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Genetics of hereditary colon cancer — a basis for prevention?
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Abstract

Hereditary colorectal cancer syndromes are among the best in vivo models to study colorectal carcinogenesis and the influence of
putative modifiers of the cancer risk. The present knowledge regarding the wide range of colorectal cancer (CRC) susceptibilities
and the histological and molecular changes they elicit is leading to a very dynamic and integrated concept of tumorigenesis in the
colon and to new views about prevention and early treatment of cancer. © 2000 Published by Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Approximately 5-10% of colon cancers can be
explained by autosomal-dominantly inherited suscept-
ibilities. One such condition is familial adenomatous
polyposis (FAP) (Fig. 1). Affected persons develop
hundreds or even thousands of adenomatous polyps in
the colon and rectum which, if left untreated, will
almost certainly develop into colorectal cancer (CRC).
Although not associated with a generalised polyposis,
hereditary non-polyposis colorectal cancer (HNPCC) is
another genetic condition that is associated with an
increased risk for colorectal cancer. Patients with both
predispositions tend to develop neoplasms also in other
organs. The rare inherited hamartoma polyposis syn-
dromes are characterised by the presence of gastro-
intestinal hamartomatous polyps and an increased risk
of gastrointestinal malignancy. Considerable progress
has been made towards the understanding of the mole-
cular basis leading to these colorectal cancer syndromes
which is a prerequisite for the development of preven-
tion strategies. However, most of the familial cases of
CRC cannot be attributed to these genetic entities.
Future research has, therefore, to focus on identifying
and characterising low penetrance genes, modifier
genes, epigenetic mechanisms leading to cancer, and
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especially on the interaction of predisposing genes, i.e.,
their mutated proteins with environmental carcinogenic
factors. This paper summarises progress in the under-
standing of the molecular and genetic aspects of color-
ectal carcinogensis in the established hereditary cancer
syndromes which are among the best in vivo models to
study carcinogenic influences on the colon by providing
a uniform aetiological basis.

2. Inherited hamartoma polyposis syndromes

The hamartoma polyposis syndromes comprise Cow-
den syndrome (CS) and its variant the Bannayan-Riley-
Ruvalcaba syndrome (BRR), together with the juvenile
polyposis syndrome (JPS) and the Peutz-Jeghers syn-
drome (PJS). CS is characterised by hamartomas in
various organs, including gastrointestinal hamartoma-
tous polyps and a increased risk of neoplasms of the
thyroid, breast, uterus and skin. BRR patients suffer
from macrocephaly, hamartomatous polyposis, lipoma-
tosis and freckled penis. Germ line mutations in tumour
suppressor gene (PTEN) which encodes an ubiquitously
expressed dual-specificity phosphatase have been found
in CS, BRR and JPS conditions [1,2]. Patients with JPS
have numerous polyps in the colon and small intestine
which can be distinguished from those occurring in FAP
by pathology, location and age of onset. There seem to
be several causes of JPS, but two could be attributed to
mutations of the PTEN- [3] and also the SMAD4 gene
[4]. Patients with JPS caused by mutations of the PTEN

0959-8049/00/$ - see front matter © 2000 Published by Elsevier Science Ltd. All rights reserved.

PII: S0959-8049(00)00111-8



1216 H.Hj. Miiller et al. | European Journal of Cancer 36 (2000) 1215-1223

APC hMLH1 CRAC1 PTEN
hMSH2 TGFBR2 STK11
hMSH6 SMAD4

hPMS1/2

Low penetrance variants
of APC- and other genes
* Haploinsufficiency
¢ Loci encoding:
- detoxifying enzymes
- other metabolic enzymes
- growth factor/
hormone receptors

Fig. 1. The iceberg of genes which predispose to colorectal cancer.
FAP, familial adenomatous polyposis; HNPCC, hereditary non-poly-
posis colorectal cancer; HPS, hamartoma polyposis syndromes;
PTEN, MMACI; STKI11, LKBI; SMAD4, MADH4/DPCA4.

gene are rarer and seem to have higher risk for thyroid
and breast cancers, whilst those with JPS caused by
SMAD4 alterations have a higher risk for colon and
pancreatic cancers. PJS is characterised by the develop-
ment of primarily benign polyps with typical histologi-
cal features occurring throughout the gut but mainly in
the small intestine. Hamartomas of the small intestine
cause most of the clinical symptoms, including anaemia
and also blockages that require surgery. In the stomach
and colon they should be monitored endoscopically
since they have a tendency to become malignant. PJS is
marked by hyperpigmentation (freckling) of the lips and
sometimes other parts of the face which become notice-
able within the first 5 years of life and often fading
during adulthood. The mucocutaneous pigmention on
the lips and oral mucosa may lead to the suspected
diagnosis of the generally well known PJS in children.
However, periungual hyperpigmentations also occur as
symptoms of other clinical entities not related to cancer
such as the Laugier-Hunziker syndrome [5]. Germ line
mutations of the LBKI or STKII gene, encoding a ser-
ine threonine kinase have been found to cause many
cases of PJS [6,7].

Many phenotypic features are shared by several
hamartoma syndromes, a fact that often makes difficult
the clinical diagnosis and exact classification of these
disorders in a given patient. However, it is important to
distinguish the various hamartoma syndromes, since the
cancer risk and the types of cancer might be quite dif-
ferent among them. Therefore, the possibility of a
molecular genetic evaluation as an extension of the

clinical diagnosis is already of considerable practical
relevance, with respect to the prevention of cancer.

With a view to prevention, it is now a matter of
deciphering the genetic pathways associated with the
hamartoma polyposis syndromes and leading to CRC,
as well as of identifying their connections with those of
FAP and HNPCC. Whether a distinct ‘hamartoma-
carcinoma’ sequence exists is as yet uncertain [8]. Dys-
plastic juvenile polyps have been shown to harbour
adenomatous polyposis coli A PC mutations [9], whereas
mutations of the STK/I and PTEN genes rarely occur
in sporadic CRC. Therefore, it is possible that a loss
of function mutation of the hamartoma genes has a
modifier effect on APC which is expedient to tumour
development [8].

