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Aim and outline of this thesis

Each year, approximately eleven thousand new colorectal cancer (CRC) patients are
registered in the Netherlands. Half of these patients will eventually die of this disease,
especially those in whom metastasis to regional lymph-nodes or distant organs was
present at the time of surgery. Consequently, it is of great importance to identify indi-
viduals with an increased risk for CRC. Timely colonoscopic surveillance offered to such
individuals could lead to a reduction in the incidence of CRC and a reduction in overall
mortality. A way to identify individuals at risk is to look at their family history in terms of
the type of cancer and its presence in multiple family members combined with an early
age of onset. The majority of families with highly penetrant syndromes will be identified
on the basis of their clinical appearance.

Molecular tumor testing can be applied to direct germline gene testing as a cost ef-
fective approach in index patients of these families. Subsequently, these patients will
be screened for the presence of a germline defect in the known high risk genes (MLHT,
PMS2, MSH2, MSH6, or MUTYH). After identification of the underlying gene defect(s)
causing a high risk of CRC, pre-symptomatic testing can be offered to these families,
and screening options can be discussed in mutation carriers and individuals at risk who
choose not to be tested. CRC families without identified mutations are due to either
an undetected defect in known genes or the single high risk gene not yet having been
identified as a target for mutations. Alternatively, the high risk for CRC could be the
result of a combination of gene variations, with each contributing a low level of risk.

This thesis describes the search for molecular pathology tools that can play a role in
identifying individuals with an increased risk for CRC based on their genetic makeup and
it provides insight into the tumorigenesis of familial CRC.

The described work can roughly be divided into:

1) The use of reliable methods that are applicable for formalin-fixed paraffin-embed-
ded (FFPE) tissues, which is of utmost importance since the majority of tumor tissue
from familial CRC is only available as FFPE tissue.

2) Tumor profiling to guide genetic testing strategies and clinical genetic decision
making, to gain insight into the tumorigenesis of familial CRC (including Lynch
syndrome and MUTYH-associated polyposis), and to study the role of CHEK2 and
PTPRJ.

Chapter 1 provides a brief overview of colorectal tumorigenesis and a general in-
troduction of the factors that determine the individual risk of CRC and inheritable CRC
syndromes. The contribution of low level genetic risk factors and environmental factors
in causing CRC are also discussed.

In chapter 2 we evaluate the results of microsatellite instability (MSI) analysis in two
groups of individuals suspected for Lynch syndrome: one that fulfills the Bethesda cri-



teria and a separate group that does not fulfill those criteria. Furthermore, we compare
the results of immunohistochemical (IHC) staining and MSI analysis and assess the ad-
ditional value of PMS2 staining.

In chapter 3, we compare genomic profiles using single nucleotide polymorphism
(SNP) arrays in three groups of archival tumors that show a high frequency of microsatel-
lite instability (MSI-high). In one group MSI-high is caused by a pathogenic mutation in
one of the mismatch repair (MMR) genes, MLH1, PMS2, MSH2, and MSH6 (23 patients). A
second set of tumors consists of MSI-high carcinomas from patients with an unclassified
variant (UV) in one of the MMR genes (8 patients). A third group contains sporadic colon
carcinomas with microsatellite instability due to MLHT promoter hypermethylation (10
patients).

Chapter 4 describes the value of KRAS2 somatic mutation analysis for identifying pa-
tients with (atypical) MUTYH-associated polyposis (MAP). FFPE tumor tissues were stud-
ied for KRAS2 mutations followed by MUTYH hotspot analysis in normal FFPE materials.

In chapter 5, the patterns of genomic instability in MAP carcinomas are described.
Twenty-six carcinomas of MAP patients were studied for ploidy, genome-wide copy
number variations, and copy neutral loss of heterozygosity (cnLOH).

Chapter 6 describes a large family in which gene defects of MUTYH and MSH6 co-
segregate. In particular, we studied the tumors in a family branch with combinations of
defects.

In chapters 7 and 8, we studied the individual effect of the cancer susceptibility alleles
(PTPRJ*1176 A>C and CHEK2*1100delC) in individuals with familial clustering of CRC.

Chapter 9 contains concluding remarks and a discussion of the future implications of
this study.

Chapter 10 summarizes the work described in this thesis.

Chapter 11 summarizes the work described in this thesis in Dutch, contains the cur-
riculum vitae and the list of additional publications.
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CHAPTER 1

General introduction






Colorectal cancer (CRC) is the second most common cause of death due to malignancy
in the Western world. In the Netherlands, approximately 11,000 new cases of CRC are now
diagnosed each year, and the lifetime risk of developing CRC in the general population is
about 5%. The cause of CRC is multifactorial, involving high risk and low risk genetic fac-
tors as well as environmental factors including lifestyle [1-5]. The spectrum of CRC can
be divided into two main groups: sporadic CRC and familial CRC (Figure 1). The majority
of patients develop CRC on an apparently sporadic basis and are the sole family member
with CRC (65-90% of all patients). Affected individuals develop carcinomas mostly at
relatively advanced ages (mean age of 70 years) [6,7]. Approximately 10-35% of all cases
show familiar clustering of CRC [8], and only a proportion can be explained by known
highly penetrant syndromes such as Lynch syndrome, familial adenomatous polyposis
(FAP), Peutz-Jeghers syndrome (PJS), Juvenile polyposis syndrome (JPS), Cowden dis-
ease (CD), and MUTYH-associated polyposis (MAP). The majority of these syndromes
are caused by autosomal dominant genetically inherited risk factors. Thus far, only one
syndrome (MAP) shows an autosomal recessive mode of inheritance.

For individuals from unexplained families with clustering of CRC, the lifetime risk for
developing CRC compared to the general population is increased more than twofold
when these individuals have an affected first degree relative. This risk is increased more
than threefold when the first degree relative is younger than 50 [9-11]. Some of the cur-
rently unexplained familial risk could be due to yet unidentified high-penetrant genetic
risk factors. Another explanation for a large proportion of this familial clustering could
be the combination of several low-penetrant cancer susceptibility alleles [12].

i

Sporadic CRC
OO leljiwe

B Sporadic CRC [0 Unexplained familial CRC
B Lynch Syndrome Familial adenomatous polyposis (FAP)

MUTYH associated polyposis (MAP) [ Peutz-Jeghers syndrome (JPS)
B Juvenile polyposis syndrome (JPS) Bl Cowden disease (CD)

Figure 1. Spectrum of colorectal cancer (CRC)

Colorectal cancer can be divided into two main groups: sporadic CRC (65-90% of all patients) and familial CRC (10-35% of all patients). Up to 5%
of CRC can be explained by these hereditary syndromes: Lynch syndrome, MUTYH-associated polyposis (MAP), familial adenomatous polyposis
(FAP), Peutz-Jeghers syndrome (PJS), Juvenile polyposis syndrome (JPS), and Cowden disease (CD).




Tumorigenesis of colorectal carcinomas

Accumulated genetic and epigenetic changes underlie the development of neoplasia
of the colon. This multistep process leads to the transformation of normal colonic epi-
thelium to colon adenocarcinoma. During this process, somatic mutations accumulate
and determine the final phenotypic characteristics of the colorectal tumor [13].

