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Abstract

Environmental factors have been repeatedly implicated in the etiology of colorectal cancer, and much is
known about the molecular events involved in colorectal carcinogenesis. The relationships between
environmental risk factors and the molecular alterations that drive colorectal carcinogenesis are less
clear. Further insight into these relationships may prove useful for the development of effective
colorectal cancer prevention and/or treatment strategies. In this thesis, we examine associations between
dietary and lifestyle factors previously reported to be associated with colorectal cancer risk and the
molecular alterations known to play important roles in colorectal carcinogenesis.

Data from a case-control study of sporadic colorectal polyps (278 cases; 414 polyp-free controls)
were used to evaluate associations between dietary factors and truncating 4PC mutations in adenomas.
High intake of red meat and fat seemed to increase the risk of polyps without truncating 4PC mutation
(APC) in particular, whereas high intake of carbohydrates seemed to especially decrease the risk of APC
polyps.

Associations between dietary factors and truncating 4PC mutations in colorectal carcinomas
were investigated in a population-based case-control study (184 cases; 259 controls) of sporadic colon
cancer. Consumption of vegetables lowered the risk of tumors with truncating APC mutation (APC") as
well as APC’ tumors, most explicitly of the last. Alcohol intake was associated with an increased risk of
APC tumors only, whereas meat, fish and fat seemed to especially increase the risk of APC" tumors. The
same study population was used to evaluate associations between dietary factors and MSI, hMLH1
expression and #ZMLH1 hypermethylation. Intake of red meat seemed to increase the risk of MSI-L/MSS
carcinomas in particular, whereas alcohol intake appeared to increase the risk of MSI-H tumors. Fruit
consumption seemed to especially decrease the risk of MSI-H tumors with hypermethylated ZMLH].
Associations between cigarette smoking and mutations in the APC, K-ras and p53 genes, p53
overexpression, and MSI were also assessed in this study population. Our data suggest that smoking-
related colon carcinomas develop through a p53 overexpression-negative pathway and that smoking
results in colon tumor cells with transversion mutations in particular.

Finally, we used data from a case-control study of HNPCC-associated colorectal tumors (145
cases; 103 tumor-free controls) to gain insight into the effects of environmental factors on colorectal
tumor risk in individuals with HNPCC. Fruit consumption and dietary fiber intake lowered the risk of
ever developing HNPCC-associated colorectal tumors, whereas cigarette smoking and alcohol
consumption seemed to increase this risk. This suggests that also HNPCC-associated outcomes may be

modified by environmental factors.
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Abbreviations

APC: adenomatous polyposis coli

CI: confidence interval

CIN: chromosomal instability

FAP: familial adenomatous polyposis

hMLH: human MutL homologue

hMSH: human MutS homologue

HNPCC: hereditary nonpolyposis colorectal cancer
MCR: mutation cluster region

MMR: mismatch repair

MSI: microsatellite instability

MSI-H: microsatellite instability high

MSI-L: microsatellite instability low

MSS: microsatellite stable

OR: odds ratio
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Chapter 1 |

Colorectal cancer is one of the most common malignancies in the Western world and one of the
major causes of cancer morbidity and mortality (1). In the Netherlands, the country in which the
studies described in this thesis were conducted, approximately 8500 new cases are diagnosed
and about 4000 people die of colorectal cancer each year (2). In 1998, colorectal cancer was
after breast cancer the second most common cancer among women and after prostate and lung
cancer the third most common cancer among men (2). The lifetime risk of colorectal cancer in
the general population is approximately 5%, whereas in proven carriers of an inherited
susceptibility for colorectal cancer the lifetime risk can be close to 100%. Colorectal cancer

incidence rates in the Netherlands resemble the rates in other Western European countries (1).

Risk factors for colorectal cancer

Colorectal cancer is a multifactorial disease, the etiology is complex and involves environmental
(including diet and lifestyle) as well as genetic factors. Colorectal cancer incidence rates vary
widely between countries and regions, with the highest rates observed in the Western world
(including North America, Western Europe, Australia, New Zealand and Japan) and relatively
low rates in Africa, Asia, and parts of Latin America and the Caribbean (1, 3). Studies in
migrant populations have also shown that among immigrants and their descendants, colorectal
cancer incidence rates rapidly reach those of the new country (4). This suggests that
environmental factors influence colorectal cancer risk.

Known dietary and lifestyle risk factors for colorectal cancer include high intake of red
meat, alcohol and fat, and, possibly, cigarette smoking. Inverse associations have been observed
with vegetable consumption, dietary fiber, calcium, use of non-steroidal anti-inflammatory

drugs, physical activity, and, although less consistently, fruit intake (5, 6).
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| Introduction

Other important risk factors for colorectal cancer are age and a positive family history.
The risk of colorectal cancer increases with advancing age. Most cases are diagnosed in
individuals > 55 years of age and colorectal adenomas, thought to be the precursor lesions of
most colorectal carcinomas, are present in about 50% of the population older than 70 years of
age (7). Regarding a positive family history, colorectal cancer seems to occur more frequently in
certain families -- “to run in certain families”. Epidemiological studies have suggested that the
risk of colorectal cancer in first-degree relatives (that is, parent, sibling or offspring) of cases is
increased by approximately two-fold (8). This risk increases further with multiple affected
relatives and a younger age at diagnosis (8). It should be noted that family history not only
captures shared genetic factors but also shared dietary, lifestyle and other non-genetic factors.

Although the majority of colorectal cancer cases are considered to be ‘sporadic’ (that is,
are without a clear-cut inheritance pattern), approximately 5-10% occur as part of hereditary
cancer syndromes among which familial adenomatous polyposis (FAP) and hereditary
nonpolyposis colorectal cancer (HNPCC) are the most common (reviewed in Ref. 9 and, in
Dutch, Refs. 10 and 11). Interestingly, the genes responsible for the increased colorectal cancer
risk in FAP and HNPCC, the adenomatous polyposis coli (4PC) gene and the DNA mismatch
repair (MMR) genes, respectively, also play key roles in the development of sporadic colorectal

cancer.

Molecular alterations involved in colorectal carcinogenesis

Carcinogenesis is a multistep process and although the etiology of colorectal cancer is complex
and multifactorial, from the perspective of understanding the molecular events involved in
carcinogenesis, it is one of the best-characterized epithelial tumors. Most colorectal carcinomas

appear to arise through a series of well-defined histopathological stages, the so-called adenoma-
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Chapter 1 |

carcinoma sequence, as a result of the accumulation of genetic and/or epigenetic alterations in
genes involved in the regulation of key cellular processes, e.g., cell proliferation, cell-cycle
control, apoptosis and DNA repair (12). In the general, ‘average-risk’ population, the
progression from benign adenoma to malignant carcinoma may take 10 to 15 years. Not all
adenomas will progress to malignancy, however, and whether an adenoma ends up as a
carcinoma depends at least in part on the molecular alterations present.

Commonly observed molecular alterations in colorectal tumors that are thought to play
important roles in colorectal carcinogenesis are: 1) mutations in the APC gene; 2) mutations in
the K-ras gene; 3) mutations in the p53 gene; and, 4) microsatellite instability (MSI). However,
the pattern of alterations observed in colorectal tumors is heterogeneous, and several different
molecular pathways to colorectal cancer have been proposed (see for instance Ref. 6). Not all
colorectal carcinomas exhibit, for instance, mutations in APC, K-ras and p53 -- alterations in
these genes are necessary to progress from normal epithelium to carcinoma according to the
genetic model for colorectal tumorigenesis proposed by Fearon and Vogelstein in 1990 (12). In
fact, it seems that only in a very small fraction of the carcinomas all three genes are mutated
(13). Moreover, significant inverse relationships have been reported between MSI and mutations
in APC, K-ras and p53, which suggests that colorectal tumors with MSI develop via a different
molecular pathway (14, 15). The studies described in this thesis mostly focus on APC, and MSI
and the MMR genes, which are therefore discussed further in the sections below. More

information on K-ras and p53 can be found in Box 1 and Box 2, respectively.

APC
Inactivating mutations in the APC tumor suppressor gene can be detected in many colorectal
adenomas and carcinomas and are thought to be early, initiating events in sporadic as well as

familial colorectal carcinogenesis (12, 16). The APC gene is located on chromosome 5q21 (17);
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| Introduction

it is a relatively large gene encoding a multifunctional, 312-kDa protein (see Ref. 18 for a recent
overview of the multiple functions of APC). The main tumor suppressing function of APC
seems to reside in its ability to properly regulate levels of intracellular B-catenin, a key mediator
in the Wnt signaling pathway (19-22). Loss of APC function results in the accumulation of B-

catenin, which in turn results in constitutive transcriptional activation of Wnt target genes (e.g.,

c-Myc and cyclin DI; see also Roel Nusse’s Wnt website: www.stanford.edu/~rnusse/

wntwindow.html). Typically, loss of APC function is the result of truncating mutations (that is,
nonsense and frameshift mutations) in the APC gene (23). However, inactivation of APC
through hypermethylation of the APC promoter region has also been reported (24, 25).

Germline mutations in APC are responsible for FAP, a rare autosomal dominant cancer
syndrome characterized by the development of hundreds to thousands of adenomatous polyps in
the large intestine early in life. If not removed, some of these benign tumors will (inevitably)
progress to carcinomas (for more information on FAP see Ref. 9 or, in Dutch, Refs. 10 and 11).
In contrast to the germline mutations, which are scattered throughout the 5 half of the APC
gene, so-called somatic or acquired 4PC mutations seem to cluster within a small region in exon
15 (codons 1286-1513) known as the mutation cluster region (MCR) (26, 27). Most colorectal
tumors in which APC is mutated exhibit at least one truncating mutation in this region (28).
Results from several studies indicate that truncating mutations in the MCR probably provide
cells with a selective growth advantage due to (partial) inactivation of the B-catenin down-

regulating function of APC (29-31). See Fodde et al. (32) for a recent review of APC.

Box 1: K-ras

Activating point mutations in the oncogene K-ras are thought to occur early in the adenoma-carcinoma
sequence and to accompany the conversion of small to larger adenomas. They have been reported to
occur in 30-40% of the sporadic colorectal tumors (33, 34). The K-ras gene is located on the short arm of
chromosome 12 and encodes a 21-kDa GTPase that is involved in several signaling pathways. Bound to

GTP, the ras protein is active; it becomes inactive when GTP is hydrolyzed to GDP. Most (~90%) of the

|13
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K-ras mutations identified in colorectal tumors are located in codons 12 and 13 (33). Mutations in these
codons, which are both in the GTP-binding domain, result in a constitutively active ras protein, which in

turn leads to inappropriate signaling. For more information on K-ras see Bos (35) or Ellis and Clark (36).

Box 2: p53

The p53 tumor suppressor gene is the most frequently altered gene in human cancers. Regarding
colorectal cancer, mutations in p53 seem to be especially important in later stages of colorectal
carcinogenesis (37). They have been reported to occur in ~45% of the colorectal tumors; interestingly,

most are missense mutations (IARC p53 database: www.iarc.fr/p53). The p53 gene is located on the short

arm of chromosome 17 and encodes a protein that is involved in, among other things, cell cycle control
and apoptosis. Under normal circumstances, p53 is activated and accumulates in response to DNA-
damage and various other types of stress, resulting in either growth arrest or apoptosis. Most p53
mutations are located in exons 4-8 (38), the DNA-binding domain of the protein. For more information

on p53 see May and May (39) or Guimaraes and Hainaut (40).

Microsatellite instability — MMR genes

Approximately 10-20% of the sporadic colorectal carcinomas and most colorectal tumors
associated with the HNPCC syndrome (see Box 3 for more information on HNPCC) are
characterized by the presence of alterations in the length of simple, repetitive microsatellite
sequences, called microsatellite instability (MSI) [(41-45); and, see Boland et al. (46) for
international criteria for the determination of MSI in colorectal cancer]. This molecular
phenotype was previously, and sometimes still is, referred to as the replication error (RER)
phenotype. It is a hallmark of DNA mismatch repair (MMR) deficiency, which in turn appears
to be primarily due to inherited and/or acquired alterations in the MMR genes hMLHI and
hMSH?2 (hMLH stands for human MutL homologue; #MSH for human MutS homologue) [(47-
49); see also Mitchell ef al. (50) for review of the evidence that support the role of hMLH1 and
hMSH2 in colorectal carcinogenesis]. Mutations in other currently known MMR genes (e.g.,

hMSH3, hMSHG6, and hPMS?2) have rarely, if at all, been found (51).
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The primary role of the DNA MMR system is to remove base-base mismatches and
insertion/deletion loops that arise during DNA replication (reviewed in for instance Refs. 51 and
52). Furthermore, MMR proteins also appear to be involved in DNA-damage signaling and
apoptosis (53). Thus, alterations in the MMR genes may provide cells with both an increased

mutation rate and a selective growth advantage (53).

Box 3: Hereditary nonpolyposis colorectal cancer (HNPCC)

Germline mutations in the DNA MMR genes are responsible for HNPCC, one of the most common
cancer syndromes in humans. So far, the majority (~90%) of germline mutations have been detected in
hMLH1 (54) and hMSH?2 (55, 56); mutations in other MMR genes [e.g., AMSH6 (57)] have also been
found but seem more rare (International Collaborative Group on HNPCC website: www. nfdht.nl).
HNPCC, also called Lynch syndrome, is characterized by an autosomal dominant mode of inheritance
and an early onset of carcinogenesis (mean age colorectal cancer, ~ 45 years). Colorectal tumors are the
predominant form of cancer in HNPCC but extracolonic cancers (including endometrial, ovarian, and
stomach cancer) are often observed. It is currently not clear why especially these tissues are affected.
Most HNPCC-associated colorectal tumors exhibit MSI, the hallmark of DNA MMR deficiency.

The diagnosis of HNPCC has traditionally been based on family history, as unlike FAP, which
can be diagnosed based on the presence of multiple colorectal adenomas, HNPCC cannot be diagnosed
on the basis of personal clinical characteristics only. The clinical diagnostic criteria most often used to
define HNPCC are summarized in Table 1.1. The Amsterdam criteria have been the most widely used for
diagnostic and research purposes; the goal of the Bethesda Guidelines was to guide who should undergo
MSI analysis [see Syngal et al. (58) for a discussion of the sensitivity and specificity of the different
clinical criteria]. The molecular definition of HNPCC requires the identification of a pathogenic germline
mutation in one of the MMR genes. Identifying a germline mutation within an HNPCC family can be
useful for testing and counseling family members. In the Netherlands, most mutation carriers are
currently identified by referral of individuals with a family history fulfilling the clinical criteria for
HNPCC to so-called clinical genetic centers for counseling, mutation analyses and presymptomatic
testing.

HNPCC is thought to account for 1-5% of all colorectal cancer cases (45, 59-61), and mutation
carriers may have a lifetime risk of developing colorectal cancer of 60-80% [reviewed in Mitchell ez al.
(50)]. The incomplete penetrance of disease among mutation carriers and the observation that the clinical
expression of HNPCC seems to vary between regions and to have changed over time suggest that also

HNPCC-associated outcomes may be modified by environmental factors (62, 63). Epidemiological data
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supporting this hypothesis are, however, currently limited. Thus far only one study, Voskuil et al. (64),

has examined associations between environmental factors and HNPCC-associated colorectal tumors.

Colorectal polyps occur in HNPCC patients at the same frequency as in the general population;

however, these polyps appear to develop into tumors more rapidly (2-3 years instead of the 10-15 years

in the general population). Therefore, in the Netherlands, surveillance recommendations for known and

suspected ‘HNPCC-ers’ currently include screening for colorectal tumors by complete colonoscopy at an

interval of two years or less, starting at 20-25 years of age [http://www.nfdht.nl; (65)]. For reviews of

HNPCC see Marra and Boland (63), in Dutch, Menko et a/l. (10, 11), Lynch and De La Chapelle (9) or

Umar et al. (66).

Table 1.1 Clinical criteria for HNPCC

Name

Criteria

Amsterdam I:
(Ref. 67)

Amsterdam II:

(Ref. 68)

Bethesda:
(Ref. 59)

At least three relatives with colorectal cancer, one of whom is a first-degree relative
of the other two; at least two successive generations are affected; at least one of the
relatives is diagnosed with colorectal cancer before age 50; and FAP is excluded.

At least three relatives with an HNPCC-associated tumor (i.e., colorectal,
endometrial, stomach, ovary, ureter or renal-pelvis, small bowel, hepatobiliary tract,
and sebaceous skin tumors), one of whom is a first-degree relative of the other two;
at least two successive generations are affected; at least one of the relatives is
diagnosed with cancer before age 50; and FAP is excluded.

(1) Individuals from families that fulfill the Amsterdam criteria. Or, (2) individuals
with two HNPCC-related cancers, including synchronous and metachronous
colorectal cancers or associated extracolonic cancers. Or, (3) individuals with
colorectal cancer, plus colorectal and/or HNPCC-related extracolonic cancer and/or
colorectal adenoma in a first-degree relative; at least one of the cancers diagnosed
before age 45 years and the adenoma diagnosed before age 40 years. Or, (4)
individuals with colorectal or endometrial cancer diagnosed before age 45 years. Or,
(5) individuals with right-sided colorectal cancer with an undifferentiated
histopathological pattern (solid/cribiform) diagnosed before age 45. Or, (6)
individuals with signet-ring cell type colorectal cancer diagnosed before age 45

years. Or, (7) individuals with colorectal adenomas diagnosed before age 40 years.
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Environmental factors and molecular alterations in colorectal tumors

Environmental factors have been repeatedly implicated in the etiology of colorectal cancer, and
much is known about the molecular events involved in colorectal carcinogenesis (see above).
However, the relationships between the two (i.e., between environmental factors and the
molecular alterations that drive colorectal carcinogenesis) are less clear (6). Further insight into
these relationships may prove useful for the development of effective colorectal cancer
prevention and/or treatment strategies.

The dietary and lifestyle factors previously reported to be associated with colorectal
cancer risk may well exert their effect on this risk by affecting the occurrence of specific
molecular alterations that drive colorectal carcinogenesis (e.g., by being involved in the actual
production or prevention of these alterations, or by creating an environment that favors the
proliferation of certain cells and not others). And (thus), as proposed by Breivik and Gaudernack
(69), the different molecular pathways to colorectal cancer may reflect different environmental
exposures. Supporting this hypothesis, Bardelli et al. (70) demonstrated that exposure to the
alkylating agent N-methyl-N -nitro-N-nitrosoguanide produced tumor cells characterized by
MSI, whereas exposure to the bulky-adduct-forming agent 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP) produced tumor cells characterized by chromosomal
instability (CIN). CIN is another type of genetic instability and most colorectal tumors exhibit
CIN or MSI, but not both (71).

Associations between environmental factors and the occurrence of 4APC mutations in
human colorectal tumors have, to our knowledge, not been previously examined. However, the
carcinogen PhIP, which is abundantly present in meat prepared at high temperatures, has been
linked to specific Apc mutations in rat colon tumors (72, 73). Moreover, dietary factors have

been found to be associated with the occurrence of (specific) K-ras mutations in human
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colorectal adenomas (74) and colon carcinomas (75-77). Associations between environmental
factors and p53 alterations in colorectal tumors have also been reported (78-82). Regarding MSI,
Slattery et al. (83) recently (i.e., after the start of this PhD project) reported a positive
association between long-term alcohol consumption and the occurrence of MSI in colon
carcinomas. In the same study population, Slattery et al. (84) also observed a positive
association between cigarette smoking and the occurrence of MSI. Wu ef al. (85) have reported

a positive association between well-done red meat intake and MSI tumors in a case-only study.

Outline of thesis

The overall aim of the studies described in this thesis was to gain further insight into the
relationship(s) between dietary and lifestyle factors previously reported to be associated with
colorectal cancer risk and molecular alterations known to play important roles in colorectal
carcinogenesis. We examined associations between: (a) dietary factors and truncating APC
mutations in sporadic colorectal tumors; (b) dietary factors and MSI in sporadic colon
carcinomas; (c) cigarette smoking and APC, K-ras and p53 alterations and MSI in sporadic
colon carcinomas; and, (d) dietary factors, cigarette smoking, and HNPCC-associated colorectal

tumors.

In Chapter 2 and Chapter 3 we evaluate associations between dietary factors previously reported
to be associated with colorectal cancer risk and the occurrence of truncating mutations in the
MCR of APC in sporadic colorectal adenomas and colon carcinomas, respectively. Associations
between dietary factors and APC mutations in human colorectal tumors have, to our knowledge,
not been examined before. In Chapter 2, data from a Dutch case-control study of sporadic

colorectal adenomas with a polyp-free control group (278 cases; 414 controls) are used to
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examine the associations. In Chapter 3, we use data from a Dutch population-based case-control
study of sporadic colon carcinomas (184 cases; 259 controls). In Chapter 4 the focus is on MSIL.
In this chapter we examine associations between dietary factors and the occurrence of MSI in
sporadic colon carcinomas. To further explore the relationship between diet and the presence of
MSI, we additionally assess associations with MMR protein expression and #MLHI promoter
hypermethylation. In the study described in Chapter 5, we assess associations between cigarette
smoking and the occurrence of mutations in the APC, K-ras and p53 genes, p53 overexpression,
and MSI in sporadic colon carcinomas in order to evaluate the hypothesis that smoking is
primarily linked to a specific colon tumor subgroup(s). In Chapter 6 the focus is on HNPCC. In
this chapter, we use data from a Dutch case-control study on environmental factors and HNPCC-
associated colorectal tumors (145 cases; 103 tumor-free controls) to gain insight into the effects
of environmental risk factors known to be relevant in sporadic colorectal carcinogenesis (i.e.,
diet and cigarette smoking) on colorectal tumor risk in individuals with HNPCC. Finally, in
Chapter 7 the main findings of the five different studies are summarized, and methodological

considerations, public health implications and future research directions are discussed.
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Chapter 2

Abstract

Inactivating mutations in 4PC are thought to be early, initiating events in colorectal carcinogenesis. To
gain insight into the relationship between diet and inactivating APC mutations, we evaluated associations
between dietary factors and the occurrence of these mutations in a Dutch case-control study of sporadic
colorectal adenomas (278 cases; 414 polyp-free controls). Direct-sequencing was used to screen
adenomas for mutations in the mutation cluster region of 4PC; truncating mutations were detected in 161
(58%) of the adenomas. Red meat consumption was significantly differently related to polyps with
truncating APC mutation (APC" polyps) compared with polyps without truncating 4APC mutation (APC
polyps) [OR (95% CI) for highest versus lowest tertile, 0.5 (0.3-1.0)]. High intake of red meat and fat
seemed to increase the risk of APC” polyps only [APC" versus controls: red meat, 1.0 (0.6-1.6); fat, 1.1
(0.6-1.9). APC versus controls: red meat, 1.8 (1.0-3.1); fat, 1.9 (1.0-3.7)]. Intake of carbohydrates was
inversely associated with both polyp groups, most noticeably with APC" polyps. Most other evaluated
dietary factors were not distinctively associated with a specific APC status. None of the dietary factors
was specifically associated with a particular type of truncating 4PC mutation. Our data suggest that red
meat and fat may increase the risk of APC’ polyps in particular, whereas carbohydrates may especially
decrease the risk of APC™ polyps. However, most examined dietary factors do not appear to be
specifically associated with the occurrence of truncating 4PC mutations in colorectal adenomas but seem

to affect both pathways equally.

Introduction

Colorectal cancer is one of the most common malignancies in the Western world and one of the
major causes of cancer morbidity and mortality. Most colorectal carcinomas appear to arise
through a series of well-characterized histopathological stages, the so-called adenoma-
carcinoma sequence, as a result of the accumulation of genetic and epigenetic alterations (1).
Inactivating mutations in the adenomatous polyposis coli (APC) tumor suppressor gene
can be detected in many colorectal adenomas and carcinomas and are thought to be early,
initiating events in sporadic as well as familial colorectal carcinogenesis (1, 2). Typically, loss of
APC function is the result of truncating mutations (that is, nonsense and frameshift mutations) in

the APC gene although inactivation of APC through hypermethylation of the 4PC promoter
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region has also been observed (3, 4). Germline APC mutations result in familial adenomatous
polyposis (FAP), one of the major hereditary predispositions to colorectal cancer, and are
scattered throughout the 5° half of the gene. However, somatic APC mutations seem to cluster
within a small region of the gene (codons 1286-1513) known as the mutation cluster region
(MCR) (5, 6). Most colorectal tumors in which APC is mutated exhibit at least one truncating
mutation in the MCR (7). Truncating mutations in this area result in absence of the C-terminal
portion of the APC protein. Results from several studies indicate that they probably provide cells
with a selective growth advantage due to (partial) inactivation of the B-catenin down-regulating
function of APC (8-10).

Diet has been repeatedly implicated in the etiology of colorectal cancer (11). Known
dietary risk factors for colorectal cancer include high intake of red meat, alcohol, and fat.
Inverse associations have been observed with vegetable consumption, dietary fiber, calcium,
and, less consistently, fruit intake. These dietary factors may well exert their effect on colorectal
cancer risk by affecting the occurrence of specific molecular alterations that drive colorectal
carcinogenesis, and the different molecular pathways to colorectal cancer may well reflect
different dietary exposures. Supporting this idea, the carcinogen 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP), which is present in meat prepared at high temperatures,
has been linked to specific Apc mutations in rat colon tumors (12). Moreover, we previously
observed a positive association between red meat, fish, and fat intake and colon carcinomas with
truncating 4PC mutation (13). In the same study population, alcohol consumption seemed to
particularly increase the risk of carcinomas without truncating APC mutation; vegetable
consumption was found to be inversely associated with both carcinoma groups but the observed
protective effect was significantly higher for carcinomas without truncating APC mutation (13).

Dietary factors have also been found to be associated with the occurrence of (specific) K-ras
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mutations in colorectal adenomas and colon carcinomas (14-16) and with the occurrence of
microsatellite instability (17, 18).

Associations between dietary factors and 4PC mutations in colorectal adenomas have, to
our knowledge, not been previously examined. Because adenomas are an early stage in
colorectal tumorigenesis, examining the relationship between diet and the occurrence of
truncating 4PC mutations in adenomas may provide further insight into how, and which, dietary
factors are involved in the production of these specific, early occurring mutations. Therefore, in
this study, we evaluate associations between dietary factors previously reported to be associated
with colorectal cancer risk and the occurrence of truncating mutations in the MCR region of

APC in a Dutch case-control study of sporadic colorectal adenomas with a polyp-free control

group.

Material and methods

Study population

For this study, cases and controls participating in an ongoing case-control study on diet and colorectal
adenomatous polyps were used. Details of the ongoing case-control study have been described elsewhere
(19). In short, both cases and controls underwent colonoscopy in the outpatient clinics of seven hospitals,
all located in the Netherlands, between June 1997 and December 2001. Potential participants were
recruited at the time of colonoscopy by the endoscopy staff (53% of the participants), or were identified
by regular review of the medical records of individuals who had undergone colonoscopy and invited by
mail to participate within three months of their colonoscopy (47% of the participants). Eligible subjects
were Dutch speaking, Caucasian, between 18 and 75 years old at time of colonoscopy, mentally
competent to participate, and had no known personal history of colorectal cancer or (partial) bowel
resection, FAP, hereditary nonpolyposis colorectal cancer, ulcerative colitis, Crohn’s disease, or serious
disabling morbidity. Cases (n=295) were women and men diagnosed with at least one histologically
confirmed colorectal adenomatous polyp, with polyp(s) diagnosed either during the index colonoscopy
(i.e., the colonoscopy that resulted in recruitment for this study) or during a colonoscopy performed
maximally three years before the index colonoscopy. Controls (n=414) were women and men never

diagnosed with any type of colorectal polyp and who had all undergone a complete colonoscopy (i.e.,
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reaching the cecum) or sigmoidoscopy followed by colon X-ray. For cases, the most common indications
for the index colonoscopy were bleeding (33%), large bowel complaints (including defecation problems)
(27%) and routine screening for adenoma recurrence (26%). Controls mostly underwent colonoscopy
because of large bowel complaints (including defecation problems) (59%) and bleeding (14%). Written
informed consent was obtained from all participants. The study protocol was reviewed and approved by

the Medical Ethical committees of the participating hospitals and Wageningen University.

Data collection

Information on lifestyle factors including smoking habits, medical history, reproductive history, physical
activity, and family history of colorectal cancer was collected using a self-administered, structured
questionnaire. Medical records were checked for information on history of colorectal polyps and
colorectal cancer and other relevant medical history. Usual dietary intake was assessed with a validated,
semi-quantitative food frequency questionnaire that was originally developed for the Dutch cohort of the
European Prospective Investigation into Cancer and Nutrition (EPIC) [for details see Ocké er al. (20,
21)]. Briefly, this self-administered questionnaire contained questions on the average consumption
frequency during one year for 79 main food items. Referent period for the current study was the year
preceding the index colonoscopy or start of complaints. For 21 foods, the questionnaire contained
photographs of 2-4 differently sized portions. For most other items the consumption frequency was asked
in number of specified units (e.g., slices or glasses); for a few foods a standard portion size was assumed.
Frequencies per day and portion sizes were multiplied to obtain grams per day for each food item. In
total, the average daily consumption of 178 foods was estimated with the information obtained by the
questionnaire. Energy and nutrient intakes were calculated using an adapted version of the computerized
Dutch food composition table. When questionnaires were returned incomplete, study staff followed up
with the participants by phone. Information on completeness of colonoscopy (i.e., whether cecum was
reached or not) and location (proximal: cecum through transverse colon; distal: splenic flexure through
sigmoid; rectum: first 15¢cm from anal opening), size, number, and type of polyps detected was obtained
from endoscopy and pathology reports. Formalin-fixed, paraffin-embedded polyp tissue of the cases was
obtained from the pathology departments of the seven collaborating hospitals. Regarding cases for which
tissue was available from more than one histologically confirmed adenomatous polyp, the largest
adenomatous polyp obtained was selected for mutation analysis. The study pathologist re-evaluated the

histology of all obtained polyps.
DNA extraction

DNA was extracted from formalin-fixed, paraffin-embedded polyp tissue (10-12 10um thick sections)

using the Puregene™ DNA isolation kit (Gentra Systems, Minneapolis, MN). Microdissection was
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performed, guided by a hematoxylin and eosin-stained 4pum section, and only those areas containing
>60% tumor cells were used. Isolated tissue was incubated overnight at 55°C in 500ul cell lysis solution
containing 0.5mg/ml proteinase K (Roche Diagnostics, Mannheim, Germany), followed by 72 hours at
37°C. Proteins were removed with the protein precipitation solution according to the manufacturer’s
protocol. DNA was precipitated with 500pul 100% isopropanol at 4°C for 30 minutes. The pellet was
washed with 500pl 70% ethanol, air- dried, and subsequently the DNA was rehydrated in 30ul DNA

hydration solution.

APC mutation analysis

Codons 1286 to 1585 (this area includes the MCR) of the APC gene were analyzed for truncating
mutations by direct-sequencing. First, the region was divided into five overlapping fragments (codons
1286-1358, 1337-1404, 1387-1455, 1437-1526, and 1509-1585, respectively), which were separately
amplified in two consecutive PCRs as described previously (13). PCR products were checked on an
ethidium bromide stained 2% agarose gel and purified with the QIAquick PCR Purification Kit (Qiagen,
Valencia, CA) according to the manufacturer’s protocol. Subsequently, the PCR products were
sequenced using ABI PRISM® BigDye™ Terminators v3.0 (Applied Biosystems, Foster City, CA) and
cycle sequencing with AmpliTaq® DNA polymerase, FS (Applied Biosystems, Foster City, CA).
Sequencing was performed in both directions using the same primers as in the second PCR. Samples
were analyzed on an ABI PRISM® 3730 DNA Analyzer (Applied Biosystems, Foster City, CA).
Mutation analysis started in all samples with fragment 1, and only if no truncating mutations were
detected was fragment 2 screened for mutations, and so on. We focused on truncating mutations because
these mutations indisputably result in function loss of the APC protein whereas the biological
significance of missense mutations in APC is uncertain. We were unable to perform mutation analysis on
17 polyps due to bad quality DNA and/or insufficient amounts of DNA. The cases exhibiting these
polyps did not differ significantly from the other cases (data not shown). They were excluded from the
analyses leaving 278 cases. Polyps were classified as APC" (with truncating mutation in APC) or APC’

(without truncating mutation in APC and all five fragments completely analyzed for mutations).