3. Familial adenomatous polyposis (FAP)
3.1. Severity of the intestinal symptoms

The APC protein which is a member of the Wnt
pathway has a prominent position in colorectal carcino-
genesis. Somatic inactivation of this protein is involved
in up to 80% of sporadic colorectal cancers (CRC).
Furthermore, APC or other proteins of the Wnt path-
way, such as B-catenin or T cell factor (Tcf)4, are fre-
quently targeted in colorectal tumours which grow on
the basis of mismatch repair deficiency (replication error
phenotype, RER-positive) [10-12], e.g. in HNPCC
patients. Finally, if mutated in the germ line APC gives
rise to an autosomal dominant disorder, familial ade-
nomatous polyposis (FAP), characterised by multiple
intestinal polyps which represent precursors of color-
ectal carcinomas developed later during the lifetime.
Interestingly, although harbouring mutations within the
same gene, the severity of intestinal polyposis, char-
acterised by the number and the age of onset, varies
considerably among FAP patients. As it definitely cor-
relates with carcinoma occurrence, it is of a pre-
dominant importance to study which factors influence
differences in the disease severity.

In general, the number of polyps within the gastro-
intestinal tract in FAP patients seems to follow a gradient
character, increasing from the stomach towards the
colon, independently of the site and type of the APC
mutation [13]. Upper gastrointestinal polyps were pre-
viously reported to occur in 23-56% of FAP patients
[14]. Recent data, however, estimate that though gastric
polyps develop in approximately 10-30% of patients,
using optimal screening methods nearly all FAP
patients will develop duodenal adenomas [15]. Fundic
gland polyps are the most common gastric lesions in
FAP and although they generally have little potential
for malignant transformation, a few cases of gastric
adenocarcinoma associated with fundic gland polyposis



H.Hj. Miiller et al. | European Journal of Cancer 36 (2000) 1215-1223 1217

have been described [16]. Duodenal cancer incidence has
thus far been relatively low, reaching approximately 5%
[15,17], however, upper gastrointestinal malignancy
occurring mostly in the antrum and duodenum is after
colectomy the main cause of death in FAP patients
[15,18]. In contrast to colonic polyps, it seems that the
occurrence and number of gastric and/or duodenal
polyps is not associated with the specific type or locali-
sation of the APC mutations.

As it is the primary phenotypic feature of the disease,
significantly more data are available on polyposis
developed in the colon of FAP patients. It is generally
accepted that the variability in terms of the number of
polyps in colorectum is considerable and has wide
implications for the therapy and survival of patients.
Though the total numbers vary even among patients
within the same family, several ‘rules’ may be estab-
lished with respect to the association of the polyp number
and the site of the mutation within the 4PC gene. In
summary, the most profuse polyposis is almost invari-
ably observed if the APC mutation occurs between
codons 1250-1330 [19] and particularly in carriers of the
1309 mutation who manifest a significantly higher
number of adenomas compared with carriers of all
other APC mutations [20,21]. On the contrary, milder
colonic polyposis develops if a patient carries a germ
line mutation at the very 5 end of the APC gene [22] or
at the 3’ end beyond codon 1520 [13,23-26].

The correlation between the polyp number in the col-
orectum and the site of the germ line 4PC mutation
could be explained by at least two, mutually not
excluding, hypotheses. (1) The first one is based on a
direct influence of the germ line mutation on the func-
tion of mutated protein and/or its ability to interrupt
the wild-type protein originating from the healthy allele.
(2) The second hypothesis relies on an indirect influence of
the germ line mutation on the probability that a second
(somatic) mutation is, in combination with the first one,
sufficient in terms of developing a polyp.

Hypothesis (1) as the APC protein functions as a
dimer, stable truncated proteins result in a dominant
negative effect with respect to the interrupting the func-
tion of the wild-type protein and are associated with the
most severe disease phenotypes such as those for codon
1309. If the truncated protein is for some reason unable
to dimerise and thus interrupt the wild-type protein, the
polyposis tends to be milder. Thus, 4PC mutations
towards both ends of the gene which have been shown
to result in an undetectable protein correlate with less
polyps developed in the colon [25,27,28]. However, as
these mutations still cause the disease to develop, the
maintenance of even 50% of the normal APC function
in the cell is clearly insufficient to take over the APC
function properly (haploinsufficiency). Finally, milder
variants of polyposis arise if the function of resulting
mutated protein can at least partially fulfil its original

function: a/ mutations localised in alternatively spliced
regions within the APC gene (exons 1-4 and 9) which
result in splicing out of the mutation site in a portion of
transcripts [29-33], b/ truncations at the very 3’ end of
the APC gene [23,26,34] analogous to the situation in
the APC1638T mouse model which, even in homo-
zygous state, remains compatible with life and does not
develop tumours in adulthood [35], ¢/ missense germ
line 4 PC mutations, such as polymorphisms [1307K or
E1317Q, and missense mutations in exons 8-15 predis-
posing its carriers to develop a decreased number of
polyps (up to 30), and carcinoma at a higher age [36,37].

Hypothesis (2) an alternative hypothesis favours the
combination of two 4PC hits being decisive in terms of
the disease severity. As recently shown [38] inactivation
of the APC protein is sufficient for the initial growth of
colorectal adenomas, however, such inactivation needs
to be specific. Several lines of evidence show that the
B-catenin regulation domains (codons 1020 to around
1700) are the crucial ones with respect to polyp devel-
opment and that at least one of the two APC mutations
(germ line or somatic) has to be localised within this
region to give rise to a polyp growth. This gives a germ
line APC mutation localised within this region a con-
siderable selective advantage as the second somatic
event can in such cases can occur in virtually any posi-
tion within the 4PC gene to initiate adenoma develop-
ment. On the contrary, only specific somatic events
precisely localised in the B-catenin regulatory region
(representing less than 10% of the whole coding region)
can take over the same function if the first germ line hit
lies within an area other than [-catenin regulatory
domain. Finally, should both hits be localised outside
this region, a third hit is probably needed to interrupt
the APC function sufficiently in terms of adenoma
development [39—41].

