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Introduction

BACKGROUND

Cancer has become the leading cause of death in women, surpassing heart diseases.’ In males
it takes a second place. The disease burden is large and grows as a result of aging of the
population, especially in western countries. Cancer research in the past has led to a better
understanding of treatment and prognosis. Nevertheless, despite substantial efforts in this
research field, the pathogenesis of cancer is still largely unclear.

Since long it has been recognized, that cancer is not merely one disease, but has to be
considered as a collective term for a diversity of diseases that may differ strongly regarding
pathogenesis, clinical appearance, treatment and prognosis. Nevertheless, a joint feature of all
tumors is their uncontrolled growth. The withdrawal of a cell from normal growth regulation is
a result of cell transformations. These transformations are caused by carcinogens that initiate
or promote the formation of cancer (carcinogenesis). Besides the time it takes for one single
malignant cell to become a clinically manifest tumor, carcinogenesis is a long-term process for
another reason as well. Transformation has a multistep character that results in accumulation
of mutations, a process that might take years. Consequently, a person in the middle of such
a process might die from other causes before developing a clinical manifest cancer. FIGURE 1
gives an example of the stages in the evolution of colon cancer.

This multistep process can be explained by a theory of Kenneth J. Rothman on disease risks.>?
Many different risk factors have been identified for several cancers and in this theory these are
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Figure 1. Stages in the evolution of colon cancer
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Sufficient cause I (50%) Sufficient cause II (30%) Sufficient cause III (20%)

Figure 2. Multistep process of cancer development explained by sufficient causes.

called component causes. A combination of these causes (the so-called sufficient cause) results
in cancer development. Nevertheless, it might be that different combinations of component
causes lead to the same disease. Therefore, for an individual cancer, different sufficient causes
might be present that each lead to a proportion of the total cancer development (FIGURE 2).

As can be seen in FIGURE 2, component cause A is present in all sufficient causes. This
component is therefore a necessary cause, since without this factor, the disease of interest
will not become manifest. The hope in cancer research is to identify a final common pathway
representing a necessary cause for tumors of all types. As a combined feature of all cancers is
their uncontrolled growth, necessary or component causes are expected to be involved in the
withdrawal of a cell to normal growth regulation.

One of the interests in cancer research nowadays is genetic variation that might be
either a component cause or necessary cause. It has been suggested that at least 5 to 10
percent of all risk factors for cancer is genetic.* For a long time, the Mendelian method of
simple mutations at a single gene (or locus) was the only way of explaining the genetic basis
of diseases. This monogenetic approach was associated with cancers with a low incidence.
When finding numerous genes as a cause of more common familial diseases, this Mendelian
way of thinking was failing.> A more subtle approach was necessary to study the etiology of
these so-called complex diseases in which a multifactorial scenario, as presented above, was
needed to explain cancer development. Since the detection of the human genome sequence,
new opportunities for studying the genetic basis of complex diseases have become possible.
Specific genes of interest are considered, based upon biological plausibility. These genes are
called candidate genes. Variation in such a gene might lead to interindividual susceptibility to
cancer (see paragraph 1.4).

AIM AND OUTLINE

The aim of this thesis is to obtain a better understanding of the role which genetic variation
in genes encoding for specific enzymes plays in cancer development and prognosis. As for
the associatiation with cancer multiple candidate genes can be studied, a selection of two
potentially important topics was made;
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Introduction

1. The first part of this thesis will focus on genetic variation in cytochrome P450 genes,
which encode for a group of enzymes with extensive metabolic properties, and their as-
sociation with cancer.

2. The second part of this thesis will focus on the role genetic variation plays in inflamma-
tory processes and their association with cancer.

In the following paragraphs of this introductory chapter, more information will be given on
the source population used for analyses (1.2), the demographics of cancer (1.3), and the most
important aspects of genetic variation (1.4). Chapter 2 specifically focuses on the association
between variation in cytochrome P450 enzyme encoding genes and susceptibility to cancer.
First, an overview of the literature on association studies of cytochrome p450 enzyme gene
variations and cancer is given in paragraph 2.1. Next, two studies are performed on the as-
sociation of cytochrome P450 3A gene variants, steroid hormone levels and hormone-related
cancers. The first describes steroid hormone levels and the association with prostate cancer
according to genotype in males (2.2). The second study reports steroid hormone levels and
the association with breast cancer according to genotype in females (2.3). Chapter 2 concludes
with a study on the combined effect of cytochrome P450 2C9 gene variant carriage and NSAID
use on colorectal cancer risk (2.4). Chapter 3 describes the second topic of this thesis; inflam-
mation and cancer. It starts with a paragraph on cumulative NSAID use and colorectal cancer
risk (3.1). This association is further explored in paragraph 3.2, in which a study is presented
on cumulative use of different classes of NSAIDs (i.e. non-selective COX, COX-1 selective and
COX-2 selective NSAIDs) and their association with cancer alone and stratified for a COX-2
gene variant. Ultimately, the role of inflammation in the induction and progression of cancer
was studied in detail in paragraph 3.3., by investigating the association of baseline C-reactive
protein (CRP) levels, variation in the CRP gene and cancer. In a general discussion (Chapter 4)
the main results of this thesis are briefly reported and placed in perspective, strengths and
limitations of genetic association studies are discussed, clinical implications are considered
and finally, recommendations for future research are proposed.
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The Rotterdam Study

DESIGN

For all analyses presented in this thesis, data from The Rotterdam Study were used.c The Rotter-
dam Study is a single center population-based prospective cohort study that started in 1990.
All inhabitants of the Rotterdam suburb Ommoord, aged 55 years and over, were invited to
participate. Of the 10,275 eligible subjects, 7983 (4878 women and 3105 men) agreed to par-
ticipate (78%), including 897 individuals living in one of the six homes for the elderly. Aimost all
(99,8%) participants are of Caucasian descent. The main objective of The Rotterdam Study is to
investigate the prevalence and incidence of and risk factors for chronic disabling diseases in the
elderly (hence its national name ERGO; Erasmus Rotterdam Gezondheid en Ouderen. This name
later changed in Erasmus Rotterdam Gezondheids Onderzoek, as it started to include younger
individuals as well). At the start of The Rotterdam Study, chronic cardiovascular, neurological,
locomotor and ophthalmologic diseases were the main topic of interest, but during the years,
these were expanded with other interests like psychiatric diseases and malignancies. The aim
of The Rotterdam Study is to contribute to a better understanding, prevention and treatment
of chronic diseases in the elderly. The Medical Ethics Committee of the Erasmus Medical Center
approved the study and written informed consent was obtained from all participants.

HOME INTERVIEW

All participants were visited at home at the start of the study for a standardised interview on
current health status, medical history, smoking habits, socio-economic status, current drug use
(ATC-classification), use of medical facilities, dietary habits, alcohol consumption, and physical
activity. Dietary data were collected with a 170-item semi-quantitative food frequency ques-
tionnaire (SFFQ) adapted for use in the elderly. The two-step dietary assessment comprised
a simple self-administered questionnaire (20 min) followed by a structured interview with
trained dieticians (20 min) based on the complete questionnaire. This questionnaire has been
validated for use in the elderly.”

RESEARCH CENTER VISITS

After the home interview was performed, each participant visited the research center two
times. During these visits, several measurements were performed: cognitive function, indica-
tors for Parkinson’s disease, Dual-Energy X-ray Absorptiometry (bone mineral density), X-rays
of hands, thoraco-lumbar spine, hips and knees, an extensive ophthalmologic examination,
ultrasound assessment of cardiac dimensions, diameter of the abdominal aorta, carotic
arterial wall thickness and plaque thickness, a computerized ECG, blood pressure readings
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Pharmacy data
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Figure 1. Cross-sectional surveys in The Rotterdam Study

(brachial artery, posterior tibial artery), anthropometrics and a limited physical examination.
Additionally, 10 non-fasting blood samples were collected and stored at -20 °C before and
after blood sampling, until a requested measurement. DNA was extracted from these samples
for all participants using the standard salting out procedure.?

PHARMACY DATA

Besides the self-reported information on medication use at baseline, detailed information on
day-to-day medication use is available for all participants since January 15t 1991 (see FIGURE 1).
Seven computerized pharmacies cover the research area and are all linked to one network.
In this way, the date of prescription, the total amount of drug units per prescription and the
prescribed defined daily dosage (DDD, this is the recommended dose for an adult given for
the most important indication) ° are available per drug defined by an Anatomical Therapeuti-
cal Chemical (ATC) code.®™

FOLLOW-UP

Baseline data collection was performed from October 1990 to July 1993. Since then, cross-
sectional surveys have been carried out every 2-3 years. (FIGURE 1) In addition, participants are
continuously monitored for major events, including cancers, which occur during follow-up,
through automated linkage with files from general practitioners. Events are coded accord-
ing to the International Classification for Primary Care (ICPC) ™ and the tenth edition of the
International Classification of Diseases (ICD-10) ®. Clinical information is obtained from the
general practitioners working in the study district, hospital discharge records and the national
morbidity registration (LMR) = that registers all hospital admissions. In the case of cancer vali-
dation, additional information is obtained from pathology reports (PATHAN) *. Information on
vital status is obtained regularly from municipal health authorities in Rotterdam and from the
general practitioners involved in The Rotterdam Study.
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Demographics of cancer

DISEASE BURDEN

Disability-adjusted-life-years (DALY’s) are used to express disease burden in a population.” It is
calculated on the basis of the number of lost life-years (due to early mortality) and the number
of years alive with health problems (due to illnesss) weighted for the severity of the disease
(disease-year equivalent). Three important aspects of public health are included in this mea-
sure: quantity (duration) of live, quality of live and the total number of persons involved. The
National Institute of Public Health and the Environment (RIVM) of The Netherlands states that
more than 50% of the total disease burden is caused by persons over 65 years, in which males
contribute a greater portion than females.” Cardiovascular diseases and cancer are responsible
for the majority of the disease burden in older persons, primarily by affecting mortality rates.
Although the incidence of cardiovascular diseases is higher than that of malignancies, cancer
specific mortality rates of females are surpassing those of cardiovascular diseases, as was previ-
ously mentioned. As a result of aging of the population and improved prevention and treatment
strategies for cardiovascular diseases, the contribution of cancer to the disease burden grows
on average with 1000 persons per year.* It was estimated that in the year 2005 4 out of 10 males
and 3.5 out of 10 females (all ages) were faced with at least one cancer during lifetime. 66% of
all female patients and 75% of all male patients are diagnosed with cancer at an age above 60
years. 10% of persons gets more than one cancer during lifetime, in which metastases are not
included. Most of the time the type of such recurrent cancers (e.g. basal cell carcinoma or contra-
lateral breast cancer) or cause (e.g. smoking induced lung- or laryngeal carcinoma) are identical.
Additionally, multiple cancers can affect a person coincidentally. With aging of the population
and life expanding therapies, this number will increase even more in the coming decades.
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Figure 1. Age specific incidence rates of invasive tumours according to gender in 1998 (The Netherlands)
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INCIDENCE, PREVALENCE AND MORTALITY

In the year 2005, a total of 74 500 incident cancers (all ages) were diagnosed in The Neth-
erlands.* As much as 38 500 malignancy-related deaths were recorded in that same year.
These numbers are more or less identical to other developed countries. Aging is the major
risk factor for developing a malignancy. This can be explained by time needed to be ex-
posed to harmful substances or influences, time to move through the different stages in the
multistep carcinogenic process and the time it takes for a carcinoma to become clinically
manifest. The extensive increase in cancer incidence at higher ages in men, as can be seen
in FIGURE1, is to an important extent caused by prostate- and lung cancer. The four most
common malignancies (skin-related malignancies excluded) in developed countries are lung,
colorectal, breast and prostate cancer (FIGURE 2 AND 3). Mainly these cancers affect cancer-
related mortality.

In The Netherlands, the incidence rate of lung cancer in males has decreased with almost
one third since 1989. For females, the incident rate has dramatically increased by 80% since
the early 90s. These differences are explained by changes in smoking behaviour some de-
cades ago. As a result of anti-smoking campaigns, the total number of males that uses tobacco
has decreased drastically. However, female emancipation has led to an increase of the use of
tobacco in women. Nevertheless, the disease burden of lung cancer is still 2.3-fold higher in
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Figure 2. Incidence and mortality of cancer in persons aged 55 years and older in Western Europe (2002)
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men than in women, but may converge in the near future. Since the decrease in males was
somewhat higher than the increase in females, overall lung cancer incidence has declined
over the last years.

