutation and MLH1 promoter methylation analysis In the unexplained MSI high
tumors Lynch syndrome is likely because the tumors occur at young age, with an
age at diagnosis comparable to Lynch syndrome patients However, this
unexplained group of patients with an MSI high tumor has a less pronounced family
history compared to patients with a known pathogenic MMR gene mutation,
suggesting a different kind of mutation with a lower risk of cancer for relatives A
future challenge is to identify these putative causative genes and mutations These
might include point mutations in the PMS2 gene or mutations in regulatory
sequences of MMR genes not detectable by currently used methods Mosaicism for
an MMR mutation (like has been shown to occur in the APC gene 1 ), a de novo
mutation in an MMR gene or (germline) hypermethylation of the MSH2 promoter2 or
other MMR genes are also possibilities that might explain the lack of family history
In some families an unclassified variant (UV) with unknown clinical
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Figure 1 Flowchart different subgroups of early onset/familial CRC and chapters of this thesis
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significance is present. Future research by performing functional tests will be
necessary to define the consequences of these variants. Even more powerful might
be segregation analysis in families together with molecular characterization of the
tumors by MSI and immunohistochemistry (IHC) of MMR proteins. When a
missense mutation occurs homozygously or is combined with a pathogenic mutation
on the other allele, the consequences of the missense mutation can also be derived
from the molecular and clinical phenotypes 3. So far several MMR gene UVs are
considered likely to be pathogenic by functional tests, many of them being missense
variants4. Clinical interpretation of UVs can also be achieved by a systematic
approach with a combination of co-occurrence in trans with a deleterious mutation,
personal and family history of cancer in UV-carrying probands and co-segregation
with the disease in pedigrees, as has been described by Easton ef al for UVs in the
breast and ovarian cancer-predisposition genes BRCA1 and BRCA25. The
combination of a MMR gene mutation with an MUTYH mutation is also a possibility
that might increase CRC risk, as has been described by Niessen et al6. It is
important to acknowledge that an age bias might (partly) explain the early age at
onset of the patients with unexplained MSI-high tumors because in absence of a
family history only patients with early diagnosis are likely to be referred for genetic
counseling. It will be interesting to compare the mean age at onset of unexplained
MSI high tumors to all tumors in an unselected cohort of CRC patients.
As long as the underlying mechanism of the unexplained MSI high tumors is
unknown, a stringent Lynch syndrome surveillance is recommended for all firstdegree relatives of cancer patients, although our data indicate that these families
are at lower CRC risk compared to classical Lynch syndrome families. If the genetic
cause can be established, the relatives not at risk can be dismissed from
surveillance, and the compliance for surveillance of those at risk is likely to increase.
Moreover several other families can be tested for presence of the same molecular
mechanism, which will contribute to solving more unexplained CRC families.
Hypermethylation of the MLH1 promoter
Within the early onset and/or familial MSI-high CRCs around 25% is caused by
hypermethylation of the MLH1 promoter. Almost all of these tumors are expected to
have extensive promoter methylation of more (tumor suppressor) genes called
CpG Island methylator phenotype (CIMP-high)7. CIMP-high CRC originates from
serrated instead of adenomatous polyps that are the precursors of MSI high CRC
seen in Lynch syndrome 8. Although CIMP-high CRC has proven to be a distinct
epigenetic phenotype in CRC associated with late onset sporadic CRC, some
CIMP-high CRCs do occur in a familial context. Our data show that 56% of the
families of patients with MLH1 hypermethylation (assuming they are CIMP-high)
fulfill the Amsterdam criteria, but these patients are significantly older than Lynch
syndrome patients, lowering the chance of a hereditary origin of CIMP-high CRC.
Moreover segregation of MLH1 promoter hypermethylation is observed in only one
out of 8 families in which additional tumors of relatives were tested. This suggests
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that the previously proposed subgroup of CIMP-high CRC with hereditary origin as
described by Young 9, accounts for only a small proportion of our familial CRC
cases. Additional research in familial CRC cases and their relatives is needed to
identify this putative hereditary subgroup. This should include DNA methylation
analysis using the CIMP-diagnostic panel 7 and review of tumor morphology
focusing on serrated features.