Genetic instability

In CRC, there are two classic genetic pathways that direct tumorigenesis: chromosomal
instability (CIN) and microsatellite instability (MSI or MIN), as depicted in Figure 2.
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Figure 2. Stepwise progression from normal epithelium to cancer with metastasis (modified “Vogelgram”).

(lassic alterations in CIN tumors (upper element of the scheme) vs. MIN tumors (lower element of the scheme) during tumor progression are
depicted. Adenomas are stratified according to architectural changes and presence of dysplasia (low vs. high grade dysplasia). In situ carcinomas
are now considered to be high grade dysplastic.

Abbreviations: Chr., chromosome; CRC, colorectal cancer; LGD, low grade dysplasia; HGD, high grade dysplasia; cnLOH, copy neutral loss of
heterozygosity.

CIN

CIN is a predominant pathway characterized by chromosomal copynumber variation
including chromosomal gains, physical losses, and copy neutral loss of heterozygosity
(cnLOH). These tumors show aneuploidy, which is the equivalent of a gross amount
of CIN. In general, carcinomas with CIN present with losses of chromosomes 17p and
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18q, and gains at 8q, 13q, and 20 that occur at early stages during the transition from
adenoma to carcinoma, whereas loss of 4p is associated with transition from Dukes’ A to
B-D. Chromosomal loss of 8p and gains of 7p and 17q are reported to be associated with
the transition from primary carcinoma to local and distal metastases. Loss of 14q and
gains of 1g, 11, 12p, and 19 are considered to be late events [14,15].

The mechanism that underlies CIN in human cancers is not completely understood.
In 1989, Shackney et al. proposed a conceptual model based on the observations that
cancer cells can spontaneously double their chromosome number, followed by subse-
quent chromosomal losses and gains [16]. Specific mutations or gene silencing have
also been suggested to be the direct or indirect cause of CIN [17]. This means that a
variety of defects can underlie CIN such as the dysfunction of proteins involved in mi-
tosis (microtubule, centromere and centrosome), chromosome breakage, and failure of
cell cycle checkpoints. The following genes have been suggested to cause CIN in col-
orectal cancer: the mitotic checkpoint genes BUBT and BUBR1 [18], the aurora kinases,
which are essential for cell proliferation [19], adenomatous polyposis coli (APC), which
has a crucial role in the Wnt/Wingless pathway [20], and the general tumor suppressor
FBXW?7/CDC4 [21]. Additional genes associated with a CIN phenotype of CRC are KRAS2
on chromosome 12 (12p12.1), which is involved in both cell cycle regulation and cellular
adhesion, SMAD4 on chromosome 18 (18921.1), which is a tumor suppressor gene criti-
cal for transmitting signals from transforming growth factor-3 (TGF87) on chromosome
19 (19913.1), and TP53 on chromosome 17 (17p13.1), which is an important player in a
variety of cellular signaling pathways [13,22].

MIN

The second pathway is MIN or MSI, which is characterized by tumor cells with small
deletions and insertions in coding and non-coding stretches of short repetitive DNA se-
quences distributed throughout the genome. Accumulation of these mutations leads to
frameshifts within coding sequences and the subsequent inactivation of genes, thereby
contributing to tumor development and progression [23-25]. These tumors are diploid
or near-diploid [26]. MSI results from a defective mismatch repair (MMR) system, in which
both alleles of an MMR gene (MLH1, MSH2, MSH6, and PMS2) are nonfunctional and lack
the ability to repair DNA replication mismatches in the cells. However, in leukocyte DNA,
low levels of MSI have been identified in MLHT and MSH2 mutation carriers before tumor
diagnosis. One explanation might be that these low levels of MSI reflect the presence of
phenotypically normal MSI (-/+) cells; another possible explanation is the presence of
circulating MSI (-/-) cells that have a complete loss of the MMR gene [27].




Epigenetic gene silencing

DNA methylation is present throughout the majority of the genome and is maintained
in relatively stable patterns that are established during development [28]. Approxi-
mately 70% of CpG dinucleotides are methylated. There are regions in the genome that
contain higher proportions of CpG dinucleotides called CpG islands, which are 0.2-3.0
kb-long sequences and by definition are composed of greater than 50% cytosines/
guanines. They are present in the 5' region of approximately 50-60% of genes and are
normally maintained in an unmethylated state. In cancers, many of these CpG islands
become aberrantly methylated, and this aberrant methylation can be accompanied by
transcriptional repression. The silencing of multiple genes by DNA methylation can lead
to tumorigenesis.

Methylation

Changes in DNA methylation in CRC involve simultaneous global demethylation, in-
creased DNA-methyltransferases expression, and de novo methylation of CpG islands.
Tumors can be classified into three distinct groups based on their CpG island methyla-
tion phenotype (CIMP) status: CIMP1, CIMP2, and CIMP negative. The CIMP1 subset is
characterized by hypermethylation at MLH1, Timp3, methylated in tumors 1 (MINT1), and
RIZ1. Furthermore, this subset presents with a high incidence of MSI, and BRAF is fre-
quently mutated (V600E). The CIMP2 subset shows hypermethylation of MINT27, MINT2,
MINT31, and Megalin, along with a high rate of KRAS2 mutations. CIMP negative cases
have a high frequency of P53 mutations [29,30].

High genetic risk for colorectal cancer

The first high risk genetic factor predisposing to CRC, a defect of the APC gene, was
identified in 1991 [31,32]. Subsequently, other gene defects leading to CRC syndromes
were described; these were mostly autosomal dominant syndromes, but one autosomal
recessive syndrome was also identified. These syndromes can be divided into non-poly-
posis and polyposis syndromes, the latter of which presents with a multitude of either
adenomatous, hamartomatous, or hyperplastic polyps.

Autosomal dominant inheritable CRC without polyps

Lynch syndrome MIM No 114500

The most common hereditary CRC syndrome, which accounts for 1-6% of all CRC
cases, is Lynch syndrome [33]. Lynch syndrome, formerly known as Hereditary Non Poly-
posis Colorectal Carcinoma (HNPCC) is characterized by an increased risk of early-onset
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CRC and other cancers, including tumors of the endometrium, stomach, small intestine,
hepatobiliary system, kidney, ureter, brain, and ovary [34-37]. Whether breast and pros-
tate cancers are integral tumors of Lynch syndrome is still a matter of debate [38,39]. The
increased risk for malignancy in Lynch syndrome is caused by a mutation in the MMR
genes: MLHT (chr. 3 [3p21.3]), MSH2 (chr. 2 [2p22-p21]), MSH6 (chr. 2 [2p16]), and PMS2
(chr. 7 [7p22.2]) [40-45]. Germline mutations in MLHT and MSH2 comprise more than
90% of all known MMR mutations in Lynch syndrome [46], while germline mutations
in MSH6 account for 5-10% of all mutations [47,48]. Heterozygous truncating germline
mutations in PMS2 also play a role in a small subset of Lynch syndrome families [49].