Statistical analyses

The distribution of truncating 4PC mutations in the polyps was determined. Energy-adjusted nutrient
intake was computed, for women and men separately, with the residual method (22). To convey the sense
of an actual nutrient intake, we added the mean nutrient intake to each residual (22). Differences in
characteristics between groups were assessed using #-tests for continuous variables and Chi-square tests
or Fisher’s exact tests for categorical variables. P values <0.05 were considered significant. All

significance tests were two-sided. The categorization of the dietary factors, in tertiles, was based on the
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distribution of intake in the control group. Case-control comparisons, separately comparing the APC"
cases and APC  cases with the polyp-free controls, were conducted to estimate the relative risk of
developing adenomatous polyps with and without truncating APC mutations, respectively. Case-case
comparisons were conducted to evaluate heterogeneity in dietary risk factors for the different polyp
groups. Odds ratios (OR) and the corresponding 95% confidence intervals (95% CI) were calculated
using multiple logistic regression models. Linear trend was assessed using the tertile medians as
continuous variables in multiple logistic regression models. All analyses were adjusted for age
(continuously), sex, and total energy intake (continuously). Alcohol intake was also adjusted for cigarette
smoking (never, ever). Additional adjustment for family history of colorectal cancer, polyp location
(proximal, distal, rectum), polyp size (<lcm, >lcm), polyp number (single, multiple), polyp type
(tubular, tubulovilleus, villous), cigarette smoking (never, ever), body mass index (continuously), and
other dietary factors (continuously) did not change the estimates by more than 10%. All analyses were
performed using the SAS® statistical software package (SAS version 8.2, SAS Institute Inc. Cary, NC).
With a power of 0.80 and a=0.05 (two-sided) the present study is able to detect the following ORs: all
cases versus controls, <0.61 and >1.56; APC" versus controls, <0.55 and >1.69; APC" versus controls,

<0.50 and >1.80; and APC" versus APC", <0.46 and >2.00 (23).

Results

One hundred and sixty-one (57.9%) of the 278 colorectal adenomatous polyps included in this
study exhibited a truncating APC mutation. Frameshift mutations were observed most often
(n=107, 66.5% of all truncating APC mutations); nonsense mutations were identified in 54
polyps (26 transitions, 28 transversions). Codon 1309 was the most frequently mutated 4PC
codon in this study (21 frameshifts and 5 nonsense mutations).

Characteristics of the study population are given in Table 2.1. The mean age of the
controls was significantly lower than the mean age of the cases. The control group contained
significantly more women and less ever smokers than the case group. Alcohol, fat, dietary fiber,
and folate intake were higher among the cases than among the controls. APC™ cases consumed

more red meat and proteins than the controls. However, APC" cases and APC cases
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Table 2.1 Characteristics of the study population®

Controls Cases (n=278)
APC’ APC

(n=414) (n=161;57.9%)  (n=117;42.1%)
Age (in years, mean £ SD) 50.5+14.0° 57.7+10.5°¢ 576+9.9¢
Sex [women, 7 (%)] 252 (60.9)° 74 (46.0) 47 (40.2) ¢
Family history of colorectal cancer [# (%)] 94 (22.7) 33 (20.5) 32 (27.4)
Body mass index (kg/m’, mean + SD) 25.6+4.0 26.1+4.1 259+3.7
Total energy intake (kJ/day, mean + SD) 8554.1 £2468.1  8849.6+2366.7  8662.8 +2149.0
Ever smoked [# (%)] 218 (52.7)° 107 (66.5) 88 (75.2) ¢
Food groups (g/day; mean + SD)
Vegetables 116.5+43.5 118.6 +43.9 1243 £48.6
Fruit 182.7 + 128.8 204.3 + 136.7 192.7 + 141.2
Cereals 42.9+£392 41.0 £35.1 38.1 £34.2
Red meat 55.9+32.4 56.3+31.8 65.4+343%
Poultry 11.8+11.8 12.7+12.7 11.8+11.7
Fish 10.9 +10.3 11.5+13.7 126 +11.2
Dairy products 399.1 +280.7 365.1 +243.8 380.4 + 258.1
Nutrients" (g/day; mean + SD)
Alcohol 10.0+143° 142+17.3°¢ 159+18.8¢
Fat 79.9 +14.3° 82.1+15.0 86.1 +£15.6%¢
Protein 77.9+12.9 78.6+11.9 80.5+12.4¢
Carbohydrates 231.8 £35.8 2352 +414 228.1 £37.1
Dietary fiber 23.4+5.1° 245+4.8°¢ 24.0+4.8
Calcium (mg/day) 1093.7 +337.3 1073.1 + 308.4 1084.0 + 341.7
Vitamin C (mg/day) 105.5 + 44.7 109.8 + 43.7 111.2 +49.4
B-Carotene (ug/day) 1432.4+517.8 1391.0 + 469.8 1474.3 + 533.6
Folate (pg/day) 193.4+39.6" 202.1+40.1° 206.5 +40.2 ¢

* APC": adenomas with truncating 4PC mutation; APC™: adenomas without truncating APC mutation.
Differences between the groups were assessed with #-tests for continuous variables and Chi-square tests
for categorical variables. ® All cases versus controls, P <0.05. © APC" cases versus controls, P <0.05.
4 APC’ cases versus controls, P <0.05. ¢ APC" cases versus APC", P <0.05. " Adjusted for total energy
intake by the residual method.
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only differed markedly from each other in red meat and fat intake. APC" cases consumed less
red meat and fat than APC cases. The frequency of individuals with personal history of
colorectal polyps did not differ between the two case groups (data not shown). In addition, cases
with a polyp exhibiting a frameshift mutation in 4PC (APC™™™® polyps, n=107) differed

significantly from cases with a polyp exhibiting a nonsense mutation in APC (APC"™"™°

frameshift
CTmSHE cases consumed more cereals

polyps, n=54) only in cereal and B-carotene intake. AP
and B-carotene than APC"*"*™ cases (data not shown).

Polyp size was positively associated with the occurrence of a truncating 4PC mutation
(Table 2.2). In addition, compared with APC™ polyps, APC" polyps seemed to be more
frequently located in the distal part of the colon than in the proximal part or in the rectum,
though the association was not statistically significant. Most polyps were tubular adenomas, but
APC" polyps seemed to be more often tubulovillous or villous than APC™ polyps (not
statistically significant) (Table 2.2). Additional adjustment for the other adenoma characteristics
(e.g., size and histological type when evaluating location) did not change the observed estimates
significantly. APC™™*" polyps were comparable with APC™™™¢ polyps with regard to size,
location, and histological type (data not shown).

Results of case-control and case-case comparisons conducted to evaluate associations
between the various dietary factors and the occurrence of truncating APC mutations in sporadic
adenomas are presented in Tables 2.3 (total energy intake and food groups) and 2.4 (nutrients).
Intake of dairy products was inversely associated with APC" polyps as well as APC™ polyps
when the two polyp groups were separately compared with the polyp-free controls. Fruit intake
was positively associated with APC" polyps. Red meat consumption was positively associated
with APC” polyps; no clear association was observed with APC" polyps. Case-case comparison

showed that red meat intake was significantly differently related to APC" polyps compared with
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APC polyps. Additional adjustment for vegetables and cigarette smoking did not change the

observed estimates for red meat consumption significantly.

Table 2.2 Adenoma characteristics and truncating 4APC mutations”

n (%)
APC’ APC
(n=161) (n=117) P OR (95% CI)®

Location® 0.11

Proximal 21 (13.0) 16 (13.7) 1.0

Distal 115 (71.4) 68 (58.1) 1.2 (0.6-2.6)
Rectum 21 (13.0) 25(21.4) 0.6 (0.3-1.5)
Size® 0.07

<l cm 78 (48.5) 69 (59.0) 1.0

>1 cm 68 (42.2) 37 (31.6) 1.6 (1.0-2.7)
Histological type 0.53

Tubular 114 (70.8) 90 (76.9) 1.0
Tubulovillous 25 (15.5) 15 (12.8) 1.3 (0.6-2.6)
Villous 22 (13.7) 12 (10.3) 1.5 (0.7-3.2)

* APC": adenomas with truncating 4PC mutation; APC™: adenomas without truncating APC mutation.
> APC" versus APC’, Fisher’s exact test. © Adjusted for age, sex, and total energy intake. ¢ The location of
12 colorectal adenomas was unknown (4 APC’, 8 APC"). ¢ The size of 26 colorectal adenomas was

unknown (15 APC", 11 APC).

Assessment of nutrients (Table 2.4) showed that consumption of carbohydrates was
inversely associated with both polyp groups, especially with APC™ polyps. Additional analyses
of carbohydrate subgroups (i.e., mono/disaccharides and polysaccharides) suggested that in
particular polysaccharides lower the risk of APC™ polyps [APC" versus controls, OR (95%CI)
increment of 45g/day: mono/disaccharides, 0.8 (0.6-1.1); polysaccharides, 0.6 (0.4-1.0). Not in

table]. High intake of fat seemed to increase the risk of APC  polyps in particular.
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Table 2.3 Associations between total energy intake, food groups, and adenomas with (APC")

and without (APC") truncating 4PC mutations: case-control and case-case comparisons

Odds ratios (95% confidence intervals)®

Tl T2 T3 -
Total energy intake (kl/day) <7418.2 7418.2-9377.3 >9377.3
No. APC"/APC/controls 45/34/138 57/39/138 59/44/138
All cases versus controls 1.0 1.3(0.9-1.9) 1.2 (0.8-1.9) 0.44
APC" versus controls 1.0 1.4 (0.9-2.3) 1.3 (0.8-2.3) 0.33
APC versus controls 1.0 1.1 (0.6-1.9) 1.0 (0.6-1.8) 0.99
APC" versus APC 1.0 1.2 (0.6-2.2) 1.1 (0.6-2.2) 0.74
Vegetables (g/day) <93.6 93.6-130.8 >130.8
No. APC'/APC /controls 48/33/138 56/39/138 57/45/138
All cases versus controls 1.0 1.2 (0.8-1.8) 1.2 (0.8-1.8) 0.35
APC" versus controls 1.0 1.2 (0.7-1.8) 1.1 (0.7-1.8) 0.62
APC versus controls 1.0 1.3 (0.8-2.3) 1.4 (0.8-2.4) 0.26
APC" versus APC 1.0 0.9 (0.5-1.7) 0.8 (0.4-1.4) 0.37
Fruit (g/day) <118.1 118.1-237.4 >237.4
No. APC"/APC/controls 47/36/138 41/39/138 73/42/138
All cases versus controls 1.0 1.0 (0.6-1.5) 1.3 (0.9-2.0) 0.16
APC" versus controls 1.0 1.0 (0.6-1.6) 1.5 (1.0-2.3) 0.10
APC’ versus controls 1.0 1.1 (0.6-1.9) 1.1(0.7-1.9) 0.70
APC" versus APC 1.0 0.8 (0.4-1.6) 1.3(0.7-2.2) 0.38
Cereals (g/day) <19.8 19.8-50.7 >50.7
No. APC'/APC /controls 53/41/138 61/44/138 47/32/138
All cases versus controls 1.0 1.5(1.0-2.2) 1.3 (0.8-2.0) 0.48
APC" versus controls 1.0 1.6 (1.0-2.6) 1.3 (0.8-2.3) 0.44
APC versus controls 1.0 1.5 (0.9-2.5) 1.2 (0.7-2.2) 0.74
APC" versus APC 1.0 1.1 (0.6-2.0) 1.2 (0.6-2.4) 0.59
Red meat (g/day) <39.2 39.2-70.7 >70.7
No. APC"/APC/controls 53/30/138 53/33/138 55/54/138
All cases versus controls 1.0 1.1 (0.7-1.7) 1.3 (0.8-1.9) 0.25
APC" versus controls 1.0 1.0 (0.6-1.7) 1.0 (0.6-1.6) 0.85
APC versus controls 1.0 1.2 (0.7-2.2) 1.8 (1.0-3.1) 0.03
APC" versus APC 1.0 0.8 (0.4-1.6) 0.5 (0.3-1.0) 0.03
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Table 2.3 cont.

Poultry (g/day)

No. APC'/APC /controls
All cases versus controls
APC" versus controls
APC  versus controls
APC" versus APC

Fish (g/day)

No. APC'/APC/controls
All cases versus controls
APC" versus controls
APC versus controls
APC" versus APC'
Dairy products (g/day)
No. APC'/APC /controls
All cases versus controls
APC" versus controls
APC  versus controls

APC" versus APC

Tl

<5.3
49/41/138
1.0

1.0

1.0

1.0

<44
52/34/132
1.0

1.0

1.0

1.0
<238.9
62/40/138
1.0

1.0

1.0

1.0

T2

53-13.8
64/41/138
1.3 (0.9-1.9)
1.4 (0.9-2.2)
1.2 (0.7-1.9)
1.3 (0.7-2.3)
4.4-14.0
58/34/144
0.9 (0.6-1.3)
1.0 (0.6-1.5)
0.8 (0.5-1.4)
1.2 (0.7-2.2)
238.9-495.0
49/45/138
0.8 (0.5-1.2)
0.6 (0.4-1.0)
1.0 (0.6-1.6)
0.7 (0.4-1.2)

T3
>13.8
48/35/138
0.9 (0.6-1.4)
1.0 (0.6-1.6)
0.8 (0.5-1.4)
1.2 (0.6-2.1)
>14.0
51/49/138
0.9 (0.6-1.3)
0.7 (0.4-1.1)
1.1 (0.6-1.9)
0.7 (0.4-1.2)
>495.0
50/32/138
0.7 (0.4-1.0)
0.6 (0.4-1.0)
0.7 (0.4-1.2)
0.9 (0.5-1.7)

b
P, trend

0.56
0.81
0.40
0.74

0.51
0.14
0.62
0.14

0.04
0.05
0.15
0.69

* Adjusted for age, sex, and total energy intake; total energy intake adjusted for age and sex only.

® Trend was assessed using the median values of the tertiles as continuous variables.

Although statistically non-significant, alcohol intake seemed to increase the risk of APC"
polyps as well as APC polyps. Comparable results were observed for unadjusted (i.e., intake not
adjusted with the residual method) alcohol intake (data not shown). We also assessed
associations with absolute amounts of calcium, vitamin C, B-carotene, and folate because for
these nonenergy-bearing nutrients the absolute amount may be more relevant than an energy-
adjusted amount. Results from the ‘absolute amount’ approach were comparable with those from
the ‘energy-adjusted’ approach (data not shown).

We additionally conducted case-control and case-case comparisons to assess associations

between the various dietary factors and the presence of a specific type of truncating APC

38|



| Diet and APC mutations in sporadic colorectal polyps

mutation (i.e., frameshift or nonsense mutation). None of the evaluated dietary factors was
distinctively associated with the occurrence of a specific type of truncating 4PC mutation (data

not shown).

Table 2.4 Associations between nutrients and adenomas with (APC') and without

(APC’) truncating APC mutations: case-control and case-case comparisons

Odds ratios (95% confidence intervals)®

Tl T2 T3 i
Alcohol (g/day) <2.0 2.0-9.3 >9.3
No. APC"/APC /controls 46/23/138 36/35/138 79/59/138
All cases versus controls 1.0 0.9 (0.6-1.5) 1.4 (0.9-2.1) 0.04
APC" versus controls 1.0 0.7 (0.4-1.2) 1.2 (0.7-2.0) 0.12
APC’ versus controls 1.0 1.3(0.7-2.5) 1.6 (0.9-2.9) 0.15
APC" versus APC 1.0 0.6 (0.3-1.2) 0.8 (0.4-1.5) 0.96
Fat (g/day) <72.4 72.4-85.6 >85.6
No. APC'/APC/controls 41/24/138 57/31/138 63/62/138
All cases versus controls 1.0 1.3 (0.8-2.0) 1.4 (0.8-2.2) 0.26
APC" versus controls 1.0 1.3 (0.8-2.2) 1.1 (0.6-1.9) 0.94
APC versus controls 1.0 1.2 (0.6-2.2) 1.9 (1.0-3.7) 0.05
APC" versus APC 1.0 1.0 (0.5-2.1) 0.5 (0.2-1.2) 0.07
Protein (g/day) <71.8 71.8-82.6 >82.6
No. APC"/APC/controls 45/27/138 62/39/138 54/51/138
All cases versus controls 1.0 1.0 (0.6-1.5) 0.8 (0.5-1.3) 0.40
APC" versus controls 1.0 1.0 (0.6-1.6) 0.7 (0.4-1.2) 0.18
APC versus controls 1.0 0.9 (0.5-1.6) 0.9 (0.5-1.7) 0.86
APC" versus APC 1.0 1.0 (0.5-1.9) 0.7 (0.3-1.3) 0.20
Carbohydrates (g/day) <216.8 216.8-244.4 >244.4
No. APC'/APC /controls 57/44/138 38/34/138 66/39/138
All cases versus controls 1.0 0.6 (0.4-0.9) 0.7 (0.4-1.0) 0.05
APC" versus controls 1.0 0.6 (0.4-1.0) 0.8 (0.5-1.4) 0.48
APC versus controls 1.0 0.7 (0.4-1.1) 0.5 (0.3-0.9) 0.02
APC" versus APC 1.0 1.0 (0.5-1.9) 1.7 (0.9-3.4) 0.10
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Table 2.4 cont.

Dietary fiber (g/day)
No. APC'/APC /controls
All cases versus controls
APC" versus controls
APC  versus controls
APC" versus APC
Calcium (mg/day)

No. APC'/APC/controls
All cases versus controls
APC" versus controls
APC versus controls
APC" versus APC'
Vitamin C (mg/day)

No. APC'/APC /controls
All cases versus controls
APC" versus controls
APC  versus controls
APC" versus APC
J3-Carotene (ng/day)
No. APC'/APC/controls
All cases versus controls
APC" versus controls
APC versus controls
APC" versus APC°
Folate (ng/day)

No. APC'/APC /controls
All cases versus controls
APC" versus controls
APC versus controls

APC" versus APC

T1

<21.0
34/34/138
1.0

1.0

1.0

1.0
<924.8
44/40/138
1.0

1.0

1.0

1.0

<80.4
50/34/138
1.0

1.0

1.0

1.0
<1203.4
56/36/138
1.0

1.0

1.0

1.0
<1743
41/23/138
1.0

1.0

1.0

1.0

T2
21.0-25.6
64/40/138
1.4 (0.9-2.1)
1.8 (1.1-2.9)
1.0 (0.6-1.7)
1.6 (0.9-3.1)
924.8-1222.3
61/40/138
0.9 (0.6-1.4)
1.1(0.7-1.8)
0.7 (0.4-1.3)
1.4 (0.8-2.5)
80.4-119.0
53/41/138
1.1 (0.8-1.7)
1.0 (0.6-1.6)
1.2 (0.7-2.0)
0.9 (0.5-1.6)

1203.4-1553.9

59/39/138

1.1 (0.8-1.7)
1.1(0.7-1.7)
1.2 (0.7-2.0)
1.0 (0.5-1.8)
174.3-205.1
56/42/138

1.3 (0.9-2.0)
1.3 (0.8-2.1)
1.5 (0.9-2.8)
0.8 (0.4-1.5)

T3
>25.6
63/43/138
1.1 (0.7-1.6)
1.3 (0.8-2.2)
0.8 (0.5-1.4)
1.6 (0.8-2.9)
>1222.3
56/37/138
0.8 (0.5-1.2)
0.9 (0.6-1.5)
0.6 (0.4-1.1)
1.3 (0.7-2.4)
>119.0
58/42/138
1.3 (0.8-1.9)
1.2 (0.7-1.9)
1.3 (0.8-2.3)
0.9 (0.5-1.6)
>1553.9
46/42/138
1.0 (0.6-1.4)
0.8 (0.5-1.3)
1.2 (0.7-2.1)
0.7 (0.4-1.3)
>205.1
64/52/138
1.3 (0.8-2.0)
1.2 (0.7-1.9)
1.5 (0.9-2.8)
0.7 (0.4-1.4)

b
P, trend

0.83
0.39
0.41
0.23

0.31
0.68
0.11
0.37

0.28
0.50
0.32
0.66

0.78
0.34
0.44
0.21

0.29
0.57
0.20
0.34

* Adjusted for age, sex, and total energy intake; alcohol additionally adjusted for cigarette smoking.

® Trend was assessed using the median values of the tertiles as continuous variables.
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Discussion

In this study, we evaluated associations between dietary factors previously reported to be
associated with colorectal cancer risk and truncating 4PC mutations in sporadic colorectal
adenomas. Red meat consumption was significantly differently related to APC™ polyps
compared with APC” polyps. High intake of red meat and high fat intake seemed to increase the
risk of APC polyps in particular. High intake of carbohydrates seemed to especially decrease
the risk of APC™ polyps. Consumption of dairy products decreased the risk of APC" polyps as
well as APC polyps, while alcohol intake seemed to increase the risk of both polyp groups.
However, like most other evaluated dietary factors, dairy products and alcohol were not
distinctively associated with a specific APC status. In addition, none of the dietary factors was
specifically associated with a particular type of truncating A PC mutation.

The histology of all obtained polyps was re-evaluated by the study pathologist and only
adenomatous polyps were included in the current study. Direct-sequencing was used to screen
codons 1286 through 1585 of the APC gene for mutations. As discussed in more detail
elsewhere (13), we do not expect that our decision to focus on truncating mutations in this
region has resulted in extensive misclassification because most colorectal tumors in which APC
is mutated exhibit at least one truncating mutation in the MCR (7). Truncating APC mutations
were identified in 57.9% of the colorectal adenomas. This is in line with previous studies, all
smaller than the current study, which reported mutation frequencies for this region between 30
and 60% (2, 5, 6, 7, 24). In addition, the characteristics of the mutations identified were

consistent with those reported by others (6, 7; APC database: http://perso.curie.fr/Thierry.Soussi

/APC.html). Microdissection was performed and only areas containing >60% tumor cells were

used for DNA extraction. However, it remains possible that, due to contaminating normal tissue,
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alterations were missed eventually resulting in misclassification (i.e., polyps with a truncating
APC mutation in the APC" group), which in turn may have attenuated some of our results.

Both cases and controls were recruited among those undergoing colonoscopy. To
minimize the possibility of misclassification, controls included in the current study had all
undergone a complete colonoscopy or a sigmoidoscopy followed by colon X-ray. In the
Netherlands, unlike for instance in the United States, routine screening (i.e., screening without
having complaints) for colorectal tumors is not (yet) recommended for the general population.
Consequently, in our study, colonoscopies were mostly conducted because of complaints.
Therefore, our study population may not be representative of the general Dutch population.

Cases and controls were asked to recall their diets from the past and differential recall is
possible. However, because cases are unaware of the mutational status of their polyps,
systematic errors in dietary recall are less likely to bias results from case-case comparisons. In
addition, results of our ‘all cases versus controls’ comparisons were generally consistent with
those reported by others (11, 25, 26). The control group contained significantly more women,
possibly because women are more likely than men to undergo colonoscopy for bowel
complaints. Cases were also older than controls and age is a known risk factor for colorectal
tumors. Therefore, all analyses were adjusted for sex and age.

The main tumor suppressing function of APC seems to reside in its ability to properly
regulate levels of intracellular B-catenin, a key mediator of Wnt signaling (27-30). Loss of APC
function results in the accumulation of B-catenin, which in turn results in constitutive
transcriptional activation of Wnt target genes. Oncogenic activation of the f-catenin gene itself
also results in constitutive activation of the Wnt signaling pathway (28). However, while loss of
APC and oncogenic activation of B-catenin appear equally potent with regard to transcriptional

activation and are both early events in colorectal carcinogenesis (28, 31), truncating APC
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mutations seem to have additional functional consequences and may, unlike mutations in /-
catenin, contribute to tumor progression as well (31, 32).

Thus far, most epidemiological studies used sporadic colorectal carcinomas to investigate
the relationship between diet and the occurrence of specific molecular alterations (13, 15-18).
This is, to our knowledge, the first study that has evaluated associations between dietary factors
and the occurrence of APC mutations in sporadic colorectal adenomas. Most dietary factors
evaluated in this study were not specifically associated with APC" polyps or APC polyps. They
seemed, instead, to influence the development of these two distinct early stages in colorectal
carcinogenesis equally, which suggests that they are probably not specifically involved in the
initiation of truncating mutations in the APC gene. In general, a possible explanation for the
observed associations between dietary factors and specific molecular alterations in colon
carcinomas (13, 15-18) might be that dietary factors affect progression into later stages
differently depending on the advantage for tumor formation exerted by the mutations already
present; although, some genes may indeed also be more mutation sensitive than others.

In this study, red meat and fat seemed to especially increase the risk of APC™ polyps. No
clear associations were observed with APC" polyps. Red meat has been reported to be associated
with increased risk of colorectal cancer and adenomas (11, 33-35). It is an important source of
known carcinogens such as heterocyclic amines and nitrosamines, and may affect risk of
colorectal cancer by being involved in the production of somatic alterations. Red meat is also a
major contributor to total fat intake, which may explain the observed association with fat in this
study. Also, the type of fat that has been most strongly associated with colorectal cancer is fat
from red meat sources (33).

Contrary to our current results, a population-based case-control study of sporadic colon
carcinomas suggested that red meat and fat were more notably, positively associated with

carcinomas with truncating APC mutation than with carcinomas without truncating APC
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mutation (13). The dissimilarity in results might be caused by chance. Alternatively, and
admittedly speculatively, the gene(s), e.g., f-catenin, involved in the development of APC
polyps may be more susceptible to mutations caused by red meat consumption than APC, but
alterations in APC may provide cells with a higher advantage for carcinoma formation. The
oncogene f3-catenin, for instance, requires only one ‘hit’ to be activated whereas for loss of APC
function two ‘hits’ are necessary. Polyps with truncating APC mutations seem, however, much
more likely to progress into carcinomas than polyps with activating mutations in f-catenin (31,
32).

To conclude, our data suggest that red meat and fat intake may increase the risk of APC
polyps in particular, while carbohydrates may especially decrease the risk of APC™ polyps. Most
evaluated dietary factors were, however, not specifically associated with APC" polyps or APC’
polyps but seemed to affect both pathways equally, if at all. Our study population was relatively
small, and it is possible that some associations were not detected due to insufficient power. In
addition, although all examined dietary factors were reported previously to be associated with
colorectal cancer risk, it should be noted that multiple comparisons might lead to chance
findings. Therefore, confirmation of our results by other studies is necessary. Adenomas are
relatively prevalent in the general population. Many seem to be initiated by truncating APC
mutations and may progress into carcinomas. Because successful targeting of early molecular
events can have a high impact on outcomes, enhanced insight into the relationship between diet,
the occurrence of truncating APC mutations, and tumor progression may prove useful for the
development of effective colorectal cancer prevention strategies. Especially since APC

mutations seem to greatly increase cells’ chances of tumor formation (32).
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Abstract

The interactions between environmental factors and the genetic and epigenetic changes that drive colon
carcinogenesis are not clear. Dietary factors reported previously to be associated with colon cancer risk
may well influence the occurrence of specific somatic alterations in colon tumors. To explore this idea,
data from a Dutch population-based case-control study (184 cases; 259 controls) of sporadic colon cancer
were used to assess associations between dietary factors and the occurrence of truncating mutations in the
adenomatous polyposis coli (APC) gene in carcinomas. Single-strand conformation polymorphism
analysis and DNA sequencing were used to screen tumors for mutations in the mutation cluster region of
APC. Usual dietary habits were assessed by an interview-based questionnaire. Truncating 4APC mutations
were detected in 63 (34%) of the tumors. Vegetable consumption was inversely associated with APC"
(with mutation) tumors [odds ratio (OR) and 95% confidence interval (CI) for highest versus lowest
tertile, OR: 0.6, 95% CI: 0.3-1.3] as well as APC" (without mutation) tumors (OR: 0.3, 95% CI: 0.2-0.5).
Alcohol intake was positively associated with APC™ tumors (OR: 1.7, 95% CI: 1.0-3.0) and inversely
associated with APC" tumors (OR: 0.5, 95% CI: 0.3-1.1). Positive associations were observed for meat,
fish and fat with APC" tumors (OR: 1.7, 95% CI: 0.8-3.6; OR: 1.4, 95% CI: 0.7-2.8; OR: 4.5, 95% CI:
1.6-12.8, respectively). Of the dietary factors examined, vegetable consumption and alcohol intake were
significantly different related to APC" tumors than to APC” tumors (APC" versus APC’, OR: 2.3, 95% CI:
1.0-5.3; OR: 0.3, 95% CI: 0.2-0.7, respectively). Our data suggest that vegetables play a protective role in
the etiology of both tumor subsets, although this role appears to be less influential in the APC" group.
Alcohol seems to especially promote the development of APC™ tumors whereas meat, fish and fat appear

to enhance the development of APC" tumors.

Introduction

Colon cancer is one of the most common types of cancer in the Western world. The etiology of
colon cancer is complex and involves both genetic and environmental factors. Known risk
factors include a positive family history, age, meat and alcohol consumption, fat intake, and,
possibly, smoking. Inverse associations are reported with vegetable consumption, physical
activity, use of non-steroidal anti-inflammatory drugs and, although less consistent, with fruit

consumption and calcium intake (1).
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Although the etiology of colon cancer is complex and multifactorial, from the
perspective of understanding the genetic events involved in carcinogenesis, it is one of the best-
characterized epithelial tumors. Mutations in the adenomatous polyposis coli (4PC) tumor
suppressor gene, i.e., those resulting in loss of APC function, are thought to be a key initiating
event in familial as well as in sporadic colorectal cancer. They can be detected in many sporadic
adenomas and carcinomas, including adenomas as small as 5 mm in diameter (2). Recently, both
Fodde et al. (3) and Kaplan et al. (4) showed that APC is also involved in chromosomal
segregation and that truncation of APC causes chromosomal instability in embryonic stem cells.
This suggests that loss of APC function is not only important for tumor initiation but may play a
role in later stages of malignant progression as well.

In contrast to the germline mutations, which are scattered over a large part of the gene,
the majority of the somatic APC mutations seem to cluster within a small region in exon 15
(codon 1286-1513), the so-called mutation cluster region (MCR) (5-7). Truncating mutations
(that is, nonsense and frameshift mutations) in the MCR have been reported to occur in 30-45%
of the sporadic colon tumors (2, 5, 6, 8). The observed clustering of somatic mutations in APC
could be caused by hypermutability of this specific region, a selective advantage for tumor
formation exerted by mutations in this region, or a combination of these two. Results from
several studies indicate that truncating mutations in the MCR indeed provide cells with a
selective growth advantage, probably due to inactivation of the B-catenin down-regulating
function of APC (9, 10).

The relationships between environmental factors and the genetic and epigenetic [e.g.,
DNA methylation, see Refs. 11 and 12] alterations that drive colon carcinogenesis are not (yet)
clear. However, dietary factors reported previously to be associated with colon cancer risk may
well, directly and/or indirectly, influence the occurrence of somatic truncating 4PC mutations in

colon tumors. Bardelli e al. (13) demonstrated recently that exposure to specific carcinogens
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can indeed select for tumor cells with distinct forms of genetic instability. Dietary factors have
been found associated with the occurrence of specific K-ras mutations in human colon
carcinomas (14, 15). Moreover, the carcinogen 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP), an in cooked meat abundantly present heterocyclic amine, has been linked to
specific Apc mutations in rat colon tumors (16, 17).