Screening and prevention programs that started in the last one or two decades in The
Netherlands as well, have influenced the incidence, prevalence and mortality rates of colorec-
tal, breast and prostate cancer. Incidence rates increased while mortality rates decreased. For
colorectal cancer (with high-risk patient screening programs) this resulted in slightly elevated
incidence rates that were most clear in males. Mortality rates declined to a bigger extent over
the last years. The population-based screening program for women aged 50-75 years that
started in the early 90s has most definitely contributed to the major increase in breast cancer
incidence as a consequence of early recognition. However, although cross-sectional mammo-
grams are widely accepted among women in this age group for their proposed contribution
to early detection and treatment, cost-benefit ratios are still matter of debate.

The striking increase in prostate cancer incidence rates since the early 90s is probably
the result of the general introduction and use of measurements of prostate specific antigen
(PSA) that is a marker of prostate cell growth. Although its specificity is relatively low since
it cannot properly distinguish between prostate cancer and benign prostate hyperplasia, it
more frequently resulted in early detection of prostate malignancies. This is probably the
explanation for the decrease in incidence in men older than 75, who are detected with cancer
at a younger age now. Nevertheless, lead-time bias (as a result of early detection) may be

Lung cancer Colorectal cancer
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Figure 3. Geographic differences in cancer incidence of lung-, colorectal-, breast- and prostate cancer
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of major importance in these cases and the question is whether it reflects a real increase of
prostate cancer.

CANCER REGISTRATION IN THE NETHERLANDS

The aim of the in 1986 introduced National Cancer Registry (NCR) is to provide a deeper un-
derstanding of the character and quantity of cancer in The Netherlands.* For this purpose,
it uses population-based information from automated registries of pathology laboratories
(Patholologisch Anatomisch Landelijk Geautomatiseerd Archief (PALGA)) and hospital ad-
mission registries (Landelijke Medische Registratie (LMR)). (Ficure 4) Nine regional cancer
registries first register the information before it is submitted to the NCR. (Ficure 5) Eventually,
it covers more than 95% of the total Dutch population. The NCR collaborates in the Interna-
tional Association of Cancer Registries (IACR) that includes approximately 200 national cancer
registries from all over the world.”

B othersources |
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pathological medical

laboratory / ref?'ordls
office

PALGA LMR
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Figure 4. Data collection by Netherlands Cancer Registry
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* In 2000 the Oss-area
changed from IKO to IKZ

Figure 5. Regional cancer centers

CANCER REGISTRATION IN THE ROTTERDAM STUDY

The approach of case identification and validation of cancers in The Rotterdam Study was
similar to the national registration. As a substitute of PALGA, a regional pathology registra-
tion (Pathologisch Anatomisch Laboratorium (PATHAN)) was used besides information from
the LMR and general practioners working in the study district. For this thesis we focussed
on the four most common non skin related cancers; i.e. lung, colorectal, breast and prostate
cancer. Cases were subsequently validated by a physician (CS) on the basis of the International
Classification of Primary Care (ICPC) (colorectal (D75), lung (R84), breast (X76) and prostate
(Y77) cancer). The 10* version of the International Classification of Diseases (ICD-10) was used
to distinguish between the subtypes non-sigmoid colon cancer (C18), sigmoid cancer (C19),
rectal cancer (C20), anal cancer (C21), mesothelioma (C45) and bronchus carcinoma (C34) and
to give an alternative code for breast (C50) and prostate (C61) cancers. The index date was
defined as the earliest date found in the pathology reports.

During the follow up period between July 1989 and October 2004, a total of 792 cancers
occurred. (TaBLE 1) For lung and colorectal cancer a division on subtype was made. Unfortu-
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Chapter 1.3

nately, histology was not available for all cancers. In this thesis, bronchus carcinoma will be
called lung carcinoma or lung cancer. Two (0.8%) of the 265 breast cancers were diagnosed in
males and these were both incident cases. This percentage is almost equal to the 0.9% that is
reported by the NCR.

Of the four cancers studied, incidence rates per 100,000 person-years over the years 1991
until 2004 are presented in FIGURE 6. Due to small sample sizes, the rates somewhat fluctuate.
Nevertheless, results are in line with what was previously mentioned about the incidence in
the Dutch population. Lung cancer incidence drastically declined after the year 1991 in males
and increased in females. Colorectal cancer incidence somewhat increased, particularly in
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Figure 6. Incidence rates of four cancers in The Rotterdam Study
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males. Incidence rates for breast cancer in females seemed stable over the years. The stron-
gest fluctuations were found for prostate cancers. Although the incidence rates reported in
FIGURE 6 do not include males who participated in special screening programs, the introduc-
tion of PSA measurements in the general medical practice might have caused these changes
over the years.

FIGURE 7 shows the age-specific incidence rates per cancer in both The Rotterdam Study
and the Dutch population.* Confidence bounds are displayed for the incidence rates found
in The Rotterdam Study. As the majority of incidence rates of the Dutch population were
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Table 1. Frequency of four common cancers in The Rotterdam Study

Cancer Subtype Histology * All Prevalent Incident
Total cancers 959 (12%) 167 792
Lung cancer 187 (2.3%) 24 163
Bronchus carcinoma 176 (2.2%) 24 152
Adenoma 23 5 18
SCC 50 13 37
Mesothelioma 11(0.1%) 0 1"
Colorectal cancer 275 (3.4%) 60 215
Non-sigmoid cancer 109 (1.4%) 20 89
Sigmoid cancer 90 (1.1%) 16 74
Rectal cancer 73 (0.9%) 24 49
Anal cancer 3(0.0%) 0 3
Breast cancer 265 (3.3%) 79 184 +2
Prostate cancer 285 (3.6%) 57 228

SCC = squamous cell carcinoma. ® Histology was not available for all bronchus carcinoma.

included in the 95% confidence intervals of the incidence rates of The Rotterdam Study, data

were considered valid.
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Genetic Variation

GENETIC VARIATION &

Sequence analyses suggest that 99.9% of the human genome is identical between individu-
als. Genome sequence variations exist at defined positions within genomes and are partly
responsible for individual phenotypic characteristics. These characteristics include colour
of the eyes or hair, but also a person’s propensity towards complex disorders such as heart
disease and cancer and the response to treatment. This makes genetic variation of great
value for biomedical research. The variation in genome sequence is mainly due to one form of
variability that is called single nucleotide polymorphisms (SNPs). Other forms of variation
are (variable number of) tandem repeat (VNTR) polymorphisms and deletion / insertion
polymorphisms (DIPs). The most common version of an allele is called the wild type; the
other version(s) are called variant(s). Most of the polymorphisms do not have a direct impact
on disease or treatment susceptibility, but may rather serve as a marker to identify the real dis-
ease-associated gene. When these polymorphisms are found to be inherited with a particular
trait, they may provide evidence of where the trait’s gene is located on the genome.

Variable Number of Tandem Repeat Polymorphisms

Frequencies of VNTRs are estimated in a computer-based (in silico) setting at 100.000 in the
total human genome. ® They consist of variable length of identical or closely related sequence
motifs that are repeated in tandem in a variable copy number. Based on the size of the tandem
repeat units, VNTRs can be subdivided into microsatellites or short tandem repeats (STR) with
approximately 1-6 repeat units and minisatellites with up to 100 repeat units.

Insertion / Deletion polymorphisms

The appearance of insertion/ deletions is difficult to quantify, but is supposed to fall in between
the frequencies of VNTRs and SNPs. It is hypothesized that VNTRs or inverted VNTRs predispose
DNA to localized rearrangements. The rearrangements mainly occur between homologous
repeats and are probably one of the causes of an insertion/deletion polymorphism.

Single nucleotide polymorphism

The frequency of SNPs is the highest. In the human genome, which is 3.3-10° base pairs,
almost 13 million SNPs have been identified.” It is expected that in total there are 15-20 mil-
lion SNPs, which means that they appear ones every 150-200 base pairs. It received its name
due to single base substitutions of one nucleotide for another that occur in a population at a
frequency of more than 1%. This latter distinguishes it from mutations that occur in less than
1% (better known as Mendelian genes). Survival of mutations leads to fixation of the allele in
populations (see FIGURE 1). The substitutions can be subdivided in transitions and transver-
sions. A nucleotide change of one purine (A,G) for another purine, or a pyramidine (C, T) for
another pyramidine is entitled a transition. Transversions are nucleotide substitutions that
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Figure 1. Life cycle of mutations into SNPs (Source: Bioinformatics for Geneticists page 45)

result in a change of a purine for a pyramidine or vice versa. Twenty-five percent of all SNPs in
the human genome is accounted by G > A and C > T transitions.

CLASSIFICATION OF SNPS

SNPs may arise at any position in the genome (Ficure 2). When SNPs appear in exons, that are
the coding regions of the genome, the SNP is called a coding SNP (cSNP). These cSNPs can
be subdivided into those that create a new codon that still codes for the same amino acid
(synonymous coding SNP) and those that code for a new amino acid (nonsynonymous coding
SNP). Synonymous coding SNPs can also be entitled as silent mutations. Additionally, SNPs
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Figure 2. Possible genomic positions of polymorphisms
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can appear in intronic regions or in the promoter region. The latter frequently results in an
altered activity of the transcription of the gene and consequently a change in expression level
of the corresponding protein.

HARDY WEINBERG EQUILIBRIUM

Until the beginning of the twentiest century, it was thought that over time dominant alleles
would overwhelm recessive ones. This phenomenon was called ‘genophagy’ or ‘gene eating.
In 1908 the English mathematician Godfrey Harold Hardy and the German physician Wilhelm
Weinberg proved this theory to be wrong. (FiGure 3) They showed that dominant alleles could
just as easily decrease in frequency as recessive ones. Hardy and Weinberg stated that evolu-
tion is simply a change in frequency of alleles in the gene pool of a population (all genes of
all persons considered to be part of a specific geographic group). No evolution would appear
when seven conditions are met: no mutations, no natural selection, an infinitely large popula-
tion, all members of the population breed, all mating is totally random, everyone produces
the same number of offspring and nobody migrates in or out of the population. However, it is
highly unlikely that these conditions are met and therefore evolution is the inevitable result.
The equation that was called after Hardy and Weinberg can be used to determine the probable
genotype frequencies in a population and to see how they change from one generation to an-
other, since without outside forces the proportion of dominant and recessive alleles will remain
constant from generation to generation. The equation is p> + 2pq + g in which p and q are the
allele frequencies of the dominant and recessive alleles. By using the equation it is possible to
determine the genotype frequencies if phenotype frequencies are known and vice versa. In
genetic associations studies, such as presented in this thesis, the Hardy Weinberg Equilibrium
(HWE) is used to validate the result found in the study. Since deviations from HWE (indicated
with p-values < 0.05) might not only indicate inbreeding or population stratification, but also
genotyping problems and selection bias. For calculations of the HWE a simple x>-goodness-

Figure 3. Godfrey Harold Hardy (1877 — 1947) and Wilhelm Weinberg (1862 — 1937)
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of-fit test is commonly performed that analyses differences between expected and observed
allele frequencies. The genotype frequencies that must be used for these calculations should
include those of the total study population (cohort study) or of controls (case-control study) as
the initial hypothesis when performing an association study is that some specific alleles might
be associated with diseases. So one would expect, for instance in a case-control study, that in

cases there are deviations from HWE while controls are in HWE.

GENOTYPING

To study genotypes in association studies, high-throughput assays are available which are
able to determine the requested genetic variation of a gene of interest. There are several

default
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Figure 4. Output of a Tagman assay on the A-392G SNP of CYP3A4
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methods for genotyping. For the analyses in our study, a real-time quantitative PCR method
(Tagman) was used.* Genotyping results for an assay on CYP3A4*1B (A -392 G) are presented
in FIGURE 4. The place of the individual dots represents the individual genotype. The left upper
corner represents individuals homozygous for the Y-allele (in this example the G-allele). The
X-allele area (in this example the A-allele) represents individuals homozygous for the X-al-
lele. Person that both carry an X- and a Y-allele are placed in between. Dots in the left lower
corner represent control samples. For individuals indicated with an X, genotyping data were
undetermined. In this example, the groups for hetero- and homozygous genotypes can be
easily distinguished. However, genotyping errors can exist when there is overlap between the
groups, which makes it difficult to place individuals in the correct group.