Mutations in DNA MMR genes result in a failure to repair errors in repetitive sequences
that occur during DNA replication. A heterodimer of MSH2 and MSH6 recognizes single
nucleotide mismatches, insertion and deletion loops (IDLs), whereas a heterodimer of
MSH2 and MSH3 recognizes IDLs in the absence of MSH6 [50]. The heterodimer of MLH1
and PMS2 mediates cross talk between mismatch recognition and the actual repair com-
plex [51]. In the absence of PMS2, the MLH3 protein is the remaining protein for forming
a heterodimer with MLH1 [52]. The failure to repair errors in repetitive sequences by
one of the MMR genes leads to MSI in the tumor, which is the molecular hallmark of
Lynch syndrome [23,53-55]. In 1997, at an NCI workshop, clinical guidelines (Bethesda
criteria) were proposed for individuals with CRC suspected for Lynch syndrome [56]. In
2004, these criteria were revised [7]. Patients who fulfill these criteria concerning family
history, cancer type and the presence of cancer in multiple family members in combina-
tion with an early age of onset are eligible for additional analysis of tumor materials.
The presence or absence of MSl is determined by a PCR-based analysis, and protein ex-
pression of the MMR enzymes is analyzed with immunohistochemical (IHC) techniques.
Based on the results, eligibility for mutation analysis of the MMR genes is determined
[55]. The result of the IHC pinpoints the MMR gene most likely to be mutated [57]. This
type of tumor pre-analysis makes MMR germline mutation screening less time consum-
ing and expensive.

However, in an undefined percentage of the cases analyzed for mutations in one of
the MMR genes, variants of unknown clinical significance, so-called unclassified variants
(UVs), are identified. Clinically, the uncertainty regarding the contribution of a MMR-
UV to the risk of developing cancer is a major problem. While carriers of a pathogenic
MMR-mutation are at increased risk for developing cancer, those with an MMR-UV could
also represent rare variants without increased risk of cancer. For pathogenic MMR car-
riers, clinical geneticists offer pre-symptomatic testing for the detection of neoplasia
at an early stage. For patients carrying an MMR-UV with unproven pathogenicity, offer-
ing pre-symptomatic testing is difficult. Ten criteria are used to obtain insight into the
pathogenicity of MMR gene variants: de novo appearance of a mutation, segregation of
the UV with pedigrees, absence of the UV in control individuals, a change in amino acid




polarity charge or size in the encoded peptide, occurrence of the amino acid change
in a domain that is evolutionarily conserved between species and/or shared between
proteins belonging to the same protein family, loss of the non-mutated allele in tumor
material of the patient, absence of IHC staining for the corresponding protein in tumor
material, presence of MSI in tumor material of the patients, effect of the mutation on
MMR capacity in functional assays, and previous inclusion of the mutation in disease-
specific mutation databases [58].

Two variations of Lynch syndrome

1. Muir Torre Syndrome (MTS) MIM No 0158320
MTS is a rare inherited syndrome that is considered a part of Lynch syndrome. Patients
present with a sebaceous gland tumor (adenoma and carcinoma), keratoacanthoma,
and at least one visceral malignancy [59].

2. Turcot syndrome (TS) MIM No 276300
TS is a rare syndrome that is considered a part of Lynch syndrome and familial adenoma-
tous polyposis (FAP). TS is classically referred to as the combination of colorectal poly-
posis and primary tumors of the central nervous system (glioblastoma, astrocytoma, or
spongioblastoma) [60].

Autosomal dominant inheritable CRC with adenomatous polyps

Familial adenomatous polyposis (FAP) MIM No 175000

Approximately 1% of CRCs are caused by FAP. The syndrome is characterized by the
presence >100 adenomatous polyps of the colon and small intestine in the later stages
[61]. Patients have a risk of virtually 100% of developing colon cancer at a mean age of 40
years if the colon is not removed at an early stage of life [62]. The colorectum is not the
only organ at risk for tumors; the risk of cancer of the duodenum, thyroid, pancreas, liver
(hepatoblastoma), and central nervous system is also increased [63,64]. Furthermore,
there is a risk for desmoid disease especially in specific genotypes, and this is often trig-
gered by previous abdominal surgeries such as colectomy or caesarian sectioning. The
increased risk for malignancy in FAP is caused by a mutation in the APC gene located on
chromosome 5 (5921-22). Ten to 25% of these cases occur de novo [31,32,65,66].

Attenuated FAP (AFAP)

Attenuated FAP is a phenotypic variant of FAP, characterized by the presence of fewer
than 100 polyps, a later age of onset, and mutations that predominantly occur in the 5’
and 3'ends and in exon 9 of the APC gene [32,67,68].

20



Autosomal dominant inheritable CRC with hamartomatous polyps

Peutz-Jeghers syndrome (PJS) MIM No 175200

Less than 1% of CRCs are due to PJS. Patients with PJS have hamartomas predomi-
nately in the small intestine and fewer polyps in the colon and stomach [69]. The hall-
marks of the disease are melanin spots on the lips and buccal mucosa, observed in 95%
of patients. The lifetime risk of developing cancer is as high as 85% [70]. Patients also
have an elevated risk for tumors of the breast, ovary, uterus, cervix, lung, and testis [70].
In 30-80% of all PJS cases, there is a germline mutation in the nuclear serine threonine
kinase gene (STK17) on chromosome 19 (19p13.3) [70,71].

Juvenile polyposis syndrome (JPS) MIM No 174900

The population incidence of JPS is even lower than that of PJS. JPS is characterized by
multiple hamartomatous polyps of the gastrointestinal tract predominantly affecting
the colorectal region. Most individuals with JPS have some polyps by 16 years of age.
The lifetime risk of gastrointestinal cancers in families with JPS is as high as 60%. Most
of this increased risk is attributed to colon cancer, but gastric, duodenal, and pancreatic
tumors have also been reported. A mutation in SMAD4 on chromosome 18q21.1 is found
in 15-30% of individuals affected with JPS. About 20-40% of individuals have mutations
in the BMPR1A gene located on chromosome 10 (10g22.3) [2].

Cowden disease (CD) MIM No 158350

The number of individuals affected with CD is also very low. CD differs from both PJS
and JPS in that polyposis is not the defining feature. Rather, most cases are ascertained
because of distinctive mucocutaneous lesions, benign and malignant thyroid and breast
disease, and macrocephaly. The onset of clinical manifestations of CD in patients may
be diagnosed as early as 4 years or as late as 75 years of age [72]. Approximately 80% of
patients with CD have a mutation in the PTEN tumor suppressor gene on chromosome
10 (10923.3) [73].