Therefore, in this study, we assess the associations between specific dietary factors (all
reported previously to be associated with colon cancer risk) and the occurrence of truncating
mutations in the MCR region of APC in a population-based case-control study of incident cases
of sporadic colon carcinomas. This is, to our knowledge, the first study that examines these

associations in a human population.

Materials and methods

Study population

A population-based case-control study on diet and colon cancer was conducted in the Netherlands
between 1989 and 1993. Details were described previously (18). In short, cases (n=204) were women and
men newly diagnosed with a first primary incident colon carcinoma. Sixty percent of the eligible cases
invited, agreed to participate. Controls (n=259), frequency matched to the cases by age (5 year intervals),
sex, region and degree of urbanization, were randomly recruited by the general practitioners of the cases.
Of the controls invited, 57% agreed to participate. All subjects were Caucasian, up to 75 years old at time
of diagnosis, mentally competent to complete the interview, and had no known personal history of
cancer, familial adenomatous polyposis, hereditary nonpolyposis colorectal cancer, ulcerative colitis, or
Crohn’s disease. Except for a more favorable Dukes’ stage in cases, participants did not differ
importantly from non-participants. Formalin-fixed, paraffin-embedded colon tumor tissue, collected
before chemo- or radiotherapy started, was available from 185 cases. From 19 patients, tissue could not
be obtained due to administrative reasons. In 2000 it became known that one of the cases actually had
hereditary nonpolyposis colorectal cancer, i.e., exhibited a germline mutation in one of the mismatch

repair genes. This case was therefore excluded from the analyses, leaving a final number of 184 cases.
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Data collection

Usual dietary habits were assessed by an interview-based questionnaire. The questionnaire covered the
complete dietary pattern. The interval between diagnosis and interview was, for cases, three to six
months. The consumption frequency per month in the preceding year (for cases, the year preceding
diagnosis or symptoms), number of months during which the item was used, number of portions per
consumption and portion sizes of 289 food items were collected. To check for internal consistency, the
consumption frequencies of various meal components were compared with the total meal pattern.
Frequently used household utensils and cups were weighed to be able to estimate portion sizes. Average
daily intake of nutrients was calculated using the Dutch National Food Table (19). The interviewing of
cases and controls was balanced over seasons to account for seasonal fluctuations in food patterns.
During the interview, information was also obtained on current and previous smoking habits, aspirin and
non-steroidal anti-inflammatory drug use, family history of colorectal cancer, and medical history, see

also Kampman et al. (20).

APC mutation detection

DNA was isolated from tumor-rich areas (>60% tumor cells) as described elsewhere (21). Single-strand
conformation polymorphism (SSCP) analysis was used to screen the APC gene for nonsense and
frameshift mutations. Most studies on somatic mutations in APC focus on the MCR of the gene (codons
1286-1513). Our analysis covers codons 1286 to 1585 (extended-MCR) of APC and includes codon 1554
in  which somatic  mutations are also often observed (7) (APC  database:
http://perso.curie.fr/Thierry.Soussi/APC/html). The region was divided into five, ~220 base pairs long,
overlapping fragments (codons 1286-1358, 1337-1404, 1387-1455, 1437-1526, and 1509-1585,

respectively) which were amplified separately in two consecutive PCRs using the following primer sets

(primer sequence: 5°—3’):

Fragment 1: codon:
1.1 F-CAGACTTATTGTGTAGAAG R-CGCTCCTGAAGAAAATTCAAG 1260-1358
1.2 F-GAAATAGGATGTAATCAGACG R-CGCTCCTGAAGAAAATTCAAC 1286-1358
Fragment 2:

2.1 F-ACTGCAGGGTTCTAGTTTATC R-TCTGCTTGGTGGCATGGTTT 1337-1436
2.2 F-ACTGCAGGGTTCTAGTTTATC R-GAGCTGGCAATCGAACGACT 1337-1404
Fragment 3:

3.1 F-CTCAGACACCCAAAAGTCC R-ATTTTTAGGTACTTCTCGCTTG 1366-1455
3.2 F-TACTTCTGTCAGTTCACTTGATA R-ATTTTTAGGTACTTCTCGCTTG 1387-1455
Fragment 4:

4.1 F-AAACACCTCCACCACCTCC R-TCATTCCCATTGTCATTTTCC 1437-1536
4.2 F-AAACACCTCCACCACCTCC R-GCATTATTCTTAATTCCACATC  1437-1526
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Fragment 5:
5.1 F-ACTCCAGATGGATTTTTCTTG R-GGCTGGCTTTTTGCTTTAC 1497-1596
5.2 F-GAGCCTCGATGAGCCATTTA R-TGTTGGCATGGCAGAAATAA 1509-1585

PCR reaction mixtures (total volume 50pl) contained 50ng DNA or 2ul of the 1:100 diluted
product of the first PCR, 0.2uM of both primers, 0.2mM dNTPs, 10mM Tris-HCL pH 9.0, 1.5 to 2.5mM
MgCl,, 50mM KCl, 0.01% Tween, 10% glycerol, and 0.3U Tag DNA polymerase. Reaction conditions
first PCR: 25 cycles of 30 s at 94°C, 45 s at 55°C (53°C for primer set 1.1; 57°C for primer set 4.1), 1
min at 72°C, followed by 5 min at 72°C. Conditions second PCR: 30 cycles of 30 s at 94°C, 45 s at 52°C
(56°C for primer sets 3.2 and 4.2; 57°C for primer set 5.2), 1 min at 72°C, followed by 5 min at 72°C.
Products were checked using an ethidium bromide stained 2% agarose gel. SSCP was performed as
described earlier (21) with electrophoresis at 10 and 18°C. The original PCR products from the samples
that displayed an abnormal pattern in the SSCP were subjected to sequencing in both directions using the
same primers as in the second PCR. Sequencing was performed as described previously (21). Mutation
analysis started in all samples with fragment 1, and only if no nonsense or frameshift mutations (resulting
in truncated, non-functional APC protein) were detected fragment 2 was screened for mutations, and so

on.

Statistical analyses

Cases were classified as APC" (carcinomas containing a nonsense or frameshift mutation in the
extended-MCR of APC), or APC (carcinomas without a nonsense or frameshift mutation in the
extended-MCR of APC). Energy-adjusted nutrient intakes were computed, for women and men
separately, as the residuals from the regression model with total energy as the independent variable and
absolute nutrient intake as the dependent variable. As a constant, the mean of the nutrient intake was
added to each residual (22, 23). Differences in characteristics between the groups were assessed using #-
tests for continuous and Chi-square tests for categorical variables. The categorization of food groups and
nutrients, in tertiles, was based on the distribution of intake in the control population. To look at the
combined effect of vegetable consumption and red meat intake, mutually exclusive categories of
combinations of the two exposures were defined based on median split. Case-control comparisons,
separately comparing APC" cases and APC™ cases with the population-based controls, were conducted to
estimate the relative risk of developing carcinomas, respectively, with and without a truncating APC
mutation. Case-case comparisons were conducted to evaluate heterogeneity in dietary risk factors for the
two subsets of carcinomas. Odds ratios (ORs) and the corresponding 95% confidence intervals (95% CIs)
were calculated using multiple logistic regression models. Linear trend was assessed using the tertile
medians as continuous variables in multiple logistic regression models. To quantify the associations on a

continuous scale and allow direct comparisons between the different vegetable subgroups, ORs and 95%
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Cls were also calculated for a fixed amount (10g/day) of intake (24). All analyses were adjusted for age,
sex and total energy intake. Alcohol intake was additionally adjusted for smoking. Additional adjustment
for Dukes’ stage, tumor location, smoking, body mass index and other dietary factors, did not change the
estimates significantly (that is, not more than 10%). Analyses were performed with the use of the SAS®
statistical software package (SAS version 6.12. SAS Institute Inc., Cary, NC, USA).

Results

In 63 (34.2%) of the 184 colon tumors included in this study, a truncating mutation in the
extended-MCR of the 4PC gene was identified. Frameshift mutations were the most common,
13 insertions and 32 deletions were detected together representing 71.4% of all truncating APC
mutations. Among the nonsense mutations (18 in total), C—T transitions were the most frequent
(50.0%). Mutational hotspots, i.e., codons in which 4 or more of the tumors in this study showed
a truncating mutation, were observed at codons 1309 (n=5), 1465 (n=4) and 1554 (n=7). In
addition, 14 colon tumors exhibited a missense mutation (but no truncating mutation).

Characteristics of the study population are given in Table 3.1. Cases were divided into
two groups: APC’, individuals with a tumor exhibiting a truncating APC mutation; and APC’,
individuals with a tumor without a truncating 4PC mutation. Age, sex, and body mass index did
not differ significantly between cases and controls, and neither between APC" and APC™ cases.
Total energy intake was higher among the cases, and highest among the APC" cases. The
frequency of Dukes' stage C and D tumors did not differ significantly between the two case-
groups; proximal tumors (cecum, ascending colon, hepatic flexure and transverse colon) were
slightly more common among the APC™ cases. There were more ‘ever smokers’ in the APC
group than in the APC" group.

Regarding dietary factors, there were marked differences between APC" and APC” cases

in total vegetable, alcohol, dietary fiber and B-carotene intake. APC cases consumed less

55



Chapter 3 |

vegetables, carbohydrates, dietary fiber, vitamin C and B-carotene but more dairy products and

alcohol than the controls. Alcohol intake was lower among the APC" cases than among the

controls (see Table 3.1).

Table 3.1 Characteristics of the study population

Controls Cases” (n=184)
(n=259) APC" (n=63) APC (n=121)

Age (in years, mean £ SD) 61.8+10.0 63.4+8.38 60.9+10.9
Sex (% women) 47.5 49.2 43.8
Body mass index (kg/m’, mean + SD) 26.0+3.8 255+£3.8 26.1+4.7
Energy intake (kJ/day, mean + SD) 9361.7 +£2844.1  9907.1 +2658.6 10541.7 + 3464.6"
Ever smoked (%) 69.1 60.3 74.8°
Dukes’ stage (% CD) n.at 36.5 36.4
Tumor location (% proximal) n.a. 39.0 48.2
Dietary factors (g/day; mean + SD)
Vegetables & fruit

Total vegetables 207.9 +124.2 183.5+76.5 163.2 + 82.0°

Leafy greens 31.3+£21.0 27.4+18.9 25.5+20.4°

Cruciferous 345+20.8 343+26.4 32.5+£239

Allium 19.6 £ 18.2 18.3+18.8 150+ 15.3°

Root vegetables 222+29.3 19.5+£21.7 17.1£15.6

Fruit 230.8 + 180.6 227.5+177.1 207.9 +153.3
Animal products

Red meat 73.9+34.1 79.7+31.0 77.9 £38.5

Poultry 13.8+13.7 134+11.6 14.6 £ 16.7

Fish 18.2+21.2 19.9+18.5 22.8+37.7

Dairy products 268.2 +2443 319.7 +286.7 333.4 +352.9°
Nutrients'

Alcohol 13.7+17.6 8.5+12.3 20.7 £ 28.6°

Total fat 99.6 £24.8 104.0 +24 .4 102.7 £26.0

Total protein 83.1+14.9 84.1 +£16.0 8444172

Total Carbohydrate 252.0+52.0 2473 +£61.6 238.1+58.9°

Dietary fiber 28.8+8.3 29.24+9.2 26.1 £8.2°

56 |



| Dietary factors and 4APC mutations in colon carcinomas

Table 3.1 cont. Controls (#=259) APC" (n=63) APC (n=121)
Vitamin C (mg/day) 117.5 £53.8 112.5+61.9 98.0 + 45.1°
3-Carotene (mg/day) 29+23 27+14 22+ 1.4°
Calcium (mg/day) 1254.3 £ 406.3 1238.2 +406.5 1290.3 £ 436.4

* APC": individuals with a carcinoma with a truncating 4APC mutation; APC": individuals with a
carcinoma without a truncating APC mutation. ® All cases versus controls P<0.05; APC” versus controls
P<0.05. © APC" versus APC” P<0.05. ¢ n.a.: not applicable. ¢ All cases versus controls P<0.05; APC"
versus controls P<0.05; APC" versus APC™ P<0.05. " Adjusted for total energy intake by regression
analysis, for women and men separately. ¢ APC" versus APC™ P<0.05; APC" versus controls P<0.05;

APC versus controls P<0.05.

Table 3.2 presents results of case-control and case-case comparisons conducted to assess
associations between the various food groups and APC" and APC tumors. Total vegetable
intake was inversely associated with APC" tumors (although here the association was not
statistically significant) as well as APC" tumors when the two tumor subsets were separately
compared with the population-based controls. Interestingly, case-case comparison showed that
total vegetable intake was significantly different related to APC" tumors than to APC™ tumors.
Similar patterns of association were observed for the evaluated vegetable subgroups: leafy
greens, cruciferous, allium and root vegetables. To allow direct comparisons between the
different vegetable subgroups and to quantify associations on a continuous scale, ORs and 95%
CIs were also calculated for a fixed amount (10g/day) of intake. The strongest inverse
associations were observed for allium vegetables and leafy greens with APC™ tumors (APC
versus controls, OR: 0.81, 95% CI: 0.70-0.94; OR: 0.86, 95% CI: 0.76-0.97, respectively; not in
table). Additional adjustment for meat consumption did not alter the observed associations

significantly.
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Table 3.2 Associations between food groups and carcinomas with (APC") and without (APC") a

truncating APC mutation: case-control and case-case comparisons

Odds ratios (95% confidence intervals)®

Tl T2 T3 -

Vegetables & fruit
Total vegetables (g/day) <166 166-223 >223

No. APC"/APC/controls 25/65/87 21/36/87 17/20/85

All cases versus controls 1.0 0.6 (0.4-1.0) 0.4 (0.2-0.6) <0.01

APC" versus controls 1.0 0.8 (0.4-1.6) 0.6 (0.3-1.3) 0.22

APC’ versus controls 1.0 0.5 (0.3-0.9) 0.3 (0.2-0.5) <0.01

APC" versus APC 1.0 1.5 (0.7-3.0) 2.3(1.0-5.3) 0.04
Leafy greens (g/day) 21 21-36 >36

No. APC'/APC/controls 29/59/88 14/36/84 20/26/87

All cases versus controls 1.0 0.6 (0.4-1.0) 0.5 (0.3-0.8) <0.01

APC" versus controls 1.0 0.5 (0.3-1.1) 0.7 (0.3-1.3) 0.26

APC’ versus controls 1.0 0.7 (0.4-1.1) 0.4 (0.2-0.8) <0.01

APC" versus APC 1.0 0.8 (0.4-1.8) 1.6 (0.7-3.5) 0.24
Cruciferous vegetables (g/day) <24 24-41 >41

No. APC'/APC/controls 23/48/85 20/41/88 20/31/86

All cases versus controls 1.0 0.9 (0.5-1.4) 0.6 (0.4-1.0) 0.07

APC" versus controls 1.0 0.9 (0.5-1.7) 0.8 (0.4-1.7) 0.64

APC’ versus controls 1.0 0.8 (0.5-1.4) 0.6 (0.3-1.0) 0.04

APC" versus APC 1.0 1.0 (0.5-2.2) 1.5(0.7-3.2) 0.34
Allium vegetables (g/day) <8 8-22 >22

No. APC'/APC/controls 20/50/90 25/42/86 18/29/83

All cases versus controls 1.0 1.0 (0.6-1.6) 0.7 (0.4-1.1) 0.09

APC" versus controls 1.0 1.4 (0.7-2.7) 1.0 (0.5-2.0) 0.88

APC’ versus controls 1.0 0.9 (0.5-1.5) 0.5 (0.3-1.0) 0.03

APC" versus APC 1.0 1.4 (0.7-2.9) 1.8 (0.8-4.1) 0.15
Root vegetables (g/day) <10 10-24 >24

No. APC'/APC/controls 24/50/90 22/45/86 17/26/83

All cases versus controls 1.0 1.0 (0.6-1.5) 0.6 (0.4-1.0) 0.04

APC" versus controls 1.0 0.9 (0.5-1.8) 0.7 (0.3-1.4) 0.26

APC’ versus controls 1.0 1.0 (0.6-1.7) 0.6 (0.3-1.0) 0.04
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APC" versus APC

Fruit (g/day)
No. APC'/APC/controls
All cases versus controls
APC" versus controls
APC versus controls
APC" versus APC

Animal products

Red meat (g/day)
No. APC"/APC /controls
All cases versus controls
APC" versus controls
APC’ versus controls
APC" versus APC

Poultry (g/day)
No. APC'/APC/controls
All cases versus controls
APC" versus controls
APC versus controls
APC" versus APC

Fish (g/day)
No. APC'/APC/controls
All cases versus controls
APC" versus controls
APC versus controls
APC’ versus APC'

Dairy products (g/day)
No. APC'/APC /controls
All cases versus controls
APC" versus controls
APC versus controls

APC" versus APC

| Dietary factors and 4APC mutations in colon carcinomas

T1

1.0
<142
21/45/87
1.0

1.0

1.0

1.0

<58
15/34/85
1.0

1.0

1.0

1.0

<5
18/40/90
1.0

1.0

1.0

1.0

<7
17/41/82
1.0

1.0

1.0

1.0
<117
16/41/87
1.0

1.0

1.0

1.0

T2

1.0 (0.5-2.1)
142-269
23/41/85
0.9 (0.6-1.5)
1.1 (0.5-2.1)
0.9 (0.5-1.5)
1.2 (0.6-2.5)

58-87
22/45/87

1.3 (0.8-2.1)
1.5 (0.7-3.0)
1.2 (0.7-2.1)
1.1 (0.5-2.5)
5-16
26/37/84
1.1(0.7-1.8)
1.5 (0.7-2.9)
1.0 (0.6-1.7)
1.6 (0.7-3.4)
7-19
17/33/91

0.8 (0.5-1.3)
0.9 (0.4-1.9)
0.7 (0.4-1.3)
1.2 (0.5-2.8)
117-305
25/35/86

1.0 (0.6-1.6)
1.5 (0.8-3.1)
0.7 (0.4-1.3)
2.0 (0.9-4.4)

T3
1.3 (0.6-2.9)
>269
19/35/87
0.7 (0.5-1.2)
0.8 (0.4-1.6)
0.7 (0.4-1.3)
1.1 (0.5-2.4)

>87
26/42/87

1.2 (0.7-1.9)
1.7 (0.8-3.6)
0.9 (0.5-1.7)
1.7 (0.7-3.8)
>16
19/44/85
1.1(0.7-1.7)
1.0 (0.5-2.2)
1.1 (0.6-1.8)
1.0 (0.5-2.2)
>19
29/47/36
1.1(0.7-1.7)
1.4 (0.7-2.8)
0.9 (0.5-1.6)
1.6 (0.7-3.4)
>305
22/45/86

1.0 (0.6-1.6)
1.2 (0.6-2.6)
0.9 (0.5-1.5)
1.4 (0.6-3.2)

b
P, trend

0.52

0.22
0.42
0.29
0.83

0.60
0.18
0.80
0.20

0.86
0.97
0.83
0.83

0.63
0.26
0.90
0.23

0.87
0.77
0.73
0.61

* Adjusted for age, sex, and total energy intake. ° Trend was assessed using the median values of the

tertiles as continuous variables.
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No statistically significant associations were observed for the evaluated products of
animal origin. However, red meat and fish did appear more notably, positively, associated with
APC" tumors than with APC  tumors (Table 3.2). Additional adjustment for vegetable
consumption did not alter the observed associations significantly.

To look at the combined effect of vegetable and red meat consumption, mutually
exclusive categories of combinations of the two exposures were defined based on median split.
Individuals with high meat (>72g/day)/low vegetables (<191g/day) intake showed a
substantially increased risk for APC" tumors (APC" versus controls, OR: 2.9, 95% CI: 1.2-7.2)
as well as APC™ tumors (APC versus. controls, OR: 2.1, 95% CI: 1.1-4.2) compared to
individuals with low meat (<72g/day)/high vegetables (>191g/day) intake (not in table).

Assessment of nutrients (presented in Table 3.3) showed that alcohol intake was
positively associated with APC™ tumors whereas an inverse, statistically non-significant,
association was observed with APC" tumors. Moreover, case-case comparison demonstrated that
alcohol was significantly different related to APC" tumors than to APC” tumors. Total fat was
positively associated with APC" tumors, and cases with high total fat intake do appear to more
likely develop an APC" tumor than an APC  tumor (Table 3.3). Interestingly, no clear
associations were observed for saturated fat but unsaturated fat was strongly, positively,
associated with APC" tumors. Cholesterol was positively associated with both tumor groups,
most pronounced and significantly with APC™ tumors. Carbohydrate was inversely associated
with both tumor groups, most pronounced and significantly with APC™ tumors. Dietary fiber,
vitamin C and B-carotene showed association patterns similar to those observed for vegetable
consumption. However, all three are related to vegetable intake and after inclusion of total
vegetables in the multivariate model, the observed ORs were attenuated and dietary fiber was no

longer significantly different related to APC" tumors than to APC™ tumors (data not shown).
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Table 3.3 Associations between nutrients® and carcinomas with (APC") and without (APC) a

truncating APC mutation: case-control and case-case comparisons

Odds ratios (95% confidence intervals)"®

T1 T2 T3 Pirend”

Alcohol (g/day) <3.8 3.8-12.9 >12.9

No. APC'/APC’/controls ~ 31/38/86 16/25/87 16/58/86

All cases versus controls 1.0 0.7 (0.4-1.2) 1.2 (0.7-1.9) 0.29

APC" versus controls 1.0 0.6 (0.3-1.2) 0.5(0.3-1.1) 0.18

APC’ versus controls 1.0 0.9 (0.5-1.6) 1.7 (1.0-3.0) 0.02

APC" versus APC 1.0 0.7 (0.3-1.6) 0.3 (0.2-0.7) <0.01
Total fat (g/day) <85 85-109 >109

No. APC'/APC/controls  14/30/86 21/47/86 28/44/87

All cases versus controls 1.0 1.8 (1.1-3.0) 2.3(1.2-4.4) 0.02

APC" versus controls 1.0 1.8 (0.9-4.0) 4.5 (1.6-12.8) <0.01

APC versus controls 1.0 1.7 (0.9-3.0) 1.6 (0.7-3.3) 0.28

APC" versus APC 1.0 1.1 (0.4-2.7) 3.0 (0.9-10.0) 0.06
Saturated fat (g/day) <36 36-47 >47

No. APC'/APC’/controls ~ 19/35/86 27/47/86 17/39/87

All cases versus controls 1.0 1.4 (0.9-2.4) 1.0 (0.5-1.8) 0.73

APC” versus controls 1.0 1.5(0.7-3.1) 0.9 (0.4-2.2) 0.67

APC’ versus controls 1.0 1.3(0.7-2.4) 1.0 (0.5-1.9) 0.78

APC" versus APC 1.0 1.2 (0.5-2.6) 0.9 (0.3-2.4) 0.80
Unsaturated fat (g/day) <49 49-64 >64

No. APC'/APC/controls ~ 14/33/86 22/43/87 27/45/86

All cases versus controls 1.0 1.7 (1.0-2.9) 2.1(1.1-3.9) 0.03

APC" versus controls 1.0 2.0 (0.9-4.2) 3.4 (1.3-8.6) 0.01

APC’ versus controls 1.0 1.5 (0.9-2.8) 1.5 (0.7-3.1) 0.29

APC" versus APC 1.0 1.3 (0.6-3.2) 2.2 (0.8-6.0) 0.13
Cholesterol (g/day) <245 245-318 >318

No. APC'/APC/controls  17/25/86 18/43/87 28/53/86

All cases versus controls 1.0 1.7 (1.0-2.8) 2.4 (1.4-4.1) <0.01

APC" versus controls 1.0 1.2 (0.6-2.5) 2.0(0.9-4.3) 0.07

APC versus controls 1.0 2.0 (1.1-3.6) 2.5(1.3-4.7) <0.01

APC" versus APC 1.0 0.7 (0.3-1.6) 0.8 (0.4-2.0) 0.88
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Table 3.3 cont.

Total protein (g/day)

No. APC'/APC /controls
All cases versus controls
APC" versus controls

APC versus controls

APC" versus APC

Animal protein (g/day)

No. APC'/APC/controls
All cases versus controls
APC" versus controls
APC versus controls

APC" versus APC

Total carbohydrate (g/day)

No. APC'/APC/controls
All cases versus controls
APC" versus controls

APC versus controls

APC" versus APC

Mono/disaccharide (g/day)

No. APC'/APC/controls
All cases versus controls
APC" versus controls
APC’ versus controls

APC" versus APC

Dietary fiber (g/day)

No. APC'/APC/controls
All cases versus controls
APC" versus controls
APC versus controls

APC" versus APC

Vitamin C (mg/day)
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No. APC'/APC /controls
All cases versus controls

APC" versus controls

T1

<77
19/41/86
1.0

1.0

1.0

1.0

<51
25/43/86
1.0

1.0

1.0

1.0
<226
27/54/86
1.0

1.0

1.0

1.0
<113
26/54/86
1.0

1.0

1.0

1.0

<25
25/61/86
1.0

1.0

1.0

1.0

<89
21/58/87
1.0

1.0

T2

77-89
23/36/86

1.0 (0.6-1.6)
1.3 (0.6-2.8)
0.8 (0.5-1.5)
1.5 (0.7-3.4)
51-62
14/35/36
0.8 (0.5-1.3)
0.6 (0.3-1.3)
0.9 (0.5-1.5)
0.7 (0.3-1.6)
226-272
15/35/87
0.6 (0.4-0.9)
0.6 (0.3-1.1)
0.6 (0.3-1.1)
0.9 (0.4-2.1)
113-141
18/32/87
0.7 (0.4-1.1)
0.7 (0.4-1.4)
0.7 (0.4-1.2)
1.1 (0.5-2.4)
25-31
13/30/87

0.5 (0.3-0.8)
0.5 (0.3-1.1)
0.5 (0.3-0.9)
1.1 (0.5-2.4)
89-133
26/41/36
0.9 (0.5-1.4)
1.2 (0.6-2.3)

T3

>89
21/44/87

1.1 (0.6-1.8)
1.2 (0.5-2.8)
1.0 (0.5-1.8)
1.4 (0.6-3.4)
>62
24/43/87
0.9 (0.6-1.6)
0.9 (0.5-1.9)
1.0 (0.5-1.7)
1.1 (0.5-2.3)
>272
21/32/86
0.5 (0.3-0.9)
0.7 (0.3-1.6)
0.4 (0.2-0.8)
1.8 (0.7-4.5)
>141
19/35/86
0.6 (0.4-1.1)
0.7 (0.4-1.5)
0.6 (0.4-1.1)
1.1 (0.5-2.4)
>31
25/30/86
0.6 (0.4-1.0)
1.0 (0.5-1.9)
0.5 (0.3-0.8)
2.5(1.2-5.6)
>133
16/22/36

0.5 (0.3-0.7)
0.7 (0.3-1.4)

P trend

0.87
0.60
0.92
0.47

0.88
0.90
0.88
0.87

0.02
0.40
<0.01
0.21

0.08
0.37
0.09
0.75

0.02
0.99
<0.01
0.03

<0.01
0.30
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Table 3.3 cont. T1 T2 T3 Pirend”
APC versus controls 1.0 0.7 (0.4-1.2) 0.4 (0.2-0.7) <0.01
APC" versus APC 1.0 1.6 (0.8-3.3) 1.9 (0.8-4.2) 0.12

3-Carotene (mg/day) <2.0 2.0-2.9 >2.9
No. APC'/APC’/controls  23/61/86 20/30/87 20/30/86
All cases versus controls 1.0 0.6 (0.4-1.0) 0.6 (0.4-1.0) 0.04
APC” versus controls 1.0 0.9 (0.4-1.7) 0.8 (0.4-1.6) 0.58
APC’ versus controls 1.0 0.5 (0.3-0.9) 0.5(0.3-0.9) 0.02
APC" versus APC 1.0 1.8 (0.9-3.9) 1.7 (0.8-3.6) 0.17

Calcium (mg/day) <1062 1062-1358 >1358
No. APC'/APC/controls ~ 20/40/87 18/30/86 25/51/86
All cases versus controls 1.0 0.9 (0.6-1.5) 1.3 (0.8-2.1) 0.22
APC" versus controls 1.0 1.0 (0.5-2.0) 1.3 (0.7-2.6) 0.44
APC’ versus controls 1.0 0.9 (0.5-1.6) 1.4 (0.8-2.3) 0.23
APC" versus APC 1.0 1.2 (0.5-2.6) 1.0 (0.5-2.1) 0.98

* Adjusted for total energy intake by regression analysis, for women and men separately. ° Adjusted for
age, sex, and total energy intake. Alcohol adjusted for age, sex, total energy intake and smoking. © Trend

was assessed using the median values of the tertiles as continuous variables.

Discussion

In this study, we evaluated associations between various dietary factors reported previously as
being associated with colon cancer risk and the occurrence of truncating APC mutations in
sporadic colon carcinomas. Consumption of vegetables lowered the risk of APC" tumors as well
as APC’ tumors, but most explicitly of the last. Alcohol intake was associated with an increased
risk of APC™ tumors only, whereas meat, fish and (unsaturated) fat seemed to especially increase
the risk of APC" tumors. Of the dietary factors examined, vegetable consumption and alcohol
intake were significantly different related to APC" tumors than to APC™ tumors, suggesting
differences in the role these dietary factors play in the etiology of the two distinct colon

carcinoma subsets.
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We focused on nonsense and frameshift mutations in the MCR because these mutations
indisputably result in truncated and non-functional APC protein whereas the biological
significance of missense mutations in APC is uncertain. Allelic loss at APC also results in loss of
APC function. At the moment, however, allelic loss is thought to be a primarily spontaneous
event (25). Besides that, colon tumors in which APC is mutated usually show allelic loss plus a
truncating mutation in the MCR or two truncating mutations (at least one in the MCR) but rarely
only allelic loss or only mutations outside the MCR (7). We therefore do not expect that our
decision to not consider allelic loss and to concentrate on truncating mutations in the MCR has
resulted in extensive misclassification.

Using SSCP analysis and sequencing, we identified truncating mutations in the
extended-MCR (codons 1286 to 1585) of APC in 34.2% of the carcinomas. Despite the fact that
our frequency seems low when compared with the conventional wisdom that most colon tumors
follow a genetic pathway involving APC, it is consistent with the mutation frequencies for this
region, 30-45%, reported by most others (2, 5, 6, 8). Only Rowan ef al. observed, in tumor cell
lines, a higher frequency, 60% (7). The characteristics of the mutations and the hotspots we
identified were also similar to those observed by others (6, 7,) (APC database:

http://perso.curie.fr/Thierry.Soussi/APC/html). Although microdissection was performed, it

remains possible that, due to contaminating normal tissue, mutations were missed eventually
resulting in misclassification, i.e., tumors with a truncating mutation in the APC" group. This
may have attenuated some of our results.

The case-control study was initially designed to examine the role of dietary factors in the
etiology of sporadic colon cancer in general (that is, colon cancer not categorized according to
mutational status of the tumors). The results of the cases versus controls comparisons,
previously reported in Kampman et al. (18, 20), were in line with those reported by others (1).

As in any retrospective study, information bias and selection bias may have affected our results.
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Cases and controls were asked to recall their diets from the past and differential recall is
possible. One of the advantages of the conducted case-case comparisons is, however, that the
cases are unaware of the mutational status of their tumors. Consequently, systematic errors in
dietary recall are less likely to bias results from case-case comparisons. Recall of dietary habits
can also be influenced by tumor stage or treatments that affect appetite. Our cases were
relatively healthy. That is, the frequency of Dukes’ A and B tumors among the cases was
relatively high, 63%, compared to the frequency reported by the Dutch Cancer Registry, 51%
(26). Adjusting the case-case comparisons for Dukes’ stage did not change the estimates
significantly.