3.2. Modifiers

Although correlation between the severity of the
intestinal disease in FAP and the site of the 4 PC muta-
tion is often found, exceptional cases exist, e.g. patients
originating from the same family and displaying differ-
ent disease severities. Beside the influence of environ-
ment, further genetic factors, so-called modifier genes,
have to be considered. Several candidate modifiers have
been proposed based on the FAP mouse models, e.g.
secretory phospholipase A2, cyclooxygenase 2 or DNA-
methyltransferase. However, no clear association has
been confirmed for any of those in humans [42—44].

3.3. Locus heterogeneity in FAP
Approximately 25% of FAP patients remain without

an identified 4 PC mutation (4 PC-negative) and using a
detailed analysis they seem to differ phenotypically from
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the classical FAP patients in terms of lower polyp
number, later age at diagnosis and lower occurrence of
extraclonic manifestations [14,45]. Although the incom-
plete sensitivity of methods used to identify 4 PC muta-
tions in FAP patients causes a certain amount of false-
negative cases, it can not alone explain such a high per-
centage of APC-negative families. Definitely, alterations
in the APC gene expression which are not based on
mutations within the coding region could cause the
typical FAP phenotype to develop. Indeed, Laken and
colleagues [46] using a new technique of analysis of
monoallelic APC expression showed that the majority
of their 4APC-negative patients expressed a significantly
reduced dose of the APC protein. All analysed patients
in this study, however, displayed the very typical FAP
phenotype with > 100 polyps in the colon and positive
family history of the disease, and are thus not equiva-
lent to the APC-negative patients determined by other
groups [14,45]. Moreover, a few reports revealed an
absence of linkage to the 4 PC locus within FAP families
[47,48] supporting the hypothesis that other genes might
be responsible for a phenotype very similar to FAP.

The potential candidates lie preferentially within the
Wnt pathway, however, B-catenin has been excluded in
several studies [49,50] suggesting that its fluctuations at
the germ line level might not be relevant. Interestingly,
another candidate which might contribute to APC’s
tumour suppressive effect and serves as a potential
transcription target of the Wnt pathway is the homeo-
box gene caudal (Cdx2). Cdx2 heterozygote mutant
mice develop multiple intestinal adenomatous polyps
upon inactivation of the second allele of Cdx2. More-
over, a truncating mutation in Cdx2 has been observed
in colorectal cancer cell line lacking 4 PC and B-catenin
mutations [51] and both alleles of Cdx2 have been
mutated in a RER+ colorectal tumour [52]. Further
candidates, identified similarly according to the intest-
inal polyp phenotype in the deficient mouse, is the Tcf1
gene which is physically linked to the APC gene on
chromosome 5q and believed to cooperate with APC to
suppress malignant transformation of epithelial cells
[53]. Contrastingly, should the regulation of B-catenin
represent the crucial function of APC with respect to
carcinogenesis, all alternative pathways which increase
the level of B-catenin or its activity in transcriptional
activation could potentially serve as candidates for the

Table 1
Amsterdam Criteria I (ACI)

There should be at least 3 relatives with CRC. All the following
criteria should be present:
One should be a first-degree relative of the other 2.
At least 2 successive generations should be affected.
At least 1 CRC should be diagnosed before age of 50 years.
Familial adenomatous polyposis should be excluded.
Tumours should be verified by pathological examination.

FAP-like phenotype. Very recently, one of the first
reports of an APC-independent increase of B-catenin-
mediated transcription in intestinal cell lines has been
described through the activation of protein kinase C by
the phorbol ester PMA [54].

4. HNPCC

The autosomal dominantly inherited HNPCC syn-
drome is thought to account for between 2 and 10% of
all colorectal cancers and, thus represents one of the
most common inherited cancer predisposition syn-
dromes [55,56]. The penetrance of the HNPCC-predis-
position is high, with an 80-85% lifetime risk of
colorectal cancer and a 40-50% risk of endometrial
cancer by the age of 80 years [57-59]. Furthermore,
HNPCC patients are at an increased risk to develop a
typical spectrum of other extracolonic malignancies,
such as cancer of the small bowel, stomach, hepatobiliary
tract, renal tract, ovary and brain.

4.1. Genotype-phenotype correlations

The initial observation of expansions and contractions
of short repetitive DNA sequences, the so-called micro-
satellite DNA, in the genome of colorectal tumours
coming from HNPCC patients, termed RER or micro-
satellite instability (MSI), established the link with the
DNA mismatch repair (MMR) system [60,61]. In con-
trast to the gatekeeper concept illustrated by the APC
gene in FAP, the DNA MMR genes belong to the so-
called ‘caretakers’, which when inactivated do not
directly promote tumorigenesis, but rather lead to
genetic instability and thus, by increasing the genome-
wide mutation rate, indirectly promote tumour growth
[62]. The evolutionarily highly conserved MMR genes
function as ‘guardians of the genome’ by detecting and
initiating repair of base:base mispairs and insertion/
deletion mispairs which occur during replication and by
preventing recombination between divergent sequences
[63,64]. Inactivation of the MMR system through
mutation of one of its components consequently leads
to genomic instability, as illustrated by microsatellite
instability in tumours from HNPCC patients.