Autosomal recessive inheritable CRC with adenomatous polyps

MUTYH-associated polyposis (MAP) MIN No 608456

In 2002, the autosomal recessive syndrome MAP was described [74]. MAP patients
develop between 10-500 polyps at a mean age of approximately 50 years [75-77]. The in-
creased risk for malignancy in this syndrome is caused by bi-allelic germline MUTYH mu-
tations. MUTYH, located on chromosome 1 (1p34.3-p32.1), is an important cellular player
in the base-repair (BER) system, which is a multi-step process that repairs frequently
occurring 8-oxo-guanine (8-oxoG) DNA lesions formed upon oxidative DNA damage. A
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bi-allelic germline MUTYH mutation predisposes carriers to somatic G>T transversions in
APCand KRAS2, which are involved in the tumorigenesis of CRC. These G>T transversions
seem to occur mostly at GAA sequences in APC [74,78]. In KRAS, an c.34G>T mutation is
found in up to 60% of the MAP carcinomas and is infrequent in sporadic CRC [79,80].
Although MUTYH deficiency triggers carcinogenesis by G>T transversions, the exact
role of MUTYH deficiency in tumor progression in MAP patients is still unknown. In the
Netherlands, clinical geneticists advise diagnostic testing for MUTYH germline mutations
based on family history, the number of adenomas, and age at diagnosis. MUTYH will be
analyzed in patients with 10 to 100 adenomas at ages under 70 years, whereas Lynch
syndrome could also be considered in CRC patients with a history of <10 adenomas. In
patients with classic polyposis (>100 adenomas), germline APC mutations (FAP) can be
excluded prior to MUTYH testing [81]. Previously, in large cohorts of CRC patients (with
or without polyps), approximately 1% of MAP patients were found to be bi-allelic, some
of whom were without polyps [82,83]. Although no MUTYH mutation carriers were de-
tected in other cohorts of patients with fewer than 10 polyps [84], the question remains
as to the prevalence of the (bi-allelic) MUTYH mutations in familial CRC cases with <10
polyps, with or without concomitant CRC.

Low-penetrance cancer susceptibility alleles

To identify cancer susceptibility alleles, studies have been performed both in mice and
humans. In mouse models, at least 100 cancer susceptibility alleles have been identi-
fied in different cancer models [85,86]. Since the completion of the human genome and
the HapMap projects [87], DNA sequences have become available, as well as numer-
ous naturally presenting polymorphic genetic variants that may determine individual
susceptibility to cancer. There are most likely up to hundreds of these low-penetrance
cancer susceptibility alleles, with each contributing only a small proportion of the total
genetic component of risk [88].

In humans, two types of approaches are used to identify low-penetrance cancer
susceptibility alleles: a candidate gene approach and, more recently, genome-wide as-
sociation (GWA) studies. The latter is performed by genotyping using so-called “tagged”
and non-synonymous coding single nucleotide polymorphisms (SNPs) in groups of
individuals affected with CRC versus controls. This GWA approach is based on the com-
mon disease-common variant theory. After identification of possible cancer susceptibil-
ity alleles with this latter approach, the significance of these alleles is determined in
well-characterized patient cohorts with different ethnicities. In the end, it remains to be
determined if identified alleles can be helpful in predicting the risk of CRC [85].
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Carefully designed studies with sufficient statistical power may identify possible
low-penetrance cancer susceptibility alleles in unexplained familial CRC cases. In these
studies, enrolled patients need to be well characterized together with affected relatives
and controls and stratified by ethnicity, gender, and tumor localization. Furthermore,
relevant dietary and lifestyle habits should be taken into account.

Two meta-analyses of published data on the candidate gene approach were described
in 2002, and a summary of genes with significant associations are shown in Table 1
[3,89].

Table 1. CRC susceptibility alleles and common variants described in the literature.

Candidate gene approach SNP Chromosome Gene Reference

gene involved in the folate

pathway 1p36.3 MTHFR* [3,89]

gene involved in the proton

pump inhibitor pathway rs1801725/rs1042636/rs1801726 3913 CASR [90]

gene involved in the Wnt

pathway rs1801155 5021-922 APC [89]

gene involved in metabolic

pathways 8p22 NAT2 (phenotype) [3]

gene involved in the Wnt

pathway 157903146 109253 TCF7L2 [91]

oncogene 11p15.5 HRAST [3,89]

gene involved in alcohol

metabolism 12q24.2 ALDH2 [3]

tumor suppressor gene 17p13.1 TP53 (intron 3) * [3]

gene involved in metabolic

pathways 22q11.23 GSTT1 [3]

Association approach SNP Chromosome Gene Reference
rs16892766 89233 elF3f [95]
156983267 8924 [92,93,94,95]
rs10505477 8024 [96,97]

15719725 9p24 [96]

151075668 10p14 [95]
rs3802842 11923.1 [94]
154779584 15q13.3 CRACT(HMPS) [100]

gene involved in the TGFB rs4939827/rs12953717/

pathway rs4464148 18921 SMAD7 [94,95,99]

* decreased risk

One study of candidate genes published after 2002 reported the association between
three CASR gene variants and the risk for colorectal adenoma [90], and a second study
reported that the T allele of rs7903146 in TCF7L2 gives an increased risk of CRC[91]. GWA
studies identified a CRC susceptibility allele (rs6983267) on chromosome 8924 [92-95].
In a case-unaffected sibling analysis, the risk estimate for the associations between this
SNP and CRC was modest; however, the high frequency suggests that it is an important
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cancer susceptibility allele. In this study, rs10505477 in 8924 was also significantly as-
sociated with CRC [96]. Gruber et al. performed a population-based case-control study
of CRC in northern Israel and found that rs10505477 potentially accounts for 14% of
the analyzed CRC cases [97]. Li et al. also confirmed the association identified between
rs6983267 on chromosome 8q24 and CRC in a population-based case-control study [98].
Tomlinson et al. performed a GWA study and identified association of rs10795668 locat-
ed at 10p14 and rs16892766 at 8g23.3 [95]. In other studies, common alleles in a known
gene were determined to be associated with CRC. The association between rs4939827
of SMAD7 and CRC was reported to be highly significant in GWA studies [94,95,99]. Two
additional SMAD? alleles, rs12953717 and rs4464148, also displayed association [99].
Jeager et al. used a different approach; they mapped a high-penetrance gene (CRACT)
associated with CRC [100] and searched for a low-penetrance variant in this gene.
Rs4779584 turned out to be strongly associated with increased CRC risk [100], and these
results were confirmed in a GWA study [95]. The CRC susceptibility alleles identified with
GWA studies and potential associated genes are summarized in Table 1.

Environmental factors

It has been proposed that environmental factors characterized by a Western lifestyle
are closely related to the risk of CRC [101,102]. In this introduction, we subdivide lifestyle
into four categories: alcohol consumption, smoking, diet, and obesity. Although the last
two categories show some overlap, the mechanisms that might lead to cancer in obese
patients are different from those that lead to CRC due to a moderate but unhealthy
diet.

Alcohol

High alcohol consumption has been weakly related to an increased CRC risk [101]. Kim
etal. reviewed several studies; a meta-analysis of five cohort studies and 22 case-control
studies published from 1996 to 1989 showed a weak positive association [103]. A second
analysis, which combined eight prospective cohort studies from Western countries, re-
ported a 16% increase in the risk of CRC among people consuming at least 30 g (4 units)
of alcohol per day [104]. The total ethanol intake, irrespective of the type of drink, is
likely to be related to the association between alcohol consumption and CRC risk [105].
The underlying mechanism of the association might be explained by the role of alcohol
in the folate pathway. Alcohol functions as a folate antagonist, thereby weakening folate
absorption, increasing folate excretion, and decreasing its hepatic uptake [106,107].
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Smoking

The associations between smoking and colorectal carcinomas turned out to be in-
consistent. Nevertheless, long-term heavy smoking increases the risk for colorectal ad-
enomas by two- to threefold [108]. Furthermore, Ji et al. observed a stronger association
between current smoking and hyperplastic polyps than with adenomatous polyps [109].
The association between smoking and colorectal tumors is expected to be linked to dif-
ferent genotoxic compounds that are formed by the burning of tobacco products. These
compounds include carcinogenic polycyclic aromatic hydrocarbons (PAH), aromatic
amines, and N-nitrosamines. N-nitrosamines are known to induce G:C>A:T transitions.
Benzol[a]pyrene (B[a]P), a PAH indicator, was found to induce G:C>T:A transversions [110].
Interestingly, microsatellite unstable (MSI-high) carcinomas are elevated in smokers
[111]. Cigarette smoking also appears to increase the risk of Lynch syndrome-associated
colorectal tumors [112].