DATABASES

Several databases provide information about SNPs. Two major classes of SNPs appear in these
databases. Submitted SNPs (ss#) emerge from data of original observations of sequence varia-
tions. When these SNPs are checked for their redundancy and turn out to be unique it is given
a reference SNP cluster number (rs#) that comprises all non-redundant annotated markers.
Most commonly used is the dbSNP database * that is part of the database of the National Cen-
ter for Biotechnology Information (NCBI). Another frequently used part of the NCBI database
is the Online Mendelian Inheritance in Man (OMIM) that is available online since 1995.%" This
part of the NCBI gives a summary of the current state of knowledge of particular genes and
disorders. It includes a variety of topics that range from biochemical and cytogenetic features,
to diagnosis and clinical management and to allelic variants. Another useful database is the
Human Genome Variation Database (HGVbase) that is the product of a collaboration between
the Karolinska Institute (Sweden) and the European Bioinformatics Institute (UK).> Its objec-

Tabel 1. Databases for genetic association studies

Database Website

Single Nucleotide Polymorphism database (dbSNP) http://www.ncbi.nlm.nih.gov/SNP/index.html
Online Mendelian Inheritance in Man (OMIM) http://www.ncbi.nih.gov/OMIM/index.html
Human Genome Variation Database (HGVbase) http://hgvbase.cgb.ki.se

Single Nucleotide Polymorphism Consortium http://snp.cshl.org

Perlegen Sciences http://www.perlegen.com

Ensemble http://www.ensembl.org/index.html
HUGO Genome Nomenclature Committee http://www.gene.ucl.ac.uk/nomenclature
GeneCards http://www.genecards.org/index.shtml
GeneSNPs http://www.genome.utah.edu/genesnps
The Allele Frequency Database (ALFRED) http://alfred.med.yale.edu/alfred

The pharmacogenetics and ~genomics knowledge base http://www.pharmgkb.org/index.jsp
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tive is to provide a comprehensive catalog of normal human gene and genome variation that
can be used as a research tool to help define the genetic component of human phenotypic
variation. To provide public genomic data, the SNP consortium was organized as a non-profit
foundation with the intention to develop up to 300,000 SNPs throughout the human genome
that would be available to the public without intellectual property restrictions. It was started
in 1999, and to date, they discovered up to 1.8 million SNPs. Some of The SNP Consortium
members are now in a process with the goal to determine the frequency of 60,000 SNPs in
three major world populations (African American, Asian, Caucasian). This collaboration is
called The SNP Consortium allele frequency/genotype project. Other useful websites are
displayed in TABLE 1.

HAPLOTYPES

As was said before, the whole genome will probably include up to 10 million SNPs. To iden-
tify them all would be time consuming and expensive. Therefore, researchers are trying to
downsize the number of genotypes by studying haplotypes. These refer to a set of single
alleles or closely linked genes that tend to be inherited as a complete unit. It is thought that
65-85% of the human genome is organized in haplotype blocks. Each block comes in three
or four common versions that capture the majority of genetic diversity throughout the entire
human population. One block may contain a large number of SNPs, but only a few are enough
to uniquely identify the common versions of the haplotype. These specific SNPs are called
tagging SNPs. The common patterns of human DNA sequence variations are described by
the HapMap Project.* For this purpose, DNA samples of 270 persons (90 Nigerians, 45 Japa-
nese, 45 Han Chinese and 90 northern and western Europeans) are genotyped for at least 1
million SNPs across the genome. Results of these genotyping efforts will be a tool that will
allow researchers to find genes and genetic variations that affect health and diseases. The
blocks can be visualized by using the software package Haploview.” Inputted data can be of
own material or dumped from the HapMap website. In this way, the percentage of linkage
disequilibrium (allelic association), structure of haplotypes blocks, and tagging SNPs can be
computed. FIGURE 5 shows an example of haplotype blocks in the CYP3A gene (a group of
genes that was studied in this thesis) and the four most commonly studied SNPs. The darker
the parts, the more linkage between SNPs was found, which eventually leads to the formation
of haplotype blocks. The white parts indicate areas for which linkage could not be calculated
as a result of insufficient or absent data. Only the CYP3A5*3 SNP can be used as a tagging
SNP for the first block, as it has in contrast to the other three a considerable allele frequency
(80% in Caucasians). Studies on the association between haplotypes and disease outcome
require specific software that reconstructs haplotypes of the individual genotypes in the
studied population. As SNPs are detected individually, frequencies of combinations based on
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Figure 5. CYP3A structure, linkage disequilibrium blocks and SNPs

the haplotype blocks have to be calculated. The program PHASE estimates the most probable
haplotype per individual, which can be merged into a statistical program, such as SPSS, for
association analyses.** The advantage of another program called HaploStat is the implementa-
tion of weighted probabilities of haplotypes per individual, which results in more precise esti-
mates.” However, the reconstructed haplotypes can only be studied in the statistical program
R+ with special written syntaxes.?® Since haplotype association studies are still in its infancy,
only most straightforward analyses are possible to date with this software, but this will most
probably be extended in the near future.
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2.1. A critical appraisal of association studies of cytochrome
P450 gene polymorphisms and susceptibility to cancer



ABSTRACT

Background: Polymorphisms of cytochrome P450 (CYP) enzyme-encoding genes involved in
metabolic pathways of (pro)carcinogenic substances may be important for the susceptibility
of an individual to environmental risk factors in relation to the induction or promotion of can-
cer. Human genome sequence mapping has brought new opportunities to identify etiological
factors in non-mendelian complex diseases such as cancer.

Methods: We summarized the present knowledge on the association of CYP450 polymor-
phisms and cancer by conducting a search on CYPs and cancers and their associated terms
in PubMed (including MEDLINE) until October 2005. The study was restricted to genetic
polymorphisms as a susceptibility factor, therefore excluding literature on the expression of
CYPs in tumor tissue.

Results: Most striking results were dissimilarity of studies in respect to ethnicity, composition
of control groups, phenotype of interest, variant type and reference type. Moreover, some
included specific substrates on which cytochrome P450 enzymes may act as effect modifiers,
whereas others only studied genotypes. Most studies discussed cytochrome P450 enzymes
with low family numbers that are primarily involved in the metabolism of tobacco and alcohol
(CYP1A1, CYP1B1, CYP2ET) or those that are involved in hormonal pathways (CYP17, CYP19).
The largest number of different CYPs were studied for prostate cancer. Half of the studies
reported in this review were performed among Asian individuals, which indicates a lack of evi-
dence in other populations since genetic association studies are proposed to be dependent
on differences in ethnic allele frequencies.

Discussion: Apparently, further investigation of associations between CYP polymorphisms
and carcinogenesis is needed, not only by studying single nucleotide polymorphisms but
preferably with genome-wide screening and haplotype analyses. Furthermore, there is a need
for standardization of study designs and methods to enable meta-analyses. More knowledge
might lead to individualized treatments and provide risk profiles by combining genetic vari-
ants of different candidate genes.
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BACKGROUND

Cancer is one of the most important causes of death throughout the world. From experi-
mental and clinical research, it is commonly assumed that environmental- as well as genetic
risk factors can influence carcinogenesis.?3 There is an increasing interest for interactions
between genetic and environmental factors. This is caused by the fact that cancer is one of
the diseases for which a similar degree of exposure to a certain substance may result in an
individual difference in the incidence, which indicates a genetic predisposition in the etiol-
ogy. For instance, not all persons who smoke develop a malignancy of the lung and even
non-smoking individuals can get lung carcinoma.®’ Candidate genes for the interaction would
encode for specific detoxification enzymes. Variation in such genes might be associated with
an altered risk of carcinogenesis due to changes in the structure or quantity of particular en-
coded enzymes involved in either induction or promotion of cancer. Detoxification of drugs or
endogenous- and environmental substances is supposed to take place in two phases. Phase
I reactions mainly concern degradation of substances, whereas in phase Il, intermediates of
phase | reactions are conjugated to become more water-soluble to facilitate excretion. Sev-
eral phase | and Il enzyme-encoding genes have been described in the literature, such as
mEH (microsomal epoxide hydrolases), GSTM1 (gluthatione S-transferase, a phase Il enzyme),
and COMT (catechol-O-methyltransferase). Considering the large number of substrates they
metabolize, phase | cytochrome P450 (CYP) enzymes were hypothesized to play an important
role in the metabolism of potential (pro) carcinogens as well. As a consequence, a large num-
ber of studies on the association between variation in the cytochrome P450 gene and cancer
development has been performed so far.

Previous review articles discussed the association between CYP enzyme expression in
normal and tumor tissues and some functional aspects of CYP variation.3*3* We review studies
of the association between cytochrome P450 gene variation and cancer development. First,
we discuss some general issues concerning cytochrome P450 enzymes and the consequences
of genetic variation on its structure and physiological function. Thereafter, we will summarize
and discuss the literature on the association between cytochrome P450 variants and cancer.

GENES

The biological function of cytochrome P450 enzymes

Cytochrome P450 designates for a group of enzymes that is most abundant in smooth
endoplasmatic reticulum of hepatocytes and in epithelial cells of the small intestines. They
are regulated by many transcriptional control factors, including pregnane X-receptor (PXR),
constitutive androgen receptor (CAR) and the aryl hydrocarbon receptor (AHR). The main
function of CYP enzymes is to catalyze oxidative reactions concerned in metabolic processes
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of exogenous and endogenous substances. The most frequently studied biological activity of
CYP enzymes is as part of a phase | reaction in which water insoluble drugs are metabolized
into more water-soluble substances. Furthermore, some cytochrome P450 enzymes play a
dominant role in the metabolism of xenobiotics, such as tobacco smoke and other exogenous
toxins and in the conversion of hormones into their biologically (in)active substrate. The ef-
ficacy of these processes is not equal between persons. This results in interindividual variance
of activation or inactivation of such compounds eventually leading to variations in character
and quantity of metabolites. Genetic polymorphisms (defined as changes in the DNA struc-
ture with a frequency of at least 1% in the general population) are suggested to explain an
important part of this variation.

Variation in cytochrome P450 enzymes

For a long time, the interpretation of mutations at a single gene (or locus) proposed by Men-
del, was the only way of explaining the genetic basis of diseases. This explanation applied only
to monogenetic diseases, mostly with a low incidence. With the discovery of numerous genes
causing more common familial diseases, this Mendelian way of thinking was not appropriate
to all genetically based diseases. These so-called complex diseases could not be explained by
a simple monogenetic theory.s Cancer is such a complex disease in which multiple genetic
and environmental factors are considered in the developmental process and for which ge-
netic variation in candidate genes can be of substantial importance.

The activity of CYP enzymes can genetically be influenced in several ways. First, while
variation in a single nucleotide in coding DNA can be silent, it may also lead to a change in
transcription of RNA and subsequent translation into an amino acid. This may have conse-
quences for the CYP protein structure or folding and can lead to an altered activity. Similarly,
such a functional polymorphism may be the result of the insertion or deletion of one or
several nucleotides, or of a variable number of tandem repeat units (VNTRs). Second, a ge-
netic polymorphism might lead to completely abolished CYP activity if it alters the transcrip-
tional initiation site, results in splicing or introduces a stop codon. Third, CYP activity may
be increased when there is gene duplication. Additionally, zygosity is important for the risk
profile, since an altered biological activity of a particular enzyme can result from either one
(heterozygous) or two (homozygous) affected alleles.

It is likely that variation in one of the human CYP genes leading to a decreased or abol-
ished activity of a particular CYP enzyme is associated with an increased tumor risk after
exposure to a carcinogen. On the other hand, if cancer results from a carcinogenic metabolite,
a decreased CYP activity may reduce the risk of cancer. The wild-type allele (variant with the
highest frequency in the population where it was first detected) is then considered to be
the risk allele.s*° Besides a direct risk on cancer development, polymorphisms can also be
associated with an increased clinical or pathological severity at presentation.+ Eventually,
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combinations of genetic polymorphisms across different genes might result in a risk profile
for clinically relevant individual susceptibility.+

Nomenclature cytochrome P450

The collective group of cytochrome P450 enzymes consists of approximately 1000 different
known isoenzymes or subforms, each of which has a specific metabolizing effect. Approxi-
mately 57 of these subforms appeared to be important in humans.®® The nomenclature of
CYPs is based on the corresponding amino acid sequence. A number and letter indicate a
CYP-family and -subfamily respectively. A second number is given to specific isoenzymes.*
(FIGURE 1) Sometimes the family name originates from its enzymatic function (e.g., CYP17; ste-
roid 17-alpha-hydroxylase). When variations in these genes are validated by dbSNP (a single
nucleotide polymorphism database of the National Center for Biotechnology Information
(NCBI)) and mapped to a specific location on the genome, they are indicated with a * and a
number.”® Genetic polymorphisms of CYPs may have important phenotypic consequences in
relation to enzyme activities. Widely used phenotypic categories are: “poor- (PM), “intermedi-
ate— (IM)", “extensive- (EM)” and “ultra rapid metabolizers (UM)". Unfortunately, inconsistency
in this nomenclature is not unusual, partly because of changes in classification over the time.