Non-MSI-high tumors
The role of MSH6 in non-MSI-high tumors
The utility of MSI testing to select patients for MSH6 mutation analysis is a subject
of debate, since it has been reported that MSH6 mutation carriers may have nonMSI-high tumors 10,11. Therefore the prevalence of MSH6 mutations in patients with
a non MSI-high-CRC is examined in this thesis. No pathogenic MSH6 mutation
was detected in 76 out of 295 patients suspected of Lynch syndrome, with a nonMSI-high colorectal cancer. Moreover all 295 non-MSI-high colorectal cancers
showed presence of the MSH6 protein by immunohistochemistry. Pathogenic
MSH6 mutations were only found in patients with an MSI-high tumor with loss of
MSH2 and/or MSH6 staining. These findings show that MSI analysis is highly
suited to trace CRC of carriers of MSH6 germline mutations.
The discrepancy between our data and data from previous studies that suggest a
low sensitivity of MSI analysis to predict an MS/-/6 mutation 11"16, might be partly
explained because some of the conclusions are based on MSH6 missense
mutations of unknown pathogenecity or testing a sporadic tumor within a Lynch
syndrome family (a phenocopy) as suggested by positive immunostaining of MSH6
in the tumor. These have a misleading effect on the reported sensitivity of MSI
analysis.
Germline mutations in the MSH6 mismatch repair gene account for a substantial
part (15-30%) of cases of Lynch syndrome and the majority are caused by MLH1
and MSH2 mutations 13'17'18. A major concern in identifying MSH6 mutation carriers
is that many MSH6 families will not be recognized as such, because of the late age
at cancer diagnosis and a lower frequency of fulfillment of Amsterdam criteria 12
and some Bethesda guidelines. Our data show that MSH6 mutation carriers less
frequently fulfill the Amsterdam criteria and the Bethesda guideline where 2 first
degree relatives have Lynch syndrome related cancer, one of them being
diagnosed before 50, compared to MLH1 and MSH2 mutation carriers. The revised
Bethesda criteria 19 might lead to detection of more MSH6 families. Especially the
new Bethesda guideline where colorectal cancer is diagnosed in three or more
first- or second-degree relatives with Lynch syndrome-related tumors, regardless of
age, is expected to be sensitive for the detection of MSH6 mutation carriers.
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Subgroups within non-MSI-high-CRC
The majority of the genetically unexplained CRC with possible hereditary origin is
non-MSI-high. Around 25% of these families fulfill the Amsterdam criteria.
However, frequently the Amsterdam criteria are fulfilled, while only one relative is
diagnosed below 50 and the other relatives have a late age at onset, usually above
70, suggesting a possible sporadic origin of at least some of these tumors.
Multifactorial gene-environment interactions may underlie the development of
familial CRCs 20. Low-penetrance mutations probably account for a high proportion
of the genetically unexplained non-MSI- high CRC patient group described in this
thesis. These mutations are difficult to identify. In around 10% of non-MSI high
CRC of possible hereditary origin the cancer is diagnosed at very young age
(below 35 years). This group may harbor mutations in novel high-penetrance genes
that await identification. In patients with early onset CRC without a family history
autosomal recessive inheritance may be involved. Many families are small
nowadays and a genetic predisposition for CRC might not be immediately apparent
from the family history.
Ideally the search for the molecular cause of familial CRC should be done in large,
high penetrance families to be able to perform linkage analysis. Since these are
barely available within non-MSI-high familial and/or early onset CRC the research
possibilities are limited. Identification of a distinct subgroup with a possible
monogenetic underlying genetic defect among the non-MSI-high familial CRCs
might help to solve the genetic cause of familial CRC. Several research techniques
(for instance linkage analysis followed by position dependent candidate strategies)
are more likely to be successful in a selection of CRCs with clinical, molecular
and/or morphological similarities.
The clinical phenotype together with pedigree analysis might lead to identification
of CRC susceptibility genes. In a family with tooth agenesis and CRC AXIN2
mutations have been found 21 and presence of polyposis for instance observed in
mixed polyposis syndrome have led to the identification of a locus or gene like
BMPR1A 22. Microdeletions have been found in FAP 23'24 and Lynch syndrome
patients 25 with mental retardation. For this reason chromosome analysis or
CGH/SNP array is useful in patients with a complex phenotype with the
combination of CRC, congenital anomalies and/or mental retardation, to identify a
possible contiguous gene deletion, including a deletion of a tumor-suppressor
gene.
CRCs with molecular similarities can also be helpful in identifying a putative
distinctive phenotype with a monogenetic disorder. The following subgroups might
be important in this perspective:
o

MSI-low CRC

In this thesis a distinct underlying biology of MSI-low CRC is suggested, because
the dinicopathological features between MSI-low CRCs on the one hand and MSI-
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stable and MSI-high CRCs on the other hand, differ significantly. However high
penetrance heredity of MSI-low CRC is unlikely. Our data show that the family
characteristics of patients with MSI-low tumors are comparable to patients with MSI
stable tumors and this is more in line with low penetrance heredity in the majority of
cases. Recent research provides evidence for a relationship between MGMT
methylation and silencing, a moderate degree of CpG Island methylation (CIMP-low)
and MSI-low colorectal cancer. This suggests that a CIMP-low phenotype might be
the underlying genetic mechanism of these CRCs 26. It will be interesting to test the
familial MSI-low CRCs for CpG island hypermethylation. Review of morphology
focused on serrated features might indicate whether these carcinomas originate
from adenomatous or serrated polyps or both 8.
o