Linkage studies in HNPCC families fulfilling the
stringent Amsterdam Criteria (ACI) (Table 1) finally led
to the discovery of two human MMR genes, termed
hMSH2 (human MutS homologue 2) and AMLHI
(human MutL homologue 1), which account for 45—
86% of all classical HNPCC families, for review see
[56]. Interestingly, phenotype-genotype correlations in
HNPCC point to a higher risk of ZMSH2 mutation
carriers to develop extracolonic cancers, in particular
endometrial cancer, compared with ZMLHI mutation
carriers [58,65]. To date, several other mismatch repair
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genes have been assigned to the actiology of HNPCC,
namely APMSI! (human post-meiotic segregation 1),
hPMS2 and hMSH6 accounting for approximately 2—
7% of HNPCC kindreds [66-70]. hMSH6 germ line
mutations appear to predispose to late-onset, familial
colorectal cancer not necessarily fulfilling the ACI.
Recently, Wijnen and colleagues [69] have shown that
endometrial cancer represents the most common clinical
manifestation of HNPCC among female 27MSH6 muta-
tion carriers and that CRC cannot be considered an
obligate requisite to define HNPCC. Meanwhile, the
ICG-HNPCC has adopted new research criteria, the so-
called Amsterdam criteria II (ACII), which besides
CRC also includes endometrial, small bowel and upper
renal tract cancers (Table 2) [71]. Applying the modified
AC on their Dutch cohort, 73/83 mutation-positive
families, originally described as 65 ACI positive and 18
ACI negative, were found to fulfil the ACII, illustrating
the usefulness of the new criteria [69].

In approximately 10-40% of all HNPCC kindreds
fulfilling the Amsterdam criteria, however, no patho-
genic germ line mutation in one of the MMR genes can
be identified. This failure could be due to the limitations
of the conventional mutation detection techniques, as
recently demonstrated by Yan and colleagues [72] who
used a diploid-to-haploid conversion method on 10 clas-
sical HNPCC kindreds previously without any detect-
able germ line mutations and, thus, were able to identify
disease-causing alterations in either AIMLHI or hMSH?2
in all families. Alternatively, other genes such as CRACI
[73] or the transforming growth factor B-Receptor II
(TGFBRII) [74] may be responsible for a subset of
HNPCC kindreds (Fig. 1).

4.2. Modifiers of disease expression in HNPCC

Although cancer is essentially a genetic disease,
environmental factors clearly play an important role in
carcinogenesis, especially in the case of the colon which
is constantly exposed to xenobiotic substances confering
continuous genotoxic stress on the colonic epithelium.
According to reports from the World Health Organiza-
tion (WHO), approximately 80% of all human cancers
arise as a consequence of exposure to environmental

Table 2
Amsterdam Criteria II (ACII)

There should be at least 3 relatives with an HNPCC-associated
cancer (CRC, cancer of the endometrium, small bowel, ureter, or
renal pelvis).

One should be a first-degree relative of the other 2.

At least 2 successive generations should be affected.

At least 1 CRC should be diagnosed before age of 50 years.

Familial adenomatous polyposis should be excluded in the CRC

case(s) if any.

Tumours should be verified by pathological examination.

agents [75]. As an adaptive response to environmental
insult, a number of enzyme superfamilies, including the
cytochrome P450s, glutathione S-transferases (GSTs)
and N-acetyltransferases (NATSs), have evolved in order
to metabolise and consequently detoxify the foreign
compounds [76]. Any alteration in the activity of these
enzymes is therefore likely to result in an altered sus-
ceptibility to cancer. As detoxifying enzymes are often
genetically polymorphic, resulting in different kinetic
activities, they represent good candidate modifiers. A
modifier (locus) can be defined as an inherited genetic
variation, distinct from the disease locus, that leads to a
quantitative or qualitative difference in any aspect of the
disease phenotype [77].

Inter- and intrafamilial differences in the age of onset
and cancer occurrence in MMR gene mutation carriers
could be explained by altered enzyme activities and,
thus, altered metabolisation of environmental agents
which result in different susceptibilities to cancer, as
seen in the association between occupational bladder
cancer and the slow acetylation activity of the NAT2
gene [78]. Since AMLHI/hMSH2 mutation carriers
show considerable phenotypic variability with respect to
age at diagnosis, cancer site and cancer occurrence,
modifying genes may account in part for the variation
in disease expression.

Moisio and colleagues [79], who investigated poly-
morphisms in the NATI and GSTM1 and T'I genes in 2
large Finnish HNPCC kindreds harbouring "M LH]
founder mutations, reported the NAT1 allele 10 to be
associated with lower median age of onset of colorectal
cancer and the combined null genotype of GSTMI and
GSTTI was associated with a proximal tumour loca-
tion. In a recent study of ours, we screened 21 Swiss
HNPCC families for specific genetic polymorphisms in
GSTM1I1, GSTTI and NAT2 known to enhance, reduce
or abolish the activity of their respective proteins.
Through comparison of 26 unaffected and 52 cancer-
affected mutation carriers, the NAT2 slow acetylators
were found to be significantly more prevalent in the
latter group (P <0.04), suggesting a protective effect of
the NAT2 rapid acetylator phenotype on colorectal
cancer development [80]. In view of the clear association
with occupational bladder cancer and recent studies on
acetylator status in CRC, however, it seems conceivable
that the rapid acetylator phenotype may indeed confer a
protective effect in AMLHI1/hMSH?2 mutation carriers.
By analogy to bladder cancer, rapid acetylators may
detoxify arylamine substrates faster (by N-acetylation)
and thus prevent carcinogen activation (e.g. N-oxidation
by CYP1A2) and aromatic amine-DNA adduct forma-
tion [78,81]. The acetylation activity of the NAT2 enzyme
is expressed in colorectal mucosa in a phenotype-
dependent manner indicating that this tissue has the
capacity to participate in local bioactivation of dietary and
environmental aryl- or heterocyclic amine carcinogens
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[82]. Thus, it remains a potentially important regulator
of genotoxic insult to colonic crypt cells. Additionally,
recent large epidemiological studies using the genotyp-
ing approach (in contrast to older studies which asses-
sed the acetylator status phenotypically, e.g. hydrazine
metabolism) failed to observe any association between
acetylator status and colorectal cancer risk [83]. Inter-
estingly, slow NAT?2 acetylator genotypes were more
common in CRC patients under 70 years of age than in
controls suggesting that slow acetylation is a risk factor
for CRC in younger people.