Family Subfamily Isoenzyme Polymorphism *

CYP1
CYP2
CYP3
CYP4
CYP5
CYP6
CYP7
CYP8

gaw»

* Only dbSNP validated variants are indicated with a * (see text)

Figure 1. Nomenclature CYPs

METHODS

For our review of the literature, we conducted a search using the English terms ‘cytochrome
P450; ‘cyp;, ‘cancer), ‘tumor, ‘tumor, ‘malignancies, and ‘malignancy’ in PubMed (including
MEDLINE) during the period January 1966 — October 2005. Subsequently, title and abstract
of papers, were screened for terms such as ‘susceptibility’ and ‘risk’ or 'risk factor;, and relevant
papers were copied and reviewed. Finally, the references of all relevant papers were checked
for missing papers to complete our search. Each polymorphism found in this way was checked
for the type of cancer and the exogenous or endogenous substance for which the relation was
described, the number of risk alleles (homo- or heterozygous genotypes), the risk estimates
that were found, study sample size, the ethnicity of study subjects, and Hardy Weinberg equi-
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librium in control individuals. We focused on observational studies regarding the association
between polymorphisms of cytochrome P450 genes and cancer, and excluded papers on cy-
tochrome P450 expression in (tumor) tissue. First, we discuss the location, possible functional-
ity and racial allele frequencies of those polymorphisms that were found with this literature
search (taBLE 1) Subsequently, reported findings are described according to tumor type and
cytochrome P450 isoenzyme. (tasLE 2) Finally, a summary is made per CYP isoenzyme for all
associations with cancer types. (TABLE 3)

GENE VARIANTS AND FREQUENCY

Location, functionality and allele frequency of CYP polymorphisms

The importance of variation in cytochrome P450 enzyme-encoding genes for predisposition
to diseases such as cancers differs per CYP-family. In general, CYPs with low family numbers
(1-3) have less affinity for their substrates, are less conserved during evolution and are there-
fore more polymorphic than CYPs with higher family numbers (5-51) that are well conserved
and have a high affinity for predominantly endogenous substrates.>® Subsequently, substrate
specificity in the first group of low family numbers can be divided into two classes; those
that do not have important functional variability and metabolise both (pre) carcinogens and
drugs, and those that seem to have functional variability but are only known for their drug
metabolising properties.> This division can be observed in the number of studies per CYP
family as well. Our literature search revealed that most studies investigated CYP1AT, CYP1BI,
and CYP2E1 enzymes, which are all polymorphic and active in the metabolism of (pre) car-
cinogens. However, variation in the steroid metabolising enzymes (CYP17 and CYP19) was
repeatedly mentioned as well.

CYP1A1 (chr.15g22-24) playsarolein the activation of major classes of tobacco carcinogens
such as polycyclic aromatic hydrocarbons (PAHs), aromatic amines (Aas) and benzo[a]pyrenes
(BPs).#¢5s5 Another role is the catalization of the C-2 hydroxylation of estradiol.>* Two poly-
morphisms, both located on exon 7 which are frequently studied are the T3801C (*2A) and
the A2455G (*2C) substitution. The *2A polymorphism is denoted with its polymerase chain
reaction restriction fragment length polymorphism (PCR-RFLP) alias Mspl (a specific restric-
tion enzyme). The 2455G-polymorphism results in an amino acid change on codon 462 of
isoleucine into valine, indicated as Val*2. These two variants can occur independently but a
combined variant (*2B) has been detected as well. All three variants result in an increased
enzyme activity. The allele frequency of 3801C varies from 40 to 80 percent in Asians but
seems to be less frequent in South Americans (4-28%). Although some report a frequency
of 2-3% ¥, the prevalence in Caucasians needs to be further investigated ®. More consistent
are the findings for 2455G that seems to be absent in Africans and African-Americans while
in other ethnic groups it has an allele frequency of 10-20%.% The *4 (C2453A) polymorphism
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results in a threonine to asparagine amino acid change on codon 461 and was found to be
associated with a higher inducibility ® and increased bioactivity . This polymorphism seems
only present in Caucasians (7%).>° Other variants in the CYPTAT gene have been detected and
studied as well, but these were reported only once and their functionality and allele frequency
has to be further explored (see TaBLE 1 for details).

Highly related to CYP1AT is its subfamily member CYP1A2 (chr. 15922-24). The genes that
encode for these enzymes are located on chromosome 15 and share their 5’ flanking region.
However, only for CYP1A2 a polymorphism in this region (*1F; C-163A) was identified that
has been associated with a higher induction due to smoking ¢, omeprazole , and by male
gender % although this was not consistently found in all literature. Allele frequencies across
populations occur in approximately 30-40 %, with highest rates in African individuals.

Besides their role in smoking-related metabolism, CYP1B1 (chr. 2q22-p21) is involved in
hormonal pathways. It is predominantly expressed extra-hepatically and overexpressed in
tumor tissue.3* Although a significantly decreased capacity to metabolize both estradiol ¢ and
benzolalpyrene ¢ was found for *7 (a combination of C142G, Arg48Gly; G355T, Ala119Ser;
C4326G, Leu432Val; and C4360G, Ala443Gly), our literature search only revealed associations
of *2 (C142G and G355T) and *3 (C4326G) with cancer development. These individual geno-
types might be responsible for a similarly decreased metabolism, although this needs further
studying. Population diversity is not yet clear either.

Metabolic activation of tobacco carcinogens is also modified by CYP2A6 ¢, CYP2A13 ©,
CYP2C197°, CYP2ET ¢7', CYP3A4 > and CYP3A5 7. They are involved in the oxidation of nicotine
and the activation of N-nitrosamines such as 4-methylnitroso-1-(3-pyridyl)-1-butanone (NNK),
N-dimethylnitrosamine (NDMA), N-diethylnitrosamine (NDEA), N-nitrosophenylmethyl-amine
(NMPhA) and N-nitrosonornicotine (NNN). CYP2A6 (chr. 19q13.2) mediates 90% of conversions
of nicotine to the inactive cotinine 5® and possesses relatively long alkyl chains . Correspond-
ing with this finding was that a deletion of CYP2A6 (*4; G1846A, splicing defect) was associ-
ated with a lower tendency to smoke.**#7¢ This particular polymorphism was proposed to
increase smoking-related cancers since the concentration of nicotine might be longer active
in the blood. However, the allele frequency was found to be low in Caucasians, with an allele
frequency of 0.5-1% in contrast with a frequency of 7-22% in Asians.” Therefore, significant
findings are not expected to be found in individuals of Caucasian descent due to this low
allele frequency.

CYP2A13 (chr. 199q13.2) is particularly involved in the metabolism of NNKs. Three poly-
morphisms of importance have been found up till now. The first was a polymorphism leading
to an Arg257Cys substitution in exon 5. The Cys*’ variant showed 37-56% reduced activity
towards several substrates in comparison with the wild-type protein.”® Ethnic variation in
population frequency data has only been observed in Chinese populations.”® A haplotype, in
which carriage of two polymorphisms in a same genetic block is combined, of this variant and
an Arg25GlIn variant in exon 1, is denoted as *2. The third variant is the *7 (Arg101stop) leading
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Table 1. Cytochrome P450 gene variants

Minor allele frequencies

Gene Variant RS number Nucleotide change Position Effect on amino acid level Caucasian Asian African
CYPIAT 15q22-24
*2A 15 4646903 T3801 C(Mspl)® exon7° None 2-3% 40-80% -
*2B combination T3801C(Mspl)?+A2455G exon7°® lle 462 Val NA NA NA
*2C 151048943 A2455G exon7°® Ile 462 Val 10-20% 10-20% 0%
- 15 2606345 A-1738C 5'UTR,intron T None - - -
- - T6235C exon7°® None - - -
*4 151799814 C2453 A (M4)° exon7° Thr461 Asn 7% 0% 0%
CYP1A2 15q22-24
*1F 15762551 C-163A 5'UTR None 30% 30% 40%
CYP1B1 2p22-p21
*2 15 1056827 C142G(m1)? exon 1 Arg 48 Gly -
1510012 G355T(m2)? exon 1 Ala 119 Ser - -
*3 151056836 C4326G exon 3 Leu432Val - -
CYP2A6 199132
*4 158192789 NA NA Deletion CYP2A6 05-1% 7-22%
CYP2A13 19q13.2
2 158192784 G74A exon 1 Arg 25GIn - -
158192789 C3375T exon5 Arg 257 Cys - -
7 - C578T exon2 Arg 101 stop 5% 3%
CYP2C9 10024
*2 151799853 C3608T exon3 Arg 144 Cys 10-15% 0% 0%
*3 151057910 A42614C exon7 lle 359 Leu 4-10%  4-7% 1-2%
CYP2C19 10924.1-24.3
*2(PM) 54244285 G 19154 A (M1)? exon5 Pro 227 Pro; Splicing defect 15 % 35% 17 %
*3(PM) 54986893 G 17948 A (M2)* exon4 Trp212Ter 15% 35% 17 %
CYP2D6 22q13.1
*3(PM) - A 2549 Del - Frameshift 1-2% -
*4(PM) 151800716 G1846A exon4 Splicing defect 20% - -
*6(PM)  rs 5030655 T1707 Del exon 3 Trp 152 Frameshift 3% 0% 0%
CYP2ET 10q24.3-gter
*1C#1D - - 8 tandem repeats [-2173--1946 bp] 5'UTR None - -
*5B rs 3813867 G-1293 C(Pstl) S'UTR None - -
152031920 C-1053T (Rsal)* 5'UTR None - -
*6 - T7632/7766 A (Dral) * intron 6 None -
*7B 156413420 /152070673 G-71T/T-333A exon 1 None -
CYP3A4 7922.1
*1B 15 2740574 A-392G 5'UTR None 2-9% 0% 35-67%
CYP3A5 7q22.1
3 15 776746 A6986G intron 3 Splicing defect 20% 20-70% 70%
CYP3A43 7922.1
*3 15 680055 (36867G exon 10 Pro 340 Ala 96 % 100 % 61%
CYPTIAT 15023-q24
[TTTTA], deletion - None -
CYpP17 10q24.3
T1931C(Mspl)® promoter region None - -
CYpP19 15q21.1
- [TTTA], , repeats exon 6 None -
15 28757190 T exon 1 Arg 264 Cys - -
152236722 T>C exon 10 Trp39Arg - -
- T - None - -
- = undefined, 5'UTR = 5" untranslated region, NA = not applicable.  The PCR-RFLP alias can be found between brackets. ® Exon 6 in

NCBI dbSNP.

50



A critical appraisal of association studies of cytochrome P450 gene polymorphisms and susceptibility to cancer

to a nonsense mutation. Individuals homozygous for this nonsense mutation would not have
afunctional CYP2A13 protein and were therefore expected to have a reduced sensitivity to xe-
nobiotic toxicity resulting from CYP2A13-mediated metabolic activation.® This polymorphism
was first proposed to be unique in Chinese individuals ®, but was later identified in French
Caucasians as well ©.

CYP2C9 (chr. 10g24) and CYP2C19 (chr. 10924.1-g24.3) are both major drug-metabolizing
enzymes. Additionally, CYP2C19 was found to be involved in tobacco metabolism, as stated
above. Nevertheless, their endogenous substrate has not yet been identified. The most rel-
evant CYP2C9 genetic variants are those that result in decreased enzymatic activity (3808T =
*2=Cys" and 42614C = *3 = Leu*®). Both variants are mainly present in Caucasians with allele
frequencies of 10-15% (*2) and 4-10% (*3). The *2 variant seems absent in persons from Asian
or African descent, while *3 can be found in some Asian (4-7%) and African (1-2%) individu-
als.® Of the CYP2C19 gene, several variants were found that resulted in absence of the enzyme
effect, but only the common alleles *2 (19154A,; splicing defect) and *3 (17948A; stop codon)
were studied in respect to cancer.®2 These variants are most common in Asians (35%) and less
in Africans (17%) or Caucasians (15%).52

CYP2D6 (chr. 22q13.1) takes a dominant place in drug-metabolism. This enzyme has
special impact on drugs for the treatment of psychiatric and cardiovascular diseases and
plays a role in the metabolism of tamoxifen and its adverse effects.3* The CYP2D6 gene has
been intensively studied, resulting in a large number (> 40) of identified variant alleles. This
polymorphic background provides a profound basis for phenotypic differences. Those with
poor (absent or reduced) metabolism were studied most frequently. These are *3 (A2549del),
*4 (G1846A) and *6 (T1707del). No studies explicitly report effects of ultra rapid metabolizers
but some found results for those without a phenotypic poor metabolism. Overall, non-func-
tional alleles in which group the poor metabolizers are embedded are present in 26, 50 and 65
percent of persons of Caucasian, Asian and African/African-American descent respectively.®
The allele frequency in Caucasians for the specific *3, *4 and *6 variants are 1-2 %, 20 % and 3
% respectively.” For Caucasians, the *4 variant is carried by 75% of all poor metabolizers.”