Microsatellite and chromosomally stable CRC

From previous research by other groups, we considered that microsatellite and
chromosomally stable CRC seemed to be a promising distinct group particularly
important in early onset/familial CRC, but our data do not confirm this. No excess
of chromosomally and microsatellite stable CRC was observed in young familial
CRC patients compared to late onset sporadic CRC patients. Also, pedigree
analysis showed a similar cancer incidence in relatives of patients with
microsatellite and chromosomally stable CRC compared to relatives of patients
with chromosomally unstable CRC. Moreover segregation analysis did not reveal
any family with microsatellite and chromosomally stable CRC in two or more family
members. It is unknown how microsatellite and chromosomally stable CRCs
accumulate somatic mutations. Multiple whole chromosome deletions and regains,
mitotic recombination events 27, translocations 28 or a defective repair system 29 or
other mechanisms may lead to diploid tumors without microsatellite instability, and
DNA flowcytometry can not differentiate these groups. Therefore it is likely that
microsatellite and chromosomally stable CRC determined by flowcytometry are
heterogeneous. It is still possible that a subgroup of these microsatellite and
chromosomally stable CRCs form a distinctive group with a genetic background,
especially in those that occur at young age. Other molecular methods, for instance
SNP-array analysis of tumor-DNA 30, are needed to identify such a subgroup.
The search for the molecular cause of familial CRC
The search for a major colon cancer predisposing gene might be complicated by
the lack of a clear phenotype based on molecular, morphological and/or clinical
criteria. There is need for different research approaches. Candidate regions for
tumor suppressor genes or oncogenes can be derived from genetic analysis of
colon tumors by several techniques identifying somatic hits. For instance
expression studies 31, LOH, (a)CGH, SNP-array and hypermethylation 32 studies
can be used as a guide for identifying candidate tumor suppressor genes or
oncogenes. Another approach can be molecular analysis on DNA derived from
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blood of CRC patients to test potential candidate genes involved in for instance the
(mismatch) repair machinery 33 · 34 and Wnt signaling pathway 35. Genome wide high
density SNP array can determine homozygous regions likely to harbor recessive
mutations and can therefore be used to identify candidate regions for recessively
inherited CRC 36 . This method will be most effective in CRC families where the
inheritance patterns fulfill an autosomal recessive pattern, in consanguineous CRC
families and in isolated populations descending from small populations with a high
background homozygosity rate. Genome wide association studies have proven to
be effective in identifying susceptibility loci in cancer 3 7 ^ 0 , however require a large
amount of cases and controls resulting in only a small increase in cancer risk per
loci. Recently a colorectal cancer susceptibility locus on chromosome 8q24 has
been identified by genome-wide association scan <n,42 . Another locus on
chromosome 3q21-24 has been identified with a high-density genome-wide linkage
scan 431 while other linkage studies found several other loci on the chromosomes
9,11,14 and 22 4 4 "' 5 . Polymorphisms in several genes 2 0 · 2 0 ' 4 7 · 4 8 ι heterozygous
carriership of MUTYH49 and BLM mutations 50 and the 11307K mutation in APC51
and loss of imprinting of /GF2 52 ' 53 have been shown to influence CRC risk. It is
important to realize that CRC might be a polygenic trait in which single gene
polymorphisms give a subtle increased CRC risk, implying that genetic testing on
presence of these polymorphisms may not be of benefit for an individual patient.
This thesis describes several subgroups of patients with familial and/or early onset
CRC. Familial and early onset non-polyposis CRCs can be divided in MSI-high
tumors and non-MSI-high tumors. Within MSI high CRC there are some with an
unidentified pathogenic MMR gene mutation, and in these Lynch syndrome is
likely. Identification of these putative mutations is very important for the patients
and their relatives to facilitate surveillance. Further research is necessary to identify
these pathogenic mutations and also to further characterize unclassified variants in
MMR genes.
Within non-MSI high CRC we find no evidence of involvement of high penetrance
genes in MSI-low CRCs and in microsatellite and chromosomally stable CRCs.
MSH6 mutations are very uncommon in patients with non-MSI-high CRC. In future
studies, data on familial and/or early onset CRC, especially within subgroups with
molecular, morphological and/or clinical similarities, can be very valuable in
identifying high penetrance genes.
Using the above named different approaches, identification of novel CRC
predisposition genes in both MSI high and non-MSI high CRC hopefully are
achieved. The effectiveness of removal of colorectal adenomas in preventing CRC,
especially in high-risk individuals, and possible improvement of therapy or
chemoprevention, justifies the attempt to further unravel the inherited susceptibility
to CRC.
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Summary
In case of early onset or familial colorectal cancer (CRC) patients are referred for
genetic counseling. The challenge of a clinical geneticist is to distinguish hereditary
CRC from sporadic CRC. A young age at onset, a positive family history, especially
in first degree relatives and multiple CRC's in one person are indications for a
hereditary origin.
Lynch syndrome, or Hereditary Non-Polyposis Colorectal Cancer (HNPCC), is the
most frequent form of hereditary colorectal cancer and accounts for about 3 to 4%
of colorectal cancers. It is caused by a pathogenic germline mutation in one of the
mismatch repair (MMR) genes MLH1, PMS2, MSH2, and MSH6. The risk to
develop colorectal cancer is increased up to 70%. Various extracolonic carcinomas
may occur, of which endometrial cancer is the most frequent, with a lifetime risk of
35% to 70%. Over 90% of colorectal tumors caused by Lynch Syndrome show
microsatellite instability (MSI), which is characterized by length variations in short
repetitive DNA sequences. MSI is also detectable in about 15% of sporadic tumors
due to hypermethylation of the MLH1 promoter. Identification of Lynch Syndrome is
important, because individuals at risk of colorectal cancer can be identified and
surveillance recommendations can be given. Screening recommendations lead to
prevention of cancers and early CRC detection, reducing CRC mortality. Moreover
relatives not at increased genetic risk can be discharged from surveillance,
reducing inconvenience, costs and the risk of complications of screening.
In clinical practice Lynch syndrome is the first consideration for early onset or
familial CRC patients. However, after molecular analysis, the genetic basis of early
onset or familial CRC remains unknown in more than 90% of patients. Unraveling
the genetic basis of CRCs with yet unknown cause is of interest, since this might
lead to identification of persons at high risk of CRC, and persons without increased
CRC risk in these families, improving surveillance arrangements.
The main objective of this thesis is to explore familial and/or early onset CRC with
unknown genetic defect.
Chapter 2 describes Lynch Syndrome molecular diagnostics in 614 families with
possible Lynch syndrome. The families are analyzed for MSI, MLH1 promoter
hypermethylation and/or germline MMR gene mutations. A CRC subgroup (n=18)
with unknown genetic etiology is described in which microsatellite instability is
present, but neither MLH1 promoter hypermethylation nor a germline mutation in an
MMR gene. Loss of immunohistochemical staining of at least one of the MMR
proteins is observed in 89% of these tumors. Clinical characteristics of 18 families
with unexplained MSI high tumors are compared to 76 families with a pathogenic
MMR gene mutation. The mean age at diagnosis of patients analyzed for MSI was
comparable at 44 years. The Amsterdam criteria were significantly less frequently
fulfilled by families with an unexplained MSI high tumor compared to families with a
pathogenic MMR gene mutation. The less pronounced family history within the
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unexplained MSI high group suggests the presence of a different type of mutations
that confers lower cancer susceptibility for relatives.