We calculated the largest and smallest odds ratios detectable with a power of 0.90 for the
four different study populations used here in order to determine what effects we were able to
exclude (27). For all cases versus controls, the present study is able to detect odds ratios <0.5
and >1.9; for APC" versus controls, <0.3 and >2.5; for APC” versus controls, <0.4 and >2.0; and
for APC" versus APC’, <0.3 and >2.7. Although the dietary factors evaluated in this study were
all previously identified risk factors for colon cancer, it should be noted that multiple
comparisons might lead to chance findings.

Dietary factors may influence the occurrence of truncating 4PC mutations in colon
carcinomas directly, i.e., by being involved in the actual production or prevention of these
mutations, and/or indirectly, i.e., by being involved in the promotion or evasion of progression
into later stages and eventually into carcinomas. In this study, we observed a protective effect of
vegetables for APC" tumors as well as APC™ tumors. Interestingly, the protective effect was
markedly higher for APC™ tumors. So far, to our knowledge, no other studies have evaluated
dietary factors and APC mutations in human colon carcinomas. However, in line with our

results, low vegetable intake was reported to also increase the risk of colon carcinomas with and
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without a K-ras mutation in a large study on diet and K-ras mutations in sporadic colon
carcinomas. And, there too, the increase was most pronounced for tumors without a mutation
(15).

A possible explanation for the observed difference in protective effect of vegetables
between the two tumor subsets is that, as also suggested by other observations reported
previously (3, 4, 28), loss of APC function is not only important for tumor initiation but plays a
role in later stages of malignant progression as well. Hence, the protective influence of
vegetables on progression might be more limited after an APC mutation has occurred than in
otherwise initiated tumors. The latter appear to follow a different pathway (29) and possibly
need to undergo more and/or different genetic and epigenetic changes -- which may be
prevented by vegetables -- before they eventually are able to develop into carcinomas.

Alcohol was also significantly different related to APC" tumors than to APC™ tumors in
our population. It increased the risk of APC™ tumors but not of APC" tumors which points to a
(negative) role in the pathway of tumors without a truncating 4PC mutation in particular.
Alcohol possibly exerts its effect on colon cancer through interference with folic acid
availability (30-32). Folate is involved in DNA methylation and appears to be essential for
normal DNA synthesis and repair (33). Vegetables, especially green leafy and cruciferous
vegetables, contain large amounts of folate and are the main dietary sources. Disturbances in
DNA methylation pathways can result in chromosome breaks due to deficient methylation of
uracil to thymine (34), but also in epigenetic silencing of genes (11, 12). Regarding the latter,
hypermethylation of the promotor region of the AMLHI gene -- observed in the majority of
sporadic colon carcinomas with microsatellite instability -- seems to be particularly important
for tumor development as it results in the inactivation of the DNA mismatch repair system (35-
37) which, in turn, can lead to the additional loss of other genes involved in carcinogenesis due

to repairs not executed. Inverse relationships have been reported between microsatellite
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instability and mutations in APC and p53 which suggests that APC" tumors and tumors with
microsatellite instability develop through different pathways (38). Thus, microsatellite instability
positive tumors are probably most common in our APC™ group. Interestingly, and consistent with
our results, Slattery et al. (39) recently reported that long-term alcohol consumption increased
the probability of developing sporadic colon carcinomas with microsatellite instability.

For animal products, no statistically significant associations were observed. However,
red meat and fish did seem more notably associated with APC" tumors than with APC™ tumors,
which suggests that products of animal origin may influence the occurrence of truncating APC
mutations in colon carcinomas positively. Red meat and fish, prepared at high temperatures, are
major sources of heterocyclic amines (40). Heterocyclic amines are bulky-adduct-forming
agents that can produce DNA strand breaks (41) and probably so contribute to carcinogenesis.
They have been shown to be carcinogenic in rodents (42, 43) and to induce specific deletion
mutations in the Apc gene in rat colons (16, 17). High intake of certain heterocyclic amines was
also found associated with increased risk of colorectal adenomas in humans (44).

Interestingly, we observed that fat, especially unsaturated fat, increased the risk of APC"
tumors in our population. Recent studies on specific fatty acids and colon cancer (in general)
have reported no clear association with colon cancer risk (45, 46). However, intake of
unsaturated fat (especially linoleic and 20-carbon poly-unsaturated fatty acids) does appear to be
more strongly associated with colon cancer risk among those with a family history of colorectal
cancer than among those without (45). Slattery et al. (15) also observed that fat (mono-
unsaturated fat most pronounced) was related differently to carcinomas with a G—>T
transversion at the second base of K-ras codon 12 than to tumors without a K-ras mutation. In
our own population, as reported earlier (14), we did not observe an association between dietary

fat and K-ras mutations.
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In summary, our data suggest that vegetables play a protective role in the etiology of
APC" tumors as well as APC™ tumors, although the protective effect of vegetables appears to be
less influential in the APC" subset. Alcohol seems to promote the development of APC™ tumors
in particular whereas meat, fish and fat appear to enhance the development of APC" tumors.
This supports the idea that APC" tumors and APC™ tumors develop through different pathways
affected by specific dietary factors. Our results, if confirmed in other studies, provide further
clues to the relationships between dietary factors and the molecular alterations that drive colon

carcinogenesis.
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Abstract

Microsatellite instability (MSI) occurs in 10-20% of the sporadic colon carcinomas and appears to be
primarily due to alterations in ZMLH and AMSH?. Little is known about the role of diet in MSI-related
colon carcinogenesis. We used data from a Dutch population-based case-control study of sporadic colon
carcinomas (184 cases; 259 controls) to evaluate associations between dietary factors previously reported
as being associated with colon cancer risk and MSI, hMLH1 expression and ZMLH hypermethylation.
Red meat intake was significantly differently related to MSI-H tumors compared with MSI-L/MSS
tumors [odds ratio (OR): 0.3, 95% confidence interval (CI): 0.1-0.9]. It was inversely associated with
MSI-H tumors when compared with the population-based controls (OR: 0.5, 95% CI: 0.2-1.2), positively
with MSI-L/MSS tumors (OR: 1.5, 95% CI: 0.9-2.6). A positive association was observed for alcohol
intake with MSI-H tumors (OR: 1.9, 95% CI: 0.8-4.7). Fruit consumption seemed to especially decrease
the risk of MSI-H tumors with hypermethylated #MLHI (Methyl™ tumors) [Methyl” versus controls, OR:
0.4, 95% CI: 0.2-0.9; MSI-H tumors without hypermethylated ZMLH1 (Methyl™ tumors) versus. controls,
OR: 1.2, 95% CI: 0.8-1.7; Methyl" versus Methyl’, OR: 0.2, 95% CI: 0.1-0.9]. Most other evaluated
dietary factors were not distinctively associated with a specific MSI or AMLH1 methylation status. Our
data suggest that red meat consumption may enhance the development of MSI-L/MSS carcinomas in
particular, whereas alcohol intake appears to increase the risk of MSI-H tumors. Fruit consumption may

especially decrease the risk of MSI-H carcinomas exhibiting epigenetically silenced AMLH]1.

Introduction

Approximately 10-20% of the sporadic colon carcinomas and most colon tumors associated with
the hereditary nonpolyposis colorectal cancer syndrome are characterized by microsatellite
instability (MSI) (1-5). MSI is a hallmark of DNA mismatch repair (MMR) deficiency that in
turn appears to be primarily due to inherited and/or acquired alterations in the MMR genes
hMLHI and hMSH?2. Presence of MSI correlates well with the absence of either hMLHI1 or
hMSH?2 (6-8). In sporadic colon carcinomas, loss of hMLH1 expression is frequently the result
of hypermethylation of the promoter region of Z”MLHI, whereas loss of hMSH2 expression

seems to occur through genetic mutations only (9-11).
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Diet has been repeatedly implicated in the etiology of colon cancer and certain dietary
factors, especially those reported previously to be associated with colon cancer risk, may well
specifically influence the development of microsatellite unstable colon carcinomas. Most colon
cancers exhibit MSI or chromosomal instability (CIN), another type of genetic instability, but
not both (12). This suggests different molecular pathways to colon cancer which may reflect
different environmental exposures (13). Supporting this idea, Bardelli ez al. (14) demonstrated
that exposure to the alkylating agent N-methyl-N -nitro-N-nitrosoguanide produced tumor cells
characterized by MSI, whereas exposure to the bulky-adduct-forming agent 2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine produced tumor cells characterized by CIN.

Thus far, few epidemiological studies have examined associations between diet and MSI
and knowledge about the role of dietary factors in MSI-related sporadic colon carcinogenesis is
limited. Slattery et al. (15) reported a positive association between long-term alcohol
consumption and occurrence of MSI. The only other epidemiological study on dietary factors
and occurrence of MSI in colon carcinomas published to date, reported a positive association
between well-done red meat consumption and MSI (16). Associations between dietary factors
and MMR protein expression or AMLHI promoter hypermethylation have, to our knowledge,
not been previously examined.

In this study, we evaluate associations between dietary factors and the occurrence of
MSI, as determined with the Bethesda reference panel markers (17), in a Dutch population-
based case-control study of sporadic colon carcinomas. To further explore the relationship
between diet and the presence of MSI, we additionally assess associations with MMR protein

expression and ZAMLH promoter hypermethylation.
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Materials and methods

Study population

A population-based case-control study on diet and colon cancer was conducted in the Netherlands
between 1989 and 1993. Details were described previously (18). In short, cases (»=204) were women and
men newly diagnosed with first primary incident colon carcinoma. They were recruited in regional
hospitals in the Netherlands and invited to participate by their medical specialists within three months of
diagnosis. Sixty percent of those invited agreed to participate. Controls (n=259), frequency matched to
the cases by age (5 year intervals), sex, region and degree of urbanization, were randomly recruited by
the general practitioners of the cases. Of the controls invited, 57% agreed to participate. All subjects were
Dutch speaking, Caucasian, up to 75 years old at time of diagnosis, mentally competent to complete the
interview, and had no known personal history of cancer, familial adenomatous polyposis, hereditary
nonpolyposis colorectal cancer, ulcerative colitis or Crohn’s disease. Except for a more favorable Dukes’
stage in cases, participants did not differ importantly from non-participants. Formalin-fixed, paraffin-
embedded colon tumor tissue, collected before chemo- or radiotherapy started, was available from 185
cases; normal tissue (that is, tumor-free colon tissue) from 159 cases. In 2000, it became known that one
of the cases exhibited a germline mutation in one of the mismatch repair genes. This case was excluded

from the analyses, leaving a final number of 184 cases.

Data collection

Usual dietary habits were assessed by an interview-based questionnaire. The questionnaire covered the
complete dietary pattern. The interval between diagnosis and interview was, for cases, three to six
months. The consumption frequency per month in the preceding year (for cases, the year preceding
diagnosis or symptoms), number of months during which the item was used, number of portions per
consumption and portion sizes of 289 food items were collected. Average daily intake of nutrients was
calculated using the Dutch National Food Table (19). The interviewing of cases and controls was
balanced over seasons to account for seasonal fluctuations in food patterns. During the interview,
information was also obtained on current and previous smoking habits, aspirin and non-steroidal anti-
inflammatory drug use, family history of colorectal cancer and personal medical history. Information on
the location of the tumors was obtained from pathology reports. TNM tumor stage was determined by re-

evaluation of the information in the pathology reports.

DNA extraction
Both tumor and normal DNA were extracted from formalin-fixed, paraffin-embedded tissue as described
elsewhere (20). Microdissection was performed and for tumor DNA only those areas containing >60%

tumor cells were used; normal DNA was isolated from tumor-free colon tissue.
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Microsatellite instability

Paired tumor and normal DNA were analyzed for MSI with the five Bethesda reference panel markers
(17): BAT25, BAT26, D55346, D2S123, and D175250. When matching normal DNA was not available
(n=25; BAT25/26-only group), only BAT25 and BAT26 were checked for instability. Methods have been
discussed in detail elsewhere (21). Tumors were classified as MSI-H if two or more markers showed

instability and as MSI-L/MSS if one or none of the markers examined showed instability (17).

Immunohistochemical analysis

All tumors were subjected to immunohistochemical analysis to determine hMLH1 and hMSH2
expression. Immunohistochemical staining was performed on 4um sections of formalin-fixed, paraffin-
embedded tissue using standard procedures. After deparaffinization and rehydration, endogenous
peroxidase activity was blocked by immersing the sections in 3% hydrogen peroxide for 30 min. Antigen
retrieval was accomplished by boiling for 10 min in 1mM EDTA (pH 8.0) for hMLH1 and in 10mM
citrate buffer (pH 6.0) for hMSH2. Nonspecific antibody binding was prevented by pre-incubating the
sections with 10% normal horse serum in 1% BSA/PBS for 10 min. Subsequently, sections were
incubated overnight at 4°C with monoclonal antibodies against human hMLH1 (clone: G168-15; BD
Pharmingen International/Becton Dickinson), dilution 1:100; or, hMSH2 (clone: GB12; Oncogene
Research Products), dilution 1:40. Antibody binding was detected using the DAKO Envision™ + System
(DAKO corporation) for htMLH1 and the Vectastain® ABC KIT (Brunschwig — Amsterdam) for hMSH2.
Diaminobenzidine was used for visualization and sections were counterstained with hematoxylin.
Staining was evaluated using normal cells as internal control. Loss of expression was recorded when

nuclear staining was present in surrounding normal cells and absent in tumor cells.

Methylation analysis

A PCR-based Hpall- Mspl restriction enzyme assay was used to determine hypermethylation of the
promoter region of AMLH1 in MSI-H tumors. The region analyzed, -593 to -312, includes 4 Hpall/Mspl
sites (at positions -339, -345, -525 and -565, relative to the transcription start site; GenBank accession no.
U83845.1). Tumor DNA was digested, in separate reaction tubes, with Hpall (Roche) and Mspl (Roche).
Additionally a ‘digest’ was performed with H,O instead of restriction enzyme (‘undigested’). The digests
(total volume 10ul) contained 40ng DNA, 1ul of Hpall or Mspl or H,O, and 1ul SuRE/Cut Buffer L
(Roche). All samples were incubated overnight at 37°C. Subsequently, the samples were subjected to
PCR which was performed in a total volume of 50ul containing: Sul PCR buffer I (Applied
Biosystems), 10pmol forward (sequence: 5’GACCAGGCACAGGGCCCCATCGC) and reverse
(sequence: 5S’ATATCCAGCCAATAGGAGCAGAGATG) primer, 0.3U AmpliTag Gold® (Applied
Biosystems) and the 10ul digested DNA. PCR reaction conditions: 10 min at 94°C, followed by 38

77



Chapter 4 |

cycles of 40 s at 92°C, 45 s at 58°C, 1 min at 72°C, followed by 5 min at 72°C. The PCR products were
loaded (undigested, Hpall, and Mspl) on an ethidium bromide stained 2% agarose gel, PCR products
originating from the same tumor in adjacent lanes. Tumors were scored positive for AMLHI promoter
hypermethylation if PCR product was present in the undigested and Hpall-treated but not in the Mspl-
treated lane, negative if PCR product was present in the undigested lane only. Note, this method does not
reveal whether only one or both AMLH1 alleles are hypermethylated. The upstream region of ZMSH2 was
not examined for hypermethylation because ZMSH2 does not seem to be prone to hypermethylation-

associated inactivation (10).

Statistical analyses

The distribution of MSI, hMLH1 and hMSH?2 expression and AMLHI promoter hypermethylation in the
colon carcinomas was determined. Differences in (tumor) characteristics between MSI-H and MSI-
L/MSS cases were assessed using #-tests for continuous and Chi-square tests for categorical variables; P
values <0.05 were considered significant. The categorization of the dietary factors in tertiles and the
interquartile ranges (Q;-Q;; used to quantify associations on a continuous scale) were based on the
distribution of intake in the control population. Energy-adjusted nutrient intake was computed, for
women and men separately, as the residual from the regression model with total energy as the
independent variable and absolute nutrient intake as the dependent variable. Subsequently, the mean
nutrient intake was added to each residual (22). Case-control comparisons, comparing cases with a
specific tumor status (e.g., MSI-H) with the population-based controls, were conducted to estimate the
relative risk of developing carcinomas with this particular status. In addition, case-case comparisons were
conducted to evaluate heterogeneity in dietary risk factors for the different tumor subsets. Odds ratios
(OR) and corresponding 95% confidence intervals (95% CI) were calculated using multiple logistic
regression models. Linear trend was assessed using the tertile medians as continuous variables in
multiple logistic regression models. All analyses were adjusted for age (years, continuously), sex, body
mass index (kg/m’, continuously) and total energy intake (kJ/day, continuously). Alcohol intake was
additionally adjusted for cigarette smoking (never, ever). Additional adjustment for TNM stage, tumor
location, cigarette smoking and other dietary factors, did not change the estimates significantly (that is,
not more than 10%). All analyses were performed with the use of the SAS® statistical software package

(SAS version 8.0, SAS Institute Inc., Cary, NC, USA).

Results

Forty (22%) of the 184 colon carcinomas included in this study were MSI-H. All other tumors

showed either instability in one (»=20; 11%) or in none (n=124; 67%) of the markers and were
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classified as MSI-L/MSS. In 10 of the tumors for which matching normal tissue was not

available, BAT25 and BAT26 were both unstable; both markers were stable in the other 15

tumors. Characteristics of the study population are presented in Table 4.1. No statistically

significant differences between cases with MSI-H tumors and cases with MSI-L/MSS tumors

were observed. However, body mass index seemed higher and meat intake lower among

Table 4.1 Characteristics of the study population

Controls Cases
MSI-H MSI-L/MSS

(n=259) (n=40; 22%)  (n=144; 78%) P
Age (in years, mean + SD) 61.8+10.0 61.9+10.1 61.8+10.4 0.97
Sex (% women) 47.5 45.0 45.8 0.93
Family history of colorectal cancer (%) 11.5 16.7 21.1 0.56
Body mass index (kg/m’, mean + SD) 26.0+3.8 273+54 25.5+4.0 0.06
Ever smoked (%) 69.1 67.5 70.4 0.72
Dietary factors (g/day, mean + SD)
Vegetables 207.9+ 1242 168.4+75.4 170.6 + 82.1 0.88
Fruit 230.8+180.6 214.7+167.1 214.6 +160.6 0.996
Red meat 73.9+£34.1 69.2 + 38.0 81.1+35.2 0.07
Fish 18.2+21.2 20.2 +£26.7 22.3+33.8 0.72
Dairy products 268.2+2443 351.0+337.4 322.5+330.1 0.63
Alcohol® 13.7+17.6 18.7 +23.6 15.9+253 0.53
Dietary fiber® 28.8+£8.3 27.6 +10.0 27.0+8.3 0.70
Calcium® (mg/day) 12543 £406.3 1263.4+436.9 1275.0+4244 0.88
Vitamin C® (mg/day) 117.5+53.8 93.5+42.9 105.5 +£53.8 0.19
Total energy intake (kJ/day) 9362 + 2844 10783 £3762 10197 £ 3053 0.31
Tumor characteristics
Tumor location (% proximal) n.a.‘ 67.5 34.7 <0.01
TNM stage (% I/1I) n.a. 75.0 58.3 0.07

*MSI-H versus MSI-L/MSS, #-test for continuous variables and Chi-square test for categorical variables.

® Adjusted for total energy intake by regression analysis, for women and men separately.

‘n.a.: not applicable.
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participants with MSI-H tumors. Proximal tumors (that is, located in cecum, ascending colon,
hepatic flexure, or transverse colon) and TNM stage I/Il tumors were more common, but the
difference of the latter was statistically non-significant, in the MSI-H subset.

Table 4.2 shows results of case-control and case-case comparisons conducted to assess
associations between the various dietary factors and MSI-H tumors and MSI-L/MSS tumors.
Vegetable intake was inversely associated with MSI-H tumors as well as MSI-L/MSS tumors
when the two tumor subsets were separately compared with the population-based controls. Red
meat consumption was inversely, but statistically non- significant, associated with MSI-H
tumors, and positively, again statistically non-significant, with MSI-L/MSS tumors.
Interestingly, case-case comparison showed that red meat consumption was significantly
differently related to MSI-H tumors than to MSI-L/MSS tumors. Additional adjustment for
vegetable and fruit intake and cigarette smoking did not change the observed associations for red
meat consumption significantly. Vitamin C intake showed association patterns similar to those
observed for vegetable consumption. Although statistically non-significant, alcohol intake
seemed to increase the risk of MSI-H tumors in particular (Table 4.2).

To gain insight in the underlying cause(s) of MSI, expression of hMLH1 and hMSH2
was determined in all tumors by immunohistochemistry and all MSI-H tumors were examined
for hypermethylation of the promoter region of AMLHI. Twenty-six of the MSI-H tumors
showed absence of hMLHI expression (MLH1"™# tumors); six showed absence of hMSH2
expression (MSH2"™® tumors); none of the tumors showed absence of both proteins; and,
hMLH1 and hMSH2 were both present in all MSI-L/MSS tumors (Table 4.3). Twenty MSI-H
tumors exhibited AMLHI promoter hypermethylation; hMSH2 was present in all
hypermethylated tumors; hMLH1 was present in three hypermethylated tumors (Table 4.3). The
hMLHI promoter methylation status of three MSI-H tumors could not be determined due to

PCR failure. Two of these tumors (including one MSI-H tumor of the BAT25/26-only group)
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Odds ratios (95% confidence intervals)®

Tl T2 T3 Pirend continuous®
Vegetables (g/day) <166 166-223 >223 /106
No. MSI-H/MSS/controls  20/70/87 12/45/87 8/29/85 40/144/259
All cases vs. controls 1.0 0.6 (0.4-1.0) 0.4 (0.2-0.6) <0.01 0.6 (0.5-0.8)
MSI-H vs. controls 1.0 0.5(0.2-1.2) 0.4(0.1-0.9) 0.02 0.6 (0.4-0.9)
MSS vs. controls 1.0 0.7 (0.4-1.1) 0.4 (0.2-0.7) <0.01 0.6 (0.5-0.8)
MSI-H vs. MSS 1.0 0.9 (0.4-2.0) 0.8(0.3-2.2) 0.67 0.9 (0.6-1.5)
Fruit (g/day) <142 142-269 >269 /164
No. MSI-H/MSS/controls  15/51/87 15/49/85 10/44/87 40/144/259
All cases vs. controls 1.0 0.9 (0.6-1.5) 0.7 (0.5-1.2) 0.22 0.9 (0.7-1.0)
MSI-H vs. controls 1.0 1.0 (0.4-2.3) 0.6(0.2-1.4) 0.21 0.8 (0.6-1.2)
MSS vs. controls 1.0 0.9 (0.6-1.5) 0.8 (0.5-1.3) 0.40 0.9 (0.7-1.1)
MSI-H vs. MSS 1.0 1.1 (0.5-2.6) 0.7 (0.3-1.8) 0.47 0.9 (0.7-1.4)
Red meat (g/day) <58 58-87 >87 /43
No. MSI-H/MSS/controls ~ 16/33/85 11/56/87 13/55/87 40/144/259
All cases vs. controls 1.0 1.3(0.8-2.1) 1.2(0.7-1.9) 0.60 1.1 (0.8-1.4)
MSI-H vs. controls 1.0 0.6 (0.3-1.5)  0.5(0.2-1.2) 0.11 0.6 (0.4-1.0)
MSS vs. controls 1.0 1.6 (1.0-2.8)  1.5(0.9-2.6) 0.19 1.2 (0.9-1.6)
MSI-H vs. MSS 1.0 0.3 (0.1-0.8)  0.3(0.1-0.9) 0.03 0.5 (0.3-0.9)
Fish (g/day) <7 7-19 >19 /20
No. MSI-H/MSS/controls  15/43/82 9/41/91 16/60/86 40/144/259
All cases vs. controls 1.0 0.8(0.5-1.3) 1.1(0.7-1.7) 0.62 1.1 (0.9-1.2)
MSI-H vs. controls 1.0 0.6 (0.2-1.5) 0.9(0.4-1.9) 0.84 1.0 (0.7-1.3)
MSS vs. controls 1.0 0.8 (0.5-1.4) 1.2(0.7-2.0) 0.43 1.1 (0.9-1.3)
MSI-H vs. MSS 1.0 0.6 (0.2-1.6) 0.6 (0.3-1.4) 0.27 0.9 (0.7-1.1)
Dairy products (g/day) <117 117-305 >305 /287
No. MSI-H/MSS/controls  12/45/87 12/48/86 16/51/86 40/144/259
All cases vs. controls 1.0 1.0 (0.6-1.6) 1.0 (0.6-1.6) 0.87 1.1 (0.9-1.4)
MSI-H vs. controls 1.0 0.9(0.4-23) 1.1(0.5-2.7) 0.70 1.2 (0.8-1.7)
MSS vs. controls 1.0 1.0 (0.6-1.6) 0.9 (0.5-1.6) 0.77 1.1 (0.9-1.4)
MSI-H vs. MSS 1.0 1.0 (0.4-2.5) 1.3(0.5-3.2) 0.54 1.1 (0.8-1.5)
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Table 4.2 cont.

Alcohol” (g/day)

No. MSI-H/MSS/controls
All cases vs. controls
MSI-H vs. controls

MSS vs. controls

MSI-H vs. MSS

Dietary fiber® (g/day)
No. MSI-H/MSS/controls
All cases vs. controls
MSI-H vs. controls

MSS vs. controls

MSI-H vs. MSS
Calcium® (mg/day)

No. MSI-H/MSS/controls
All cases vs. controls
MSI-H vs. controls

MSS vs. controls

MSI-H vs. MSS

Vitamin C* (mg/day)

No. MSI-H/MSS/controls
All cases vs. controls
MSI-H vs. controls

MSS vs. controls

MSI-H vs. MSS

T1

<3.8
12/57/86
1.0

1.0

1.0

1.0

<25
17/69/86
1.0

1.0

1.0

1.0
<1062
12/48/87
1.0

1.0

1.0

1.0

<89
17/62/87
1.0

1.0

1.0

1.0

T2
3.8-12.9
10/31/87
0.8 (0.5-1.3)
1.2 (0.5-3.2)
0.7 (0.4-1.2)
1.7 (0.6-4.6)
25-31
11/32/87
0.5 (0.3-0.8)
0.8 (0.3-1.8)
0.5 (0.3-0.8)
1.6 (0.6-3.9)
1062-1358
13/35/86
0.9 (0.6-1.5)
1.4 (0.6-3.4)
0.8 (0.5-1.4)
1.8 (0.7-4.5)
89-133
18/49/86
0.9 (0.5-1.4)
1.2 (0.5-2.5)
0.8 (0.5-1.3)
1.3 (0.6-2.9)

T3
>12.9
18/56/86

1.2 (0.7-1.9)
1.9 (0.8-4.7)
1.0 (0.6-1.8)
1.7 (0.7-4.1)
>31
12/43/86
0.6 (0.4-1.0)
0.7 (0.3-1.7)
0.6 (0.3-1.0)
1.2 (0.5-2.9)
>1358
15/61/86

1.3 (0.8-2.1)
1.5 (0.6-3.5)
1.3 (0.8-2.2)
1.1 (0.4-2.6)
>133
5/33/86

0.5 (0.3-0.8)
0.3 (0.1-0.8)
0.5 (0.3-0.9)
0.5 (0.2-1.6)

P, trend

0.30
0.13
0.49
0.36

0.03
0.48
0.03
0.71

0.22
0.42
0.24
0.99

<0.01
0.03
0.02
0.38

continuous*
/18.4
40/144/259
1.1 (1.0-1.4)
1.2 (0.9-1.7)
1.1 (0.9-1.4)
1.1 (0.9-1.4)
/10.3
40/144/259
0.7 (0.6-1.0)
0.8 (0.5-1.3)
0.7 (0.5-0.9)
1.1 (0.7-1.8)
/458.3
40/144/259
1.0 (0.8-1.3)
1.1 (0.7-1.5)
1.0 (0.8-1.3)
1.0 (0.7-1.5)
/68.5
40/144/259
0.7 (0.5-0.9)
0.5 (0.3-0.8)
0.7 (0.6-1.0)
0.7 (0.4-1.2)

* The subset MSI-L/MSS is, for shortness, called MSS in this table. ° Adjusted for age, sex, body mass

index and total energy intake. Alcohol is additionally adjusted for cigarette smoking. Trend was assessed

using the median values of the tertiles as continuous variables. ¢ Per interquartile range (Q;-Q).

4 Adjusted for total energy intake by regression analysis, for women and men separately.

showed absence of hMLHI1 expression; hMLH1 and hMSH2 were both present in the other

tumor. Furthermore, six of the 10 MSI-H tumors of the BAT25/26-only group showed absence

of hMLH1 expression; hMLH1 and hMSH2 were both present in the other four tumors. Four of

82



| Diet and microsatellite instability in colon carcinomas

the MSI-H tumors of the BAT25/26-only group exhibited hMLHI promoter hypermethylation,
hMLH1 was present in one of these tumors. MSI-H tumors with hypermethylated ZMLHI and
hMLHI not present were classified as Methyl™ tumors (i.e., Methyl” tumors are a subset of the
MLHI1"® tumors) (n=17); MSI-H tumors without hypermethylated AMLHI were classified as

Methyl™ tumors (n=17).

Table 4.3 Expression of hMLH1 and hMSH2, and ZMLH1 promoter methylation status®

Hypermethylation

All tumors MSI-H MSI-L/MSS Yes No
n (%) (n=184) (n=40) (n=144) (n=20) (n=17)
hMLH]1 absent 26 (14) 26 (65) 0 (0) 17 (85) 7 (41)
hMSH2 absent 6(3) 6 (15) 0 (0) 0 (0) 6 (35)
hMLH1 and hMSH2 present 152 (83) 8 (20) 144 (100) 3(15) 4 (24)

*The hMLHI promoter methylation status of three MSI-H tumors could not be determined.

Subsequently, we assessed associations (quantified on a continuous scale) between the
various dietary factors and absence of hMLHI1 expression and AMLHI promoter methylation
status. Associations observed with MLH1"® tumors generally did not differ significantly from
those observed with MSI-H tumors (data not shown). We were unable to separately evaluate
associations with absence of hMSH2 expression as only six tumors in our study population
exhibited this phenotype. Fruit consumption was inversely associated with Methyl” tumors and
positively with Methyl™ tumors when the two subsets were separately compared with the
population-based controls (Methyl”, OR: 0.4, 95% CI: 0.2-0.9; Methyl’, OR: 1.2, 95% CI: 0.8-
1.7; per 164g/day). Case-case comparison showed that fruit consumption was significantly
differently related to Methyl" than to Methyl tumors (Methyl" versus Methyl’, OR: 0.2, 95% CI:
0.1-0.9). Vegetable consumption and red meat intake were both inversely associated with

Methyl” tumors as well as Methyl” tumors [Vegetables (per 106g/day): Methyl” versus controls,

83



Chapter 4 |

OR: 0.5, 95% CI: 0.3-1.0; Methyl versus controls, OR: 0.6, 95% CI: 0.3-1.1. Red meat (per
43g/day): Methyl” versus controls, OR: 0.4, 95% CI: 0.2-.09; Methyl" versus controls, OR: 0.5,
95% CI: 0.3-1.0]. They were, like most other evaluated dietary factors, not specifically
associated with Methyl" tumors or Methyl™ tumors but seemed to affect both pathways to MSI-H

tumors equally (data not shown).

Discussion

In this study, we evaluated associations between dietary factors reported previously to be
associated with colon cancer risk and occurrence of MSI, hMLH1 expression and ZMLHI
promoter hypermethylation in sporadic colon carcinomas. Red meat intake was significantly
differently related to MSI-H tumors than to MSI-L/MSS tumors. A positive association was
observed with MSI-L/MSS tumors while an inverse association was observed with MSI-H
tumors. Alcohol intake seemed to increase the risk of MSI-H tumors in particular. Interestingly,
fruit consumption was significantly differently related to Methyl® tumors than to Methyl
tumors, suggesting differences in the role fruit intake plays in the etiology of these two distinct
MSI-H colon carcinoma subsets. Vegetable consumption lowered the risk of MSI-H tumors as
well as MSI-L/MSS tumors but like most other evaluated dietary factors was not distinctively
associated with a specific MSI or AMLH 1 promoter methylation status.