Besides their role in the tobacco metabolism in which they form primarily relatively short
alkyl chains %, CYP2ET (chr. 10q24.3-qtr) is responsible for the metabolism and activation of
several other low-molecular-weight substances.>* Physiological substrates are fatty acids ® and
gluconeogenetic precursors such as acetone and acetol.®s CYP2ET is a major component of the
microsomal ethanol-oxidizing system as well and is inducible by chronic alcohol consump-
tion. It oxidizes ethanol to acetaldehyde and is involved in the metabolic activation of various
carcinogens. Acetaldehyde has been suspected to play a pivotal role in the development of
alcohol-related cancers because of its established carcinogenicity in laboratory animals.#* Pri-
marily three polymorphisms have been studied. Two were found in the 5'-regulatory region
(*5; G1293C, Pstl and C1053T, Rsal). The third one was detected with Dral (*6; T7632A). In Asian
persons the variant alleles have been associated with enhanced enzyme activity, while in
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Caucasian subjects the activity was lowered.® Interindividual variation in susceptibility seems
to be affected by induction, for example by alcohol (*1D; 8 repeats of 42 bp in the 5'flanking
region).” Allele frequencies are present for some populations and variants, but not all studies
mention dbSNP reference numbers (rs), which makes comparisons difficult.>®

Of particular importance is the CYP3A4 (chr. 7q22.1) gene that encodes for the predomi-
nant expressed cytochrome P450 in the human liver. It is related to the metabolism of nu-
merous compounds including hormones (catalyzes 6-beta-hydroxylation) and approximately
60% of drugs.®* Several variants have been identified in this gene, but only one was frequently
studied in respect to carcinogenesis. The -392G variant of this *7B polymorphism, originally
named CYP3A4-V, results in a 1.5 to 2-fold higher promoter activity in vitro.?® Originally it was
proposed that this variant decreases the oxidative deactivation of testosterone in vivo ®, but
the increased activity in vitro does not support this theory. This variant seems to be rare in
Asian individuals and is most frequent in African Americans (35-67%). 2-9% of Caucasians
were found to be carrier of the variant allele.®s

A family member that is genetically located 76983 base pairs near CYP3A4 on chromosome
7 is CYP3AS5 (chr. 7q22.1). Expression is influenced by a gene polymorphism (*3; A6986G) in
intron 3. The 6986G variant results in a splicing defect through which there is absence of the
expression of the enzyme. This consequently leads to a severely decreased enzyme activ-
ity.®> The expression of the polymorphism varies widely between ethnicities, with 70% in the
African American population and only 20% in Caucasians.® Allele frequencies among Asian
individuals are in-between.> It was shown that this polymorphism is in close linkage with the
CYP3A4*1Band results found for this latter variant might therefore be explained by the altered
functionality in CYP3A5.2°

To the other side of CYP3A4 on chromosome 7, another family member is located within
43828 base pairs. The CYP3A43 gene consist of 13 exons, with in exon 10 the most important
variation until now. The amino acid sequence is identical for 75 % with CYP3A4 and CYP3A5. Its
expression is low (0.1 - 0.2%) and the contribution to CYP3A mediated metabolism is there-
fore thought to be minimal. Only one variant has been reported to be of potential interest.
The 36867G variant is present in the majority of individuals with allele frequencies of 96 to
100% in Caucasians and Asians but only 61 % of African-American individuals are carrier. No
functionalities are known.

Finally, cytochrome P450 families active in hormone synthesis and metabolism have been
studied in cancer development. CYPT1A (chr. 15q23-q24) catalyzes cholesterol-side chain
cleavage to form pregnenolone out of cholesterol. CYP17 (steroid 17-alpha-hydroxylase) (chr.
10q24.3) mediates both 17-alpha-hydroxylase and 17,20-lyase activity resulting in glucocor-
ticoids and sex steroid formation respectively. AT to C transition in the 5° promotor region
of the gene leads to an additional Sp-1-type (CCACC box) promotor site. This is proposed to
result in an increased rate of transcription and consequently a higher level of circulating tes-
tosterone. Androgens are converted into estrogens by one of the most essential enzymes in
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estrogen biosynthesis, aromatase (CYP19) (chr. 15g21.1). This enzyme catalyzes the reactions
of androstenedione into estrone and testosterone into estradiol and is considered as the most
important source of estrogens in post-menopausal women.* It is also referred as estrogen
synthetase, and plays a role in the rate limiting transformation step of C19 androgens to C18
estrogens.®> Polymorphisms in these genes found to be related to cancer development are
scarce considering their potential impact. Functionality is only known for [TTTA] repeats and
a C to T substitution in exon 10, both in the CYP19 gene and resulting in a higher activity of
the enzyme. The exon 10 polymorphism and two others on CYP19 (Trp39Arg and Arg264Cys)
are believed to be in close linkage with the [TTTA] repeats. Additionally, variants of hormone
metabolizing genes are not properly defined or validated which makes it difficult to gather
information about functionality and allele frequencies.

RESULTS

Lung cancer

Although therisk of lung cancer is highly related to tobacco use (90% of all lung cancer patients
have a history of smoking), less than 20% of smokers develop the disease. This discrepancy
has also been found for individuals with an equal number of pack-years history of smoking,
indicating an important genetic factor in the etiology.* A number of candidate CYP gene
variants have been associated with lung cancer. They all play a central role in the activation
of tobacco-related carcinogens. NNK is the N-nitrosamine with the strongest association with
lung cancer.

Although not all studies found a significant association between lung cancerand CYPTAT*2
variants “5"%5, clear evidence exists for an association with at least one of them. The Val* (*2C)
is frequently associated with an increased risk of lung cancer, also in individuals without a
history of tobacco use 449927 and across several populations (see TABLE 2). The association was
demonstrated for squamous cell carcinoma as well as for adenocarcinoma of the lung. The *2A
3801C was first considered to be responsible for the association, but is now believed to be in
linkage disequilibrium with the Val*= allele in at least some populations.** Most of the studies
found a 2- to 3-fold risk increase for the separate *2 variants, although higher risks were found
for the combined variant (*2B).%>%3 In one study among 217 Chinese cases and 404 controls, an
extremely increased risk was observed of nearly 30-fold for the synergistic effect of *2B with
tobacco use on squamous cell carcinoma incidence.* Although the study size seems to be
sufficient, these risk ratios raise questions, since only a part of tobacco metabolism is medi-
ated by CYP1A1. Moreover, a Japanese study % found an odds ratio of seven and no synergism
was found among women of Chinese descent . It remains unclear how these results should
be interpreted. Additionally, the effect of CYPTAT genotype on lung cancer was frequently
studied along with the genetic effects of GSTM1 (a phase Il enzyme).#47.93
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Table 2. Association of cytochrome P450 gene polymorphisms and cancer

CYp Variant Substrate OR[95% Cl] Cases/Controls  Population HWE Reference
Lung cancer
CyplAT *2A none 2.101.2:37] 207 /283 US Caucasians - 94
tobacco® 33[1.4-7.6] 80/160 Japanese 0.85 92
*2B tobacco 73[2.1-25.1] 85/170 Japanese 0.83/0.84 93
tobacco 29.9[7.0-127.3] 217 /404 Chinese 0.27/0.0004 45
*2C none OR>1.0;p=0.02 55/60 Turkish - 97
tobacco 29 108/99 Brazilians 0.16 9%
tobacco® 3.2[1.0-10.3] 80/160 Japanese 1.00 92
no tobacco 3.7[1.9-7.3] 200/ 144 Chinese @@ 0.24 95
Cyp2A6 *4 none X*=0.2; p=0.03 257 /154 Japanese - 68
none? 0.3[0.1-0.8] 492 /402 Japanese 0.92 99
tobacco 8.1[3.2-20.0] 151/326 Chinese 0.07 101
tobacco® 0.2[0.1-0.7] 1094/611 Japanese 0.26 74
Cyp2A13 *2 tobacco 0.2[0.1-0.7] 7241791 Chinese 0.38 100
*7 none 9.9[1.9-52.2] 204 /201 French 0.89 69
Cyp2C19 *2/%3 (PM) none? 3.2[1.5-6.9] 212/372 Chinese - 70
Cyp2E1 *5 none OR<1.0;p <0.05 195/206 Swedish 0.36 108
none 0.5[0.3-0.8] 164/181 Chinese 0.25 m
none*? 0.1[0.0-1.0] 119/231 Taiwanese <0.0001 110
tobacco OR<1.0;p<0.05 137/206 US Africans / - 109
Mexicans
*6 none OR>1.0;p<0.05 74173 Japanese - 71
tobacco® OR=22.7,p<0.05 126/193 US Africans / - 107
Mexicans
Cyp3A4 *1B tobacco? 801[2.1-30.3] 801/432 German Q9 0.27 72
Cyp3A5 *1 none 1.5[1.0-2.1] 133/270 Taiwanese - 73
Esophageal cancer
Cyp1A1 1 none 25p<0.05 62/38 North Chinese 0.19 35
*2B none? 25[1.2-5.3] 146 /324 Taiwanese 0.46 112
tobacco® 48[1.6-14.8] 127/101 Chinese 0.67 13
tobacco® 6.2[2.1-20.1] 127/101 Chinese 0.67 114
Cyp2A6 *4 tobacco 2.1[1.0-4.5] 149/326 Chinese 0.07 101
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Table 2. Continued

CYp Variant Substrate OR[95%Cl] Cases/Controls  Population HWE Reference
Hepatocellular cancer
Cyp1A1 2 tobacco/HBV  3.2[1.2-83] 81/409 Taiwanese 0.83 137
Cyp2A6 *4 none? 34 (p<0.05) 44/ total Japanese - 139
population
Cyp2D6 M none 6.4[24-17.5] 75/200 Spanish - 140
*3/*4/*6(PM)  none® 0.1{0.0-0.5] 91/90 Italian 021 138
Cyp2ET * tobacco® OR>1.0p=0.001 30/150 Taiwanese - 141
*5B none 5.8[1.2-27.4] 78/138 Japanese - 142
Breast cancer
Cyp1A1 *2A none? 9.7[2.0-47.9] 51/269 African - Americans @ - 147
estrogens ® 2.0(1.0-4.0] 150/150 ChineseQ 0.06 148
none 0.3[0.1-0.8] 128/256 Brazilian@ - 150
none OR<1.0p=0.004 396/1936 Austrian Q 0.18 146
tobacco® 5.7[1.5-21.3] 466/ 466 Caucasian@ - 149
- none 0.6[0.4-0.9] 195/272 JapaneseQ - 152
e none 0.7[0.5-1.0] 195/272 JapaneseQ - 152
tobacco 5.2[1.2-23.6] 216/282 Caucasian@ - 151
none OR>1.0p=0.03 396/1936 Austrian@ - 146
tobacco? 36[1.1-11.7] 466/ 466 Caucasian@ - 149
Cyp1B1 3 estrogens® 3.1[1.0-9.1] 186 /200 Shanghais@ 0.00009 153
none 23[1.3-43] 84/103 TurkishQ 0.03 154
Cyp17 - estrogens ® 20(1.1-3.5] 109/ 117 SwedishQ 0.30 155
none’® 1.6[1.0-2.6] 369/284 AustralianQ 041 156
none 2.5[1.1-5.9] 174/ 285 MixedQ - 157
none? 1.8[1.1-3.1] 239/195 JapaneseQ 0.21 158
Cyp19 repeat none 24[1.0-5.8] 182(185)°/252 Norwegian /Swedish @ - 159
none OR>1.0p=0.005 462/618 Caucasian @ - 160
none OR>1.0p=0.028 327/253 Caucasian @ - 161
none OR>1.0p=0.012 327/253 Caucasian @ - 161
- none 0.4[0.2-0.9] 204/200 JapaneseQ - 42
- alcohol 15[1.1-2.2] 389/346 Korean @ - 162
none*® 15[1.0-2.2] 481/236 Norwegian /Swedish @ 0.03 163
none 13[1.1-1.5] 1355/2580 Mixed @ 0.65 145