Another group of CRCs with unclear genetic etiology contain CRC patients in
whom an unclassified variant in one of the MMR genes has been identified. An
example of interpretation of an unclassified variant in the MSH2 gene is given in
chapter 3. The significance of the initiation codon variant c.1A>G (p.Metl?) is
derived from clinical and molecular data of a brother and a sister who are
compound heterozygotes for the initiation codon variant and a pathogenic deletion
of the first six exons of MSH2. The brother had 4 primary colorectal cancers, small
bowel carcinoma and 15 adenomas and the sister developed colorectal cancer,
endometrial cancer and 4 adenomas, both in their fourth decade. The phenotype of
both sibs is more suggestive of a mono-allelic than of a bi-allelic pathogenic
mutation, because neither of them showed hematological malignancies, brain
tumors or café au lait spots. Molecular testing of the tumors showed microsatellite
instability in all tumors, while MLH1, PMS2, MSH2 and MSH6 protein expression
was present. This indicates that a variant protein is translated from the c.1 A>G
allele and that somatic inactivation of this allele is not a prerequisite to generate
carcinomas with microsatellite instability. It is suggested that the variant c.1 A>G
(p.Metl?) should not be considered as a regular pathogenic mutation. The variant
probably encodes a protein with reduced activity, that in mono-allelic form does not
lead to a strongly increased cancer risk, though possibly contributes to a more
severe phenotype when combined with a truncating mutation on the other allele.
In Lynch syndrome diagnostics the MSI test is considered reliable for indicating
mutations in MLH1 and MSH2, but the utility is questioned for MSH6, because
MSH6 mutation carriers have been described to have non-MSI-high tumors. In
chapter 4 the prevalence of germline MSH6 mutations is therefore investigated in
a group of patients with genetically unexplained non-MSI-high tumors.
Germline mutation analysis is performed in 76 out of 295 patients suspected of
Lynch syndrome, with a non-MSI-high CRC. All 295 non-MSI-high colorectal
cancers are analyzed for presence of MSH6 protein by immunohistochemistry. In
none of the 295 CRCs immunohistochemical loss of MSH6 protein is observed. In
a subgroup of 76 patients with a non-MSI-high CRC and normal MSH6 protein
expression no pathogenic MSH6 germline mutations are detected. From these
results it is concluded that the prevalence of a germline MSH6 mutation is very low
in Lynch syndrome suspected patients with non-MSI-high colorectal cancer. MSI
analysis is highly suited to trace CRC of carriers of MSH6 germline mutations.
A low degree of microsatellite instability (less than 30% of the microsatellites) is
seen in a subset of tumors and their genetic basis is unknown. In chapter 5 data
on CRCs with no (n=68) and low level (n=18) microsatellite instability and CRCs
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with high level (n=12) microsatellite instability of MMR mutation carriers are given.
The different groups were compared with regard to family history,
dinicopathological and molecular features. The inheritance patterns of the MSI-low
group and microsatellite stable group are comparable. Both groups had a less
striking family history than did the MSI-high group, fulfilling the Amsterdam I and II
criteria significantly less often. Therefore high penetrance heredity of MSI-low CRC
is unlikely.
The pathological data show that tumors with low level microsatellite instability have
unfavorable pathological characteristics (less immune response and more
frequently lymph node metastasis) compared to tumors with no and tumors with
high level microsatellite instability. These differences suggest a distinct underlying
biology of colorectal cancer with low level microsatellite instability.
Most colorectal cancers show either microsatellite or chromosomal instability. A
subset of colorectal cancers, especially those diagnosed at young age and in a
familial setting, is known to show neither of these forms of genetic instability and
thus might have a distinct pathogenesis. We investigated whether such early-onset
microsatellite and chromosomally stable colorectal cancers are a hallmark of a
genetic susceptibility syndrome in chapter 6.
The ploidy status of microsatellite stable (familial) colorectal cancers of patients
diagnosed before age 50 (n=127) was analyzed in relation to the histopathological
characteristics and family history. As a control the ploidy status of sporadic
colorectal cancer, with normal staining of mismatch repair proteins, diagnosed at
the age of 69 years or above (n=70) was determined. A diploid DNA content was
used as a marker for chromosomal stability. Within the group of patients with
(familial) early onset microsatellite stable colorectal cancer the chromosomally
stable tumors did not differ from chromosomally unstable tumors with respect to
mean age at diagnosis, fulfillment of Amsterdam criteria or pathological
characteristics. Segregation analysis did not reveal any family with both
microsatellite and chromosomally stable colorectal cancer in 2 or more relatives.
The prevalence of microsatellite and chromosomally stable colorectal cancer was
not significantly different for the early and late onset group (28% and 21%,
respectively). With these data no evidence is found that early-onset microsatellite
and chromosomally stable colorectal cancer is a hallmark of a hereditary colorectal
cancer syndrome.
In chapter 7 the results of the various studies in this thesis are put in a broader
perspective and approaches to unravel inherited susceptibility to CRC are
discussed.
The ultimate goal of unraveling inherited susceptibility to CRC is to be able to
recommend preventive measures, especially in high-risk individuals, to prevent
CRC and reduce CRC mortality.
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Low-penetrance mutations probably account for a high proportion of the genetically
unexplained CRC patient group described in this thesis, because not many high
penetrance families with a dominant inheritance pattern remain unexplained after
Lynch syndrome diagnostics. However, the occurrence of patients with colorectal
cancer at very young age or in a familial setting without the known genes being
responsible, indicates the presence of rare high penetrance genes predisposing to
CRC that are still to be recognized. Different research approaches are discussed to
identify the CRC predisposition genes in both unexplained MSI high and non-MSIhigh CRC.