Overall, 22% of the 184 sporadic colon carcinomas was MSI-H. This is consistent with
frequencies reported previously (5, 7, 15). MSI-H tumors were more common in the BAT25/26-
only group than in the group for which matching normal tissue was available. However, this is
probably due to chance and we do not expect that our decision to use only BAT25 and BAT26
tumor results when matching normal tissue was not available has resulted in extensive

misclassification or lead to serious misinterpretation of our results. Six of the 10 MSI-H tumors
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of the BAT25/26-only group also showed loss of hMLHI expression. Inclusion of the 4 tumors
that expressed hMLH1 as well hMSH2 in the MSI-L/MSS group instead of the MSI-H group did
not change the observed associations significantly (data not shown).

Immunohistochemistry showed that most (65%) MSI-H tumors in our study population
had an hMLH-associated etiology. In 17 (71%) of the 24 MLH1™® tumors in which promoter
methylation status could be determined, ZMLH was inactivated by promoter hypermethylation.
This is in line with what has been reported for sporadic colon cancers by others (5, 9-11, 23).
MSI-H as determined with the Bethesda reference panel had a 100% sensitivity for identifying
colon tumors having hMLH1 or hMSH2 loss of expression. HMLH1 and hMSH2 were both
present in 8§ of the MSI-H tumors. Possibly these tumors expressed altered, nonfunctional
hMLH1 or hMSH2 protein that could be detected by immunohistochemistry (24), or the MSI
may have been the result of alterations in one of the other MMR genes. Regarding the three
MSI-H tumors with hMLH1 and hMSH2 expression that showed hypermethylation of the
hMLH]I promoter, hypermethylation possibly affected only one of the two AMLHI alleles in
these tumors, or it affected some CpG sites but left other sites intact whose methylation might be
necessary for inactivation of AMLH1 (25).

As in any retrospective case-control study, the possibility of information and selection
bias is an important concern. Cases and controls were asked to recall their diets from the past
and differential recall is possible. However, since cases are unaware of the, for instance, MSI-
status of their tumors, systematic errors in recall are less likely to bias results from case-case
comparisons. Our cases were relatively healthy. That is, the frequency of TNM stage I/II tumors
among the cases was relatively high, 62%, compared with the frequency reported by the Dutch
Cancer Registry, 51% (26).

In this study, red meat intake was significantly differently related to MSI-H tumors than

to MSI-L/MSS tumors. It increased the risk of MSI-L/MSS tumors, whereas an inverse
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association was observed with MSI-H tumors. Red meat prepared at high temperatures is a
major source of heterocyclic amines. Heterocyclic amines are bulky-adduct-forming agents.
They are mutagenic and carcinogenic in animals (27) and those present in red meat have been
found associated with increased risk of colorectal cancer in humans (28). A possible
explanation, admittedly speculative, for the observed associations with red meat intake is that
genes involved in the pathway that results in MSI-L/MSS tumors, e.g., APC (29, 30), are more
susceptible to mutations caused by red meat consumption than ZAMLHI and hMSH2, and/or that
‘red meat’ mutations in MSI-L/MSS pathway-related genes exert a higher selective growth
advantage. In addition, most MSI-L/MSS tumors probably exhibit CIN (12) thus, viewing red
meat consumption as a surrogate marker for exposure to heterocyclic amines, our results are in
line with the observations of Bardelli ez al. (14).

Previously, Slattery et al. (15) observed no associations between red meat intake and
MSI status of colon carcinomas in a large population-based case-control study. Wu et al. (16)
reported a positive association between well-done red meat consumption and MSI-H tumors in a
case-only study but did not observe a significant association with red meat intake in general. The
dissimilarities with our results might be caused by differences in meat cooking methods and/or
differences in the composition of the study populations, e.g., in the frequency of participants
with a positive family history of colorectal cancer, or chance.

None of the other dietary factors evaluated in this study was significantly differently
related to MSI-H tumors than to MSI-L/MSS tumors. Consistent with Slattery et al. (15),
alcohol intake did seem more positively associated with MSI-H tumors than with MSI-L/MSS
tumors. In our study, however, the associations were statistically non-significant. This may be
due to the smaller size of our study population.

This is, to our knowledge, the first study that has evaluated associations between dietary

factors and AMLHI promoter hypermethylation in colon carcinomas. Fruit consumption was
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significantly differently related to Methyl” tumors than to Methyl™ tumors. It decreased the risk
of Methyl” tumors, whereas a positive association was observed with Methyl™ tumors. This
suggests, assuming that epigenetically silenced ZMLH1 and genetically inactivated hMLH1 or
hMSH2 exert the same selective advantage for MSI-H tumor formation, that fruits, or their
constituents, are specifically involved in the prevention of AMLH1 promoter hypermethylation.
The exact mechanisms responsible for silencing of specific genes by promoter hypermethylation
are not (yet) clear. However, fruits may be interrelated with DNA methylation through
involvement in the supply of methyl groups and/or through involvement in processes that
modify utilization of methyl groups, e.g., regulation of DNA methyltransferase activity.

To conclude, our data suggest that, in subjects not suspected of carrying an inherited
mutation in one of the MMR genes, red meat consumption may promote the development of
MSI-L/MSS carcinomas in particular, whereas alcohol intake appears to increase the risk of
MSI-H tumors. Fruit consumption may especially decrease the risk of MSI-H carcinomas
exhibiting epigenetically silenced ZMLHI. Our study population was relatively small and,
hence, the statistical power of the study was relatively low. This may explain why only a few
statistically significant associations were observed. Although all evaluated dietary factors were
reported previously to be associated with colon cancer risk, it should additionally be noted that
multiple comparisons might lead to chance findings. Thus, confirmation of our results by other
studies is necessary. Nonetheless, the observed relation between fruit consumption and ZAMLH I
promoter methylation status is intriguing and calls for further investigation. Epigenetic events
such as AMLH1 promoter hypermethylation are, by definition, susceptible to change. Elucidation
of the mechanisms through which dietary factors influence (gene-specific) epigenetic events
may prove useful for the development of effective dietary intervention strategies for colon

cancer prevention.
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Chapter 5

Abstract

Cigarette smoking has been inconsistently associated with colon cancer risk. To evaluate the hypothesis
that smoking is primarily linked to a specific colon tumor subgroup(s), we assessed associations between
smoking and the occurrence of mutations in the APC, K-ras and p53 genes, p5S3 overexpression, and
microsatellite instability (MSI) in a Dutch population-based case-control study on sporadic colon
carcinomas. The study population consisted of 176 cases and 249 controls. Smoking status (never, ever),
number of cigarettes smoked per day (never, <15, >15), total years of smoking (never, <30, >30), and
years since first started smoking (never, <35, >35) were all evaluated in this study. Cigarette smoking
status was significantly different related to p53 overexpression-positive (p53°*) tumors compared to p53
overexpression-negative (p53"°®) tumors (ever versus never, OR: 0.4, 95% CI: 0.2-0.9), as well as to
tumors with transversion mutations in APC, K-ras or p53 (transv’) compared to tumors without
transversion mutations in one of these genes (transv’) (ever versus never, OR: 2.5, 95% CI: 1.0-5.9).
Positive associations were observed with p53"® tumors and transv' tumors when compared to the
population-based controls (ever versus never, OR: 1.5, 95% CI: 0.9-2.8; OR: 2.2, 95% CI: 0.9-5.6,
respectively), inverse associations with p53" tumors and transv’ tumors (ever versus never, OR: 0.5,
95% CI: 0.3-1.0; OR: 0.8, 95% CI: 0.5-1.3, respectively). Similar patterns of association were observed
for the other smoking variables evaluated. In addition, although non-significant, smoking was more
notably, positively, associated with tumors that exhibit K-ras mutations, especially K-ras transversion
mutations, than with tumors without K-ras mutations. An inverse relationship between smoking and the
occurrence of APC mutations was suggested while no clear associations were observed with MSI. Our
data suggest that smoking-related colon cancers develop through a p53 overexpression-negative pathway

and that smoking particularly results in colon carcinomas with transversion mutations.

Introduction

Cigarette smoking has been consistently associated with colorectal adenomas, the precursor
lesions of most colon carcinomas. Most studies observed a two- to threefold increased risk of
adenomas for long-term, heavy cigarette smoking (1). The association of smoking with colon
cancer risk has, however, not been consistent (1). A possible explanation for this discrepancy is

that cigarette smoking is only involved in the production of certain types of mutations in specific
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genes and, thus, primarily affects, and results in, the development of a particular subset(s) of
colon carcinomas.

Mutations in the APC, K-ras and p53 genes as well as microsatellite instability (MSI) are
commonly observed genetic alterations in colon cancer. Mutations in APC (that is, those
mutations resulting in loss of APC function) are believed to be a key initiating event in colon
cancer (2-4). K-ras mutations are thought to accompany the conversion of small to larger
adenomas and have been reported to occur in 30-40% of sporadic colon tumors (5, 6), whereas
mutation of p53 seems to be especially important in later stages of colon tumorigenesis (7). MSI
occurs in most colon tumors associated with the hereditary nonpolyposis colorectal cancer
syndrome and in approximately 10-20% of the sporadic colon tumors (8-11).

Interestingly, significant inverse relationships have been observed between the presence
of MSI and mutations in APC, K-ras and p53 in sporadic colon tumors (12, 13). This suggests
different molecular pathways to colon cancer which in turn may reflect different environmental
exposures. Supporting this idea, Bardelli et al. (14) demonstrated recently that exposure to
specific carcinogens can indeed select for colon tumor cells with distinct forms of genetic
alterations. Regarding smoking, K-ras (15, 16) and p53 mutations (17, 18), G—>T transversions
in particular, are significantly more prevalent in lung cancer from smokers than in lung cancer
from non-smokers suggesting an etiological link between exposure to tobacco smoke
carcinogens and these genetic alterations.

Few studies have examined associations between smoking and genetic alterations in
colon cancer. Those that have (6, 19, 20, 21) generally limited their analyses to alterations in one
specific gene. Intriguingly, Freedman ez al. (19), who used p53 overexpression as an indicator of
p53 mutations, observed an increased risk of p53 overexpression-negative colon tumors for

smokers. Slattery et al. (20) and Yang et al. (21) both reported a positive association between
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cigarette smoking and sporadic colon tumors with MSI. To (further) explore the hypothesis that
cigarette smoking is primarily associated with a specific colon tumor subgroup(s), in this study,
we assess the associations between smoking and the occurrence of (specific) mutations in the

APC, K-ras and p53 genes, p53 overexpression, and MSI in sporadic colon carcinomas.

Material and methods

Study population

A population-based case-control study on diet and colon cancer was conducted in the Netherlands
between 1989 and 1993. Details were described previously (22, 23). Briefly, cases (#=204) were women
and men newly diagnosed with histologically confirmed, first primary incident colon carcinoma. They
were recruited in regional hospitals located in the eastern and central regions of the Netherlands and
invited to participate by their medical specialists within three months of diagnosis. Cancer registries were
used to check for completeness. Of all eligible cases diagnosed in the cooperating hospitals, 47% were
invited to participate. Sixty percent of those invited, agreed to participate. Controls (#=259), frequency
matched to the cases by age (5 year intervals), sex, region and degree of urbanization, were randomly
recruited by the general practitioners of the cases. Of the controls invited, 57% agreed to participate. All
subjects were Dutch speaking, Caucasian, up to 75 years old at time of diagnosis, mentally competent to
complete the interview, and had no known personal history of cancer, familial adenomatous polyposis,
hereditary nonpolyposis colorectal cancer, ulcerative colitis, or Crohn’s disease. Except for a more
favorable Dukes’ stage among cases, participants did not differ importantly from non-participants. Cigar
and/or pipe only smokers (#=18) and two subjects with missing data on smoking status were excluded
from the analyses. From 18 cases, colon tumor tissue could not be obtained due to administrative reasons.

In total, 176 cases and 249 controls were included in the analyses here presented.

Data collection

Participants were interviewed in their own homes by trained dieticians using a structured questionnaire.
The interval between diagnosis and the interview was, for cases, three to six months. Cigarette smoking
status (never, ever, ex, current) was determined. Participants who had stopped smoking one year or more
prior to the date of the interview were classified as ex-smokers; participants who had stopped less than
one year prior to the interview date or were still smoking were classified as current smokers. Information
about the number of years smoked and the number of cigarettes usually smoked per day (categorized in

four categories: 1-<5, 5-<15, 15-<25, and 25 or more cigarettes) was obtained. Years since first started
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smoking was calculated from information on duration of smoking and, if applicable, time since stopped
smoking. The interview also consisted of a dietary history part in which information on the frequency
and amount of foods consumed in the year prior to the interview (for cases, the year preceding diagnosis
or complaints) was collected. Information on aspirin and non-steroidal anti-inflammatory drug use,

family history of colorectal cancer, and medical history was also obtained during the interview.

DNA extraction

Both tumor and normal DNA were extracted from formalin-fixed, paraffin-embedded colon tissue,
collected before chemo- or radiotherapy started, as described elsewhere (24). Microdissection was
performed and for tumor DNA only those areas containing >60% tumor cells were used. Corresponding

normal DNA was isolated from tumor-free colon tissue.

APC mutation detection

Single-strand conformation polymorphism (SSCP) analysis was used to screen the APC gene for
mutations. The majority of the somatic mutations in APC seem to cluster within a small region in exon
15 (codons 1286-1513), the so-called mutation cluster region (MCR) (25-27). Our analysis covered
codons 1286 to1585 (extended-MCR) of APC. The region was divided into five, ~220 base pairs long,
overlapping fragments (codons 1286-1358, 1337-1404, 1387-1455, 1437-1526, and 1509-1585,
respectively) which were separately amplified in two consecutive PCRs using the following primer sets

(primer sequence: 5°—3’):

Fragment 1: codon:
1.1 F-CAGACTTATTGTGTAGAAG R-CGCTCCTGAAGAAAATTCAAG 1260-1358
1.2 F-GAAATAGGATGTAATCAGACG R-CGCTCCTGAAGAAAATTCAAC 1286-1358
Fragment 2:

2.1 F-ACTGCAGGGTTCTAGTTTATC R-TCTGCTTGGTGGCATGGTTT 1337-1436
2.2 F-ACTGCAGGGTTCTAGTTTATC R-GAGCTGGCAATCGAACGACT 1337-1404
Fragment 3:

3.1 F-CTCAGACACCCAAAAGTCC R-ATTTTTAGGTACTTCTCGCTTG 1366-1455
3.2 F-TACTTCTGTCAGTTCACTTGATA R-ATTTTTAGGTACTTCTCGCTTG 1387-1455
Fragment 4:

4.1 FFAAACACCTCCACCACCTCC R-TCATTCCCATTGTCATTTTCC 1437-1536
4.2 F-AAACACCTCCACCACCTCC R-GCATTATTCTTAATTCCACATC  1437-1526
Fragment 5:

5.1 F-ACTCCAGATGGATTTTTCTTG R-GGCTGGCTTTTTGCTTTAC 1497-1596
5.2 F-GAGCCTCGATGAGCCATTTA R-TGTTGGCATGGCAGAAATAA 1509-1585
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PCR reaction mixtures (total volume of 50ul) contained: 50ng DNA (or 2ul of the 1:100 diluted
product of the first PCR), 0.2uM of both primers, 0.2mM dNTPs, 10mM Tris-HCL pH 9.0, 1.5 to 2.5mM
MgCl,, 50mM KCI, 0.01% Tween, 10% glycerol, and 0.3U Taq DNA polymerase. Reaction conditions
first PCR: 25 cycles of 30 s at 94°C, 45 s at 55°C (53 °C for primer set 1.1; 57°C for 4.1), 1 min at 72°C,
followed by 5 min at 72°C. Conditions second PCR: 30 cycles of 30 s at 94°C, 45 s at 52°C (56°C for
primer sets 3.2 and 4.2; 57°C for 5.2), 1 min at 72°C, followed by 5 min at 72°C. Products were checked
using an ethidium bromide stained 2% agarose gel. SSCP was performed as described earlier (24) with
electrophoresis at 10 and 18°C. The original PCR products from the samples that displayed an abnormal
pattern in the SSCP were subjected to sequencing in both directions using the same primers as in the
second PCR. Sequencing was performed as described previously (24). Mutation analysis started in all
samples with fragment 1, and only if no truncating mutations (i.e., nonsense or frameshift mutations)
were detected, fragment 2 was screened for mutations, and so on. We focused on truncating mutations
because these mutations indisputably result in function loss of the APC protein whereas the biological
significance of missense mutations in APC is uncertain. Carcinomas were classified as APC" (with a
truncating mutation in the extended-MCR of APC), or APC" (without a truncating mutation in the

extended-MCR of 4PC and all five fragments completely analyzed for mutations).

K-ras mutation detection
Codons 12 and 13 of the K-ras gene were examined for mutations (i.e., those resulting in amino acid

change) by mutant allele-specific amplification as described earlier (28).

P53 mutation detection

To enable the evaluation of (specific) p53 mutations, SSCP analysis was used to screen exons 5-8 of the
p33 gene for mutations as described previously (24). We focused on exons 5-8 as it has been observed
that most p53 mutations occur in this region of the gene (29). The original PCR products from the
samples that displayed an abnormal pattern in the SSCP were subjected to sequencing in both directions.
Samples in which a mutation (i.e., one that resulted in amino acid change or truncation of the protein)
was detected were excluded from analysis of the subsequent exons. The exons were screened in the
following order: 7, 8, 5 and 6. Carcinomas were classified as p53" (with a mutation in codons 5-8 of
p33), or pS3” (without a mutation in codons 5-8 of p53 and all 4 codons completely analyzed for

mutations).
P53 immunohistochemistry

Overexpression of p53 was determined using a mixture of two antibodies (DO-7 which recognizes both

mutant and wildtype forms of p53, and PAb 240 which recognizes only mutant forms of p53) as
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published earlier (24). Stained sections were scored independently by two investigators (A.A.v.K and
G.N.P.v.M.). Tumors were scored as p53 overexpression-negative (p53"®) if less than 20% of the cells
displayed nuclear positivity and as p53 overexpression-positive (p53°”) if otherwise, like in Freedman et

al. (19).

Microsatellite instability

For MSI analysis, paired tumor and normal DNA were investigated with the five Bethesda reference
panel markers (30): BAT25, BAT26, D55346, D2S123, and D175250. PCR reaction mixtures (total
volume of 25ul) contained: 100ng DNA, 10pmol forward (fluorescent labeled) and reverse primer,
2.0mM MgCl, (2.5mM MgCl, for BAT26), 0.2mM dNTPs, 75mM Tris-HCL (pH 9.0), 20mM
(NH4),SO4, 0.01% Tween, 0.3U Thermoperfect DNA polymerase (Integro). PCR reaction conditions: 35
cycles of 30 s at 92°C, 45 s at 50°C, 1 min at 72°C, followed by 30 min at 72°C. Products were checked
using an ethidium bromide stained 2% agarose gel. One ul of (diluted) PCR product was added to 10ul
formamide and 0.5ul of ROX-500 (size standard), denatured at 95°C for 5 min, chilled on ice, and loaded
on an ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems). Genotyper® ABI PRISM version 3.5
NT (Perkin Elmer) was used to analyze the data. MSI at a specific marker was defined as the presence of
a novel length allele in tumor tissue when compared to corresponding normal tissue. When matching
normal DNA was not available (n=22), only the mononucleotide repeat markers BAT25 and BAT26 were
checked for instability. Tumors were classified as MSI-H if two or more markers showed instability,

MSI-L if one marker showed instability, and MSS if none of the markers examined showed instability

(30).

Data analysis

The distribution of APC, K-ras and p53 mutations, p53 overexpression, and MSI in the colon carcinomas
was determined. Differences in (tumor) characteristics between ‘never smoked’ and ‘ever smoked’ cases
and between MSI-H and MSS tumors were assessed using 7-tests for continuous and Chi-Square tests for
categorical variables; P values <0.05 were considered significant. Case-case comparisons were
conducted to evaluate heterogeneity in risk factors for the different tumor subsets. In addition, case-
control comparisons, separately comparing cases with and cases without specific alterations with the
population-based controls, were conducted to estimate the relative risk of developing carcinomas
respectively with and without this particular status. The risk factors evaluated are: cigarette smoking
status (never, ever), number of cigarettes usually smoked per day (never, <15, >15), total years of
smoking (never, <30, >30), and years since first started smoking (never, <35, >35). Odds ratios (OR) and
the corresponding 95% confidence intervals (95% CI) were calculated using multiple logistic regression

models. ‘Never’ was always the referent category. All analyses were adjusted for age, sex, total energy

97



Chapter 5 |

and alcohol intake. Additional adjustment for Dukes’ stage, tumor location, body mass index, and the
consumption of vegetables, fruit and red meat did not change the estimates importantly (i.e., not more
than 10%). All analyses were performed with the use of the SAS® statistical software package (SAS
version 6.12, SAS Institute Inc. Cary, NC, USA).

Results

Characteristics of the cases in this study population, categorized by cigarette smoking status, are
given in Table 5.1. There were significantly more women among the never smokers. Total
energy and alcohol intake were higher among the ever smokers whereas age and body mass
index did not differ between the two groups. Current smokers smoked more cigarettes per day
and had smoked for more years than ex-smokers (data not shown).

Tumor characteristics, categorized by cigarette smoking status of the cases, are described
in Table 5.2. Although Dukes’ stage CD and proximal tumors (cecum, ascending colon, hepatic
flexure and transverse colon) were both more common among the never smokers, the difference
with ever smokers was not statistically significant. There were significantly more carcinomas
with truncating APC mutations among the never smokers. P53 overexpression was observed at a
higher frequency in the carcinomas of never smokers, whereas K-ras mutations, and especially
codon 12 transversion mutations, were more common in the carcinomas of ever smokers than of
never smokers (both not statistically significant). Transversion mutations, G—T in particular,
were, overall, more common among ever smokers. Tumor MSI status did not differ between
never and ever smokers. Regarding MSI analysis of the tumors for which no matching normal
DNA was available (n=22), in 10 of these tumors both BAT25 and BAT26 were unstable while in
the other 12 tumors both markers were stable. Fifty-five percent of all p53 overexpression-

positive tumors exhibited a p53 mutation. Regarding the genetic alterations examined,
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frequencies observed among women were comparable with those observed among men (data not

shown).

Table 5.1 Characteristics of the colon cancer cases by cigarette smoking status

All cases Never smokers Ever smokers
(n=176) (n=55) (n=121)
Age (in years, mean + SD) 61.7+10.3 62.6+9.9 61.3+10.2
Sex (% women) 47.2 69.1 37.2°
Body mass index (kg/m?, mean + SD) 259+44 25.0+44 26.3+44
Smoking variables (%)
Current smokers - - 26.4
>15 cigarettes/day - - 51.2
>25 cigarettes/day - - 32.3
>30 years of smoking - - 49.2
>35 years since first smoked - - 72.2
Dietary factors (mean + SD)
Total energy intake (kJ/day) 10373.7 +£3241.6  9491.4+2767.7 10774.8 £3370.2°
Vegetables (g/day) 170.5 + 81.7 153.8+£74.9 178.5 +83.7
Fruit (g/day) 213.5+155.7 242.6 £166.8 200.2 +149.3
Red meat (g/day) 79.7+35.4 73.9+34.9 82.3+£35.5
Alcohol® (g/day) 17.1+£25.4 9.8+17.6 20.4 £27.6"

* Never smokers versus ever smokers P<0.05, ¢-test for continuous variables and Chi-square test for
categorical variables. ® Adjusted for total energy intake by regression analysis, for women and men

separately.

MSI-H tumors exhibited a significantly lower frequency of APC, K-ras and p53
mutations, and were less often p53 overexpression-positive than MSS tumors (MSI-H tumors:
21% APC, 21% K-ras, 8% p53, 15% p53 overexpression-positive; MSS tumors: 38% APC, 41%

K-ras, 36% p53, 51% p53 overexpression-positive. Not in table). They were also significantly
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Table 5.2 Tumor characteristics, categorized by cigarette smoking status of the cases

All cases Never smokers Ever smokers
(n=176) (n=55) (n=121)
Dukes’ stage (% CD) 36.8 44.4 33.6
Tumor location (% proximal) 45.7 54.2 42.2
Mutation distribution [n (%)]
APC
Tumors with mutation 60 (34.1) 25 (45.5) 35(28.9)*
Transversion 8 (13.3) [4x G—>T] 1 (4.0)[0x G>T]  7(20.0)
Transitions 9 (15.0) [all C—>T] 3(12.0) 6 (17.1)
Insertions/deletions 43 (71.7) 21 (84.0) 22 (62.9)
K-ras
Tumors with mutation(s)® 64 (36.4) 16 (29.1) 48 (39.7)
Codon 12 mutations 53 (81.5) 13 (81.3) 40 (81.6)
Transversions 30 (56.6) [21x G—>T]  6(46.2) [5x G—>T] 24 (60.0)
Transitions 23 (43.4) [all G>A] 7 (53.8) 16 (40.0)
Codon 13 mutations 12 (18.5) 3 (18.7) 9(18.4)
Transversions 1(8.3) [G—>T] 0 (0) 1 (11.1)
Transitions 11 (91.7) [all G>A] 3 (100) 8(88.9)
pi3
Overexpression-positive 78 (44.3) 29 (52.7) 49 (40.5)
Tumors with mutation 54 (30.7) 16 (29.1) 38 (31.4)
Transversions 13 (24.1) [5x G—>T] 2(12.5) [0x G—>T] 11(28.9)
Transitions 35(64.8) [20x G—>A] 13 (81.3) [7x G—>A] 22(57.9)
Insertions/deletions 6 (11.1) 1(6.3) 5(13.2)
MSI*
MSI-H 39 (22.2) 13 (23.6) 26 (21.5)
MSI-L 20 (11.4) 7 (12.7) 13 (10.7)
MSS 117 (66.5) 35 (63.6) 82 (67.8)

* Chi-square test, never smokers versus ever smokers P<0.05. ® One tumor exhibited a missense mutation

in codon 12 as well as in codon 13. © MSI-H: >2 markers unstable; MSI-L: 1 marker unstable; MSS: 0

markers unstable.
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more often located in the proximal part of the colon. In most (54%) MSI-H tumors, none of the
examined genes was mutated and p53 was not overexpressed (data not shown).

Ever smoking was not associated with increased overall colon cancer risk in this study
population (Table 5.3). Table 5.3 also shows the adjusted ORs and 95% Cls of the case-case and
case-control comparisons for cigarette smoking status and the occurrence of the various genetic
alterations examined in this study. No significant associations were observed between cigarette
smoking status and tumor APC-mutation status. Of the different other cigarette smoking
variables evaluated (i.e., usual number of cigarettes smoked per day, total years of smoking, and
years since first started), only first starting smoking 35 or less years ago was significantly
different associated with APC" tumors compared to APC™ tumors (APC" versus APC", OR (95%
CI): 0.2 (0.1-0.7), not in table). In the case-control comparisons, first starting smoking 35 or less
years ago was found significantly, inversely, associated with APC" tumors only (APC" versus
controls, OR (95% CI): 0.2 (0.1-0.8); APC" versus controls, OR (95% CI): 1.2 (0.6-2.3), not in
table). No associations were observed between first starting smoking more than 35 years ago and
tumor 4 PC-mutation status.

Ever smoking, though not significantly, seems more notably, positively, associated with
tumors that exhibit K-ras mutations, especially K-ras transversion mutations, than with tumors
without K-ras mutations (Table 5.3). The other smoking variables evaluated were, again not
significantly, also positively associated with tumors with K-ras mutations, more pronounced
with K-ras transversion mutations, and negatively with tumors without K-ras mutations (data
not shown).

Ever smoking was significantly different associated with p53 overexpression-positive
(p53P°) tumors compared to p53 overexpression-negative (p53"°®) tumors (Table 5.3). The case-

control comparisons showed that ever smoking was inversely associated with p53"* tumors and
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Table 5.3 Cigarette smoking status and mutations in sporadic colon carcinomas: case-case and

case-control comparisons

Odds ratios (95% confidence intervals)®

Never smoked Ever smoked

Overall

No. cases/controls 55/79 121/170
Cases versus controls 1.0 1.0 (0.6-1.5)

APC*

No. APC'/APC’/controls 25/30/79 35/86/170
APC" versus APC’ 1.0 0.6 (0.3-1.2)
APC" versus controls 1.0 0.7 (0.4-1.4)
APC versus controls 1.0 1.2 (0.7-2.1)

K-ras®

No. K-ras'/K-ras’/controls 16/39/79 48/73/170
K-ras’ versus K-ras’ 1.0 1.7 (0.8-3.4)
K-ras' versus controls 1.0 1.4 (0.7-2.8)
K-ras™ versus controls 1.0 0.8 (0.5-1.4)

No. K-ras™""/ K-ras™"/K-ras’/controls 6/10/39/79 25/23/73/170
K-ras™™" versus K-ras’ 1.0 2.2 (0.8-6.2)
K-ras™"" versus controls 1.0 2.2 (0.7-6.3)
K-ras™" versus K-ras’ 1.0 1.4 (0.6-3.4)
K-ras™" versus controls 1.0 1.0 (0.4-2.5)

p53 (mutations)®

No. p53"/p537/controls 16/39/79 38/83/170
p53" versus p53 1.0 1.1 (0.5-2.2)
p53" versus controls 1.0 0.9 (0.4-1.9)
p53° versus controls 1.0 1.0 (0.6-1.7)

Transversion mutations®

No. transv'/transv’/controls 8/47/79 38/83/170
transv' versus transv’ 1.0 2.5(1.0-5.9)
transv' versus controls 1.0 2.2 (0.9-5.6)
transv~ versus controls 1.0 0.8 (0.5-1.3)

Transition mutations’

No. trans /trans’/controls 21/34/79 46/75/170
trans’ versus trans’ 1.0 1.0 (0.5-2.0)
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Table 5.3 cont. Never smoked Ever smoked
trans’ versus controls 1.0 0.9 (0.5-1.7)
trans” versus controls 1.0 1.0 (0.6-1.8)

p53 (overexpression)®

No. p53P*/p53"¢/controls 29/26/79 49/72/170
p53"* versus p53™* 1.0 0.4 (0.2-0.9)
p53"* versus controls 1.0 0.5 (0.3-1.0)
p53"™ versus controls 1.0 1.5 (0.9-2.8)

MSI*

No. MSI-H/MSS/controls 13/35/79 26/82/170
MSI-H versus MSS 1.0 0.8 (0.3-1.7)
MSI-H versus controls 1.0 0.8 (0.3-1.8)
MSS versus controls 1.0 1.1 (0.6-1.8)

* Adjusted for age, sex, total energy and alcohol intake. > APC", tumors with truncating 4PC mutation;

APC’, tumors without truncating APC mutation. ¢ K-ras’, tumors with mutation in K-ras; K-ras’, tumors

transv trans

without mutation in K-ras; K-ras™™", tumors with transversion mutation in K-ras. K-ras™", tumors with

transition mutation in K-ras. ¢ p53*, tumors with mutation in p53; p53, tumors without mutation in p53.
¢ transv', tumors with transversion mutations in APC, K-ras, or p53; transv’, tumors without transversion
mutations in one of these genes. ftrans®, tumors with transition mutations in APC, K-ras, or p53; trans’,
tumors without transition mutations in one of these genes. ® p53°*, tumors in which >20% of the cells
displayed nuclear positivity; p53"®, tumors in which <20% of the cells displayed nuclear positivity.
" MSI-H, tumors in which two or more markers showed instability; MSS, tumors with no instable

markers.

positively, not significantly, associated with p53™® tumors. Evaluation of the other cigarette
smoking variables provided additional support that, in this population, cigarette smoking is
inversely associated with p53P® tumors. Smoking 15 or more cigarettes per day, smoking more
than 30 years, and first starting smoking more than 35 years ago were significantly different
associated with p53°* tumors compared to p53" tumors (p53°** versus p53™%, OR (95% CI):
0.4 (0.2-1.0), 0.3 (0.1-0.7), 0.4 (0.2-1.0), respectively. Not in table). Additionally, all were
inversely associated with p53"*° tumors and positively with p53™® tumors when compared to the

population-based controls (p53"* versus controls, OR (95% CI): 0.5 (0.2-1.0), 0.4 (0.2-0.9), 0.6
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(0.3-1.3), respectively; p53™* versus controls, OR (95% CI): 1.4 (0.7-2.8), 1.6 (0.8-3.1), 1.7
(0.9-3.2), respectively. Not in table). Interestingly, no clear associations were observed between
cigarette smoking and tumor p53-mutation status.