55



Chapter 2.1

Table 2. Continued
CYp Variant Substrate  OR[95% Cl] Cases / Controls Population HWE Reference
Prostate cancer
CyplA1  *2B/*2C none 24[1.7-33] 81/105 Japanese & 0.009/033 170
*2C none? 24[1.0-5.6] 115/200 Japanese &' 0.19 171
Cyp1B1  *1 none OR>1.0p=0.009  245(159)°/222 Caucasian & - 165
*2 none*? 4.0[1.7-94] 117/200 Japanese & 0.01/0.0003 164
Cyp2D6 ~ *3/*4/*6 (PM)  tobacco® 3.1[1.1-8.9] 153/359 Danish & - 38
Cyp3A4  *1B none 9.5[2.5-35.2] 230/0 (only cases)  Caucasian & - 89
*1B none? 24[1.1-54] 101/ (only cases) African-American g 0.009 175
*1B none 6.3[2.7-17.3] African-American g 0.35 174
*1B none 4101.3-12.2] 84/136 African-American g 0.002 182
*1B none 23[1.1-45] 215/94 Caucasian & <0.0001 182
*1B none 1.9[1.0-3.6] 440/ 480 Caucasian & 0.77 90
*1B none 0.2[0.1-0.7] 440/ 480 Mixed & - 176
*1B none 0.5[0.3-0.9] 622/396 Caucasian & 0.000014 173
Cyp3A5 *3 none 0.41[0.2-0.8] 440/ 480 Mixed & 0.00005 90
*1 none 0.2[0.1-0.8] 260/212 Japanese &' 0.84 177
CYP3A43  *3 none 59[1.1-31.2] 622/396 Caucasian & 0.61 173
*3 tobacco® 8.6[1.1-87.0] 341/306 Mixed & 0.90 178
Cyp11A1  [TTTTA] deletion  none*® 1.8[1.1-3.0] 278/299 Japanese & - 43
Cyp17 Al none? 1.6[1.0-2.5] 178/160 Swedish & - 167
none? 26[14-4.8] 252/131 Japanese &' 0.54 183
none 2.5[1.6-4.0] 384/360 Italian & 0.06 364
A2 none? 2.8[1.0-7.8] 63/126 Austrian &' 0.09 180
none 1.7[1.0-3.0] 96/159 US Caucasian & 0.81 179
none 2411.0-5.5] 101/200 Japanese &' 0.002 181
none 2.8[1.0-74] 71/11 African American @ 0.93 182
Cyp19 4[TTTA] repeat  none? 1.8[1.0-3.1] 99°/116 Japanese &' - 44
none 1.6[1.0-2.5] 226/156 French Caucasian g - 186
none 1.4[1.0-2.0] 226/156 French Caucasian g~ - 186
ub none 1.8[1.0-3.1] 101/114 Japanese &' 0.15 169
Head and neck cancer
CypiB1 %2 tobacco® 4.5[2.6-8.0] 312/300 German 042 187
Cyp2E1  *7B tobacco 2.7[1.5-49] 312/299 German 0.51 188
Cyp1B1 %2 none? 3.0[1.6-5.8] 211/200 Japanese 0.01/0.0003 189
*3 none? 22[1.2-41] 211/200 Japanese 0.002 189
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Table 2. Continued

CYP Variant Substrate
Renal cancer
Cyp2C19 *2/*3 (PM) none’

Bladder cancer

Cyp3A4 *1B epipodophylo.
Hematological cancer
Cyp1B1 *2 none’

*3 none’

Gynecological cancer

Cyp17 A2 none

CyplAT *1 none?

Dermatological cancer

Cyp2D6 M none
*4 none*

OR[95% Cl]

0.3[0.1-0.7]

0.1[0.0-0.9]

33[1.4-8.0]
25[1.1-5.7]

1.9[1.3-2.8]

2.9 p=0.0386

15.5[1.3-178.5]
22[1.2:39]

Cases / Controls

112/372

129/0 (only cases)

113/202
1137202

563/523

75/345

926/0 (only cases)

Population

Chinese

Caucasian

Japanese
Japanese

US Mixed

Caucasians

English
English

HWE

0.01/0.02
0.02

0.08

Reference

70

39

172
172

190

191

40
192

OR = odds ratio, CI = confidence interval, HWE = Hardy Weinberg Equilibrium, EM = extensive metabolizer, PM = poor metabolizer.

Only significant association studies are included in the table to avoid disarrangement. When synergy with substrates was studied,

ORs of this interaction are presented. When authors studied polymorphisms as possible independent risk factors, no substrates are

mentioned (none). ? Results only found in homozygous carriers. ® Hereditary cases.

Table 3. Association of cytochrome P450 gene and type of cancer

Cytochrome Lung Esophagus Stomach Colorectal Liver Breast

P450 gene

Prostate Head

Kidney Bladder

Female
productive
organs

Skin No.

of
studies

GplAT + + +
CyplA2 - - -
Cyp1BT - - -
Cyp2A6 +  +
Cyp2A13
Cyp2C9 - - -
Cyp2C19 +  + +
Cyp2D6 - - - -
Cyp2E1 + + + +
Cyp3A4  + - - -
Cyp3A5  + + - -
Cyp3Ad43 - - - -
GpliAl - - - -
Cypl7 - - - -
Cyp19 - - - -

+
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Despite its important role in tobacco metabolism, deletion of the CYP2A6 gene (*4) has
a controversial association with lung cancer. Most studies, except one %, were performed
among Asian persons and both individual gene as well as gene-smoking associations were
investigated. Decreased 7499, equal °¢'°° and increased risks ' of lung cancer were found.
An increased risk was found among Chinese and decreased risks among Japanese. As previ-
ously mentioned, allele frequencies differ between populations, even within Asia. This could
explain the discrepancies found. Nevertheless, in populations in which the deletion genotype
is common, lung cancer risk might be influenced by an altered metabolism of both tobacco
and probably other compounds.

To our knowledge, there are only few studies on the association between CYP2A713
polymorphisms and lung cancer, although it is one of the most important cytochrome P450
enzymes for the metabolic activation of the tobacco-specific carcinogen NNK. Both a 10-fold
increased risk of small cell lung cancer ¢ and a decreased risk of adenocarcinoma of the
lung, mainly in those with moderate cigarette use *°, were found. Although these associa-
tions were detected for different variants (*7 and *2, respectively), the functionality of these
polymorphisms was assumed to be similar. These studies were not only dissimilar in exposure
variant, however, but also differences in ethnicity and power may have played a part in the
inconsistent findings.

A single study reported that homozygous CYP2C19'poor metabolizer’ carriers had a more
than 3-fold increased risk of lung cancer. 7 Whether this association is genuine needs to be
investigated.

Half of the studies in which relations between the *5 and *6 alleles of CYP2ET and lung can-
cer were investigated did not find any association at all.#*#¢961021°6 | the remaining studies the
*6 polymorphism was associated with an increased risk of lung carcinoma.”*” On the other
hand, the *5B polymorphism seems to be associated with a decreased risk of lung cancer.*®™
CYP2E1 seems to modify the effects of smoking on lung cancer, even though only a minority
of studies considered the relation.”

Among German individuals (801 cases and 432 controls) a 2.25-fold increased risk of small
cell lung cancer in homozygous carriers of CYP3A4*1B was found. Women homozygous for
CYP3A4*1B showed a 3-fold [95% Cl: 0.94 - 9.90; p=0.06] but non-significantly increased risk.
This risk increase was not seen in men unless they had smoked for more than 20 pack years
(OR 3.42; 95% CI: 1.65 - 7.14). In women with a smoking history, the risk was even higher (OR
8.00; 95% Cl: 2.12 - 30.30) (taBLE 2).2 CYP3A5, which is genetically situated near CYP3A4 on
chromosome 7, has also been associated with lung carcinoma. An Asian study of 133 cases
and 270 controls discovered a higher allelic frequency in Taiwanese lung cancer patients of
CYP3A5*1 than in controls (OR 1.49; 95% Cl: 1.04- 2.13).”> Both CYP3A4*1B and CYP3A5*1 are
active forms. While evidence is still limited to these two studies, the fact that the associations
were observed in different ethnic groups (Caucasians and Taiwanese) supports an involve-
ment of CYP3A in lung cancer.
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In conclusion, many different CYP isoenzymes have been studied in association with lung
cancer, all of which are involved in the metabolism of tobacco pro-carcinogenic compounds.
The effects of CYPTAT polymorphisms were most intensively studied and the risk increases
with the *2 variants are more or less established. Even though CYP2A6 is highly relevant for the
metabolism of nicotine, polymorphisms in this gene are not consistently related with a spe-
cific risk pattern of malignancies of the lung until now. Although genes coding for enzymes
concerned in the metabolism of tobacco were considered, not all studies investigated a syn-
ergistic effect of the gene with tobacco use. In studies in which this effect was considered, the
particular CYP enzyme regularly modified smoking.

Esophageal cancer

Esophageal cancer is mostly associated with excessive intake of alcohol and other causes of
mucosal damage. Like lung carcinoma, esophageal cancer is often related to smoking as well
although the risk increase seems to be smaller than for lung cancer.

While all studies were performed in Asian individuals, contradictory results were found
for the association between CYPTAT polymorphisms and esophageal cancer risk. Although
several studies found a significant 2 to 3-fold risk increase among homozygous CYPTA1*2B
carriers "4, others could not demonstrate an association ™5 or even found a decreased risk
in persons with variant alleles . However, the latter study was small and studied a specific
subgroup of north Chinese individuals, which could have led to spurious results.

The same research group that identified a higher risk of lung cancer in carriers of CYP2A6*4,
found an increased risk of esophageal cancer in carriers of this variant who did not smoke.
(OR 2.1; 95% CI: 1.0 - 4.5)." Although previous in vitro studies support the hypothesis that
deletion of the gene leads to higher concentrations of active nicotine in the blood, this is the
only association study.

Next to lung cancer risk, poor metabolizers of CYP2C19 have been associated with a more
than 3-fold increased risk of esophageal cancer in the same group.” This was, however, the
only study found for this association.

Although one study among Chinese Kazakhs observed an 11-fold risk increase of esopha-
geal cancer 7, the wild-type of CYP2ET (*1/*1) has been associated with a 3- to 5-fold risk
increase of esophageal cancer in other Chinese individuals."®" In Japanese subjects, tandem
repeats in the 5'flanking region of CYP2ET gene were associated with an increased risk of
esophageal cancer.# The CYP2ET variant (*6) was also associated with an increased risk of this
type of cancer in South-African subjects ° but the last two results have not yet been repro-
duced. All results established with the wild-type genotype were found without consideration
of alcohol use or other potential substrates that would have made the pathophysiological
mechanisms underlying this association more understandable.

CYP3A5*3 was associated with an almost 2-fold lower risk of esophageal cancer among
South-African subjects of mixed ancestry. When gene-environmental interaction with to-
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bacco and alcohol use were considered, persons with the wild-type genotype were found to
be twice as much susceptible for esophageal cancer both with tobacco and with alcohol use
than those with this genotype who did not use one of these substrates.” Even though these
results support the hypothesis, study size is rather small and results could not be reproduced
in black South-Africans.

In conclusion, although not as consistent as with lung carcinoma, the CYPTAT Val** seems
associated with an increased risk of esophageal cancer. Also, people with the wild-type
genotype of CYP2ET seem to have an increased risk. Most associations were found for patients
with squamous cell carcinoma, possibly related to the strong etiologic association between
alcohol and this type of cancer.

Gastric cancer

Important risk indicators for gastric cancer are alcohol use, smoking and dietary compounds
such as salt and fruit.”>> Several CYP enzymes are involved in the metabolism of these sub-
strates. Therefore, CYP gene polymorphisms are considered important in the interindividual
variance in effect modifiers for the associations with gastric cancer.