Conclusions
Identification of high penetrance CRC susceptibility genes is important because
surveillance reduces CRC mortality. In the group of CRC suspected of a hereditary
origin, molecular testing for Lynch syndrome is performed. The sensitivity of current
techniques to detect MMR gene mutations in high penetrance families is high. An
MMR mutation is found in 95% of families with at least one tumor with MSI that
fulfilled the Amsterdam II criteria. In 22% of patients with an MSI high tumor no
MLH1 promoter hypemnethylation and MMR gene mutation is detected. In patients
with early onset or familial non-MSI high CRC, the role of MSH6 mutations, MSIlow CRC and microsatellite and chromosomally stable CRC is studied. MSH6
mutations are uncommon in patients with non-MSI-high CRC and no evidence is
found that high penetrance genes are involved in MSI-low CRC and microsatellite
and chromosomally stable CRC. Future studies, possibly within subgroups of
familial CRC with molecular, morphological and/or clinical similarities, will hopefully
identify CRC predisposition genes in both MSI high and non-MSI high colorectal
cancer. Identification of these genes will facilitate genetic testing possibilities,
surveillance and CRC treatment in familial and early onset CRC.
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Samenvatting
Regelmatig worden er patiënten verwezen voor genetische counseling in verband
met het voorkomen van dikkedarmkanker op jonge leeftijd of bij meerdere
personen in de familie. De uitdaging voor een klinisch geneticus is om onderscheid
te maken tussen erfelijke en sporadische dikkedarmkanker. Een jonge leeftijd bij
diagnose (< 50 jaar), een familiegeschiedenis met het voorkomen van
dikkedarmkanker bij eerstegraads familieleden en verschillende dikkedarmkankers
bij 1 persoon zijn verdacht voor een erfelijke aanleg voor dikkedarmkanker.
Lynch syndroom of HNPCC (Hereditair Non-Polyposis Colorectaal Carcinoom) is
de meest voorkomende vorm van erfelijke dikkedarmkanker en komt voor in 3 à
4% van alle dikkedarmkankers. Het wordt veroorzaakt door een pathogène
kiembaanmutatie in een van de mismatch repair (MMR) genen MLH1, PMS2,
MSH2 and MSH6. Het mismatch repair systeem herstelt fouten in het DNA die
ontstaan zijn tijdens replicatie van het DNA in een cel. Iemand met een
ziekteveroorzakende mutatie in een van de MMR genen heeft een verhoogd risico
op dikkedarmkanker dat gedurende het leven oploopt tot 70%. Ook is er een
verhoogde kans op het ontwikkelen van andere maligniteiten, waarvan
baarmoederkanker het meest frequent voorkomt. Het risico op baarmoederkanker
varieert van 35% tot circa 70% gedurende het leven, afhankelijk van welk MMR
gen gemuteerd is.
Om families met een verhoogd risico op Lynch syndroom klinisch te kunnen
herkennen zijn eerst de Amsterdam criteria en later de Bethesda richtlijnen
ontwikkeld. Een familie voldoet aan de Amsterdam criteria als er 3 of meer
eerstegraads familieleden een Lynch syndroom geassocieerde tumor hebben
ontwikkeld, in minstens twee generaties, waarbij er minstens 1 gediagnosticeerd is
beneden de 50 jaar. Omdat bij het hanteren van deze strikte criteria veel patiënten
met Lynch syndroom niet als zodanig herkend werden, zijn later de bredere
Bethesda richtlijnen opgesteld, die sensitiever maar minder specifiek zijn.
Meer dan 90% van de dikkedarmkankers die veroorzaakt worden door Lynch
syndroom vertonen microsatelliet instabiliteit (MSI). MSI wordt gekenmerkt door
kleine insertie/deletie mutaties in zich repeterende sequenties (microsatellieten).
MSI kan voorkomen in niet coderend DNA, maar ook in coderend DNA van genen
die betrokken zijn bij het ontstaan en ontwikkelen van een tumor.
MSI komt niet alleen voor in tumoren van Lynch syndroom patiënten, maar kan ook
voorkomen bij sporadische tumoren. In deze tumoren is het DNA MMR gen MLH1
geïnactiveerd door DNA methylering van de promoter.
Het is belangrijk om patiënten met Lynch syndroom te identificeren omdat zij
kunnen profiteren van regelmatige controles. Eerdere studies hebben aangetoond
dat met regelmatige colonoscopieën inclusief poliepectomieën dikkedarmkanker
voorkomen kan worden en dat de mortaliteit van dikkedarmkanker gereduceerd
wordt bij gezonde personen met een MMR gen mutatie. Als de genetische oorzaak
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van darmkanker bekend is kunnen familieleden op dragerschap onderzocht
worden. Degenen zonder verhoogd risico kunnen dan ontslagen worden van
surveillance met colonoscopie, hetgeen ongemak, complicaties en de kosten
vermindert.
Bij vrijwel alle patiënten met vroeg ontstane en/of familiaire dikkedarmkanker die
verwezen zijn voor klinisch genetische counseling wordt diagnostiek naar Lynch
syndroom verricht. Echter na moleculaire analyse blijft de genetische oorzaak
onbekend in meer dan 90% van de patiënten. Het is belangrijk om de erfelijke
oorzaak van dikkedarmkanker in deze groep van patiënten te identificeren omdat
hiermee binnen families onderscheid gemaakt kan worden tussen personen met en
zonder verhoogd risico op darmkanker, en de controle adviezen hierop aangepast
kunnen worden.
Dit proefschrift richt zich op patiënten met familiaire en/of vroeg ontstane
dikkedarmkanker met onbekende genetische oorzaak. Hiervoor zijn zowel MSI
positieve als MSI negatieve dikkedarmkankers onderzocht.
Hoofdstuk 2 beschrijft de genetische diagnostiek in 614 families die verdacht zijn
voor Lynch syndroom. In deze families zijn verschillende moleculaire analyses
verricht met MSI onderzoek, immunohistochemische aankleuring van de MMR
eiwitten MLH1, PMS2, MSH2 en MSH6, onderzoek naar hypermethylatie van de
MLH1 promoter in tumoren en/of mutatieanalyse van de MMR genen in kiembaan
DNA. In bijna alle (95%) sterk verdachte families die voldoen aan de Amsterdam
criteria waarbij een MSI positieve tumor voorkomt wordt een pathogène MMR gen
verandering gevonden. In dit hoofdstuk wordt een subgroep (n=18) van patiënten
met een genetisch onverklaarde microsatelliet positieve tumor beschreven waarbij
geen hypermethylering van de MLH1 promoter is gevonden en geen mutatie in de
MMR genen is vastgesteld. Bij een groot deel (89%) van deze tumoren wordt
verlies van 1 of meer van de MMR eiwitten waargenomen. De kenmerken van de
18 families met een patiënt met een onverklaarde MSI positieve tumor is
vergeleken met de kenmerken van 76 Lynch syndroom families met een
pathogène MMR gen verandering. Hierbij bleek dat de diagnoseleeftijd van
patiënten met een onverklaarde MSI positieve tumor vergelijkbaar was met de
Lynch syndroom patiënten (gemiddeld 44 jaar), maar dat het kanker risico voor
familieleden van patiënten met een onverklaarde MSI positieve tumor minder was.
Dit suggereert een ander soort mutaties bij de patiënten met een onverklaarde MSI
positieve tumor, met minder risico op tumoren voor familieleden.
Een andere groep van onverklaarde dikkedarmkankers betreft patiënten met een
variant in een van de MMR genen waarvan de betekenis niet duidelijk is, de
zogenaamde unclassified variant (UV). Een voorbeeld van de interpretatie van de
consequenties van een UV in het MSH2 gen wordt gegeven in hoofdstuk 3. De