To evaluate whether cigarette smoking was specifically associated with the presence of
transversion mutations, we additionally assessed the associations between smoking and
carcinomas with transversion mutations in APC, K-ras, or p53 (transv' tumors). The majority of
the transv' tumors harbored, at least, a transversion mutation in K-ras. Ever smoking was
significantly different associated with tumors with transversion mutations compared to tumors
without transversion mutations (Table 5.3). The case-control comparisons showed that ever
smoking was positively, not significantly, associated with tumors with transversion mutations
and negatively, again not significantly, with tumors without transversion mutations. Similar
patterns were observed for the other smoking variables evaluated (data not shown). No clear
associations were observed between smoking and tumors with transition mutations in APC, K-
ras or p53 (Table 5.3).

Regarding MSI, no clear associations were observed between the smoking variables
examined and MSI status (Table 5.3). In addition, no clear associations were observed when the

analyses were repeated with the subset MSI-L/MSS instead of MSS (data not shown).

Discussion

In this study, associations between cigarette smoking and various genetic alterations in sporadic
colon carcinomas were assessed to evaluate the hypothesis that cigarette smoking is primarily
linked to a specific colon tumor subset(s). Cigarette smoking was significantly different related
to p53°* tumors than to p53"* tumors. Consistent inverse associations were observed with

p53P* tumors while positive associations were found with p53™® tumors. Smoking was also
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significantly different related to tumors with transversion mutations in APC, K-ras, or p53 than
to tumors without transversion mutations in one of these genes. Positive associations were
observed with tumors with transversion mutations but not with tumors without transversion
mutations. In addition, smoking seemed to especially increase the risk of developing tumors
with K-ras mutations, K-ras transversion mutations in particular. No clear associations were
observed with MSI status.

Truncating APC mutations were identified in 34.1%, K-ras mutations in 36.4 %, p53
mutations in 30.7%, and p53 overexpression in 44.3% of the carcinomas in this study. Twenty-
two percent of the carcinomas were MSI-H and the occurrence of MSI was significantly,
inversely related to the presence of genetic alterations in the APC, K-ras and p53 genes, and to
pS3 overexpression. Microdissection was performed and the observed frequencies and
characteristics of the mutations identified were consistent with those, in comparable populations,

previously reported by others (APC database: http://perso.curie.fr/Thierry.Soussi/APC/html;

IARC p53 database: http://www.iarc.fr/pS3/index.html; 4-6, 13, 19, 20, 25, 26). However, it

remains possible that, due to contaminating normal DNA, alterations were missed eventually
resulting in misclassifications which in turn may have attenuated some of our results.

In this study, the MSI status of 22 tumors was determined using BAT25 and BAT26
tumor results only as for these tumors matching normal DNA was not available. The markers
were either both unstable or both stable. Recently, polymorphisms have been identified in
BAT25 as well as in BAT26 disputing the earlier suggested quasimonomorphic allelic profile of
these two loci and warranting caution with the interpretation of MSI data based on BAT25 and
BAT26 tumor results only (31, 32). However, the polymorphisms appear to be population
dependent and to occur significantly more frequent in African Americans than in Caucasians
(31, 32). In the latter they truly seem to be uncommon, and being polymorphic at both loci will

most likely be even more uncommon. Therefore, we do not expect that our decision to use
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BAT25 and BAT26 tumor results only, when matching normal DNA was not available, has
resulted in extensive misclassification or lead to serious misinterpretation of our data.

As in any retrospective study, an important concern is the possibility of information and
selection bias. The smoking habits of our controls were comparable to those of the general
Dutch population at the time of interview (33). Since the cases are unaware of the molecular
profile of their tumors, systematic errors in recall are less likely to bias results from case-case
comparisons. Recall of (smoking) habits, however, can also be influenced by tumor stage or
treatments. Our cases were relatively healthy, that is, the frequency of Dukes” A and B tumors
among the cases was relatively high, 63%, compared to the 51% reported by the Dutch Cancer
Registry (34). Adjusting the case-case comparisons for Dukes’ stage did not change the
estimates significantly. A long time lag between smoking exposure and occurrence of colon
carcinomas has previously been suggested as a possible explanation for smoking being a risk
factor for adenomas but not for colon cancer (35, 36). In our study population, 72% of the ever
smokers among the cases first started smoking 35 or more years ago.

This is, to our knowledge, the first study that has evaluated associations between
cigarette smoking and alterations in the APC gene in sporadic colon carcinomas. If anything, our
data suggest a slight inverse association between the two. It seems that most sporadic colon
cancers related to smoking are not initiated via alterations in the APC gene. This is not entirely
unexpected considering that the frequency of APC mutations observed in sporadic adenomas is
similar to that in sporadic carcinomas (4) and that APC appears to play a role in later stages of
tumor development as well (37, 38).

A few studies have previously looked at cigarette smoking and other genetic alterations
in colon tumors. In a large population-based case-control study on sporadic colon cancer,
Slattery ef al. (6) observed a slight increased risk of K-ras™ tumors when smoking 20 cigarettes

or more per day (K-ras™ versus controls, OR: 1.3, 95% CI: 1.1-1.6). However, the risk of K-ras"
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tumors increased as well (K-ras™ versus controls, OR: 1.2, 95% CI: 0.9-1.5). Additionally,
smoking over 20 cigarettes per day was associated with an increased risk of overall colon cancer
in their study population (39). In line with our results for K-ras, Martinez et al. (40) reported a
slight positive, but non-significant, association with K-ras mutations in 0.5cm or larger sporadic
colorectal adenomas for current versus never smokers.

In the study population of Slattery et al., cigarette smoking was found positively
associated with microsatellite unstable tumors (20). Yang et al. (21), who purposely enriched
their study for MSI-H cases, also reported a positive association between cigarette smoking and
MSI-H tumors. We observed no clear associations between smoking and MSI-H tumors and,
hence, did not confirm their results. Both Slattery ef al. and Yang et al. did not use the Bethesda
reference panel (30) to assess MSI which may explain the difference in results. Additionally, it
is possible that we observed no associations due to the size of our study population and/or
because the frequency of heavy smokers among our smokers was lower. Similar to our results,
Slattery et al. reported an inverse relation between K-ras mutations and MSI (13, 20).

We observed no clear associations with p53 mutations but our results for p53
overexpression suggest that most colon cancers related to cigarette smoking develop through a
p53 overexpression-negative pathway (which is not necessarily also p53 mutation-negative, see
below). Consistent with our findings for p53 overexpression, Freedman et al. (19) observed an
increased risk of p53 overexpression-negative colon tumors for current and former smokers.
They didn’t evaluate p53 mutations. Although p53 overexpression is often used as an indicator
of p53 mutations, not all p53 mutations (e.g., nonsense and frameshift mutations) result in the
accumulation of inactive p53 protein and can be detected with immunohistochemical analysis
(41). In our population for instance, 20% of the p53 mutations resulted in p53 overexpression-
negative tumors. Under normal circumstances, wildtype p53 is activated and accumulates in

response to DNA-damage and various other types of stress, resulting in either growth arrest or
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apoptosis (42). Cancer cells need to somehow circumvent this checkpoint to be able to
proliferate. A possible explanation for the observed association with a p53 overexpression-
negative pathway, is that cigarette smoking can somehow (e.g., by preventing post-translational
modifications to occur) suppress the induction or stabilization of wildtype p53 (resulting in
overexpression-negative cells), allowing cells to proliferate in conditions where cells with intact
p53 function are eliminated.

Interestingly, we observed a positive association between cigarette smoking and tumors
with transversion mutations in APC, K-ras, or p53. This suggests that cigarette smoking is
particularly involved in the production of transversion mutations in colon cells. However, it
should be noted that genetic alterations in tumors not only represent the interactions of
carcinogens with DNA repair processes but also reflect the, possibly tissue-specific, selection of
those mutations that provide pre-malignant and malignant cells with a clonal growth advantage.
Consistent with our results, transversion mutations in p53 and K-ras are also commonly found in
smoking-related lung cancers (15-18). Additionally, Conway et al. (43) reported recently that
p33 transversion mutations, and especially G—T transversions, were significantly more
prevalent in breast tumors from current smokers than in breast tumors from never smokers.

To conclude, our data suggest that smoking-related colon cancers develop through a p53
overexpression-negative pathway and that cigarette smoking particularly results in colon tumor
cells with transversion mutations. Regarding the latter, it appears that cigarette smoking
especially results in colon tumors with K-ras transversion mutations. This may be due to
hypersensitivity of codons 12 and 13 of K-ras for exposure to tobacco smoke carcinogens or to a
higher selective advantage for colon tumor formation exerted by these mutations in K-ras than

in one of the other genes examined. Our results, if confirmed in other studies, provide support
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for the hypothesis that cigarette smoking is primarily associated with specific colon tumor

subgroups.
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Chapter 6

Abstract

Individuals with hereditary nonpolyposis colorectal cancer (HNPCC) are at increased risk for colorectal
cancer. To gain insight into the effects of environmental factors on colorectal tumor risk in individuals
with HNPCC, we examined associations between dietary factors previously reported to be related to
sporadic colorectal cancer risk, cigarette smoking, and HNPCC-associated colorectal tumors in a Dutch
case-control study (145 cases; 103 tumor-free controls; all study participants were known or suspected
carriers of a germline mutation in one of the DNA mismatch repair genes). We additionally assessed
associations between the various environmental factors and occurrence of truncating 4APC mutations in
HNPCC-associated polyps in a subset of the study population. Fruit consumption was inversely
associated with ever developing HNPCC-associated colorectal tumors [OR (95% CI) for highest versus
lowest tertile, 0.4 (0.2-0.9)]; a borderline significant inverse association was observed for dietary fiber
intake [0.5 (0.2-1.0)]. Cigarette smoking and alcohol intake seemed to increase the risk of HNPCC-
associated colorectal tumors. Truncating APC mutations were detected in 30 (37.5%) of the 80 available
HNPCC-associated polyps; frameshift mutations were most common (73.3%). None of the evaluated
environmental factors was distinctively associated with a specific APC status of the polyps. Our data
suggest that fruit consumption and dietary fiber intake may decrease the risk of colorectal tumors in
individuals with HNPCC, whereas cigarette smoking and possibly alcohol intake may increase the risk of
HNPCC-associated colorectal tumors. The observed associations, if confirmed by other studies, support

the hypothesis that also HNPCC-associated outcomes may be modified by environmental factors.

Introduction

Hereditary nonpolyposis colorectal cancer (HNPCC) is one of the most common cancer
predisposition syndromes in humans. It is characterized by an autosomal dominant mode of
inheritance and an early onset of carcinogenesis (mean age at diagnosis of colorectal cancer, ~45
years). Colorectal tumors are the predominant form of cancer in HNPCC but extracolonic
cancers, endometrial, ovarian and stomach cancer in particular, are also often observed
(reviewed in Refs. 1 and 2). Germline mutations in DNA mismatch repair (MMR) genes are

responsible for HNPCC; most (~90%) have been detected in AMLHI (3) and h"MSH?2 (4, 5) [see
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mutation database at the website of the International Collaborative Group on HNPCC: www.
nfdht.nl].

HNPCC is thought to account for 1-5% of all colorectal cases (6-9), and mutation carriers
may have a lifetime risk of developing colorectal cancer of 60-80% (10). HNPCC-associated
colorectal tumors are often located in the proximal part of the colon, have a more favorable
prognosis than sporadic colorectal cancer, and most exhibit microsatellite instability (MSI) (1,
2). Colorectal polyps in individuals with HNPCC progress into cancer more rapidly, within 2-3
years instead of the 10-15 years in the general population, but don’t seem to occur with
obviously increased frequency. Several studies have reported the occurrence of inactivating
mutations in the adenomatous polyposis coli (4PC) tumor suppressor gene in HNPCC-
associated colorectal tumors (11-14). This suggests that, like in sporadic colorectal
carcinogenesis and familial adenomatous polyposis (15, 16), loss of APC function may be an
important initiating event in a subset of HNPCC-associated colorectal tumors.

The incomplete penetrance of disease among mutation carriers and the observation that
the clinical expression of HNPCC seems to vary between regions and to have changed over time
suggest that environmental factors may play a role in HNPCC-associated carcinogenesis (1, 10,
17). It is possible that dietary and lifestyle factors known to be relevant in sporadic colorectal
carcinogenesis [e.g., red meat and vegetable intake, and cigarette smoking (18, 19)] also play a
role in HNPCC-associated colorectal cancer; however, epidemiological data supporting this
hypothesis are currently limited. To our knowledge, only one study has previously examined
associations between environmental factors and HNPCC-associated colorectal tumors in
humans, and this study looked at meat consumption and meat preparation only (20). It has been
shown, however, that MMR-deficient cells are more resistant to the cytotoxic effects of various

DNA-damaging agents and display a greater increase in induced mutations than MMR-
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proficient cells (21-23). The same response to DNA-damaging agents has been observed in
MMR-deficient mice (24).

The possibility that a (simple) change in diet and/or lifestyle may result in a decrease in
colorectal tumor risk in individuals with HNPCC warrants further investigation. Especially since
even individuals with HNPCC who are participating in an intensive colorectal surveillance
program still seem to have a substantial risk of developing colorectal cancer (25). Therefore, in
this study, we examined associations between dietary factors previously reported to be
associated with sporadic colorectal cancer risk, cigarette smoking, and development of HNPCC-
associated colorectal tumors. APC mutation analysis was performed on polyp tissue from a
subset of the study population and, to further explore the relationship between environmental
factors and HNPCC-associated colorectal tumors, we additionally assessed associations between
the various dietary factors, cigarette smoking, and the occurrence of truncating APC mutations

in HNPCC-associated colorectal polyps.

Material and methods

Study population

Participants for this case-control study on environmental factors and HNPCC-associated colorectal
tumors were recruited in the Netherlands between April 1999 and April 2002. All participants belonged
to a family fulfilling the Amsterdam criteria for HNPCC (see Table 1.1 in Chapter 1; 26, 27) and were
known or suspected carriers of a germline mutation in one of the MMR genes. In addition to this, all
participants were Dutch speaking, Caucasian, between 18 and 75 years old, mentally competent to
participate, had no known ulcerative colitis, Crohn’s disease, or serious disabling morbidity, and had
undergone at least one complete colonoscopy (i.e., reaching the cecum). Proven non-carriers and
individuals who had undergone a total colectomy were not eligible. In the Netherlands, surveillance
recommendations for known and suspected ‘HNPCC-ers’ currently include screening for colorectal
tumors by complete colonoscopy at an interval of two years or less, starting at 20-25 years of age
(www.nfdht.nl; 28). Potential study participants were either registered at The Netherlands Foundation for
the Detection of Hereditary Tumors (Leiden, The Netherlands), which keeps a registry for (Dutch)
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families with HNPCC, or undergoing ‘HNPCC’ surveillance colonoscopies at the Department of
Gastroenterology of UMC St Radboud (Nijmegen, The Netherlands). They were identified by review of
randomly selected medical records at the two participating sites. After approval of their medical
specialist, potential participants were informed about the study by mail. Overall, 84% (n=312) of the
subjects contacted agreed to participate and provided written informed consent. Dietary and lifestyle
questionnaires were mailed to those who had agreed to participate. Medical records were checked for
information on undergone colonoscopies, history of colorectal cancer and polyps and other relevant
medical history. Case-control status was determined after written informed consent was obtained. If a
colorectal polyp(s) had been detected during the last colonoscopy or during a colonoscopy performed
maximally 5 years earlier, we tried to obtain the polyp tissue from the pathology departments of the
hospitals where the study participants were under surveillance. Thirty-two (10%) of those who had
agreed to participate did not meet the eligibility criteria retrospectively and were therefore excluded from
the analyses. In addition, 32 (10%) did not return the questionnaires, leaving a final number of 248
participants (belonging to 113 different ‘HNPCC’ families) with dietary and lifestyle information. Cases
(n=145) were women and men ever diagnosed with colorectal cancer or polyps. In total, 119 (82%) cases
had at least one polyp diagnosed during their last colonoscopy or during a colonoscopy performed
maximally 5 years earlier. But, due to various reasons (administrative, tissue had been used up by others,
tissue had never been stored, etc.), polyp tissue from 43 (36%) of those cases was not available to us.
Cases whose polyp tissue we did obtain were comparable with cases whose polyp tissue was not
available to us (data not shown). The 119 cases diagnosed with a polyp during their last colonoscopy or
during a colonoscopy performed maximally 5 years earlier differed significantly from the other 26 cases
only in vegetable consumption; mean vegetable intake was lower in the latter group (data not shown).
Controls (#=103) were women and men never diagnosed with colorectal cancer or any kind of colorectal
polyp. The average time between enrollment and last colonoscopy was 2.1 (+ 1.9) years for cases and 1.9
(£ 2.1) years for controls (P=0.51). The study protocol was reviewed and approved by the Medical
Ethical committees of UMC St Radboud and Wageningen University.

Data collection

Information on lifestyle factors including smoking habits, medical history, reproductive history, physical
activity and family history of colorectal cancer was collected using a self-administered, structured
questionnaire. Regarding smoking habits, information on cigarette smoking status (current, former,
never), number of cigarettes usually smoked per day, total number of years smoked and, if applicable,
age at which participant stopped smoking was obtained. Medical records were checked for information
on history of colorectal cancer and polyps and other relevant medical history. Usual dietary intake was

assessed with a validated, semi-quantitative food frequency questionnaire that was originally developed
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for the Dutch cohort of the European Prospective Investigation into Cancer and Nutrition (EPIC) [for
details see Ocké et al. (29, 30)]. Briefly, this self-administered questionnaire contained questions on the
average consumption frequency during one year for 79 main food items. Referent period for the current
study was the year preceding inclusion in the study. For 21 foods, the questionnaire contained
photographs of 2-4 different sized portions. For most other items the consumption frequency was asked
in numbers of specified units (e.g., slices or glasses); for a few foods a standard portion size was
assumed. Frequencies per day and portion sizes were multiplied to obtain grams per day for each food
item. In total, the average daily consumption of 178 foods was estimated with the information obtained
by the questionnaire. Energy and nutrient intakes were calculated using an adapted version of the
computerized Dutch food composition table. When questionnaires were returned incomplete, study staff
followed up with the participants by phone. Information on completeness of colonoscopy (i.e., whether
cecum was reached or not), location (proximal: cecum through transverse colon; distal: splenic flexure
through sigmoid; rectum: first 15cm from anal opening; colon: exact location unknown), size, number,
and type of colorectal tumors detected was obtained from endoscopy and pathology reports. The study

pathologist re-evaluated the histology of all obtained colorectal polyps.

DNA extraction

DNA was extracted from formalin-fixed, paraffin-embedded tissue (10-12 10um thick sections) using the
Puregene'™ DNA isolation kit (Gentra Systems, Minneapolis, MN). Polyp tissue was available from 76
cases and also from 11 participants who had agreed to participate and fulfilled all eligibility criteria but
did not return the dietary and lifestyle questionnaires. Regarding individuals for whom tissue was
available from more than one colorectal polyp (all detected during the same colonoscopy), the largest
polyp in size was selected for mutation analysis. Microdissection was performed, guided by a
hematoxylin and eosin-stained 4um section, and only those areas containing >60% tumor cells were
used. Isolated tissue was incubated overnight at 55°C in 500ul cell lysis solution containing 0.5mg/ml
proteinase K (Roche Diagnostics, Mannheim, Germany), followed by 72 hours at 37°C. Proteins were
removed with the protein precipitation solution according to the manufacturer’s protocol. DNA was
precipitated with 500l 100% isopropanol at 4°C for 30 minutes. The pellet was washed with 70%
ethanol, air-dried, and subsequently the DNA was rehydrated in 15ul DNA hydration solution.

APC mutation detection
Codons 1286 to 1585 of the APC gene [this area includes the mutation cluster region (MCR) in which
most somatic inactivating 4PC mutations have been detected (31, 32)] were analyzed for truncating

mutations (i.e., nonsense and frameshift mutations) by direct-sequencing. The region was divided into

five overlapping fragments (codons 1286-1358, 1337-1404, 1387-1455, 1437-1526, and 1509-1585,
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respectively), which were separately amplified in two consecutive PCRs as described previously (33).
PCR products were checked on an ethidium bromide stained 2% agarose gel and purified with the
QIAquick PCR Purification Kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol.
Subsequently, the PCR products were sequenced using ABI PRISM® BigDye™ Terminators v3.0
(Applied Biosystems, Foster City, CA) and cycle sequencing with AmpliTaq® DNA polymerase, FS
(Applied Biosystems, Foster City, CA). Sequencing was performed in both directions using the same
primers as in the second PCR. Samples were analyzed on an ABI PRISM® 3730 DNA Analyzer
(Applied Biosystems, Foster City, CA). Mutation analysis started in all samples with fragment 1, and
only if no truncating mutations were detected was fragment 2 screened for mutations, and so on. We
focused on truncating mutations because these mutations indisputably result in function loss of the APC
protein whereas the biological significance of missense mutations in APC is uncertain. We were unable
to perform mutation analysis on 7 polyps (5 from cases and two from participants who did not return
their questionnaires) due to bad quality DNA and/or insufficient amounts of DNA. Polyps were classified
as APC" (with truncating mutation in APC) or APC™ (without truncating mutation in APC and all five

fragments completely analyzed for mutations).

Statistical analyses

Energy-adjusted nutrient intake was computed with the residual method for women and men separately
(34). To convey the sense of an actual nutrient intake, we added the mean nutrient intake to each residual
(34). Differences in characteristics between groups were assessed using #-tests for continuous variables
and Chi-square tests or Fisher’s exact tests for categorical variables. P values <0.05 were considered
significant. All significance tests were two-sided. The categorization of the dietary factors in tertiles was
based on the distribution of intake in the control population. The interquartile ranges (Q;-Q;), used to
quantify associations on a continuous scale, were also based on the distribution of intake in the control
population. Cases were compared with the never-affected controls to estimate the relative risk of
developing colorectal tumors. Case-control comparisons, separately comparing the APC -polyp cases
and APC -polyp cases with the controls, were conducted to estimate the relative risk of developing
HNPCC-associated polyps with and without truncating APC mutation, respectively. To evaluate
heterogeneity in environmental risk factors for the two different polyp subsets, APC -polyp cases were
also compared with APC -polyp cases. Odds ratios (OR) and the corresponding 95% confidence intervals
(95% CI) were calculated using multiple logistic regression models. For continuous risk factors, linear
trend was assessed using the tertile medians as continuous variables in multiple logistic regression
models. All analyses were adjusted for age (continuously), sex, total energy intake (continuously), carrier
status (known carrier, suspected carrier), and cigarette smoking status (never, ever, unknown). Analyses

of cigarette smoking were also adjusted for alcohol intake (continuously). Additional adjustment for
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polyp location (proximal, distal, rectum, colon), polyp size (<5Smm, >5mm), polyp number (single,
multiple), polyp type (hyperplastic, tubular, tubulovilleus), body mass index (continuously), and other
dietary factors (continuously) did not change the estimates by more than 10%. All analyses were

performed using the SAS® statistical software package (SAS version 8.2 SAS Institute Inc. Cary, NC).

Results

Characteristics of the study population are presented in Table 6.1. In total, the study population
consisted of 73 known carriers [AMLHI, 49 (67%); hMSH?2, 22 (30%); gene not disclosed to us,
2 (3%)]. The frequency of known carriers did not differ significantly between cases and
controls. Of the cases with unknown carrier status (n=100), 26 (26%) had been diagnosed with
at least one adenomatous polyp before 40 years of age and 14 (14%) had been diagnosed with
colorectal cancer before 50 years of age. Age at last colonoscopy and body mass index were
significantly higher among the cases than among the never-affected controls. The case group
also contained significantly more ever smokers than the control group. Regarding dietary
factors, no marked differences were observed between cases and controls except for alcohol
intake, which was significantly higher among cases than among controls.

Age was strongly, positively associated with ever been diagnosed with colorectal tumors:
OR (95% CI) for >45 years at last colonoscopy versus <35 years at last colonoscopy, 6.4 (3.0-
13.9), and Pyend<0.05 (adjusted for sex, total energy intake, carrier status, and cigarette smoking;
not in tables). No significant association with colorectal tumors was observed for body mass
index: OR (95% CI) for >25.5kg/m’ versus <23.2kg/m’, 0.9 (0.4-1.8), and Pyen=0.83 (adjusted
for age at last colonoscopy, sex, total energy intake, carrier status, and cigarette smoking; not in

tables).
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Controls Cases

(n=103) (n=145)
Known carrier [n (%)] 28 (27.2) 45 (31.0)
Sex [women, 7 (%)] 57 (55.3) 80 (55.2)
Age at last colonoscopy (in years, mean + SD) 41.1£10.9 50.0 £ 10.9°
Age at last colonoscopy (in years, range) 23-69 24-75
Body mass index (kg/m?, mean + SD) 243+29 25.1+3.0°
Total energy intake (kJ/day, mean + SD) 9813.5+3945.7 9190.8 +£2550.0
Ever smoked® [ (%)] 53 (53.0) 99 (71.2)°
Food groups (g/day; mean + SD)
Total vegetables & fruit 2959+ 134.1 298.0 £ 147.8
Vegetables 112.6 +£40.6 113.6 £47.0
Fruit 183.3+121.8 184.4 +£131.7
Cereals 59.5+435 52.3+40.7
Total meat 93.6 £45.1 96.3+47.8
Red meat 58.4+29.6 56.3+30.8
Poultry 11.8+£9.2 11.5+10.5
Fish 10.0 £ 10.0 10.8 8.5
Dairy products 410.8 £293.3 4143 £279.7
Nutrients® (g/day; mean + SD)
Alcohol 9.8+10.9 14.0+152°
Fat 90.4+17.0 88.2+16.3
Protein 83.7+22.8 82.6 +16.1
Carbohydrates 258.4 +48.8 257.5+48.3
Dietary fiber 254+6.0 249+6.2
Calcium (mg/day) 1121.5+393.1 1130.8 +363.4
Vitamin C (mg/day) 113.5+64.6 108.7 +46.5

B-Carotene (pg/day)
Folate (ug/day)

1491.1 £ 644.3
200.5 £46.7

1420. 4 £478.8
203.9+43.5

? P<0.05; t-tests for continuous and Chi-square tests for categorical variables. ° Information on smoking

status was not available for 9 participants (6 cases; 3 controls). © Adjusted for total energy intake by the

residual method.
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Table 6.2 Dietary factors and HNPCC-associated colorectal tumors

Odds ratios (95% confidence intervals)®

T1 T2 T3 Poon’  continuous®

Total energy intake (kl/day) <7915.7 7915.7-10770.8 >10770.8 /4266.2

No. Cases/Controls 54/35 53/33 38/35 145/103

Cases versus Controls 1.0 1.1 (0.6-2.2) 0.8 (0.4-1.7) 0.51 0.9 (0.5-1.3)
FOOD GROUPS
Total vegetables & fruit (g/day) <235.6  235.6-352.9 >352.9 /178.6

No. Cases/Controls 57/35 45/33 43/35 145/103

Cases versus Controls 1.0 0.8 (0.4-1.5) 0.5 (0.3-1.1) 0.07 0.9 (0.6-1.3)
Vegetables (g/day) <97.0 97.0-121.8 >121.8 /45.3

No. Cases/Controls 60/35 29/33 56/35 145/103

Cases versus Controls 1.0 0.5 (0.2-1.0) 1.2 (0.6-2.4) 0.62 1.1 (0.8-1.4)
Fruit (g/day) <122.8  122.8-242.5 >242.5 /168.1

No. Cases/Controls 56/35 47/33 42/35 145/103

Cases versus Controls 1.0 0.7 (0.3-1.3) 0.4 (0.2-0.9) 0.03 0.9 (0.6-1.3)
Cereals (g/day) <34.0 34.0-73.6 >73.6 /58.2

No. Cases/Controls 59/35 44/33 42/35 145/103

Cases versus Controls 1.0 1.3 (0.6-2.6) 1.4 (0.6-2.8) 0.43 1.1 (0.7-1.6)
Total meat (g/day) <73.3 73.3-114.8 >114.8 /67.9

No. Cases/Controls 53/35 48/33 44/35 145/103

Cases versus Controls 1.0 0.9 (0.5-1.8) 1.0 (0.5-2.1) 0.90 1.1 (0.7-1.7)
Red meat (g/day) <46.2 46.2-71.4 >71.4 /44.7

No. Cases/Controls 59/35 44/33 42/35 145/103

Cases versus Controls 1.0 0.8 (0.4-1.5) 0.8 (0.4-1.6) 0.43 0.9 (0.6-1.4)
Poultry (g/day) <7.8 7.8-13.1 >13.1 /9.5

No. Cases/Controls 56/35 43/33 46/35 145/103

Cases versus Controls 1.0 0.8 (0.4-1.6) 0.8 (0.4-1.5) 0.45 1.0 (0.7-1.3)
Fish (g/day) <4.0 4.0-11.9 >11.9 /12.5

No. Cases/Controls 39/35 47/33 59/35 145/103

Cases versus Controls 1.0 1.0 (0.5-1.9) 1.2 (0.6-2.4) 0.57 1.0 (0.7-1.5)
Dairy products (g/day) <245.7  245.7-457.3 >457.3 /374.0

No. Cases/Controls 43/35 49/33 53/35 145/103

Cases versus Controls 1.0 1.2 (0.6-2.5) 1.6 (0.8-3.4) 0.20 1.1 (0.8-1.7)
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Table 6.2 cont. T1 T2 T3 Py’ Continuous®
NUTRIENTS
Alcohol (g/day) <2.6 2.6-12.8 >12.8 /14.3

No. Cases/Controls 40/35 50/33 55/35 145/103

Cases versus Controls 1.0 1.2 (0.6-2.4) 1.0 (0.5-2.0) 0.85 1.2 (0.9-1.7)
Fat (g/day) <83.0 83.0-98.3 >98.3 /251

No. Cases/Controls 66/35 37/33 42/35 145/103

Cases versus Controls 1.0 0.5 (0.3-1.1) 0.5(0.2-1.3) 0.12  0.7(0.4-1.2)
Protein (g/day) <72.0 72.0-89.6 >89.6 /30.0

No. Cases/Controls 39/35 61/33 45/35 145/103

Cases versus Controls 1.0 1.5 (0.7-3.0) 1.1 (0.5-2.7) 0.86 0.9 (0.5-1.6)
Carbohydrates (g/day) <228.8  228.8-279.1 >279.1 /71.7

No. Cases/Controls 44/35 53/33 48/35 145/103

Cases versus Controls 1.0 1.4 (0.6-3.0) 1.4 (0.5-4.2) 0.51 1.1 (0.6-2.1)
Dietary Fiber (g/day) <22.6 22.6-27.5 >27.5 /1.5

No. Cases/Controls 61/35 39/33 45/35 145/103

Cases versus Controls 1.0 0.6 (0.3-1.2) 0.5(0.2-1.0) 0.06 0.7 (0.5-1.1)
Calcium (mg/day) <972.1  972.1-1214.9 >1214.9 /365.0

No. Cases/Controls 56/35 41/33 48/35 145/103

Cases versus Controls 1.0 0.6 (0.3-1.2) 0.8 (0.4-1.6) 0.61 1.0 (0.8-1.3)
Vitamin C (mg/day) <84.3 84.3-131.4 >131.4 166.5

No. Cases/Controls 49/35 48/33 48/35 145/103

Cases versus Controls 1.0 0.9 (0.4-1.8) 0.8 (0.4-1.6) 0.56 0.9 (0.6-1.3)
[-Carotene (ug/day) <1249.1 1249.1-1579.3  >1579.3 /522.0

No. Cases/Controls 56/35 38/33 51/35 145/103

Cases versus Controls 1.0 0.8 (0.4-1.6) 1.0 (0.5-2.0) 0.98 0.9 (0.7-1.1)
Folate (ng/day) <182.7  182.7-212.9 >212.9 /53.0

No. Cases/Controls 53/35 40/33 52/35 145/103

Cases versus Controls 1.0 1.0 (0.5-2.0) 0.9 (0.4-1.9) 0.71 1.2 (0.8-1.7)

* Adjusted for age at last colonoscopy, sex, total energy intake, carrier status, and cigarette smoking.
® Trend was assessed using the median values of the tertiles as continuous variables. ¢ Per interquartile

range (Q;-Q,). ¢ Adjusted for total energy intake by the residual method.
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Results of case-control comparisons conducted to evaluate associations between dietary
factors and risk of developing HNPCC-associated colorectal tumors are presented in Table 6.2.
Consumption of fruits was significantly inversely associated with ever been diagnosed with
colorectal tumors. A borderline significant inverse association was observed with dietary fiber
intake. None of the other examined dietary factors was statistically significantly associated with

ever been diagnosed with colorectal tumors (Table 6.2).