Besides the fact that CYP1AT gene polymorphisms were not as intensively studied in gastric
cancer as in lung- and esophageal cancer, results for *2 point suggest a reduced cancer risk.
One Chinese cohort study that identified 90 gastric cancers out of 275 high risk participants
found a risk reduction of 50% in Chinese individuals carrying the *2A variant. This cohort
consisted of gastric mucosal dysplasia persons who are at increased risk for gastric cancer. It is
possible, however, that genetic trait effects were overwhelmed by other stronger risk factors,
diluting the results found for genotype differences.

A deletion of the CYP2A6 gene has been associated with a 4-fold increased risk of tobacco-
mediated gastric carcinoma, an association that seemed even stronger than with esophageal
cancer.”

CYP2C19 genetic variants that result in a decreased activity (*2 and *3) have not only been
associated with an increased risk of lung cancers and esophageal cancers, but also with a
3-fold increased risk of gastric cancer.”

Both the wild-type 3, as well as the CYP2ET1*5 variant ' were mentioned as a risk factor
for gastric carcinoma in homozygous individuals, but these associations were not reproduced
in another study.” However, one study focused on specific histological subtypes of gastric
cancer ¥, while others studied anatomical subtypes ' or total gastric cancer incidence ™.
Additionally, exposures differed between study groups from alcohol ¥, to smoking ™ as well
as the independent role of CYP2ET polymorphisms ™.

In conclusion, thereis yet little conclusive evidence for an association between cytochrome
P450 polymorphisms and gastric cancer. Also associations in which specific substrates were
considered and studies in non-Asian populations are sparse.
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Colorectal cancer

Risk factors for sporadic (non-familiar) colorectal cancer (CRC) are multiple. Eating low
amounts of red meat, three servings of vegetables a day and using multivitamins with folic
acid have been associated with a lowered risk of CRC. Other determinants that seem to reduce
the risk are oral contraceptives or post-menopausal hormones in women and the long-term
use of aspirin.’

Although there might be several candidate genes in association with the above-men-
tioned preventive factors, only a few candidate genes were actually reported in the literature.
CYP1A1*2 was associated with an increased risk of sporadic CRC, both in smoking and non-
smoking Caucasian individuals.®° Although not significant, this variant was overrepresented
among CRC cases in a Hungarian population as well.™ Interestingly, the opposite result was
found for the *4 polymorphism of the same gene, that is associated with an increased bioactiv-
ity too.” Moreover, a polymorphism in the promotor region of the gene for which functionality
needs to be further studied was associated with a 50% reduced CRC incidence.™ This Spanish
group additionally reports increased risks of CRC for those with an intron 1 polymorphism of
the CYP1A2 gene (*1F) and an exon 1 polymorphism of CYP1B1.%' The *1F polymorphism was
also found associated with an increased risk of colorectal adenomas that are considered to be
precancerous lesions.™

CYP2C9 gene variants corresponding with reduced enzyme activity were associated with
CRC, although not consistent. Carriers of the *2 or *3 variant of the gene were found to be at a
decreased risk of CRC, primarily of the proximal colon '3, although in one study, this could only
be demonstrated for men.’? In line with this, the wild-type genotype was associated with an
increased risk of CRC.* However, a study among Spanish Caucasians found increased risks for
those with the variant type.™ Strange enough, they did not report this finding as statistically
significant, as a result of which either one of these observations should be questioned. Two
others were not able to find any association at all.»* Although CYP2C9 is important in the
metabolism of NSAIDs and NSAID use is associated with a lower incidence of colorectal can-
cers, indications for a synergistic role of CYP2C9 polymorphisms could not be found.™ Further
research should shed light on the effect of the slow metabolizing variants on colorectal cancer
risk in non-Caucasians, the effect of interaction with non-steroidal anti-inflammatory drugs
and whether this effect differs for proximal and distal located tumors.

Finally, two other CYP gene polymorphisms are associated with CRCrisk. A 30% reduced risk
was found in Caucasian carriers of an insufficient CYP2C19 gene (*2).> The combined variant
of two polymorphisms in the untranslated region of CYP2ET on chromosome 10 (*2B), related
to increased risk of other cancers as well, was associated with an increased CRC risk among
Hungarians.®® However, this result could not be reproduced among Dutch Caucasians.® As
functionality is not completely unravelled, these conflicting results are difficult to explain.?

Since colorectal cancer is considered as the final stage of the sequence from adenoma to
carcinoma, studies on the association between cytochrome P450 gene polymorphisms and
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adenoma gave similar results as for carcinoma. For colorectal cancer risk, it can be concluded
that research on associations with CYP polymorphisms remained limited to some variation in
the CYP1AT and CYP2C9 gene that affect especially the proximal colon. Literature on gene-
environmental interactions with substrates like NSAIDs or dietary features is still limited.

Hepatocellular cancer

In addition to excessive alcohol consumption, chronic infections with hepatitis B (HBV) and C
viruses (HCV) are a major cause of hepatocellular carcinoma (HCC). Therefore, studies on the
risk of cytochrome P450 polymorphisms and hepatocellular carcinoma are usually performed
in hepatitis-infected patients, which may complicate the extrapolation of findings to the
general population.

Once more, the CYPTAT*2A polymorphism was hypothesized to increase cancer risk. A
more than 3-fold increased HCC risk was indeed found in Taiwanese hepatitis B virus carriers.™
Nonetheless, a similar study in Italian hepatitis C virus patients could not reproduce this find-
ing. *® This could have been caused by the variety in allele frequencies. The *2A variant allele
was found in 40-80% of Asian individuals whereas it is only present in 2-3% of Caucasians.”” As-
sociations within low allele frequency areas can only be found when the association is strong
enough, which is probably not the case in relations with single polymorphisms.

A Japanese study observed an increase in HCC risk for HCV positive homozygous carriers
without a sufficient CYP2A6 gene (*4).° These results support the hypothesis of increased car-
cinogenesis but the study must be discussed for its design. It was a case-only study in which
allele frequencies found in 44 HCV positive HCC patients were correlated with the frequency
of the general healthy Japanese population. This could have led to spurious results. As the
authors state themselves, further evaluation is required.

Spanish Caucasians who are extensive metabolizers of CYP2D6 enzyme substrates have
a 6 times increased risk of HCC.° In line with this finding, the poor metabolizers of this gene
(*3, *4 and *6) had a 90% risk decrease of HCC.”® Although this last study was performed in a
population infected with hepatitis C virus, results suggest a genuine association.

Less consistent were results found for CYP2E1. Both the wild-type genotype ' as the *5
variant that results in a higher inducibility 2, were associated with an increase risk of HCC.
Both variants were also associated with an increased risk of gastric cancer. The wild-type was
found to be the risk allele in Taiwanese and *5 in Japanese. This might indicate a variety in
allele frequencies in these Asian countries, but other explanations could hold as well. Both risk
increases found in Taiwanese were found in synergy with alcohol or tobacco. The risks found
in Japanese were the individual results for the genotype. As we have seen earlier, the effects
of the genetic traits could be overwhelmed by environmental factors at higher exposures.
Another study that investigated the association of CYP2ET variants and HCC risk was unable
to confirm this.s
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In summary, poor metabolizers of CYP2D6 seem to confer a reduced risk of hepatocellular
carcinoma, especially in hepatitis C infected individuals but the overall evidence for an as-
sociation between genetic polymorphisms and HCC risk remains restricted to subgroups of
hepatitis infected patients.

Breast cancer

Probably, many of the risk factors for breast cancer are directly or indirectly related to estro-
gen levels. Therefore, CYPs involved in the estrogen pathway are considered as important
candidate genes for the susceptibility to breast carcinoma. Although there are several gene
mutations that are associated with an increased risk of breast cancer, such as BRCA-1, -2, CHK2,
ATM, and STK11, until now only a few CYP polymorphisms have been detected that seem to al-
ter breast cancer risk.#514¢ Most of these studies did not study the interaction with estrogens.
Only a few studies observed effects in subgroups of postmenopausal women, suggesting that
the variant type acts as an effect modifier for the association between hormones and breast
cancer in those with low levels of estrogens.

Contradictory results were found for CYP1AT variants that were candidate genes for the
association with breast cancer due to their involvement in estradiol hydroxylation. Of the
five studies on *2A4, all in different ethnical groups, three reported a positive association 4714
and two a negative one "¢'°. The negative associations were found regardless of substrates
such as estrogen or tobacco, two of the three positive ones considered the substrates, but the
remainder found the highest risk increase. Dissimilarities in ethnicity, substrate consideration
and study size could have resulted in these findings. When these observations are extended
with the ones found for *2C, resulting in an increased activity as well, more similarities are
found with all positive associations "6™9s" except for one "2 This latter study was not only
performed in Japanese, which makes it conceivable risk factors might also differ, but they
additionally found another 3'noncoding region polymorphism (T6235C) that was associated
with a reduced risk of breast cancer. This 3'noncoding variant was found to be associated,
however, with a higher rate of lymph node metastasis. The study among Austrian individuals
1915 found opposite results for *2A and *2C, which is not in line with the presumed hypoth-
esis.

CYP1B1*3 was associated with a 2-fold increased risk of breast cancer in Turkish and
Shanghaian women.*"4 Effect modification of the gene on estrogen levels was only studied
specifically in the Shanghaian group and resulted in significant observations for homozygotes
of the variant gene.’* The Turkish study group postulated that women with high body mass
indices have increased estrogen levels since estrogen is stored in fat tissue.s* There may be
a synergistic association of estrogen levels and the CYP1BT polymorphism on breast cancer
risk.

A promoter variant of CYP17(T1931C), without known functionality, was repeatedly found
to be associated with a 2-fold risk increase of fiboroadenoma and carcinoma of the breasts.”ss"s®
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Results seem to be stable over ethnic groups. [TTTA] repeats of 8 or more in CYP19 were con-
sistently associated with an increased breast cancer risk as well, although these studies were
all performed among Caucasians."®* Several other polymorphisms in the aromatase gene
(see TABLE 2) are associated with an altered breast cancer risk.+>5¢2163 Most variant carriers are
found to have an increased risk of cancer of the breast, but contradictory results have been
found for a T to C substitution in exon 1.#2"2The real effect of these polymorphisms is probably
due to linkage disequilibrium with the previously mentioned [TTTA] repeats.

Specific estrogen metabolizing genes are mostly associated with an increased breast
cancer risk. Future studies should focus on specific substrate levels to understand more of
estrogen metabolism by CYPs in the etiology of breast carcinoma.

Prostate cancer

Prostate cancer is considered to be the most important hormone-related cancer in men.
Therefore, several CYP candidate genes were studied individually as well as in combination.
They seem to be associated with the risk of prostate cancer under the influence of andro-
gens. 3448990164169 Simijlar to studies on breast cancer, the synergistic effect of CYP polymor-
phisms and hormones requires more studies in subgroups of exposure for this particular
cancer. CYPs are also frequently mentioned as tobacco compound metabolizers. As a conse-
quence of the finding of an association between tobacco-induced CYPs and an increased risk
of prostate carcinoma 3#7°"", a new tobacco-related tumor was found 7.

CYP1A1*2C conferred a more than 2-fold increased risk of prostate cancer in Japanese
o7 although it remains unclear how many alleles must be affected for a significant effect 7.
Additive effects with the phase 2 GSTM1 null variant (an allele that makes no gene product or
whose product has no activity of any kind) were frequently found and this synergy may even
increase prostate cancer risk in heterozygous CYPTA1*2C carriers.

Contradictory results were found for CYP1B1 polymorphisms. Variant (¥*2) 4 as well as
wild-type genotype carriers ' have been associated with an increased risk. The Caucasian
study on *2 used the wild-type genotype as reference, however, while the other study was
performed among Japanese and used a haplotype analysis. Hence, this contradiction needs
further exploration.