Diet

A higher intake of red meat, possibly in association with high temperature cooking,
has been suggested to increase the risk for CRC [113,114]. On the other hand, higher in-
takes of vegetables, particularly raw and green vegetables, have been associated with a
reduced risk of CRC[101,115,116]. Such reduced risk of CRC is suggested to be related to
the folate pathway. Folate is one of the main micronutrients in vegetables and appears
to be of great importance in the synthesis and regeneration of S-adenosylmethionine
(SAM), which is an important methyl donor for DNA synthesis. Although published in-
formation on the exact effect of folate deficiency on DNA methylation is inconsistent,
DNA methylation is an important epigenetic determinant in gene expression and the
maintenance of DNA integrity and stability. As mentioned before in this introduction,
dysregulation and aberrant patterns of DNA methylation are involved in colorectal
carcinogenesis [117,118]. Another hypothesis for this reduced risk of CRC is the anti-
inflammatory and anti-neoplastic properties of salicylic acid found in a wide range of
fruit, vegetables, herbs, and spices [119]. Of note is that patients treated with aspirin,
a non-steroidal anti-inflammatory drug (NSAID), the principal metabolite of which is
salicylic acid, seem to have a lower risk of CRC [120].

Obesity

The ratio of energy intake to energy expenditure must be in balance to maintain a
healthy body weight. A positive energy balance leads to weight gain, and a person with
a body mass index (BMI) of 30 kg/m? or more is classified as obese [International Obesity
Taskforce. http://www.iotf.org, accessed 2005].

Diverse epidemiological studies have consistently demonstrated a positive rela-
tionship between increased body size (energy balance) and colorectal malignancy,
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as reviewed in 2006 by Gunter et al. [121]. Different mechanisms are proposed to link
energy balance and CRC. Biomarkers of these mechanisms are growth factors (IGF-1,
IGFBP-3), insulin resistance (insulin, d-peptide, HbA1c), chronic inflammation (IL-6, CRP,
TNF-alpha), and steroid hormones (estrogen, progesterone, SHBG). The relationship
between these mechanisms and potential body-size susceptibility loci may in the future
give insight into mechanisms underlying the pathogenesis of obesity. Physical activity
compensates for an excess of energy intake and acts to maintain energy balance. An
inverse relationship between physical activity and CRC risk has been demonstrated in
the literature [122].
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ABSTRACT

Purpose: Immunohistochemistry (IHC) and microsatel-
lite instability (MSI) analysis can be used to identify patients
with a possible DNA mismatch repair defect [hereditary
nonpolyposis colorectal carcinoma (HNPCC)]. The Be-
thesda criteria have been proposed to select families for
determination of MSI. The aims of this study were to assess
the yield of MSI analysis in families suspected for HNPCC,
to compare the results of immunohistochemical staining and
MSI analysis, and to assess the additional value of PMS2
staining.

Experimental Design: Clinical data and tumors were
collected from 725 individuals from 631 families with sus-
pected HNPCC. MSI analysis was performed using eight
markers including the 5 National Cancer Institute markers.
Four immunohistochemical staining antibodies were used
(MLH1, MSH2, MSH6 and PMS2).

Results: A MSI-H (tumors with instability for >30% of
the markers) phenotype in colorectal cancers (CRCs) was
observed in 21-49% of families that met the various Be-
thesda criteria. In families with three cases of CRC diag-
nosed at age > 50 years, families with a solitary case of CRC
diagnosed between ages 45 and 50 years, and families with
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one CRC case and a first-degree relative with a HNPCC-
related cancer, one diagnosed between ages 45 and 50 years
(all Bethesda-negative families), the yield of MSI-H was
10-26%. Immunohistochemical staining confirmed the MSI
results in 93% of the cases. With IHC, adding PMS2 stain-
ing led to the identification of an additional 23% of subjects
with an hMLHI germ-line mutation (35 carriers were
tested).

Conclusions: The Bethesda guidelines for MSI analysis
should include families with three or more cases of CRC
diagnosed at age > 50 years. The age at diagnosis of CRC in
the original guidelines should be raised to 50 years. Routine
THC diagnostics for HNPCC should include PMS2 staining.

INTRODUCTION

Colorectal cancer (CRC) is the second most common cause
of death due to malignancy in the Western world. The cause of
CRC is multifactorial, involving genetic and environmental
factors (1). The most common hereditary colorectal carcinoma
syndrome is hereditary nonpolyposis colorectal carcinoma
(HNPCC), which accounts for 1-6% of all CRC cases (2).
HNPCC is an autosomal dominant disease characterized by an
increased risk of early-onset CRC and other cancers, including
tumors of the endometrium, stomach, small intestine, hepato-
biliary system, kidney, ureter, brain, and ovary (3-6). In up to
15-25% of all cases of CRC, clustering of this type of tumor is
observed in the family (7). The role of environmental or genetic
factors in these cases is largely unknown.

The increased risk for malignancy in HNPCC is caused by
a mutation in one of the following DNA mismatch repair
(MMR) genes: MLH1; MSH2; MSH6; PMSI; and PMS2 (8-10).
Germ-line mutations of MLHI and MSH2 account for >90% of
all known MMR mutations in HNPCC (11), and germ-line
mutations of MSH6 account for 5-10% of all known MMR
mutations in HNPCC, whereas mutations of other genes are rare
(10, 12).

Mutations in DNA MMR genes result in a failure to repair
errors in repetitive sequences that occur during DNA replica-
tion. This failure leads to microsatellite instability (MSI) of the
tumor, which is the hallmark of HNPCC (13-16).

Due to the heterogeneity of the mutation spectrum of the
MMR genes, screening for mutations is both time-consuming
and expensive. In addition to family history, MSI analysis and
immunohistochemistry (IHC) can both be used to identify fam-
ilies eligible for mutation analysis of the MMR genes (2, 17). In
1997, the Bethesda criteria were proposed to select families for
MSTI testing. In the present study, we evaluated the yield of MSI
analysis in families categorized according to these criteria. We
also evaluated MSI in other subsets of families that do not meet
these criteria.

Previous studies from numerous groups, including ours



(Refs. 18, 19 and the references herein) have shown that immu-
nohistochemical analysis using antibodies against the MLHI,
MSH2, and MSH6 proteins is another sensitive method to
identify carriers of MMR gene mutations. Because the PMS2
protein forms a heterodimer with the MLH1 protein, it might be
expected that absence of the MLHI protein due to a germ-line
mutation also leads to loss of the PMS2 protein caused by
abrogation of the total protein complex (20). In the present
study, we compared the results of immunohistochemical stain-
ing with the outcome of MSI analysis and evaluated the addi-
tional value of IHC using PMS2 staining.