consequentie van de start codon variant c.1A>G(p.Met1?) wordt afgeleid van de
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klinische en moleculaire kenmerken van een broer en zus die compound
heterozygoot zijn voor de startcodon variant en een pathogène deletie van de
eerste 6 exonen van het MSH2 gen De broer had 4 primaire dikkedarmkankers,
dunne darmkanker en 15 adenomen op 39 en 48 jarige leeftijd en de zus
ontwikkelde dikkedarmkanker, baarmoederkanker en 4 adenomen, respectievelijk
op 33 en 44 jarige leeftijd Het fenotype van beiden past meer bij een monoallehsche dan bij een bi-allehsche MMR gen mutatie want ze ontwikkelden geen
hematologische maligmteiten, hersentumoren, en café au lait vlekken op jonge
leeftijd zoals beschreven bij andere patiënten met bi-allehsche MMR gen mutaties
De tumoren waren MSI positief terwijl immunohistochemische aankleunng van de
MSH2 en MSH6 eiwitten werd waargenomen Dit geeft aan dat er een variant
MSH2 eiwit gevormd wordt door het c 1 A>G allei en dat somatische inactivatie van
het 2e allei geen voorwaarde is om tumoren met microsatelliet instabiliteit te
ontwikkelen De variant c 1A>G wordt met beschouwd als een pathogène mutatie
De variant codeert mogelijk voor een eiwit met verminderde activiteit dat in monoallehsche vorm geen aanleiding geeft tot een sterk verhoogd risico op kanker, maar
in combinatie met een pathogène mutatie wel aanleiding geeft tot een ernstiger
fenotype
MSI analyse wordt gevoelig geacht voor het selecteren van patiënten voor MLH1
en MSH2 mutatieanalyse maar de gevoeligheid voor het selecteren van patiënten
met een MSH6 mutatie wordt betwijfeld omdat patiënten met een MSH6 mutatie
beschreven zijn met een MSI-low of MSI negatieve tumor In hoofdstuk 4 wordt de
prevalentie van MSH6 mutaties onderzocht in een groep van patiënten met een
MSI-low of MSI negatieve tumor Kiembaan mutatie analyse is uitgevoerd bij 76
van 295 patiënten met dikkedarmkanker die verdacht waren voor Lynch syndroom
in verband met het voorkomen van dikkedarmkanker op jonge leeftijd of bij
meerdere personen in de familie Alle 295 dikkedarmkankers vertoonden
immunohistochemische aankleunng van het MSH6 eiwit In een subgroup van 76
patiënten met een MSI-low of MSI negatieve dikkedarmkanker en normale MSH6
eiwit expressie werden geen pathogène MSH6 mutaties gevonden Aan de hand
van deze resultaten wordt geconcludeerd dat de prevalentie van MSH6 mutaties
erg laag is in patiënten met een MSI-low of MSI negatieve dikkedarmkanker MSI
analyse is gevoelig om patiënten met dikkedarmkanker te selecteren voor MSI-16
kiembaan mutatieanalyse
Een geringe mate van microsatelhet instabiliteit (MSI-low), met instabiliteit m
minder dan 30% van de geteste markers, wordt gezien in een subgroep van
tumoren en de genetische basis van deze tumoren is onbekend Hoofdstuk 5
beschrijft een studie waarbij MSI negatieve dikkedarmkankers (n=68), MSI-low
dikkedarmkankers (n=18) en MSI positieve dikkedarmkankers van patiënten met
een pathogène MMR mutatie (n=12), met elkaar vergeleken worden Data over
klinische, pathologische en moleculaire kenmerken en de familiekaraktenstieken
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van patiënten met dikkedarmkanker onderverdeeld in bovengenoemde groepen,
zijn bestudeerd
De familiegeschiedenis van patiënten met een MSI negatieve en MSI-low
dikkedarmkanker is vergelijkbaar en minder ernstig dan de familiegeschiedenis van
patiënten met een pathogène MMR mutatie met MSI positieve dikkedarmkanker
Families van patiënten met een MSI negatieve of MSI-low dikkedarmkanker
voldoen significant minder vaak aan de Amsterdam Criteria vergeleken met
families met een pathogène MMR gen mutatie Daarom is het onwaarschijnlijk dat
hoog penetrante genen een rol spelen bij het ontstaan van MSI-low
dikkedarmkanker
De pathologische kenmerken van MSI-low dikkedarmkankers zijn vaker ongunstig
(minder sterke immuun respons en vaker lymfkhermetastasen) in vergelijking met
MSI negatieve en MSI positieve dikkedarmkankers Deze verschillen suggereren
dat MSI-low dikkedarmkanker ontstaat door een ander onderliggend mechanisme
en een aparte entiteit is
De meeste dikkedarmkankers vertonen genetische instabiliteit m de vorm van
microsatelliet instabiliteit of chromosomale instabiliteit Het is bekend dat bij een
subgroep van patiënten met dikkedarmkanker, vooral degenen die op jonge leeftijd
gediagnosticeerd worden of waarbij dikkedarmkanker in de familie voorkomt, geen
van deze vormen van genetische instabiliteit m de tumor gevonden wordt In
hoofdstuk 6 is onderzocht of dikkedarmkanker zonder microsatelhet en
chromosomale instabiliteit een kenmerk zou kunnen zijn van een erfelijk syndroom
met een verhoogd risico op dikkedarmkanker De ploidie status van MSI negatieve
en MSI-low (familiaire) dikkedarmkankers ontstaan op en beneden de leeftijd van
50 jaar (n=127) is bepaald in relatie tot de histopathologische en familiekenmerken Als controle groep is de ploidie status bepaald van laat ontstane
(boven 69) sporadische dikkedarmkankers met immunohistochemische
aankleunng van de MMR eiwitten Dikkedarmkankers die met DNA-flowcytometrie
een diploid DNA histogram hebben, worden beschouwd als chromosomaal stabiel
Binnen de groep van vroeg ontstane (< 50 jaar) microsatelliet stabiele (familiaire)
dikkedarmkanker onderscheiden de chromosomaal stabiele tumoren zich met van
chromosomaal instabiele tumoren met betrekking tot leeftijd van diagnose, voldoen
aan Amsterdam criteria of Bethesda richtlijnen en de pathologische kenmerken BIJ
segregatie analyse zijn geen families vastgesteld met microsatelhet en
chromosomaal stabiele dikkedarmkankers in 2 of meer familieleden De prevalentie
van microsatelhet en chromosomaal stabiele dikkedarmkanker was met significant
verschillend tussen de vroeg ontstane (familiaire) dikkedarmkankers en laat
ontstane sporadische dikkedarmkankers (respectievelijk 28% en 21%) Met de
bevindingen uit deze studie kan met bevestigd worden dat er een erfelijk kanker
syndroom bestaat dat aanleiding geeft tot microsatelhet en chromosomaal stabiele
dikkedarmkanker
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In hoofdstuk 7 worden de studies van dit proefschrift in een breder perspectief
geplaatst en worden de mogelijkheden van toekomstige onderzoeken
bediscussieerd Het ultieme doel van het onderzoek naar erfelijke dikkedarmkanker
is de identificatie van hoog penetrante genen zodat het mogelijk is om preventieve
controle adviezen te geven aan personen met een hoog risico op dikke
darmkanker om de kans op darmkanker en de mortaliteit ten gevolge van
darmkanker te verkleinen Het is waarschijnlijk dat laag penetrante mutaties een rol
spelen bij een belangrijk deel van de genetisch met verklaarde dikkedarmkankers
die beschreven zijn in dit proefschrift, omdat maar weinig hoog penetrante families
onverklaard blijven na Lynch syndroom diagnostiek Echter het ontstaan van
dikkedarmkanker op erg jonge leeftijd (beneden 35 jaar) of in een familiaire setting
geeft aan dat er hoog penetrante genen bestaan die nog ontdekt moeten worden
Verschillende onderzoeksmogelijkheden worden besproken om genen betrokken
bij het ontstaan van zowel MSI negatieve als MSI positieve darmkanker te
ontdekken