Table 6.3 Cigarette smoking and HNPCC-associated colorectal tumors

Controls Cases
n (%) n (%) OR (95% CI)*

Smoking status”

Never 47 (47.0) 40 (28.8) 1.0

Ever 53 (53.0) 99 (71.2) 1.5 (0.8-2.8)

Former 36 (36.0) 67 (48.2) 1.1 (0.6-2.3)

Current 17 (17.0) 32 (23.0) 2.4 (1.1-5.3)
Prrend 0.05
No. of cigarettes usually smoked/day*

Never smokers 47 (47.0) 40 (29.4) 1.0

<15 25 (25.0) 56 (41.1) 2.0 (1.0-3.9)

>15 28 (28.0) 40 (29.4) 1.0 (0.5-2.2)
Prrena 0.80
Total years of smoking®

Never smokers 47 (48.5) 40 (29.4) 1.0

<20 34 (35.1) 47 (34.5) 1.5 (0.8-2.9)

>20 16 (16.5) 49 (36.0) 1.7 (0.7-3.8)
Prrend 0.18

* Adjusted for age at last colonoscopy, sex, total energy intake, carrier status, and alcohol intake.
® Information on smoking status was not available for 9 participants (6 cases; 3 controls). ¢ Information on
number of cigarettes smoked/day was not available for 3 smokers (all cases). ¢ Information on total years

of smoking was not available for 6 smokers (3 cases; 3 controls).
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Current cigarette smoking and smoking less than 15 cigarettes per day were significantly
associated with increased risk of colorectal tumors (Table 6.3). However, no significant
association was observed for smoking 15 or more cigarettes per day. Although not statistically
significant, total years of smoking seemed positively associated with risk of developing
colorectal tumors. Additional adjustment for red meat intake did not change the observed
estimates significantly (data not shown).

We were able to perform 4PC mutation analysis on 80 polyps (71 polyps from cases; 9
polyps from study participants who did not return their questionnaires but were otherwise

eligible). Polyp characteristics categorized by APC status are presented in Table 6.4.

Table 6.4 Polyp characteristics and occurrence of APC mutations®

All polyps APC” APC
n (%) (n=80) (n=30; 37.5%) (n=50; 62.5%) P
Histological type <0.05
Hyperplastic 20 (25.0) 1(3.3) 19 (38.0)
Tubular 44 (55.0) 19 (63.3) 25 (50.0)
Tubulovillous 16 (20.0) 10 (33.3) 6 (12.0)
Location 0.45
Proximal 30 (37.5) 11 (36.7) 19 (38.0)
Distal 22 (27.5) 6 (20.0) 16 (32.0)
Rectum 17 (21.3) 9 (30.0) 8 (16.0)
Colon°® 11 (13.8) 4(13.3) 7 (14.0)
Size (in mm) 0.64
<5 43 (53.8) 17 (56.7) 26 (52.0)
>5 22 (27.5) 9 (30.0) 13 (26.0)
unknown 15 (18.8) 4 (13.3) 11(22.0)
APC mutation type
Frameshift 22 (27.5) 22 (73.3) n.a.
Nonsense 8 (10.0) 8 (26.7) n.a.

* APC": polyps with truncating APC mutation; APC": polyps without truncating 4PC mutation.

® APC" versus APC’, Fisher’s exact test. © Exact location unknown. ¢ n.a., not applicable.
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Truncating APC mutations were detected in 30 (37.5%) of the 80 polyps. Frameshift mutations
were observed most often (#=22, 73.3% of all truncating APC mutations detected); nonsense
mutations were identified in 8 polyps (2 transversions, 6 transitions). Individuals with an APC"
polyp were comparable to those with an APC™ polyp with regard to age at polyp diagnosis, sex,
and carrier status (data not shown). Four (25%) of the hyperplastic polyps were from known
carriers. Overall, most polyps were tubular adenomas; most were located in the proximal colon;
and the majority was smaller than 5 mm. Hyperplastic polyps were more common in the APC
group; tubulovillous adenomas were more common in the APC" group. APC" polyps were more

often located in the rectum than APC" polyps.

Table 6.5 Dietary factors and truncating APC mutations in HNPCC-associated colorectal

polyps: case-control and case-case comparisons.

Odds ratios (95% confidence intervals)®

All polyp cases ~ APC" vs. APC vs. APC" vs.
vs. controls” controls controls APC
71/103 27/103 44/103 27/44
Total energy intake, per 4266.2kJ/day 0.6 (0.3-1.2) 0.5(0.2-1.3) 0.8(0.4-1.5) 0.3(0.1-1.2)
FOOD GROUPS
Total vegetables & fruit, per 179.6g/day 0.9 (0.6-1.5) 0.7 (0.3-1.5) 1.0(0.6-1.7) 0.8 (0.4-1.7)
Vegetables, per 45.3g/day 1.1 (0.8-1.6) 1.2(0.7-2.1) 1.1(0.7-1.7) 1.4(0.8-2.3)
Fruit, per 168.1g/day 0.9 (0.6-1.4) 0.6(0.3-1.4) 1.0(0.6-1.7) 0.7 (0.3-1.5)
Cereals, per 58.2g/day 1.1 (0.7-1.7)  0.8(0.3-1.8) 1.3(0.8-2.1) 0.5(0.2-1.2)
Total meat, per 67.9g/day 1.1 (0.6-1.9) 1.1(0.5-2.5) 1.1(0.6-2.1) 0.7 (0.3-1.9)
Red meat, per 44.7g/day 0.9 (0.5-1.6) 1.2(0.5-2.5) 0.8(0.4-1.6) 1.0(0.4-2.7)
Poultry, per 9.5g/day 1.0 (0.7-1.3) 0.8(0.5-1.4) 1.0(0.7-1.4) 0.9 (0.6-1.4)
Fish, per 12.5g/day 1.0 (0.7-1.6) 0.7(0.3-1.4) 1.2(0.8-2.0) 0.5(0.2-1.2)
Dairy products, per 374.0g/day 1.2(0.7-2.0) 0.7(0.3-1.8) 1.4(0.8-2.4) 0.4(0.1-1.1)
NUTRIENTS®
Alcohol, per 14.3g/day 1.6 (1.1-2.5) 1.2(0.7-2.3) 1.9(1.2-3.0) 0.8 (0.4-1.5)
Fat, per 25.1g/day 0.6 (0.3-1.1) 1.0(0.4-2.7) 0.4(0.2-1.0) 1.9 (0.6-5.7)
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Table 6.5 cont. All polyp cases ~ APC" vs. APC vs. APC" vs.
vs. controls” controls controls APC
71/103 27/103 44/103 27/44
Protein, per 30.0g/day 0.9(0.4-2.1) 0.7(0.2-2.3) 1.0(0.5-24) 0.4(0.1-2.2)
Carbohydrates, per 71.7g/day 1.0 (0.4-2.1) 0.9(0.3-29) 1.0(0.4-2.3) 0.9(0.3-3.0)
Dietary fiber, per 7.5g/day 0.8(0.5-1.4) 0.9(0.4-2.1) 0.7(0.4-1.4) 1.3(0.6-3.2)
Calcium, per 365.0mg/day 1.0 (0.7-1.5) 0.8 (0.5-1.5) 1.1(0.7-1.6) 0.7 (0.4-1.4)
Vitamin C, per 66.5mg/day 0.9(0.6-1.6) 0.7(0.3-1.5) 1.1(0.6-1.8) 0.7 (0.3-1.7)
[-Carotene, per 522.0ug/day 0.8(0.6-1.2) 0.9(0.6-1.5) 0.8(0.5-1.2) 1.5(0.9-2.7)
Folate, per 53.0pg/day 1.3(0.8-2.1) 0.8(0.4-1.8) 1.6(0.9-2.6) 0.6(0.3-1.6)

* Adjusted for age (i.e., cases: age at diagnosis polyp; controls: age at last colonoscopy), sex, total energy
intake, carrier status, and cigarette smoking. ° All polyp cases: all APC"-polyp cases plus all APC -polyp
cases. “ Adjusted for total energy intake by the residual method.

Case-control and case-case comparisons were conducted to evaluate associations
(quantified on a continuous scale) between dietary factors and the occurrence of truncating APC
mutations in HNPCC-associated polyps (Table 6.5). Results of ‘all polyp cases versus control’
comparisons were generally comparable to the results observed for the total study population
(see Table 6.2). Alcohol intake seemed to increase the risk of APC" polyps as well as APC’
polyps, most noticeably and statistically significantly for APC™ polyps. A borderline significant
inverse association was observed between fat intake and APC™ polyps. No statistically
significant associations were observed for the other evaluated dietary factors. Additionally, no
clear associations were observed between the evaluated smoking variables (i.e., smoking status,
number of cigarettes usually smoked per day, and total years of smoking) and the occurrence of

truncating APC mutations in HNPCC-associated polyps (data not shown).
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Discussion

In this study, we evaluated associations between various environmental factors reported
previously to be associated with sporadic colorectal cancer risk and the occurrence of colorectal
tumors in known or suspected carriers of a germline mutation in one of the MMR genes. As
anticipated, age was strongly, positively associated with ever been diagnosed with colorectal
tumors in our study population. Fruit consumption lowered the risk of ever developing HNPCC-
associated colorectal tumors and a borderline significant inverse association was observed for
dietary fiber intake. Cigarette smoking and alcohol consumption seemed to increase the risk of
HNPCC-associated colorectal tumors. None of the evaluated environmental risk factors was
distinctively associated with a specific APC status of the colorectal polyps.

The primary function of the MMR system is the correction of base-base mismatches and
insertion/deletion loops that arise during DNA replication, but MMR proteins also appear to be
involved in DNA-damage signaling and apoptosis (35, 36). Thus, loss of MMR may provide
cells with both an increased mutation rate and a selective growth advantage (36). MSI, i.e., the
presence of alterations in the length of simple, repetitive microsatellite sequences, is the
hallmark of MMR-deficiency. Most HNPCC-associated colorectal tumors, but also
approximately 10-20% of the sporadic colon carcinomas, exhibit MSI.

Individuals with HNPCC are at increased risk for colorectal cancer because they have
inherited a germline mutation in one of the MMR genes. In contrast to the general population,
only one allele (i.e., the other, ‘normal’, allele) needs to be inactivated in order for the MMR
system to become defective. Environmental factors may influence colorectal cancer risk in
individuals with HNPCC by, for instance, (a) being involved in the actual production or

prevention of molecular alterations in the normal allele, resulting in deficient MMR, and/or in
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other cancer-related genes in already MMR-deficient cells; or (b) creating an environment that
favors the proliferation of certain cells and not others.

In this study, fruit consumption and dietary fiber intake were both found to be inversely
associated with ever developing HNPCC-associated colorectal tumors. Fruits contain many
potentially anticarcinogenic substances (e.g., antioxidants), which may influence the occurrence
of DNA damage and thus the production of mutations. Results from a study in MMR-deficient
cells suggest that dietary antioxidants may decrease the risk of colorectal tumor formation in
individuals with HNPCC by removing the selective pressure for MMR-deficiency and the
accompanying increases in mutation rate due to reactive oxygen species (23).

Since 1971 when Burkitt reported the association of high dietary fiber intake with a low
incidence of colon cancer in Africa (37), many studies investigated the role of dietary fiber in
colorectal carcinogenesis, but results have been somewhat inconsistent (18, 19). However,
recent large studies reported a strong inverse association between dietary fiber intake and
sporadic colorectal adenomas (38) and sporadic colorectal carcinomas (39). Several mechanisms
have been proposed to explain the protective effect of dietary fiber, including dilution of
potential carcinogens, reduction of transit time, and the production of short-chain fatty acids,
acetate, propionate, and butyrate (40). Our results suggest that high intake of dietary fiber may
also lower the risk of colorectal cancer in individuals with HNPCC.

Cigarette smoking and alcohol intake seemed to increase the risk of ever developing
HNPCC-associated colorectal tumors in our study population. However, the positive association
with alcohol intake was statistically significant only in the study subset with cases for which
polyp DNA was available. Like Voskuil et al. (20), who investigated associations between meat
consumption and HNPCC-associated colorectal adenomas, no clear associations were observed

with meat intake. In line with our results, Slattery et al. (41) reported a positive association

129



Chapter 6 |

between cigarette smoking and MSI-positive sporadic colon carcinomas. Alcohol intake has also
been found to be positively associated with MSI-positive sporadic colon carcinomas (42, 43).

Direct-sequencing in both directions was used to screen codons 1286 through 1585 of the
APC gene for truncating mutations. Most colorectal tumors in which APC is mutated exhibit at
least one truncating mutation in the MCR (44). Therefore, we do not expect that our decision to
concentrate on truncating mutations in this region has resulted in extensive misclassification.
Truncating APC mutations were identified in 37.5% of the polyps; frameshift mutations were
most common. This is in line with findings reported by previous studies (11-14) and supports
the idea that loss of APC function is also an important early event in a subset of HNPCC-
associated colorectal tumors.

Our study population consisted of 73 known carriers (67% hMLHI, 30% hMSH2, and
3% gene not disclosed to us) and 175 suspected carriers. All suspected carriers belonged to a
family fulfilling the Amsterdam criteria, which, compared to other existing clinical criteria for
HNPCC, have the highest specificity for the presence of germline mutations in ZAMLHI or
hMSH?2 (45). Additionally, 40% of the ‘suspected carrier’ cases had been diagnosed with
colorectal tumors at an early age (i.e., adenomatous polyps <40 years or colorectal cancer <50
years), which in addition to fulfillment of the Amsterdam criteria is a strong predictive factor for
the presence of mutations in AMLHI or hMSH?2 (46). Still, a possible limitation of this study is
that there may be individuals who do not have a germline mutation in one of the MMR genes
among the suspected carriers.

Our study population was relatively small, and it is possible that some associations were
not detected due to insufficient power. It should also be noted that multiple comparisons might
lead to chance findings. Regarding truncating 4APC mutations, although microdissection was

performed, it remains possible that, due to contaminating normal tissue, mutations were missed
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eventually resulting in misclassification (i.e., polyps with truncating APC mutation in the APC
group) and attenuation of our results.

To conclude, our data suggest that fruit consumption and dietary fiber intake may
decrease the risk of colorectal tumors in individuals known or suspected of carrying an inherited
mutation in one of the MMR genes. Cigarette smoking and possibly alcohol intake may increase
the risk of HNPCC-associated colorectal tumors. The observed associations, if confirmed by
other studies, support the hypothesis that also HNPCC-associated outcomes may be modified by
environmental factors. This is intriguing and calls for further investigation. Enhanced knowledge
of the effects of environmental factors on colorectal cancer risk in individuals with HNPCC may
eventually result in the development of evidence-based dietary and/or lifestyle intervention
strategies that, in combination with regular screening by colonoscopy, effectively lower the risk

of colorectal cancer in this high-risk population.
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The studies described in this thesis examined associations between environmental risk factors
and molecular alterations that drive colorectal carcinogenesis. In this final chapter, we will
summarize the main findings of the five different studies, and discuss methodological

considerations, public health implications and future research directions.

Main findings

The overall aim of the studies described in this thesis was to gain further insight into the
relationship(s) between environmental factors previously reported to be associated with
colorectal cancer risk and molecular alterations known to be involved in colorectal
carcinogenesis. We examined associations between: (a) dietary factors and the occurrence of
truncating APC mutations in sporadic colorectal adenomas (Chapter 2) and sporadic colon
carcinomas (Chapter 3); (b) dietary factors and MSI in sporadic colon carcinomas (Chapter 4);
(c) cigarette smoking and APC, K-ras and p53 alterations and MSI in sporadic colon carcinomas
(Chapter 5); and, (d) dietary factors, cigarette smoking, and HNPCC-associated colorectal

tumors (Chapter 6).

Red meat consumption and fat intake increased the risk of colorectal adenomas without
truncating APC mutation (APC’) in particular, while carbohydrates seemed to especially
decrease the risk of APC™ adenomas. Most other evaluated dietary factors were not specifically
associated with adenomas with truncating 4PC mutation (APC") or APC” adenomas, but seemed
to influence the development of these two distinct early stages in colorectal carcinogenesis
equally. This suggests that they are probably not specifically involved in the initiation of

truncating mutations in the APC gene (Chapter 2).
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Consumption of vegetables lowered the risk of APC" carcinomas as well as APC’
carcinomas, but the protective effect was significantly higher for APC" carcinomas. Alcohol
intake was associated with an increased risk of APC™ carcinomas only. Interestingly, red meat,
fish and fat seemed to especially increase the risk of APC" carcinomas (Chapter 3). Red meat
consumption was also found to be associated with an increased risk of MSI-L/MSS carcinomas
in particular, whereas alcohol intake seemed to increase the risk of MSI-H carcinomas. Fruit
consumption seemed to especially decrease the risk of MSI-H carcinomas exhibiting
epigenetically silenced ZMLH1 (Chapter 4).

Smoking-related colon carcinomas seemed to develop through a p53 overexpression-
negative pathway, and cigarette smoking was found to be positively associated with colon
carcinomas exhibiting transversion mutations in particular. Regarding the latter, our results
suggested that cigarette smoking especially results in colon tumors with K-ras transversion
mutations. No clear associations were observed with MSI status of the carcinomas. Our results
support the hypothesis that cigarette smoking is primarily associated with specific colon tumor
subgroups (Chapter 5).

Fruit consumption and dietary fiber intake lowered the risk of ever developing colorectal
tumors in individuals with HNPCC. Cigarette smoking and possibly alcohol consumption
seemed to increase the risk of HNPCC-associated colorectal tumors. These results support the
hypothesis that environmental factors play a role in HNPCC-associated colorectal
carcinogenesis. Truncating 4APC mutations were detected in 37.5% of the HNPCC-associated
polyps, but none of the evaluated environmental risk factors was distinctively associated with a
specific APC status of the polyps (Chapter 6).

Overall, our results, if confirmed by other studies, support the hypothesis that
environmental factors previously reported to be associated with colorectal cancer risk exert their

effect on this risk by affecting the occurrence of specific molecular alterations that drive
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colorectal carcinogenesis. In addition, it seems that environmental factors may affect
progression into later stages differently depending on the advantage for tumor formation exerted

by the molecular alterations already present.

Methodological considerations

Many of the methodological strengths and limitations of the different studies described in this
thesis have already been addressed in the previous chapters. In this section, we will continue the
discussion of methodological issues related to the studies performed and to molecular
epidemiological studies of colorectal cancer in general. We will in particular focus on issues
related to the assessment of outcome and exposure. For an extensive general discussion of
epidemiological methods, including case-control studies, please see Rothman and Greenland (1)

or Koepsell and Weiss (2).

Molecular alterations: detection and significance

Errors in the detection of molecular alterations may result in misclassification. In addition, to
allow comparison with other studies and avoid inappropriate interpretations, it is necessary to
provide as much detail as feasible about the alterations that are being evaluated. How alterations
are measured and what is measured influences the validity of a study.

In the studies described in this thesis, we focused on molecular alterations that are
considered to be important and are often observed in colorectal carcinogenesis. That is, we
evaluated the occurrence of (markers of) functional alterations in colorectal tumors. Established
methods were used to detect the alterations, and we don’t expect that extensive misclassification
due to ‘missed’ mutations has occurred. Overall, frequencies of the alterations evaluated were in

line with those reported by others (see Chapters 2-6).
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Colorectal polyps and colon carcinomas were screened for truncating mutations in the
MCR of the APC gene (Chapters 2, 3, 5 and 6). Tumors were classified as APC" if a truncating
mutation in APC was detected; as APC if no truncating mutations were detected in APC and
codons 1286 to 1585 were completely analyzed for mutations. Although we only screened a
relatively small part of the large APC gene for mutations, we do not expect that this has resulted
in extensive misclassification (i.e., tumors with truncating mutations in the APC" group) because
most colorectal tumors in which APC is mutated exhibit at least one truncating mutation in the
MCR (3). We focused on truncating mutations because these mutations indisputably result in
function loss of the APC protein; all truncating mutations in the region analyzed result in the
complete absence of the C-terminal portion of the APC protein which harbors functional
domains (e.g., domains involved in B-catenin regulation and microtubule association) critical for
APC’s tumor suppressing function (4). Missense mutations in APC do occur (see Chapter 3 and
Ref. 5), but their biological significance is uncertain. It should be noted that hypermethylation of
the APC promoter region may also result in inactivation of APC (6, 7). This is much less
common than function loss through truncating mutations and probably involves other
mechanisms, but it is possible that in a few of the tumors in the APC group APC is non-
functional due to this. However, these tumors were not misclassified because they do not exhibit
a truncating 4 PC mutation.

Regarding the K-ras gene, codons 12 and 13 were screened for alterations and only
mutations resulting in amino acid change, and, thus, in constitutively active ras protein, were
taken into account (Chapter 5). That is, the alterations examined are biologically significant. In
addition, because most (~90%) activating K-ras mutations have been detected in codons 12 and
13 (8), we expect that the number of functional alterations missed by only screening these

codons is low.
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We examined sporadic colon carcinomas for mutations in exons 5-8 of the p53 gene as
well as for overexpression of the p53 protein (Chapter 5). We focused on exons 5-8 because
most p53 mutations appear to occur in this region of the gene (9). However, by not screening the
whole gene we may have missed functional mutations in other exons. Carcinomas were defined
as p53" if they exhibited a mutation that resulted in amino acid change or truncation of the
protein; as p53” if no missense or truncating mutations were detected and all 4 codons were
completely analyzed for mutations. Overexpression of p53 can be relatively easily determined
by immunohistochemistry and is, possibly because of that, often used as an indicator of p53
mutations (e.g., 10, 11). However, not all p53 mutations result in the accumulation of inactive
p53 protein and can be detected with immunohistochemical analysis (12, Chapter 5). Moreover,
overexpression of p53 may, for instance, also be the result of alterations in proteins that modify
the induction or stabilization of p53. Thus, results obtained from immunohistochemistry of p53
overexpression are not necessarily the same as those obtained from sequencing the p53 gene
(see Chapter 5).

We used the criteria and the five ‘reference’ panel markers (i.e., BAT25, BAT26, D55346,
D2S8123, and DI175250) recommended by a special workshop on MSI in colorectal cancer
sponsored by the US National Cancer Institute (13) for our analyses of MSI (Chapters 4 and 5).
‘Normal’ DNA was isolated from tumor-free colon tissue but may, for instance, also be isolated
from blood if that is available. Tumors were classified as MSI-H if two or more markers showed
instability, MSI-L if one marker showed instability, and MSS if none of the markers examined
showed instability (13). The distinction between MSI-L and MSS groups is highly dependent on
the number and type of microsatellites analyzed. We analyzed five markers, which may be
insufficient to conclude with certainty whether or not an apparently stable tumor would
demonstrate MSI if more markers were used. Therefore, MSI-L and MSS groups were combined

when we assessed associations between diet and the occurrence of MSI (Chapter 4); the MSI-H
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group was compared with the MSS group as well as with the MSI-L/MSS group when
investigating cigarette smoking (Chapter 5). When publishing results involving MSI, extensive
information about the markers and definition of MSI used should be provided to enable
comparison of results.

Expression of hMLH1 and hMSH2 was determined in all sporadic colon carcinomas by
immunohistochemistry (Chapter 4). In addition to being an alternative marker for defective
MMR, immunohistochemistry of hMLH1 and hMSH2 provides information on the specific
MMR gene that is involved. MSI-H as determined with the reference panel had a 100%
sensitivity for identifying colon carcinomas exhibiting hMLH1 or hMSH2 loss of expression.
However, hMLH1 and hMSH2 were both present in 8 of the MSI-H tumors (Chapter 4), and
results obtained from using immunohistochemistry of hMLH1 and hMSH2 as marker of

defective MMR are not necessarily the same as results obtained from using occurrence of MSI.

Molecular alterations and colorectal tumors
Evaluation of associations between putative environmental risk factors and the presence of
somatic changes in cancer-related genes in colorectal tumors can potentially provide further
clues to the relationships between dietary and lifestyle factors and the molecular alterations that
drive colorectal carcinogenesis. But, which colorectal tumors should be screened for alterations?
Thus far, most epidemiological studies used sporadic colorectal carcinomas to
investigate the relationship between environmental factors and the occurrence of specific
molecular alterations (e.g., 10, 11, 14-20, Chapters 3-5), possibly because, compared to
colorectal polyps, molecular alterations in carcinomas are easier to study. Carcinomas are
usually larger (more DNA available) and individuals usually only get one once (and that is the
one that is screened for alterations). Colorectal polyps, on the other hand, are usually small, and

individuals are often diagnosed with multiple polyps during a colonoscopy and often develop
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polyps more than once in their life. Moreover, while carcinomas are almost always sent to
pathology departments for histological examination and their tissue is usually stored for long
periods of time, colorectal polyps, small polyps in particular, are, if detected and retrieved, not
always kept and stored. However, because colorectal polyps are an early stage in colorectal
carcinogenesis, examining the relationship between environmental exposure and molecular
alterations in polyps may provide insight into how, and which, environmental factors are
involved in the production of early occurring functional mutations.

The study described in Chapter 2 is, to our knowledge, the first study that has evaluated
associations between dietary factors and the occurrence of APC mutations in sporadic colorectal
adenomas. Formalin-fixed, paraffin-embedded polyp tissue was obtained from the pathology
departments of the collaborating hospitals. The study pathologist re-evaluated the histology of
all obtained polyps, and mutation analysis was performed on adenomas only. Regarding
individuals for whom tissue was available from more than one histologically confirmed
adenomatous polyp, the largest adenoma obtained was selected for mutation analysis. We did
this for practical reasons, the larger the polyp the more polyp-DNA is available for mutation
analysis, but also because we were particularly interested in polyps with potential for
progression, and larger polyps are more likely to progress to invasive carcinoma (21). In
addition, larger polyps are more likely to be retrieved and stored than smaller polyps. However,
because we choose this approach, we don’t have information about the mutational status of the
other, smaller adenomas, and there may be individuals with multiple adenomas in which the
largest polyp has no truncating APC mutation but one of the smaller polyps does. We used the
same approach in the HNPCC study, although in that study we also screened hyperplastic polyps
for truncating 4 PC mutations (Chapter 6).

Martinez et al. (22) used a different approach in a study on environmental risk factors

and K-ras mutations in colorectal polyps. They decided to analyze all adenomas > 0.5cm for
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mutations in codons 12 and 13 of K-ras and defined individuals as K-ras-positive if one or more
adenomas exhibited a K-ras mutation. However, it is unclear whether they were able to obtain
tissue from all resected polyps > 0.5cm. Additionally, they were unable to sequence 12% of the
adenomas they did obtain. Thus, despite analyzing all adenomas > 0.5cm available, some of the
individuals defined as K-ras-negative may still have adenomas with K-ras mutations. In
addition, it is currently unclear what the strengths and limitations are of grouping individuals
with multiple polyps which all exhibit the alteration that is being evaluated together with
individuals in which only one of the polyps screened exhibits the alteration.

Studies on molecular alterations in colon carcinomas, including our own, point to the
existence of different molecular pathways in colorectal carcinogenesis, which seem to reflect
different environmental exposures (10, 11, 14-20, Chapters 3-5). As noted earlier, environmental
factors may influence the occurrence of somatic molecular alterations in colon carcinomas
directly, i.e., by being involved in the actual production or prevention of these alterations, and/or
indirectly, i.e., by being involved in the promotion or evasion of progression into later stages and
eventually into carcinomas. However, epidemiological studies with molecular alterations in
carcinomas as end points do not answer the question of exactly #ow environmental factors are
involved in the development of carcinomas with specific alterations. That is, one can’t conclude
from these studies that, for instance, “meat produces frameshift mutations”, but will have to
phrase it like: “meat enhances the development of carcinomas with frameshift mutations”.

When interpreting results it should also be noted that molecular alterations in tumors not
only represent the interactions of carcinogens with DNA repair processes but often also reflect
the, possibly tissue-specific, selection of those mutations that provide pre-malignant and
malignant cells with a clonal growth advantage. Moreover, due to practical reasons it is usually

impossible to obtain all targeted tumor-tissue samples and, subsequently, for instance, to extract
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‘useable” DNA from these samples. This may affect the validity of the study (i.e., result in
selection bias), and attempts should be made to determine if the study population differs from
the targeted population.

To conclude, in the United States most professional organizations currently advise that
average-risk persons >50 years of age should be regularly screened for colorectal cancer. In the
Netherlands, like in most other European countries, routine screening (i.e., screening without
having complaints) for colorectal tumors is not (yet) recommended for the general population.
This may result in differences in study populations and in the type, size and number of colorectal
polyps and cancers detected, which should be acknowledged when comparing results from US

studies with results from European studies.

Assessment of environmental exposure
As discussed above, the interpretation of data from studies on environmental risk factors and
molecular alterations in colorectal tumors depends on /#ow the molecular alterations are
measured, what alteration is measured, and where the alterations are located. But, obviously, the
interpretation of data from these studies depends on the methods used to measure environmental
exposures as well. Measurement of dietary intake and other lifestyle factors is complex. The
assessment of molecular alterations is generally more accurate than the assessment of
environmental exposures and less heavily dependent on study design. For a general discussion
of methods of dietary assessment and issues related to these different methods see Willett (23).
Overall, quality of the assessment of environmental exposure in our studies is
comparable to that in other studies. In the sporadic adenoma study (Chapter 2) and in the
HNPCC study (Chapter 6), usual dietary intake was assessed with a validated, semi-quantitative
food frequency questionnaire that was originally developed for the Dutch cohort of the European

Prospective Investigation into Cancer and Nutrition (EPIC). The reproducibility and relative
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validity of this questionnaire for food group and nutrient intakes are regarded as sufficiently
high (median Spearman correlation coefficient of 0.6 between intakes based on the questionnaire
and those based on 24-hour recalls), and the questionnaire is considered adequate for ranking
Dutch individuals according to intake of most food groups and nutrients, although the relative
validity for some food groups (e.g., vegetables and fish) and nutrients (e.g., f-carotene) was low
(i.e., correlation coefficient <0.4) (24, 25). Information on lifestyle factors, including smoking
habits, was collected using a self-administered, structured questionnaire. Regarding smoking,
information on cigarette smoking status (current, former, never), number of cigarettes usually
smoked per day, total number of years smoked and, if applicable, age at which participant
stopped smoking was obtained. The frequency of ever smokers in the sporadic adenoma study
population was comparable to the frequencies observed in a random sample of the general
population and in the group of invited subjects who decided not to participate in the study (26).
The frequency of current smokers in the HNPCC study population was lower than the frequency
observed in the general Dutch population during the time of enrollment (Centraal Bureau Voor
de Statistiek, 2004; www.cbs.nl). The lower rate might be due to underreporting, although
smoking misclassification rates are usually low (27). Alternatively, it is also possible that our
HNPCC study participants, because they are aware of their higher risk for cancer, are more
health conscious and truly smoke less often.