PATIENTS AND METHODS

Patients. We used the database of colorectal tumors from
the unit molecular diagnostics of the pathology department from
the Leiden University Medical Center, the Netherlands. This data-
base contains colorectal tumors (n = 771) sent to our department
for MSI analysis from different medical genetic centers and labo-
ratories in the Netherlands between November 1999 and December
2002. For 46 patients, it was impossible to perform MSI analysis
because the obtained formalin-fixed, paraffin-embedded material
was not sufficient, or MSI analysis was redundant due to the fact
that the segregating mutation was already known in the family.
This resulted in MSI analysis of 725 tumors from individuals with
CRC of 631 families with clustering of CRC or with a solitary
patient with CRC at a young age. Retrospectively, we scored the
available complete pedigrees (528 pedigrees were enclosed with
the request for MSI analysis from the medical genetic centers; from
103 subjects, only a fragmentary pedigree was sent) according to
the Bethesda and additional criteria (Table 1), and we performed
immunohistochemical staining (MLH1, MSH2, and, subsequently,
MSH6 and PMS2). Finally, we had 528 tumors with complete
information from the pedigree and MSI analysis, 330 tumors with
results on MLHI and PMS2 staining (including 35 tumors from
patients with a AMLHI mutation), and 284 tumors with interpret-
able results on both MSI and THC (four proteins). The reason for
the major decrease in the number of patients was that in this
retrospective series, not all samples were still available for addi-
tional staining. From 84 families, we had tumor material of at least
two relatives.

DNA Isolation. Genomic DNA of normal and tumor
tissue was isolated from the paraffin-embedded material by
taking tissue punches (diameter, 0.6 mm) with a tissue microar-
rayer (Beecher) from tumor and normal areas selected on the
basis of a HE-stained slide. Using the Chelex extraction method,
DNA was isolated from three punches, resuspended in 96 pl of

PK-1 lysis buffer [5S0 mm KCI, 10 mm Tris (pH 8.3), 2.5 mm
MgCl,, 0.45% NP40, 0.45% Tween 20, and 0.1 mg/ml gelatin]
containing 5% Chelex beads (Bio-Rad, Hercules, CA) and 5 pl
of proteinase K (10 mg/ml), and incubated for 12 h at 56°C. The
suspension was incubated at 100°C for 10 min and centrifuged
at 13,000 rpm for 10 min, and the supernatant containing the
DNA was carefully transferred to a new tube.

MSI Analysis. Eight microsatellite markers were evalu-
ated [two mononucleotide repeats (BAT25 and BAT26) and
three dinucleotide repeats (D2S123, D5S346, and D17S250)
recommended by the National Cancer Institute Workshop on
MSI for Cancer Detection and Familial Predisposition (13),
supplemented by three mononucleotide repeat markers (BAT40,
MSH3, and MSH6)]. BAT40 is a very informative marker. The
choice for MSH3 and MSH6 was initially for research purposes.
Tumors were classified as () tumors with instability for >30%
of the markers (MSI-H), (b) tumors with instability for <30% of
the markers (MSI-L), and (c) tumors with no instability [mic-
rosatellite stability (MSS)]. We distinquished between MSI-L
with instability of only a dinucleotide marker (MSI-Ld) and
instability of only a mononucleotide marker (MSI-Lm).

IHC. Staining of MMR proteins was performed with
anti-MLH1 (initially with clone 14; 1:75; Calbiogen, Cambridge
USA, later supplemented and substituted by clone G168-728;
1:50; BD Biosciences, NJ), anti-PMS2 (clone A16-4; 1:50; BD
Biosciences), anti-MSH2 (clone GB-12; 1:100; Oncogene Re-
search Products, San Diego, CA), and anti-MSH6 (clone 44;
1:400; BD Biosciences). Immunohistochemical staining was
performed on 4-pm-thick, formalin-fixed, paraffin-embedded
tissue sections that were prepared on DAKO slides and dried
overnight at 37°C. Next, tissue sections were deparaffinized
three times in xylene for a total of 15 min and subsequently
rehydrated. Antigen retrieval was done by boiling in 10 mm
citrate buffer [pH 6.0 (MSH6 and MLH1), clone G168-728] or
in 1 mmM EDTA (MLHI, clone 14, PMS2 and MSH2) for 10 min
using a microwave oven, after which the sections were cooled in
this buffer for at least 1 h at room temperature. After rinsing in
demiwater, the tissue sections were stained in a DAKO Tech-
mate 500+ automated tissue stainer using the DAKO Chem-
Mate System Kit Peroxidase/DAB K5011 (DAKO, Glostrup,
Denmark). Briefly, in this system, slides were incubated with
the primary antibody diluted in ChemMate Antibody diluent
(DakoCytomation, Glostrup, Denmark) for 8 h at room temper-
ature. Sections were automatically washed and incubated with
ready-to-use biotinylated secondary antibody for 30 min and
washed. Endogenous peroxidase was then blocked in peroxidase

Table | Explanation of used criteria

Bethesda Criteria

Patient with CRC and a FDR with a HNPCC-related cancer, one of the cancers diagnosed age < 45 yrs

Patient with CRC and a FDR with a HNPCC-related cancer, one of the cancers diagnosed at age 45-50 yrs

Positive 1 Fulfilling the Amsterdam II criteria
2 Solitary patient with CRC® and a HNPCC-related cancer
3
4 Solitary patient with CRC diagnosed at age < 45 yrs
Negative 5 Solitary patient with CRC diagnosed at age 45-50 yrs
6
7

Late-onset family: patient with CRC and two FDRs with a HNPCC-related cancer, both cancers diagnosed at age > 50 yrs

8 Patient with CRC and a FDR with a HNPCC-related cancer, both cancers diagnosed at age > 50 yrs

“ CRC, colorectal cancer; HNPCC, hereditary nonpolyposis colorectal carcinoma; FDR, first-degree relative.
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blocking solution for 7.5 min and washed and incubated with
ready-to-use streptavidin-conjugated with peroxidase for 30
min. Sections were washed and developed with two-component
hydrogen peroxide/diaminobenzidine for 15 min. The sections
were then counterstained with hematoxylin for TechMate, de-
hydrated, cleared in xylene, and mounted with micromount.
Microscopic analysis was done by a pathologist (H. M.). Tissue
stroma and normal epithelium or lymph follicles served as
positive internal controls when analyzing MLHI, PMS2,
MSH2, and MSH6 expression. Expression of MLHI, PMS2,
MSH2, and MSH6 was scored as positive (+), negative with a
positive internal control (0/+), and doubtfully negative [when
both tumor and internal control stain negative (0/0)], and when
the internal control was stronger than the positive tumor cells, it
was scored as +/++.

RESULTS

Yield of MSI in Subjects from Bethesda-Positive and
-Negative Families. In the families that met the Bethesda
criteria (Bethesda-positive group; n = 272), 84 tumors (31%)
were MSI-H, 23 tumors (8%) were MSI-L, and 165 tumors
(61%) showed MSS (Table 1; Fig. 1). In tumors from subjects
from an Amsterdam-positive family (n = 74), the yield of
MSI-H was 49%; for Bethesda 2 (n = 45), it was 40%; for
Bethesda 3 (n = 90), the yield was 19%; and for Bethesda 4
(n = 63), it was 21%. The proportion of MSI-L tumors in these
four groups was 11%, 4%, 9%, and 8%, respectively.