4.3. Considerations concerning CRC prevention

Traditional colon cancer treatment — chemotherapy,
radiation, surgery, are expensive, unpleasant and also
damage healthy tissue. It is, therefore, desirable to avoid
the need for cancer treatment by preventing the malig-
nancy in the first place.

This urgently raises the question of whether, and if so
to what extent, the current knowledge of the genetic
predispositons to CRC can be used in the development
of effective preventive measures, particularly since persons
with a greatly elevated risk level are a group who warrant
special attention in this respect.

It can be seen from the proceeding parts of this paper
that molecular genetics has gained considerable impor-
tance in the identification of persons with an increased
CRC risk due to a mutated cancer gene, allowing their
systematic medical surveillance and the early detection
of tumour development. As yet, however, it is not easy
to say definitively whether this knowledge can be used
for the derivation of the strategies for prevention of the
initiation of CRC or if it may make greater sense to try
to suppress generally the clinical onset of CRC.

Fearon and Vogelstein [84] have established a model
in which the histopathological process of colorectal
carcinogenesis is linked with circumscribed genetic
changes during each of its individual steps. In view of
the present knowledge regarding the wide range of CRC
susceptibilities and the histological changes they elicit, the
so-called ‘Vogelgram’ needs to be expanded. The inclu-
sion of these aspects leads to a dynamic and integrated
concept of colorectal carcinogenesis. Two mechanisms
influence the course of this process: (1) The accumula-
tion of various mutations at a rate which is typical for
tumour tissue or at an increased rate due to a mismatch
repair deficiency as well as due to another type of
genetic instability such as chromosomal instability [85].
Mutational alterations causing genetic instability are
gaining scientific interest since they might be necessary
for cancers to progress beyond the initial benign stage.
(2) The selection of certain clones within the tumour due
to their acquiring certain characteristics as a result of
mutation or epigenetic influences, including possibly
also mutations of individual DNA microsatellites.

Riischoff and colleagues [86] recently observed that the
administration of non-steroidal anti-inflammatory drugs
(NSAIDs) like aspirin and sulindac resulted in the
suppression of microsatellite instability in a subset of
MMR-deficient CRC cell lines (:MLH]I -/-, h(MSH?2 -/-,
hMSHG6 -/-). This time- and dose-dependent effect on
the induction of apoptosis results in genetic selection
for cells that retain stable microsatellites, rather than
due to the antiproliferative properties of NSAIDs.

On the basis of the analysis of the APC gene which is
commonly mutated in CRC, it can be assumed that
mutated genes which lead to a growth advantage are
more commonly to be found in the first steps of tumour
formation than those which cause increased genetic
instability. In FAP, the inherited pathogenetic germ line
mutation of the 4PC gene is related to the type of the
somatic mutation of the second 4 PC allele which can be
interpreted as evidence of a selective advantage for the
cells thus affected [87]. In HNPCC caused by an inher-
ited mutation of a mismatch-repair gene, both APC
genes have also to be mutated in the cells leading to
CRC. This occurs later in life in somatic cells which are
obviously prone to mutation. If selection before the
occurrence of APC-mutations is important in HNPCC
needs further clarification. In connection with DNA-
repair, it must also be taken in account that there is a
degree of overlap between different repair systems, the
nucleotide excision repair system for the repair of UV
damage is capable of independently rectifying certain
mismatches and thus serving as a kind of safety net for
the mismatch repair system [88].

Possible approaches in the prevention of CRC are
first the impediment of somatic mutations leading to
carcinogenesis or second the induction of selection bar-
riers which arrest the outgrowth of cancerous cell
clones. A possible alternative pathway would be making
malignant cells genetically so unstable that they exceed
the threshold of viability so that apoptotic pathways are
activated and cell death ensues. Apoptosis related to
mismatch repair could be a starting point to proceed
in such a form of cancer prevention. Research into the
number and overlaps of the different pathogenetic
pathways initiated by the different CRC-susceptibilities
and also into apoptosis should provide information as
to why tissues other than the colonic endometrium are
prone to becoming neoplastic. Obviously, in the heredi-
tary CRC syndromes prevention measures cannot only
be limited to the gut. With regard to prevention, con-
sideration must also be given to other options that per-
sons at risk could take on their own initiative, such as
changes in their dietary habits or physical activity.

Acknowledgements

Our own research was supported by grants from the
Swiss National Foundation (3200-055664.98 and 3138-



H.Hj. Miiller et al. | European Journal of Cancer 36 (2000) 1215-1223

051088.97.1.) and the Krebsforschung Schweiz (717-9-
1998 and 932-09-1999).

References

10.

12.

14.

15.

16.

17.

19.

. LiJ, Yen C, Liaw D, et al. PTEN, a putative protein tyrosine

phosphatase gene mutated in human brain, breast and prostate
cancer. Science 1997, 275, 1943-1947.

. Marsh DJ, Coulon V, Lunetta KL, et al. Mutation spectrum and

genotype-phenotype analysis in Cowden disease and Bannayan-
Zonana syndrome, two hamartoma syndromes with germline
PTEN mutation. Hum Mol Genet 1998, 7, 507-515.

. Olschwang S, Serova-Sinilnikova OM, Lenoir GM, Thomas G.

PTEN germ-line mutations in juvenile polyposis coli. Nat Genet
1998, 18, 12-14.

. Howe JR, Roth S, Ringold JC, et al. Mutations in the SMAD4/

DPC4 gene in juvenile polyposis. Science 1998, 280, 1086-1088.