Conclusies
Het ontdekken van genen die een hoge kans op darmkanker veroorzaken is
belangrijk omdat dan personen met een hoog risico op darmkanker kunnen worden
ontdekt, waarna surveillance de mortaliteit ten gevolge van dikkedarmkanker
vermindert Moleculaire diagnostiek naar Lynch syndroom wordt verricht m
dikkedarmkankers die verdacht zijn voor een erfelijke herkomst De sensitiviteit van
de huidige technieken om MMR gen mutaties op te sporen in Amsterdam positieve
families waar een MSI positieve tumor voorkomt is hoog (95%) BIJ een deel van de
patiënten (22%) komt een onverklaarde MSI positieve tumor voor Hierbij is geen
MMR gen verandering gevonden en is tevens geen hypermethylenng van de MLH1
promoter vastgesteld
In patiënten met vroeg ontstane of familiair voorkomende dikkedarmkanker zonder
microsatelhet instabiliteit is de rol van MSH6 mutaties, MSI-low dikkedarmkanker
en microsatelhet en chromosomaal stabiele dikkedarmkanker onderzocht MSH6
mutaties zijn zeer zeldzaam en er zijn geen aanwijzingen gevonden dat hoog
penetrante genen betrokken zijn bij het ontstaan van MSI-low en microsatelhet en
chromosomaal stabiele dikkedarmkanker
Toekomstige studies, mogelijk binnen subgroepen van patiënten met
dikkedarmkanker met klinische, moleculaire en/of morfologische overeenkomsten
zullen hopelijk leiden tot de ontdekking van genen die betrokken zijn bij het
ontstaan van zowel MSI positieve als MSI-low en MSI negatieve dikkedarmkanker
Identificatie van deze genen zal bijdragen aan de verbetering van genetische
diagnostiek, surveillance en behandeling van patiënten met dikkedarmkanker
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Color figures