In the families that did not meet the criteria (Bethesda-
negative group; n = 256), 32 colorectal tumors (12.5%) were
MSI-H, 32 tumors (12.5%) were MSI-L, and 192 tumors (75%)
showed MSS. We subdivided the Bethesda-negative families
into four subgroups (Table 1, criteria 5-8). In Fig. 1, the yield
of MSI for the different subgroups is shown.

THC and MSI.  Data on MSI analysis as well as immuno-
histochemical staining (four proteins) were available for 284 tu-
mors. Among these 284 tumors (Table 2), 91 tumors showed
MSI-H as well as abnormal staining, and 136 tumors showed MSS

Fig. 1 Yield of MSI in several types
of families (n = 528). See Table 1 for
groups 1-8.

group

number of
patients

and normal protein expression, leading to concordant results in
93% (227 of 245) of the MSI-H and microsatellite stable tumors. In
view of the remarks by Perucho (21) on the marker sets used for
MSI, we subdivided MSI-L in MSI-Lm (instability of only a
mononucleotide marker) and MSI-Ld (instability of only a dinu-
cleotide marker). Although the number of tumors is small, we
found a difference between both groups: 35% of tumors in the
MSI-Lm group and 13% of tumors in the MSI-Ld group showed
absence of at least one MMR protein (Table 2).

Subsequently, we evaluated the results of IHC in the Be-
thesda-negative groups (Table 3).

PMS2 Staining. To evaluate the additional value of
PMS2 staining, we compared the results of MLHI and PMS2
staining in 330 tumors (see “Patients and Methods”). Among
these, 35 tumors were from AMLHI mutation carriers (25 tu-
mors had been described previously, without staining for PMS2;
Ref. 18). Thirty tumors were from subjects in whom a AMLHI
mutation could not be detected, and 265 tumors were from
subjects with an unknown mutation status of AMLHI (from
these 265 tumors, 7 tumors were from carriers of a hMSH2
germ-line mutation, and 10 were from subjects with a AMSH6
germ-line mutation; Table 4). In Fig. 2, three staining examples
are shown. In 292 tumors (88%), both stainings gave the same
results. If MLHI stained negative with a positive internal con-

Table 2 Comparing MSI and THC staining results

Normal =] MMR protein
MSI expression absent Concordance
MSI-H 12 91 88%
MSS 136 6 96%
MSI-Lm 20 11
MSI-Ld 7 1

“MSI, microsatellite instability; THC, immunohistochemistry;
MMR, mismatch repair; MSS, microsatellite stability; MSI-Lm, MSI-L
with instability of only a mononucleotide marker; MSI-Ld, MSI-L with
instability of only a dinucleotide marker.

37




Table 3 MSI“ and IHC results of the Bethesda-negative groups

See Table 1 for explanation of the groups.

Intact expression of all 4 proteins

Absent expression = | protein

Group 5 Group 6 Group 7 Group 8 Group 5 Group 6 Group 7 Group 8

Total no. of cases 25 22 46 2 6 9 8 1
No. of MSS 2 20 45 20 0 0 0 0
No. of MSI-L 3 1 1 0 1° I 0 0
No. of MSI-H 0 1 0 2 54 8¢ 8 1#

“ MSI, microsatellite instability; IHC, immunohistochemistry; MSS, microsatellite stability.

b Abrogation of MSHS.

¢ Abrogation of MSH6.

 Abrogation of MLHI, or PMS2, or MLH1/PMS2 (2 cases), or MSH2/MSH6.
¢ Abrogation of MLHI/MSH6, PMS2, MSH2, or MSH2/MSHS6, or MSH6 (4 cases).
/ Abrogation of MLHI/PMS2 (2 cases), or PMS2, or MSH2, or MSH6 (2 cases), MSH2/MSH6, or MSH2/MSH6/PMS2.

¢ Abrogation of MLH1/PMS2.

trol (0/+), PMS2 also stained 0/+ in 39 cases (93%). If MLH1
stained positive, PMS2 stained positive in 252 (92%) cases.
Among these 252 cases is 1 carrier of a hMLHI mutation
(unclassified variant; Table 5, case 8). In 19 tumors 7% (all
MSI-H tumors), there was 0/+ staining of PMS2, whereas
staining of MLHI was positive (+, 16 tumors; +/++, 3 tu-
mors). In the latter scoring (+/++), the internal control clearly
stained more positive than the tumor nuclei (Fig. 2). Among
these 19 patients were 8 hMLHI germ-line mutation carriers
(Tables 4 and 5; cases 18, 19, and 26-31). In three cases, a
possible PMS2 defect was present, and in eight cases, the
mutation status of AMLHI was not yet determined. Two tumors
showed 0/+ MLHI staining and positive staining for PMS2.
One subject is a carrier of a AMLHI mutation (case 14, Table 5)
and the mutation status of the second subject, although tested, is
still unknown (case 1, Table 5). In 14 cases, the MLH1 staining
was not interpretable (0/0) because of the absence of staining of
normal tissue, whereas the PMS2 staining was interpretable in
13 of these 14 cases. In one case, both stainings were not
interpretable (0.3%). Therefore, overall, PMS2 staining gave
additional value in 32 of 330 tumors (10%).

When only evaluating the 35 tumors of AMLHI mutation

Table 4 PMS2 and MLHI staining

PMS2
hMLH1 0/+¢ + 0/0  Total

hMLHI mutation

0/+¢ 21 1 1 23

+ 5 1 6

4+ 3 3

0/0 3 3
No hMLH! mutation

0/+ 5 5

+ 3 18 1 2

0/0 3 3
Mutation status unknown

0/+ 13 1 14

+ 8 233 2 243

0/0 2 5 1 8
Total 63 262 5 330

“ Staining results: +, nuclear staining; +/++, internal control is
stronger than the positive tumor cells; 0/+, negative with a positive
internal control; 0/0, tumor and internal control stain negative.

carriers, 23 tumors showed absence of at least MLHI. In only 17
tumors (49%) was an MLH1-negative staining accompanied by
normal MSH2 and MSH6 staining patterns. Eight of the 35
tumors showed absence of only PMS2 (all other three proteins
showed positive expression). Therefore, an additional 23% of
the subjects with an AMLHI germ-line mutation were identified
solely with THC.

Disconcordant Results. When we evaluated all results
in the whole database, there were 31 cases with remarkable
combinations of results of the (pre-)screening tests (Table 5).
Six cases (cases 2-7) are patients with microsatellite stable
tumors in combination with abnormal IHC (see also Table 2).
Cases 7-12 are patients with a germ-line MMR variant (two of
them are considered to be true pathogenic mutations, and four
are unclassified variants), but without evidence of instability.
Cases 13-21 are patients, all with MSI-H tumors, but with an
uncommon combination of absence of proteins. Then we no-
ticed a group of patients (cases 15 and 21-25) without a muta-
tion of AMLHI, hMSH2, or hMSHG, but with a MSI-H or MSI-L
tumor and the absence of one or more proteins. The last group
(cases 18, 19, and 26-31) has already been described in this
article (see also Table 4).