. Laugier P, Hinziker N. Pigmentation mélanique lenticulaire

essentielle de la muqueuse jugal et des 1évres. Arch Belg Dermatol
Syphilol 1970, 26, 391-399.

. Jenne DE, Reimann N, Nezu J, ef al. Peutz-Jeghers syndrome is

caused by mutations in a novel serine theronine kinase. Nat Genet
1998, 18, 38-43.

. Hemminki A, Markie D, Tomlinson I, et al. A serine/threonine

kinase gene defective in Peutz-Jeghers syndrome. Nature 1998,
391, 184-187.

. Ilyas M, Straub J, Tomlinson IPM, Bodmer WF. Genetic path-

ways in colorectal and other cancers. Eur J Cancer 1999, 35, 335—
351.

. Wu TT, Rezai B, Rashid A. Genetid alterations and epithelial

dysplasia in juvenile polyposis syndrome and sporadic juvenile
polyps. Am Journal Pathol 1997, 150, 939-947.

Huang J, Papadopoulos N, McKinley AJ, et al. APC mutations
in colorectal tumors with mismatch repair deficiency. Proc Natl
Acad Sci USA 1996, 93, 9049-9054.

. Miyaki M, Iijima T, Kimura J, et al. Frequent mutation of beta-

catenin and APC genes in primary colorectal tumors from
patients with hereditary nonpolyposis colorectal cancer. Cancer
Res 1999, 59, 4506-4509.

Duval A, lacopetta B, Ranzani GN, Lothe RA, Thomas G,
Hamelin R. Variable mutation frequencies in coding repeats of
TCF-4 and other target genes in colon, gastric and endometrial
carcinoma showing microsatellite instability. Oncogene 1999, 18,
6806-6809.

. Ponz de Leon M, Benatti P, Percesepe A, et al. Clinical features

and genotype-phenotype correlations in 41 Italian families with
adenomatosis coli. Ital J Gastroenterol Hepatol 1999, 31, 850-860.
Heinimann K, Mullhaupt B, Weber W, et al. Phenotypic differ-
ences in familial adenomatous polyposis based on APC gene
mutation status. Gut 1998, 43, 675-679.

Wallace MH, Phillips RK. Upper gastrointestinal disease in
patients with familial adenomatous polyposis. Br J Surg 1998, 85,
742-750.

Hofgartner WT, Thorp M, Ramus MW, et al. Gastric adeno-
carcinoma associated with fundic gland polyps in a patient with
attenuated familial adenomatous polyposis. Am J Gastroenterol
1999, 94, 2275-2281.

Heiskanen I, Kellokumpu I, Jarvinen H. Management of duode-
nal adenomas in 98 patients with familial adenomatous poly-
posis. Endoscopy 1999, 31, 412-416.

. Offerhaus GJ, Giardiello FM, Krush AJ, et al. The risk of upper

gastrointestinal cancer in familial adenomatous polyposis. Gastro-
enterology 1992, 102, 1980-1982.

Nagase H, Nakamura Y. Mutations of the APC (adenomatous
polyposis coli) gene. Hum Mutat 1993, 2, 425-434.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

1221

Ficari F, Cama A, Valanzano R, et al. APC gene mutations and
colorectal adenomatosis in familial adenomatous polyposis. Br J
Cancer 2000, 82, 348-353.

Caspari R, Friedl W, Mandl M, et al. Familial adenomatous
polyposis: mutation at codon 1309 and early onset of colon
cancer (erratum appears in Lancet 1994, 343, 863). Lancet 1994,
343, 629-632.

Spirio L, Olschwang S, Groden J, et al. Alleles of the APC gene:
an attenuated form of familial polyposis. Cell 1993, 75, 951-957.
Leggett BA, Young JP, Biden K, Buttenshaw RL, Knight N,
Cowen AE. Severe upper gastrointestinal polyposis associated
with sparse colonic polyposis in a familial adenomatous polyposis
family with an APC mutation at codon 1520. Gur 1997, 41, 518—
521.

Scott RJ, van der Luijt R, Spycher M, et al. Novel germline APC
gene mutation in a large familial adenomatous polyposis kindred
displaying variable phenotypes. Gur 1996, 38, 794.

van der Luijt RB, Meera Khan P, Vasen HF, et al. Germline
mutations in the 3’ part of APC exon 15 do not result in trun-
cated proteins and are associated with attenuated adenomatous
polyposis coli. Hum Genet 1996, 98, 727-734.

Friedl W, Meuschel S, Caspari R, et al. Attenuated familial ade-
nomatous polyposis due to a mutation in the 3’ part of the APC
gene. A clue for understanding the function of the APC protein.
Hum Genet 1996, 97, 579-584.

Gismondi V, Stagnaro P, Pedemonte S, et a/. Chain-terminating
mutations in the APC gene lead to alterations in APC RNA and
protein concentration. Genes Chromosomes Cancer 1998, 22, 278—
286.

Smith KJ, Johnson KA, Bryan TM, et al. The APC gene product
in normal and tumor cells. Proc Natl Acad Sci USA 1993, 90,
2846-2850.

Young J, Simms LA, Tarish J, et al. A family with attenuated
familial adenomatous polyposis due to a mutation in the alter-
natively spliced region of APC exon 9. Hum Mutat 1998, 11, 450—
453,

Rozen P, Samuel Z, Shomrat R, Legum C. Notable intrafamilial
phenotypic variability in a kindred with familial adenomatous
polyposis and an APC mutation in exon 9. Gutr 1999, 45, 829—
833.

Curia MC, Esposito DL, Aceto G, et al. Transcript dosage effect
in familial adenomatous polyposis: model offered by two kindreds
with exon 9 APC gene mutations. Hum Mutat 1998, 11, 197—
201.