In the case-control study of sporadic colon carcinomas (Chapters 3-5), usual dietary
intake was assessed with an interview-based questionnaire. The questionnaire covered the
complete dietary pattern and was an extended version of a validated questionnaire used in a
case-control study of breast cancer (28, 29). Frequently used household utensils and cups were
weighed to enable estimation of portion sizes. As noted, the questionnaire was not self-

administered but interview-based, which is thought to result in a higher degree of internal
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consistency in the reported food pattern, and, thus, in a more precise measurement of intake
(30). Information on current and previous smoking habits was also obtained during the
interview. The smoking habits of our controls were comparable to those of the general Dutch
population at the time of interview (31).

Even when questionnaires are perfect, study participants may not always answer the
questions correctly (i.e., correctly in the sense that their answers reflect their true exposure).
Cases and controls are, by definition, individuals who differ in respect to their disease
experience, and this may affect recall. In all our studies (Chapters 2-6), participants were asked
to recall their diets from the past and, therefore, differential recall, which may have resulted in
differential exposure misclassification, is possible. The bias caused by differential
misclassification can either exaggerate or underestimate an effect (1). As discussed previously,
one of the advantages of the conducted case-case comparisons is that the cases are unaware of
the mutational status of their tumors. Consequently, systematic errors in dietary recall are less

likely to bias results from case-case comparisons.

Public health implications

By themselves, the studies described in this thesis have no immediate public health implications.
However, they do add to the current knowledge of colorectal carcinogenesis and, in particular,
provide clues to the relationships between dietary factors, cigarette smoking, and molecular
alterations in colorectal carcinogenesis. Eventually, enhanced insight into this may prove useful
for the development of effective colorectal cancer prevention strategies.

Molecular epidemiological studies on somatic mutations in colorectal tumors, including
the studies described in this thesis, have also provided information about the distribution of

specific molecular alterations in colorectal tumors in different patient populations (5, 10, 14-17,
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19, 20, 22, 32, 33, Chapters 2-6). The pattern of molecular alterations observed in colorectal
tumors is heterogeneous, and multiple molecular pathways to colorectal cancer appear to exist
(32-35, Chapter 5). Recognition of this may, when more is known about how the presence of
specific alterations in a tumor affect prognosis and response to treatment, result in the
development of new methods of diagnosis (e.g., molecular profiling), and more effective
treatment methods (i.e., treatment methods that are tailor-made to fit a specific molecular
pattern) (36, 37, 38).

Additionally, because colorectal cancer cells are shed into the stool, knowledge about the
distribution of mutations that cause colorectal cancer is also useful for the development of
reliable molecular genetic tests for the early detection of colorectal cancer in stool samples (39).
The use of specific molecular alterations provides a theoretical advantage over the use of
conventional markers (e.g., fecal occult blood tests) for early colorectal cancer detection because
the molecular alterations reflect a qualitative rather than a quantitative difference between
normal and neoplastic states (39). Moreover, if the tests prove to be reliable (i.e., have a high
sensitivity and specificity), the fact that they are noninvasive will probably make them more
easily accepted by the different target populations.

To conclude, an unexpected negative consequence of effective colorectal cancer
screening strategies might be the loss of evidence of a family history of colorectal cancer. The
purpose of colorectal cancer screening is to detect adenomatous polyps, which are considered to
be the precursor lesions of most colorectal carcinomas. When, subsequently, the detected polyps
are removed, colorectal cancer can be prevented. As a result, individuals, who otherwise maybe
would have developed colorectal cancer, have (only) a personal history of adenomatous
polyp(s). Because the detection of polyps is usually not as dramatic as the detection of cancer,
people may not discuss their polyps with family members. However, adenomatous polyps are a

risk factor for colorectal cancer, and the detection of adenomatous polyps in multiple family
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members does indicate that the family might have a higher than average risk for colorectal
cancer, even if no colorectal cancer has occurred. Therefore, efforts are needed to help doctors
and patients to communicate to family members the importance of a family history of

adenomatous polyps.

Future directions

Although much progress has been made in the prevention and treatment of colorectal cancer, the
problem is far from solved: worldwide, still approximately 945,000 new cases are diagnosed and
about 490,000 people die of the disease each year (40). In this section, we will briefly discuss
several research directions that together may help to improve colorectal cancer prevention and

treatment strategies.

The role of environmental and genetic factors in colorectal carcinogenesis

Colorectal cancer arises through complex interactions between multiple genetic and
environmental factors. Understanding how, and which, genetic and environmental factors
interact to produce colorectal cancer is critical to the development of useful prevention and
treatment strategies. The studies described in this thesis examined associations between
environmental risk factors and specific molecular alterations in colorectal tumors but did not
take genetic variation into account [i.e., common polymorphic variants; we did examine the role
of environmental factors in individuals with HNPCC (see Chapter 6)]. However, common
genetic variants likely contribute to colorectal cancer risk as well. Well-designed molecular
epidemiological studies that evaluate environmental exposure as well as genetic variation are

necessary, and now that the human genome is sequenced they are also possible, to further
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elucidate the etiology of colorectal cancer (41-43). Important issues related to these studies

include:

= Polymorphism choice. What genes and variants should be studied? In general, genetic
variants that are most likely to affect phenotypic functions and ultimately contribute to
disease (44). Evolution-based approaches may help to prioritize the genetic variants (45), but,
ultimately, knowledge about the functional significance of the variant is necessary for correct
interpretation of the results. To start with, functional variants of genes involved in metabolic
pathways, DNA repair mechanisms, methylation, and histone modification seem promising.

= End points. End points need to be well defined, and etiological heterogeneity should be
addressed by evaluating, for instance, histopathological data and/or the occurrence of specific
patterns of somatic molecular alterations. A recently proposed two-stage regression model
(46) might be useful for the efficient and systematical analysis of epidemiological data with
multivariate disease classification information.

= Assessment of genetic variants and somatic molecular alterations. To avoid
misclassification, methods should be precise and accurate. For large studies, high throughput
methods will need to be used.

= Assessment of exposure. Correct assessment of diet is still a problem for epidemiological
studies due to, among other things, real within-person variation, changes over time in both
behavior and food supply, recall bias, and mismatches between foods analyzed for dietary
tables and foods actually consumed (23). The use of biomarkers of exposure in addition to
food frequency questionnaires may improve measurements of dietary intake. For biomarkers
to be useful, the methods to determine them should be highly specific and sensitive. In
addition, they should be able to measure the exposure marker in easily accessible biological

samples, such as blood and urine.
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= Study size and population. To examine the complex relationships between environmental
and genetic factors in colorectal carcinogenesis, large study populations with sufficient
genetic and exposure variation are necessary to ensure adequate statistical power to detect
small effect sizes and to study appropriate interactions within relevant strata (43, 44).

= False-positive findings. Multiple comparisons might lead to chance findings. Consideration
of the false positive report probability (i.e., the probability of no true association between a
genetic variant and disease given a statistically significant finding) might help to protect
against over-interpreting statistically significant findings that are not likely to signify a true

association (47).

Early detection

The earlier colorectal cancer is detected, the better the chances of treatment and survival. Thus,
successful early detection methods for colorectal cancer are likely to reduce morbidity and
mortality due to this disease. Well-designed molecular epidemiological studies are necessary to
develop and evaluate biomarkers for early detection (48). These studies, should, among other
things, address the specificity of the marker. That is, they should evaluate how well the marker
distinguishes neoplasia from non-neoplasia, but also how well the marker distinguishes lesions

with potential for progression into carcinomas from lesions without this potential.

Social and behavioral research

Although understanding the etiology of colorectal cancer is very important, by itself it is not
enough to prevent or treat cancer. Advances in cancer research need to be translated into
effective, socially and ethically acceptable intervention strategies in order to improve health and
prevent cancer. Social and behavioral research plays a key role in the development and

evaluation of these strategies and should not be neglected.
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For instance, a better understanding of the interactions between environmental and

genetic factors in colorectal carcinogenesis is expected to bring opportunities for tailored

prevention that will maximize the likelihood of staying well (49). However, it is currently

unclear how to use personalized risk information optimally (50). Moreover, there is considerable

uncertainty regarding the potential for this information to motivate behavioral change and

improve health (50, 51). Therefore, in addition to examining the analytical and clinical validity

of the colorectal cancer risk tests before implementing them (52), it will be necessary to

investigate how individuals process and understand risk-related information, how best to

communicate risk information, how that risk information influences health strategies and

behaviors, and how these, subsequently, affect health outcomes and costs (50, 53).
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Colorectal cancer is one of the most common malignancies in the Western world. The etiology
of colorectal cancer is complex and involves environmental as well as genetic factors. Known
risk factors include a positive family history, age, high intake of red meat, alcohol and fat, and,
possibly, cigarette smoking. Inverse associations have been observed with vegetable
consumption, dietary fiber, calcium, use of non-steroidal anti-inflammatory drugs, physical
activity, and, less consistently, fruit intake.

Most colorectal carcinomas seem to arise through a series of well-defined
histopathological stages, the so-called adenoma-carcinoma sequence, as a result of the
accumulation of genetic and/or epigenetic alterations in genes involved in the regulation of key
cellular processes. For the studies described in this thesis we mostly focused on functional
alterations in the adenomatous polyposis coli (4PC) gene, and microsatellite instability (MSI)
and the DNA mismatch repair (MMR) genes. Inactivating mutations in the APC tumor
suppressor gene are thought to be key initiating events in sporadic as well as familial colorectal
carcinogenesis and can be detected in many colorectal adenomas and carcinomas. MSI is a
hallmark of MMR deficiency that in turn appears to be primarily due to inherited and/or
acquired alterations in the MMR genes hMLHI and hMSH?2. Approximately 10-20% of the
sporadic colorectal carcinomas and most colorectal tumors associated with the hereditary
nonpolyposis colorectal cancer (HNPCC) syndrome are characterized by MSI.

The relationships between environmental factors reported to be associated with
colorectal cancer risk and the molecular alterations that drive colorectal carcinogenesis, e.g.,
inactivating mutations in APC, are not (yet) clear. Environmental factors may well exert their
effect on colorectal cancer risk by affecting the occurrence of specific molecular alterations, and

the different molecular pathways to colorectal cancer may reflect different environmental
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exposures. The overall aim of the studies described in this thesis was to gain further insight into
the relationships between dietary and lifestyle risk factors and the molecular alterations known

to play important roles in colorectal carcinogenesis.

Dietary factors and truncating APC mutations in sporadic colorectal tumors
Associations between dietary factors and 4PC mutations in colorectal tumors had, to our
knowledge, not been examined previously. We used data from a case-control study of sporadic
colorectal polyps (278 cases; 414 polyp-free controls) to evaluate associations between dietary
factors and truncating 4PC mutations in sporadic adenomas (Chapter 2). Adenomas are an early
stage in colorectal carcinogenesis and examining the relationship between diet and the
occurrence of truncating 4PC mutations in adenomas may provide further insight into how, and
which, dietary factors are involved in the production of these specific, early occurring mutations.
Fifty-eight percent of the adenomas included in the study exhibited a truncating 4PC mutation
(APC"). Polyp size was positively associated with the occurrence of 4PC mutations. High intake
of red meat and high fat intake seemed to increase the risk of polyps without truncating APC
mutation (APC) in particular [OR (95% CI) for highest vs. lowest tertile, APC" vs. controls: red
meat, 1.0 (0.6-1.6); fat, 1.1 (0.6-1.9). APC vs. controls: red meat, 1.8 (1.0-3.1); fat, 1.9 (1.0-
3.7). APC" vs. APC: red meat, 0.5 (0.3-1.0); fat, 0.5 (0.2-1.2)], while high intake of
carbohydrates seemed to especially decrease the risk of APC™ polyps [APC" vs. controls: 0.8
(0.5-1.4); APC” vs. controls: 0.5 (0.3-0.9); APC" vs. APC: 1.7 (0.9-3.4)]. Most evaluated dietary
factors were, however, not specifically associated with APC" polyps or APC” polyps but seemed
to affect both pathways equally, if at all. None of the evaluated dietary factors was found
specifically associated with a particular type of truncating A PC mutation.

Data from a population-based case-control study on sporadic colon cancer (184 cases;

259 controls) were used to assess associations between dietary factors and the occurrence of
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truncating APC mutations in carcinomas (Chapter 3). Truncating 4PC mutations were detected
in 34% of the tumors. Consumption of vegetables lowered the risk of APC" carcinomas as well
as APC’ carcinomas, although the protective effect of vegetables appeared to be less influential
in the APC" subset [APC" vs. controls: 0.6 (0.3-1.3); APC” vs. controls: 0.3 (0.2-0.5); APC" vs.
APC™: 2.3 (1.0-5.3)]. Alcohol intake was associated with an increased risk of APC™ carcinomas
only [APC" vs. controls: 0.5 (0.3-1.1); APC vs. controls: 1.7 (1.0-3.0); APC" vs. APC™: 0.3 (0.2-

0.7)], whereas meat, fish and fat seemed to especially increase the risk of APC" carcinomas.

Diet and microsatellite instability in sporadic colon carcinomas

Thus far, few epidemiological studies have examined associations between diet and MSI and
knowledge about the role of dietary factors in MSI-related sporadic colon carcinogenesis is
limited. We used the population-based case-control study of sporadic colon carcinomas
mentioned above to evaluate associations between dietary factors and MSI, hMLH]1 expression
and AMLH]I hypermethylation (Chapter 4). Twenty-two percent of the tumors were MSI-H.
Most MSI-H tumors, 65%, had an hMLHI-associated etiology (that is, hMLH1 was absent);
hMLHI was inactivated by promoter hypermethylation in 71% of the tumors in which hMLH]1
was absent. Red meat consumption was found to be associated with an increased risk of MSI-
L/MSS carcinomas in particular [MSI-H vs. controls: 0.5 (0.2-1.2); MSI-L/MSS vs. controls: 1.5
(0.9-2.6); MSI-H vs. MSI-L/MSS: 0.3 (0.1-0.9)], whereas high alcohol intake seemed to increase
the risk of MSI-H carcinomas [MSI-H vs. controls: 1.9 (0.8-4.7)]. Fruit consumption seemed to

especially decrease the risk of MSI-H carcinomas exhibiting epigenetically silenced AMLH].

Cigarette smoking and genetic alterations in sporadic colon carcinomas
To evaluate the hypothesis that smoking is primarily linked to a specific colon tumor
subgroup(s), we also assessed associations between cigarette smoking and the occurrence of

mutations in the APC, K-ras and p53 genes, p53 overexpression and MSI in the population-
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based case-control study of sporadic colon carcinomas (Chapter 5). Our results suggested that
smoking-related colon cancers develop through a p53 overexpression-negative pathway and that
cigarette smoking particularly results in colon tumor cells with transversion mutations.
Regarding the latter, cigarette smoking seemed to especially result in colon tumors with K-ras
transversion mutations. No clear associations were observed with MSI. Our results provide
support for the hypothesis that cigarette smoking is primarily associated with specific colon

tumor subgroups.

Environmental factors and HNPCC-associated colorectal tumors

Individuals with HNPCC are at increased risk for colorectal cancer. To gain insight into the
effects of environmental factors on colorectal tumor risk in individuals with HNPCC, we
examined associations between dietary factors, cigarette smoking, and HNPCC-associated
colorectal tumors in a case-control study (145 cases; 103 never-affected controls) (Chapter 6).
All study participants were known or suspected (Amsterdam criteria) carriers of a germline
mutation in one of the MMR genes. Fruit consumption and dietary fiber intake lowered the risk
of ever developing colorectal tumors in individuals with HNPCC [fruit: 0.4 (0.2-0.9); dietary
fiber: 0.5 (0.2-1.0)]. Cigarette smoking, and possibly alcohol consumption, seemed to increase
the risk of HNPCC-associated colorectal tumors. These results support the hypothesis that also
HNPCC-associated outcomes may be modified by environmental factors. Truncating APC
mutations were detected in 38% of the 80 available HNPCC-associated polyps. None of the

evaluated environmental factors was distinctively associated with a specific APC status of the

polyps.

Discussion
In Chapter 7, the main findings of the studies described in this thesis are summarized, and

methodological considerations, public health implications and future research directions are
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discussed. Overall, our results, if confirmed by other studies, support the hypothesis that
environmental factors previously reported to be associated with colorectal cancer risk exert their
effect on this risk by affecting the occurrence of specific molecular alterations that drive
colorectal carcinogenesis.

Regarding methodological considerations, as discussed in Chapter 7, the interpretation of
data from studies on environmental factors and molecular alterations in colorectal tumors
depends on how the molecular alterations are measured (i.e., methods used), what alteration is
measured (Is it a functional change or not?), where the alterations are located (Which colorectal
tumors are screened for alterations?), and, obviously, also on the methods used to measure
environmental exposures.

Understanding how, and which, environmental and genetic factors interact to produce
colorectal cancer is critical to the development of useful prevention and treatment strategies.
Well-designed molecular epidemiology studies that evaluate environmental exposure as well as
genetic variation are necessary to further elucidate the etiology of colorectal cancer. Well-
designed molecular epidemiology studies are also necessary to develop and evaluate biomarkers
for early detection. However, although understanding the etiology of colorectal cancer is very
important, by itself it is not enough to prevent or treat cancer. Advances in cancer research need
to be translated into effective, socially and ethically acceptable intervention strategies in order to
improve health and prevent cancer. Social and behavioral research plays a key role in the

development and evaluation of these strategies and should not be neglected.
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Dikke darmkanker is een van de meest voorkomende kankersoorten in de Westerse wereld. In
Nederland worden per jaar gemiddeld 8500 nieuwe gevallen vastgesteld en overlijden jaarlijks
ongeveer 4000 personen aan deze kankersoort. Zowel omgevingsfactoren (voeding en leefstijl)
als genetische factoren spelen een belangrijke rol in de ontwikkeling van dikke darmkanker. Een
positieve familiegeschiedenis, leeftijd, hoge inname van rood vlees, alcohol en vet, en het roken
van sigaretten lijken het risico op dikke darmkanker te verhogen. De consumptie van groente,
fruit, vezels en calcium, het regelmatig gebruiken van aspirines, en regelmatig bewegen zijn
daarentegen geassocieerd met een lager risico op dikke darmkanker.

De meeste dikke darmtumoren ontwikkelen zich via relatief eenvoudig van elkaar te
onderscheiden opeenvolgende stadia, de zogenaamde adenoma-carcinoma reeks. In eerste
instantie gaat normaal darmepitheel zich abnormaal vaak delen waardoor een kleine goedaardige
uitstulping, een poliep (colorectaal adenoom), ontstaat. Deze poliep kan vervolgens uitgroeien
tot een kwaadaardige tumor (colorectaal carcinoom), dit duurt meestal 10-15 jaar. De overgang
van het ene stadium naar het volgende blijkt samen te hangen met het optreden van
veranderingen, mutaties, in specifieke genen. Normaal gesproken zorgen de eiwitten waarvoor
deze genen coderen er, onder andere, voor dat de cel niet ongecontroleerd door blijft groeien en
delen. Door de mutaties werkt deze controle echter niet meer met als gevolg dat kanker kan
ontstaan.

De studies beschreven in dit proefschrift richten zich met name op mutaties in het
zogenaamde adenomateuze polyposis coli (4PC) gen, en microsatelliet instabiliteit (MSI) en de
DNA-mismatch-repair (MMR) genen. Mutaties in het APC gen spelen een sleutelrol in de
initiatie van zowel sporadische als erfelijke dikke darmkanker. Ze kunnen worden aangetroffen

in vele dikke darmpoliepen en carcinomen. Het APC eiwit is betrokken bij een groot aantal
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cellulaire processen zoals celadhesie en gecontroleerde celdood. MMR genen coderen voor
eiwitten die betrokken zijn bij de herkenning en reparatie van fouten gemaakt tijdens DNA
replicatie. Door een mutatie in een of meer van de MMR genen (de meeste mutaties zijn
gevonden in AMLHI en hMSH?2) functioneert dit herstelmechanisme niet of minder goed wat
zich onder meer uit in het frequent voorkomen van veranderingen in korte repeterende stukjes
DNA (microsatellieten) in het genoom. Dit verschijnsel wordt MSI genoemd. Ongeveer 10-20%
van de sporadische colorectale carcinomen en de meeste darmtumoren geassocieerd met het
Hereditair Non-Polyposis Colorectaal Carcinoom (HNPCC) syndroom worden gekenmerkt door
MSIL

De relatie tussen de omgevingsfactoren waarvan bekend is dat ze het risico op dikke
darmkanker beinvloeden en de moleculaire veranderingen die een rol spelen in de ontwikkeling
van dikke darmkanker, zoals bijvoorbeeld mutaties in het APC gen, zijn (nog) niet duidelijk. Het
is mogelijk dat omgevingsfactoren een effect hebben op het risico op dikke darmkanker doordat
ze direct of indirect het voorkomen van specifieke moleculaire veranderingen beinvloeden. De
verschillende moleculaire veranderingen die in dikke darmtumoren worden gevonden
weerspiegelen dan verschillen in blootstelling aan bepaalde omgevingsfactoren. Doel van de
studies beschreven in dit proefschrift was om meer inzicht te verwerven in de relaties tussen
voedings- en leefstijlfactoren en de moleculaire veranderingen waarvan bekend is dat ze een

belangrijke rol spelen in de ontwikkeling van dikke darmkanker.

Voeding en APC mutaties in sporadische dikke darmtumoren

Associaties tussen voedingsfactoren en het voorkomen van 4PC mutaties in dikke darmtumoren
waren niet eerder onderzocht. Wij hebben gegevens gebruikt van een patiént-controle studie
naar sporadische dikke darmpoliepen (278 patiénten met minimaal 1 adenomateuze poliep; 414

controles zonder poliep) om associaties te onderzoeken tussen voedingsfactoren en APC
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mutaties in sporadische adenomen (Hoofdstuk 2). Adenomen zijn een vroeg stadium in de
ontwikkeling van dikke darmkanker en het onderzoeken van de relatie tussen voeding en het
voorkomen van APC mutaties in adenomen leidt mogelijk tot meer inzicht in hoe, en welke,
voedingsfactoren betrokken zijn in de produktie van deze belangrijke mutaties. In 58% van de
adenomateuze poliepen in onze studie werd een functionele mutatie (d.w.z. een mutatie die leidt
tot een verandering in de werking van het APC eiwit) in het APC gen gevonden (APC"). De
grootte van de poliepen was positief geassocieerd met het voorkomen van 4PC mutaties. Hoge
innamen van rood vlees en vet bleken met name het risico op poliepen zonder 4PC mutatie
(APC) te verhogen [OR (95% CI) voor hoogste vs. laagste tertiel, APC" vs. controles: rood
vlees, 1.0 (0.6-1.6); vet, 1.1 (0.6-1.9); APC" vs. controles: rood vlees, 1.8 (1.0-3.1); vet, 1.9 (1.0-
3.7); APC" vs. APC: rood vlees, 0.5 (0.3-1.0); vet, 0.5 (0.2-1.2)] terwijl de consumptie van
koolhydraten het risico op APC™ poliepen juist leek te verlagen [APC" vs. controles: 0.8 (0.5-
1.4); APC  vs. controles: 0.5 (0.3-0.9); APC" vs. APC: 1.7 (0.9-3.4)]. De meeste
voedingsfactoren waren echter niet specifiek geassocieerd met APC" poliepen of APC™ poliepen
maar leken beide pathways gelijk te beinvloeden. Geen van de onderzochte voedingsfactoren
was specifiek geassocieerd met een bepaald type APC mutatie.

Gegevens van een patiént-controle studie naar sporadische dikke darmkanker (184
patiénten; 259 controles) zijn gebruikt voor het evalueren van associaties tussen
voedingsfactoren en het voorkomen van APC mutaties in colon carcinomen (Hoofdstuk 3).
Functionele 4PC mutaties werden gevonden in 34% van de carcinomen. Consumptie van
groente verlaagde het risico op zowel APC™ carcinomen als APC™ carcinomen. Echter, het
beschermende effect van het eten van groenten was minder groot in de APC" subgroep [APC"
vs. controles: 0.6 (0.3-1.3); APC” vs. controles: 0.3 (0.2-0.5); APC" vs. APC™: 2.3 (1.0-5.3)]. De
inname van alcohol was alleen geassocieerd met een verhoogd risico op APC carcinomen

[APC" vs. controles: 0.5 (0.3-1.1); APC vs. controls: 1.7 (1.0-3.0); APC" vs. APC: 0.3 (0.2-
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0.7)] terwijl consumptie van vlees, vis en vet met name het risico op APC" carcinomen leek te

verhogen.

Voeding en microsatelliet instabiliteit in sporadische dikke darmkanker

Tot op heden hebben slechts een klein aantal epidemiologische studies onderzoek gedaan naar
associaties tussen voeding en MSI, en kennis over de rol van voedingsfactoren in MSI-
gerelateerde ontwikkeling van dikke darmkanker is beperkt. Wij gebruikten de hierboven
genoemde patiént-controle studie naar sporadische dikke darmkanker voor het evalueren van
associaties tussen voedingsfactoren en MSI, expressie van het h(MLH1 eiwit en hypermethylatie
van de promotor regio van het AMLHI gen (Hoofdstuk 4). Tweeéntwintig procent van de
carcinomen in onze studie werden gekenmerkt door de aanwezigheid van MSI, ze waren MSI-H.
In 65% van de MSI-H carcinomen was het hMLHI1 eiwit niet aanwezig. In 71% van de
carcinomen waarin het hMLHI1 eiwit niet aanwezig was, was hMLHI geinactiveerd via
hypermethylatie van de promoter regio. De consumptie van rood vlees was met name
geassocieerd met een verhoogd risico op carcinomen zonder MSI (MSI-L/MSS carcinomen)
[MSI-H vs. controles: 0.5 (0.2-1.2); MSI-L/MSS vs. controles: 1.5 (0.9-2.6); MSI-H vs. MSI-
L/MSS: 0.3 (0.1-0.9)]. Hoge inname van alcohol leek daarentegen het risico op MSI-H
carcinomen te verhogen [MSI-H vs. controles: 1.9 (0.8-4.7)]. De consumptie van fruit leek met
name het risico te verlagen op MSI-H carcinomen waarin AMLHI was geinactiveerd via

hypermethylatie van de promoter regio.

Roken en genetische veranderingen in sporadische dikke darmkanker

De eerder genoemde patiént-controle studie naar sporadische dikke darmkanker hebben we ook
gebruikt om de hypothese dat het roken van sigaretten hoofdzakelijk resulteert in bepaalde colon
carcinoom subgroepen te evalueren. We bepaalden associaties tussen het roken van sigaretten en

het voorkomen van: (1) functionele veranderingen in het APC gen, het K-ras gen en het p53
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gen; (2) overexpressie van het p53 eiwit; en (3) MSI in sporadische colon carcinomen
(Hoofdstuk 5). Onze resultaten suggereren dat roken-gerelateerde dikke darmtumoren zich
ontwikkelen via een p53 overexpressie-negatieve pathway, en dat het roken van sigaretten met
name resulteert in dikke darmtumorcellen met zogenaamde transversie mutaties. Wat betreft
deze transversie mutaties, roken bleek met name geassocieerd te zijn met het voorkomen van
transversie mutaties in het K-ras gen. Er werden geen duidelijke associaties gevonden met het
voorkomen van MSI. Onze resultaten ondersteunen de hypothese dat het roken van sigaretten

met name geassocieerd is met specifieke dikke darmkanker subgroepen.

Omgevingsfactoren en HNPCC-geassocieerde dikke darmtumoren

Personen met HNPCC, een van de meest voorkomende erfelijke dikke darmkankersyndromen,
hebben een hoger risico op het ontwikkelen van dikke darmkanker dan de algemene populatie.
Om inzicht te verwerven in de effecten van omgevingsfactoren op het risico op dikke
darmtumoren in personen met HNPCC hebben we associaties onderzocht tussen
voedingsfactoren, het roken van sigaretten, en HNPCC-geassocieerde dikke darmtumoren in een
patiént-controle studie (145 patiénten; 103 controles bij wie nooit een darmtumor was
geconstateerd) (Hoofdstuk 6). Deelnemers aan ons onderzoek waren drager van een erfelijke
mutatie in een van de MMR genen of verdacht van het hebben van een erfelijke mutatie in een
van deze genen (Amsterdam criteria). Consumptie van fruit en inname van vezels verlaagden het
risico op het ooit ontwikkelen van dikke darmtumoren in personen met HNPCC [fruit: 0.4 (0.2-
0.9); vezels: 0.5 (0.2-1.0)]. Het roken van sigaretten, en mogelijk de consumptie van alcohol,
leek het risico op HNPCC-geassocieerde dikke darmtumoren te verhogen. Onze resultaten
ondersteunen de hypothese dat ook HNPCC-geassocieerde uitkomsten beinvloed kunnen

worden door omgevingsfactoren. Functionele mutaties in het APC gen werden gevonden in 38%

| 169



Samenvatting |

van de 80 beschikbare HNPCC-geassocieerde dikke darmpoliepen. Geen van de onderzochte

omgevingsfactoren was onderscheidend geassocieerd met APC" poliepen of APC” poliepen.
poliep

Discussie

In Hoofdstuk 7 zijn de resultaten van de studies beschreven in dit proefschrift samengevat, en
worden methodologische aandachtspunten, implicaties voor de volksgezondheid en toekomstige
onderzoeksrichtingen besproken. Onze resulaten, indien bevestigt door andere studies,
ondersteunen de hypothese dat omgevingsfactoren een effect hebben op het risico op dikke
darmkanker doordat ze het voorkomen van specifieke moleculaire veranderingen die een rol
spelen in de ontwikkeling van dikke darmkanker beinvloeden.

Wat betreft de methodologische aandachtspunten, zoals besproken in Hoofdstuk 7, de
interpretatie van resultaten uit onderzoek naar associaties tussen omgevingsfactoren en
moleculaire veranderingen in dikke darmtumoren is afthankelijk van hoe de moleculaire
veranderingen zijn bepaald (d.w.z. welke methoden zijn er gebruikt), wat er is bepaald (Is het
een functionele verandering of niet?), waar de veranderingen zijn gelocaliseerd (Welke dikke
darmtumoren zijn gescreend voor mutaties?), en natuurlijk ook van de methoden die zijn
gebruikt om de blootstelling aan omgevingsfactoren te bepalen.

Inzicht in hoe, en welke, omgevings- en genetische factoren een rol spelen in de
ontwikkeling van dikke darmkanker is van groot belang voor het ontwikkelen van bruikbare
preventie- en behandelingsmethoden. Moleculair epidemiologische studies die zowel
blootstelling aan omgevingsfactoren als genetische variatie meten zijn noodzakelijk voor het
verwerven van meer inzicht in de etiologie van dikke darmkanker. Moleculair epidemiologische
studies zijn ook noodzakelijk voor het ontwikkelen en evalueren van biomarkers die kunnen
worden gebruikt voor de vroege detectie van dikke darmkanker. Echter, alhoewel inzicht in de

etiologie van dikke darmkanker van groot belang is, op zichzelf is het niet voldoende voor de
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preventie of het behandelen van kanker. Voor het verbeteren van de gezondheid en het
voorkomen van kanker dienen resultaten uit kankeronderzoek te worden vertaald in effectieve,
sociaal en ethisch accepteerbare interventiemethoden. Sociaal-wetenschappelijk onderzoek
speelt een sleutelrol in de ontwikkeling en evaluatie van deze methoden en mag niet worden

verwaarloosd.
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