Interfamilial Variety. We identified 84 families in
which we assessed MSI in tumors from at least two relatives.
We evaluated the phenotype in these tumors. In 69 families, the
first tumor was microsatellite stable. The second tumor in these
families showed MSI-H in 13 tumors (19%) and MSI-L in 12
tumors (17%). We evaluated whether we could find an expla-
nation by evaluating the pedigree. We did not find a difference
in family type between families with two microsatellite stable
tumors and families with one microsatellite stable and one
MSI-H or MSI-L tumor. Overall, in the 69 families in which the
first tumor showed MSS, 24 tumors were located in the rectum.
In the 25 families (mutation unknown) with two affected rela-
tives tested, one relative with a microsatellite stable tumor and
one with a MSI-H or MSI-L tumor (in total, 50 tumors), eight of
the tumors first tested were located in the rectum.

DISCUSSION

Identification of families with HNPCC is extremely impor-
tant because it makes it possible to target effective preventive
measures that lead to a substantial reduction in CRC-related
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Fig. 2 Immunostaining with antibodies against MLH1 and PMS2. Thick arrows indicate tumor cells. Thin arrows indicate internal control cells,

either stromal or epithelial. 4 and B, well-differentiated MSI-H colon carcinoma (AMLH1 germ-line mutation, exon 16 delK618) with negative MLH1
and PMS2 staining in tumor nuclei, with retained staining of stromal cells. C and D, poorly differentiated MSI-H colon carcinoma (hMLHI germ-line
mutation, exon 5 Q149X, 445C>T) with positive MLH]1 staining but negative PMS2 staining in tumor nuclei, although there is stronger positivity
for MLH1 in normal crypt cells than in tumor cells. E and F, poorly differentiated MSI-H colon carcinoma (hMLHI germ-line mutation exon 1,
G6£sX25, 18 34del17) with retained MLH1, MSH2, and MSH6 staining but abrogated PMS2 staining.

mortality (22). In the present study, we evaluated the value of
MSI analysis and immunohistochemical staining for the identi-
fication of HNPCC in a large series of families. A significant
proportion of MSI-H tumors were detected not only in families
that complied with the Bethesda criteria but also in families that
met other specific criteria. In addition, we found that immuno-
histochemical staining (including staining for PMS2) and MSI

analysis gave concordant results in 93% of the cases. IHC alone,
including PMS2 staining, led to the identification of an addi-
tional 23% of subjects with an hMLHI germ-line mutation.
Several years ago, the Bethesda guidelines were developed
for selection of families whose tumors should be tested for MSI.
In the present study, we examined the validity of these criteria
in relation to MSI status. Another important aim was to assess
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Table 5 Special cases (see Table 1 for family diagnosis)

Age at
diagnosis Family Site of [HC® [IHC IHC [HC  Mutated Amino acid

Case Sex (yrs)  type tumor MSI“ MLHI MSH2 MSH6 PMS2  gene® Exon  change Nucleotide change
I M 65 7 Rectum Ld 0+ + + + 7

2 F 39 4 Sigmoid S + + 0+ o+ 2

3 F 41 4 Cecum S + + 0/+ + no6

4 F 70 3 Colon N + + 0/+ na nol/2/6

5 M 40 4 Right colon N + 0o+ 0+ + ?

6 M 51 7 Left colon N + 0/+ na + 2

7 M 56 1 Cecum S 0/+ + + 0+ MLHI 8 R226Q 677G>A (splice donor)
8 M 42 4 Sigmoid N + na na MLHI, UV DellVS13 500 bpdeletion

9 F 51 5 Left colon S na na na na MSH2, UV 15 S860L 2579C>T

10 M 65 5 Colon S + + + +  MSH6, UV 4 S503C 1508C>G

11 M 34 4 Ascendens S na na na na MSH6, UV 5 TL102T 3306T>A

2 M 45 Right colon N na na na na MSH6 4 V907fsX 2719 2720delGT
3 M 71 1 Ascendens H 0/+ + 0/+ na (MLHI) 11 Q301X 901C>T

4 M 46 Cecum H 0/+ + 0+ + MLHI 16 K618del  1852-1854del

5 M 40 4 Flexura lienalis H 0/+ + 0/+ 0/+ nol/2/6

16 F 47 3 Flexura hepatica H 0/+ + 0+ 0+ ?

17 M 74 Cecum H + + o+ 0+ ?

18 F 38 Colon H + + 0+ 0+ MLHI,UV 10 R264C

9 M 39 1 Cecum H + + 0+ 0+ MLHL,UV 10 R264C
20 M 42 Flexura lienalis H 0/0 + 00 0/+ (MSHG6,UV) IVS9 3969_4002+51dup
21 M 74 7 Left colon H + 0+ 0+ 0+ nolR2/6
2 M 7 Left colon H + 0/+ na + o 1/2/6
2 M 53 1 Cecum H + 0/+ na na no 1/2/6
24 F 49 Right colon H + 0/+ na + no 1/2/6
25 M 35 4 Transversum Lm + 0+ 0+ + o 1/2/6
26 M 39 1 Ascendens H + + 0+ 0+ MLHI 1 G6fsX25 18 34dell7
27 M 39 1 Transversum H + + + 0+ MLHI 16 K618del  1852-1854del
28 F 90 7 Transversum H + + + 0+ MLHI, UV 3 S93G 277A>C
29 M 34 4 Cecum H +/++ + na 0+ MLHI, UV 2 S44F 131C>T
30 M 46 1 Colon H +/++ mna na 0+ MLHI 5 Q49X 445C>T
31 F 43 1 Cecum H +/++ + + 0+ MLHI 5 QI49X 445C>T

“ MSI, microsatellite instability; H, MSI-H; Lm, MSI-L with instability of only a mononucleotide marker; Ld, MSI-L with instability of only a

dinucleotide marker; S, stability; MSS, microsatellite stability.

PIHC (immunohistochemistry). 0/0, tumor cell, no nuclear staining, internal control also absent; 0/+, no nuclear staining; +, nuclear staining;

+/++, internal control more positive than tumor; na, not analyzed.

¢ Mutated gene: no 1/2/6, no mutation found in AMLH1/hMSH2 or hMSH6; no 6, no mutation found in h/MSHG6; ?, mutation status not fully tested;
(MLH]), relative is known with a MLHI mutation, in this case not tested; UV, unclassified variant.

whether other criteria should be added to identify more families
with MSI-positive tumors.

The yield of MSI-H in our series of families that met the
different Bethesda criteria varied from 19% to 49%. This is in
agreement with the results of previous studies on the yield of
MSTI in such families (23, 24).

The families in our series who did not meet the Bethesda
criteria comprised families with one CRC diagnosed between
age 45 and 50 years (category 5); families with one case of CRC
and a first-degree relative with a HNPCC-related cancer, one
diagnosed between age 45 and 50 years (category 6); families
with three or more CRC cases diagnosed at age > 50 years
(category 7); and families with one CRC and a first-degree
relative with a HNPCC-related cancer, both diagnosed at age >
50 years (category 8). In categories 5, 7, and 8, the yield of
MSI-H tumors was relatively low. In categories 5 and 7, all
MSI-H tumors showed absence of at least one protein (see
earlier). It is remarkable that only 4 of 13 tumors in these two
catego