Samowitz WS, Thliveris A, Spirio LN, White R. Alternatively
spliced adenomatous polyposis coli (APC) gene transcripts that
delete exons mutated in attenuated APC. Cancer Res 1995, 55,
3732-3734.

van der Luijt RB, Vasen HF, Tops CM, Breukel C, Fodde R,
Meera Khan P. APC mutation in the alternatively spliced region
of exon 9 associated with late onset familial adenomatous poly-
posis. Hum Genet 1995, 96, 705-710.

Scott RJ, Taeschner W, Heinimann K, et al. Association of
extracolonic manifestations of familial adenomatous polyposis
with acetylation phenotype in a large FAP kindred. Eur J Hum
Genet 1997, 5, 43-49.

Smits R, Kielman MF, Breukel C, et al. Apcl638T: a mouse
model delineating critical domains of the adenomatous polyposis
coli protein involved in tumorigenesis and development. Genes
Dev 1999, 13, 1309-1321.

Frayling IM, Beck NE, Ilyas M, et al. The APC variants [1307K
and E1317Q are associated with colorectal tumors, but not
always with a family history. Proc Natl Acad Sci USA 1998, 95,
10722-10727.

Pedemonte S, Sciallero S, Gismondi V, et al. Novel germline APC
variants in patients with multiple adenomas. Genes Chromosomes
Cancer 1998, 22, 257-267.



1222

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

H.Hj. Miiller et al. | European Journal of Cancer 36 (2000) 1215-1223

Lamlum H, Papadopoulou A, Ilyas M, et al. APC mutations are
sufficient for the growth of early colorectal adenomas. Proc Natl
Acad Sci USA 2000, 97, 2225-2228.

White RL. Colon polyps: a damaged developmental system and a
precursor to cancer. Cytogenet Cell Genet 1999, 86, 95-98.
Lamlum H, Ilyas M, Rowan A, et al. The type of somatic muta-
tion at APC in familial adenomatous polyposis is determined by
the site of the germline mutation: a new facet to Knudson’s ‘two-
hit” hypothesis. Nat Med 1999, 5, 1071-1075.

Spirio LN, Samowitz W, Robertson J, et al. Alleles of APC
modulate the frequency and classes of mutations that lead to
colon polyps. Nat Genet 1998, 20, 385-388.

Laird PW, Jackson-Grusby L, Fazeli A, er al. Suppression of
intestinal neoplasia by DNA hypomethylation. Cell 1995, 81,
197-205.

MacPhee M, Chepenik KP, Liddell RA, Nelson KK, Siracusa
LD, Buchberg AM. The secretory phospholipase A2 gene is a
candidate for the Moml locus, a major modifier of ApcMin-
induced intestinal neoplasia. Cell 1995, 81, 957-966.

Oshima M, Dinchuk JE, Kargman SL, et al. Suppression of
intestinal polyposis in Apc delta716 knockout mice by inhibition
of cyclooxygenase 2 (COX-2). Cell 1996, 87, 803-809.

Giarola M, Stagi L, Presciuttini S, ez al. Screening for mutations
of the APC gene in 66 Italian familial adenomatous polyposis
patients: evidence for phenotypic differences in cases with and
without identified mutation. Hum Mutat 1999, 13, 116-123.
Laken SJ, Papadopoulos N, Petersen GM, et al. Analysis of
masked mutations in familial adenomatous polyposis. Proc Natl
Acad Sci USA 1999, 96, 2322-2326.

Tops CM, van der Klift HM, van der Luijt RB, et a/. Non-allelic
heterogeneity of familial adenomatous polyposis. A4m J Med
Genet 1993, 47, 563-567.

Stella A, Resta N, Gentile M, et al. Exclusion of the APC gene as
the cause of a variant form of familial adenomatous polyposis
(FAP). Am J Hum Genet 1993, 53, 1031-1037.

Dobbie Z, Muller HJ. Germline mutations in the beta-catenin
gene are not associated with the FAP phenotype without an APC
mutation. J Med Genet 1999, 36, 573-574.

Cao X, Eu KW, Seow-Choen F, Cheah PY. Germline mutations
are frequent in the APC gene but absent in the beta-catenin gene
in familial adenomatous polyposis patients. Genes Chromosomes
Cancer 1999, 25, 396-398.

da Costa LT, He TC, Yu J, e al. CDX2 is mutated in a colorectal
cancer with normal APC/beta-catenin signaling. Oncogene 1999,
18, 5010-5014.

Wicking C, Simms LA, Evans T, et a/. CDX2, a human homo-
logue of Drosophila caudal, is mutated in both alleles in a repli-
cation error positive colorectal cancer. Oncogene 1998, 17, 657-659.
Roose J, Huls G, van Beest MP, et al. Synergy between tumor
suppressor APC and the beta-catenin-Tcf4 target Tcfl. Science
1999, 285, 1923-1926.

Baulida J, Batlle E, Garcia De Herreros A. Adenomatous poly-
posis coli protein (APC)-independent regulation of beta-catenin/
Tcf-4 mediated transcription in intestinal cells. Biochem J 1999,
344, 565-570.

Aaltonen LA. Molecular epidemiology of hereditary non-
polyposis colorectal cancer in Finland. Recent Results Cancer Res
1998, 154, 306-311.

Lynch HT, de la Chapelle A. Genetic susceptibility to non-
polyposis colorectal cancer. J Med Genet 1999, 36, 801-818.
Aarnio M, Mecklin JP, Aaltonen LA, Nystrom-Lahti M, Jarvi-
nen HJ. Life-time risk of different cancers in hereditary non-
polyposis colorectal cancer (HNPCC) syndrome. Int J Cancer
1995, 64, 430-433.

Vasen HF, Wijnen JT, Menko FH, et al. Cancer risk in families
with hereditary nonpolyposis colorectal cancer diagnosed by
mutation analysis. Gastroenterology 1996, 110, 1020-1027.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Aarnio M, Mustonen H, Mecklin JP, Jarvinen HJ. Prognosis of
colorectal cancer varies in different high-risk conditions. Ann
Med 1998, 30, 75-80.