C h a p t e r 3, Figure 3 Examples of immunohistochemistry MSH2 and MSH6 in colorectal cancer of
Individual 111:3.
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A: Presence of MSH2 staining in Colorectal Cancer of individual 111:3. B; Presence of MSH6 staining in
Colorectal Cancer of individual 111:3.
C h a p t e r 5, Figure 2 Morphology
t

A: Intra-epithellal (tumor infiltrating) lymphocytes (t) in MSI high tumor of patient with pathogenic
mutation in MLH1 (H&E χ 625). Β: inter (i)- and perl(p)tumoral lymphocytes in MSS tumor (H&E χ 62.5)
G: Crohn's like lymphoid reaction (c) in MSI low tumor (H&E χ 35)
C h a p t e r 6, Figure 1 Examples of DNA flowcytometry results
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Red: diploid cell population, Yellow: aneuplold cell population, Blue: debris and Green: aggregates.
A. Example of a diploid CRC. Β. Example of an aneuplold CRC with DNA Index of 1.68.
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Stellingen bij het proefschrift
Hereditary colorectal cancer with unknown genetic defect,
Lynch syndrome and beyond

1.

In families waarin een onverklaarde MSI positieve tumor voorkomt is de
kans op maligniteiten kleiner dan in klassieke Lynch syndroom families
(dit proefschrift).

2

Startcodonmutaties zijn met altijd pathogeen (dit proefschrift).

3

De combinatie van segregatieanalyse en tumorweefselonderzoek kan
belangrijke informatie opleveren over de consequenties van een
'unclassified variant' (UV) (dit proefschrift).

4.

Betrouwbare herkenning van tumoren van MSH6 mutatiedragers is
mogelijk door microsatelhet instabihteitanalyse van minimaal 3
mononucleotide repeats (dit proefschrift).

5.

De pathologische kenmerken van MSI-low dikkedarmkanker wijzen op een
ongunstige prognose (dit proefschrift)

6

De afwezigheid van microsatelhet en chromosomale instabiliteit in
dikkedarmkanker is geen specifiek kenmerk van een erfelijk kanker
syndroom (dit proefschrift).

7

Zelfs met de nieuwe dienstregeling wint de NS het met afstand van de
waalbrugfile

8

Nu, zeer terecht, een kind de achternaam van de vrouw kan krijgen, zal dit
het maken en gebruik van een stamboom met vereenvoudigen

9

De beste ideeën krijg je tijdens een lunchwandeling.

10. 'Wat niet weet wat niet deert' gaat door de toenemende mogelijkheden
binnen de genetica steeds minder vaak op.