Parsons R, Li GM, Longley MJ, ef al. Hypermutability and mis-
match repair deficiency in RER+ tumor cells. Cell 1993, 75,
1227-1236.

Thibodeau SN, Bren G, Schaid D. Microsatellite instability in
cancer of the proximal colon. Science 1993, 260, 816-819.
Kinzler KW, Vogelstein B. Cancer-susceptibility genes. Gate-
keepers and caretakers. Nature 1997, 386, 761-763.

Jiricny J. Replication errors: cha(lle)nging the genome. EMBO J
1998, 17, 6427-6436.

Kolodner RD, Marsischky GT. Eukaryotic DNA mismatch
repair. Curr Opin Genet Dev 1999, 9, 89-96.

Lin KM, Shashidharan M, Thorson AG, et al. Cumulative inci-
dence of colorectal and extracolonic cancers in MLHI1 and
MSH?2 mutation carriers of hereditary nonpolyposis colorectal
cancer. J Gastrointest Surg 1998, 2, 67-71.

Nicolaides NC, Papadopoulos N, Liu B, et al. Mutations of two
PMS homologues in hereditary nonpolyposis colon cancer. Nat-
ure 1994, 371, 75-80.

Palombo F, Gallinari P, lIaccarino I, et al. GTBP, a 160-kilo-
dalton protein essential for mismatch-binding activity in human
cells. Science 1995, 268, 1912-1914.

Liu B, Parsons R, Papadopoulos N, et al. Analysis of mismatch
repair genes in hereditary non-polyposis colorectal cancer
patients. Nat Med 1996, 2, 169-174.

Wijnen J, de Leecuw W, Vasen H, et al. Familial endometrial
cancer in female carriers of MSH6 germline mutations. Nature
Genet 1999, 23, 142-144.

Kolodner RD, Tytell JD, Schmeits JL, et al. Germ-line msh6
mutations in colorectal cancer families. Cancer Res 1999, 59,
5068-5074.

Vasen HF, Watson P, Mecklin JP, Lynch HT. New clinical criteria
for hereditary nonpolyposis colorectal cancer (HNPCC, Lynch
syndrome) proposed by the International Collaborative group on
HNPCC. Gastroenterology 1999, 116, 1453-1456.

Yan H, Papadopoulos N, Marra G, et al. Conversion of diploidy
to haploidy. Nature 2000, 403, 723-724.

Tomlinson I, Rahman N, Fryling I, e al. Inherited susceptibility
to colorectal adenomas and carcinomas: evidence for a new
predisposition gene on 15ql4-q22. Gastroenterology 1999, 116,
789-795.

Lu SL, Kawabata M, Imamura T, et al. HNPCC associated with
germline mutation in the TGF-beta type II receptor gene. Nature
Genet 1998, 19, 17-18.

Doll R, Peto R. The causes of cancer: quantitative estimates of
avoidable risks of cancer in the United States today. J Nat/
Cancer Inst 1981, 66, 1191-1308.

Smith G, Stanley LA, Sim E, Strange RC, Wolf CR. Metabolic
polymorphisms and cancer susceptibility. Cancer Surv 1995, 25,
27-65.

Houlston RS, Tomlinson IP. Modifier genes in humans: strate-
gies for identification. Eur J Hum Genet 1998, 6, 80-88.

Risch A, Wallace DM, Bathers S, Sim E. Slow N-acetylation
genotype is a susceptibility factor in occupational and smoking
related bladder cancer. Hum Mol Genet 1995, 4, 231-236.
Moisio AL, Sistonen P, Mecklin JP, Jarvinen H, Peltomaki P.
Genetic polymorphisms in carcinogen metabolism and their
association to hereditary nonpolyposis colon cancer. Gastro-
enterology 1998, 115, 1387-1394.

Heinimann K, Scott RJ, Chappuis P, et al. N-acetyltransferase 2
influences cancer prevalence in hMLH1/hMSH2 mutation carriers.
Cancer Res 1999, 59, 3038—-3040.

Vineis P, Bartsch H, Caporaso N, et al. Genetically based N-
acetyltransferase metabolic polymorphism and low-level envir-
onmental exposure to carcinogens. Nature 1994, 369, 154—156.



82.

83.

84.

85.

H.Hj. Miiller et al. | European Journal of Cancer 36 (2000) 1215-1223

Tlett KF, Reeves PT, Minchin RF, Kinnear BF, Watson HF,
Kadlubar FF. Distribution of acetyltransferase activities in the
intestines of rapid and slow acetylator rabbits. Carcinogenesis
1991, 12, 1465-1469.

Hubbard AL, Harrison DJ, Moyes C, et al. N-acetyltransferase 2
genotype in colorectal cancer and selective gene retention in
cancers with chromosome 8p deletions. Gur 1997, 41, 229-234.
Fearon ER, Vogelstein B. A genetic model for colorectal tumor-
igenesis. Cell 1990, 61, 759-767.

Cahill DP, Kinzler KW, Vogelstein B, Lengauer C. Genetic insta-
bility and darwinian selection in tumours. 7iBS 1999, 9, M57-M60.

86.

87.

88.

1223

Ruschoff J, Wallinger S, Dietmaier W, et al. Aspirin suppresses
the mutator phenotype associated with hereditary nonpolyposis
colorectal cancer by genetic selection. Proc Natl Acad Sci USA
1998, 95, 11301-11306.

Lamlum H, Ilyas M, Rowan A, et al. The type of somatic muta-
tion at APC in familial adenomatous polyposis is determined by
the site of the germline mutation: a new facet to Knudson’s ‘two-
hit’ hypothesis. Nat Med 1999, 5, 1071-1075.

Fleck O, Lehmann E, Schar P, Kohli J. Involvement of nucleotide-
excision repair in msh2 pmsl-independent mismatch repair. Nat
Gent 1999, 21, 314-317.