In one study, poor metabolizing status of CYP2D6 was associated with an increased risk of
prostate cancer in 153 smoking Danish individuals (OR 3.10 [95% Cl: 1.07 - 8.93]), but not in
smoking Swedish men possibly due to low sample size or unknown coincidental factors.?®

CYP3A4*1B was originally suggested to decrease the oxidative deactivation of testoster-
one, resulting in more dihydrotestosterone (DHT). DHT is the metabolite that induces prostate
cancer. The variant was most common in African-Americans, who have the highest prostate
cancer incidence in the world. Therefore, men with this variant were expected to have an
increased prostate cancer risk. However, one study among 622 Caucasian prostate cancer
patients found the opposite.”s Others demonstrated that carriage of this variant type was
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indeed associated with increased prostate cancer risk 74, or mainly in high stages (T3/T4) or
Gleason scores > 7.229°75 |n |ine with the finding that CYP3A4*1B increases high-grade prostate
cancer was the decreased risk found for low-grade prostate cancer by another study.” This
latter study used the same study population as Plummer et al.®° This was mainly observed
among relatively old men without any family history of prostate cancer. Studies were per-
formed in Caucasian and African American men. It was argued that the CYP3A4, for which in
vivo functionality lacks, is probably in linkage disequilibrium with a more functional variant. A
candidate gene for this hypothesis was CYP3A5.%° Persons with the *3 variant did not express
the gene and therefore the protein, and seemed to have a decreased activity, possibly leading
to increased testosterone levels.® In line with this hypothesis is an observation that CYP3A5*3
decreases low-grade prostate cancer #°, although others found this association for CYP3A5*1 77,
The exact consequences to several substrate levels needs to be further evaluated to draw con-
clusions about prostate cancer risk. Subsequently, haplotype analyses were performed with
combinations of the CYP3A4 and CYP3A5 variants. The combination of CYP3A4*1B/CYP3A5*3
seemed to increase prostate cancer risk.>° CYP3A4*1B/CYP3A5*1 was both found to lower high
73 as well as low grade prostate cancer *°.

Close to the previous CYP3A families lies CYP3A43 on chromosome 7, with the variant *3
of which the functionality needs to be proven yet. This polymorphism was more frequently
expressed in prostate cancer patients with a familial background 2 or smokers 7.

A [TTTTA], deletion of CYPT1AT has been associated with an increased risk of metastatic
prostate cancer (OR 1.79 [95% Cl: 1.07 — 2.90]) and with a higher grade (Gleason score > 8) or
a more poorly differentiated tumor (OR 1.79 [95% CI: 1.08 - 2.97]). However, an increased risk
of prostate carcinoma was not detected.”

Studies on CYP17 gene variants, encoding for an enzyme of high interest in testosterone
metabolism, are somewhat inconclusive. The majority of studies observed increased risks of
prostate cancer for those who carried the A2 variant of the gene, which is in line with the a
priori hypothesis.”"®2 Others, however, observed increased risks for those with A7 (wild-type)
67183 and a large study of 590 cases and 782 controls could only report a borderline significant
risk increase (OR 1.23 [95% Cl: 0.99 - 1.54] in A2 carriers ®4. A meta-analysis only revealed an
increased risk of prostate cancer in A2 carriers of African descent which was based on 3 stud-
ies.’”® Besides this, inconsistencies exist with respect to age at diagnosis. While two studies
found the highest risk in youngest individuals 7*®", others observed this in older men ™° or
no effect of age at all . The study among African Americans additionally reported increased
risks of high grade and stage prostate cancers in homozygous A2 (C-allele) carriers (OR 7.1
[95% Cl: 1.4 - 36.1].®2 One of the reasons for inconsistencies among studies is in the selection
of controls. Besides healthy controls, also men with benign prostatic hyperplasia (BPH) were
included.

Finally, prostate cancer risk has been associated with polymorphisms of CYP19 (aroma-
tase). Either short (7 or 8) repeats of 4[TTTTA] “*¢¢ as well as a Cto T SNP in exon 7 **°, have been
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proposed as risk factors for prostate cancer. Carriage of these variants was associated with
an almost doubled risk of prostate cancer and the C to T mutation was also associated with a
higher tumor grade (OR 2.59 [95% Cl: 1.47 - 4.46]. In combination with either a polymorphism
of the estrogen receptor (ERa) or a polymorphism of catechol-O-methyltransferase (COMT)
an odds ratio of 3.00 [95% Cl: 1.72 - 5.23] was found. When all three phase | and phase I
polymorphisms were present in one individual they synergistically increased the risk to 6.30
[95% CI: 3.61 - 10.99].7¢°

In conclusion, a variety of cytochrome P450 polymorphisms have been associated with an
increased risk of prostate cancer risk of which polymorphisms of CYP3A, CYP11A, CYP17 and
CYP19 seem to be most prominent. Future studies should focus on interactions between these
subfamilies or a multilocus approach.

Other malignancies
Since only a limited number of studies on the association between cytochrome P450 poly-
morphisms and other malignancies have been performed, they are reviewed together.

Ninety percent of head and neck malignancies are squamous cell carcinoma that are gen-
erally considered tobacco-related. Two CYP enzymes that participate in tobacco-metabolism
have been associated with an increased risk of head and neck malignancies, both in German
individuals. First, persons with the CYP1B1 *2/*2 polymorphism had an almost 5-times higher
risk of such malignancies than those with the wild-type (*1/*7), an observation which was
accompanied by a 20 times higher likelihood of carrying mutations in the p53 suppressor
gene.”® Second, a study was performed demonstrating a 3-fold risk increase of head- and
neck malignancies, in carriers of CYP2E1*7B. **¢ The functionality of this last variant needs to
be proven.

Until now, CYP1B1 is the only cytochrome associated with renal cell carcinoma. One study
in Japanese individuals found it to be increased in carriers of polymorphisms in the CYP1B1
gene with decreased activity (*2 and *3).® The same group also found evidence that these
polymorphisms increased estrogen induced endometrium cancer.” People with one of the
two variants and endometrium cancer also had an increased frequency of estrogen receptor
and prostagen receptor positive status. As expected, an association between polymorphisms
of the major estrogen metabolizing enzyme CYP17 and ovarian cancer was found as well.
Both homo- and heterozygous carriers of the CYP17 Mspl variant (A2) had an increased risk,
especially in women of 50 years and older and women with invasive serous cancer.”®

Chinese individuals with CYP2C79 *2 and *3, exhibited a decreased risk of bladder cancer.”®
This study, however, requires confirmation in view of the low number of cases and the single
ethnical group.

Since several years, it is known that anticancer drugs can induce leukaemia but only
recently it was suggested that cancer patients with CYP3A4*1B who used anticancer drugs

containing epipodophyllotoxins had a lower risk of developing a tumor-related leukaemia
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than carriers of the wild-type version of the gene. Individuals with the wild-type genotype
may have an increased production of potentially DNA-damaging reactive intermediates while
the variant may be associated with decreased production of the epipodophyllotoxin catechol
metabolite, the precursor of the potentially DNA-damaging quinone.®

For skin cancer, the wild-type of CYP1AT " and extensive metabolizers of CYP2D6 *° were
both associated with basal cell carcinoma (BCC) incidence although the wild-type genotype
of CYPTAT was associated with truncal BCCs most strongly. The CYP2D6*4 variant was also
associated with a doubled risk of malignant melanoma in homozygous individuals compared
to non-carriers of this variant.

In conclusion, for the malignancies mentioned in this paragraph, reliable association stud-
ies for cytochrome P450 are still limited. Since the few results that are found are consistent
with the ones found for other tumors, future research seems to be valuable.

HARDY WEINBERG EQUILIBRIUM

It has been proposed to consistently include information about the Hardy Weinberg equilib-
rium (HWE) of study populations in all genetic association studies. Deviations from HWE might
indicate inbreeding, population stratification, genotyping problems or can cause evidence for
false associations. Therefore, to evaluate the results found in association studies, information
about HWE must be provided. This test is commonly performed by a simple X>-goodness-
of-fit test that analyses differences between expected and observed allele frequencies, but
also more profound methods are available. Authors should give p-values or allele frequencies
per genotype in the study population or control subjects in order to validate their results.
Unfortunately, not all studies point at this equilibrium. In our search 60 % (74 / 124) of the
studies discussed HWE in some way (taBLE 2). For most of them, only allele frequencies were
given. Out of this 60 %, one third was not in HWE when calculated on the basis of the numbers
mentioned in the papers. Only a minority of studies mentioned this, but most of the others
reported that their data were in HWE although this could not be reproduced with numbers

provided in the paper.

DISCUSSION

Since the discovery of the cytochrome P450 enzyme family some 50 years ago, its important
role in detoxification is increasingly recognized. Therefore, the hypothesis that variations
in metabolic capacity might not only have consequences in the field of pharmacology but
also aspects of carcinogenesis arose early. With the rapidly growing knowledge of genetic
determinants resulting in a different protein structure or expression level of the numerous
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cytochrome P450 enzymes, one might expect that the discovery of genetic polymorphisms
associated with an increased or decreased risk of cancer will grow almost exponentially.
However, current knowledge is still modest and contradictory. With the exception of tobacco-
related cancers and polymorphisms in CYP1A1, CYP2ET genes, and hormone-related cancers
and polymorphisms in CYP17 and CYP19 genes, there is yet little consistent evidence for an
association with cancer. Furthermore, the proposed functionality is regularly in discordance
with the results found. In view, however, of the hypothesized role of environmental toxins
in carcinogenesis and the undisputed importance of the cytochrome P450 enzyme family,
substantial findings are likely to lie ahead.

The development of cancer is a multifactorial process that probably starts with an initia-
tion phase in which one or more cells develop permanent DNA damage, depending on the
carcinogenicity and quantitative level of the causative exposure. If this damage is not repaired
before a new division takes place, cell proliferation and DNA replication may be the first step
towards a malignancy. It is likely that this does often not happen due to a large number of bio-
logical defence mechanisms. As soon, however, an uncontrolled growth and expansion occurs
with complete loss of the original cellular structure and functions a tumor is considered as
malignant, especially when metastasis occurs. In line with the complexity of cancer initiation
and promotion, the activation and stimulation of the different phases is probably coordinated
by a large number of substrates. According to this process, there are several important con-
siderations regarding the association between cytochrome P450 gene polymorphisms and
cancer development. First, it is unlikely that cytochrome P450 enzymes are a direct cause of
cancer. It is more plausible to consider them as effect modifiers. Consequently, the likelihood
of an association of a cytochrome P450 gene variant and cancer depends not only on the
prevalence of a particular CYP gene polymorphism, but also on the exposure prevalence of
the carcinogenic substance in the population. For endogenous substances such as estrogens
and testosterone, the exposure level relates to gender. For exogenous substances of known
toxicity, however, the exposure prevalence of the population will be low, because such
substances will be avoided and interaction between a polymorphism and such a toxin on
cancer in a population can hardly be demonstrated. Of course, psychotropic substances with
a liability to abuse such as nicotine and alcohol will be frequently used despite known toxicity,
and in such circumstances an adverse interaction between a CYP gene polymorphism and
cancer is much more easily demonstrated. Second, studies done so far are not consistent with
respect to the interaction of CYP polymorphisms and substrate levels. Whereas some authors
focused on specific substrates and the interaction with CYP polymorphisms (CYPs as effect
modifiers), others investigated the association between polymorphisms as independent risk
factors for cancer. Results from these latter studies may underestimate the true risk because of
misclassification if they are not stratified according to substrate exposure. Third, cytochrome
P450 enzymes catalyze reactions that lead to an increase or decrease of substrate levels and
their metabolites. A change in expression or activation of cytochrome P450 enzymes caused
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by gene variants results in differences in substrate levels and might therefore alter disease
risk. When the variant form works as an ultra-rapid metabolizer, more substrate will be me-
tabolized per time unit. If this substance was a potential carcinogen before metabolisation, a
decreased risk of cancer might be expected. If the substance, however, was a pro-carcinogen
that is activated, an increased risk of cancer might be predicted. For poor metabolizers this
works the other way around. Polymorphic expression of CYPs in tissues could also affect cancer
development. This association was reviewed before and was therefore not considered here.>3
Fourth, one has to consider that CYPs originally play a role in the metabolism of endogenous
and some exogenous substances and that their interaction with other exogenous compounds
like tobacco and alcohol is rather a result of evolution than a primary function. And fifth, ge-
netic trait effects might be overshadowed by other more important risk factors. Occasionally,
results for the effect of CYPs were only significant in those that used low amounts of tobacco
or alcohol or who were postmenopausal.

A potential explanation for the often contradictory results in this review is the large
variation in methodology and population sizes. For the analyses, a case-control study design
is regularly used, but if possible a prospective follow-up study seems more appropriate.’
However, disadvantages of using a case-control approach are the use of poorly matched
controls and the chance of bias. For some time it was thought that siblings would be the best
controls, but this turned out to induce overmatching.> Overmatching occurs when genetic
and environmental factors are more identical in cases and controls than between cases and
the general population. Within families these factors are highly aggregated and overmatching
then results in a loss of power and could consequently lead to an underestimation of the
true risk estimate. Therefore, unrelated controls, matched for at least age, gender and ethnic-
ity, are nowadays considered appropriate for genetic association studies. Most population
sizes are relatively small, just like studies on other single nucleotide polymorphisms (SNPs)."4
Odds ratios often represent modest effects in a range of 1.1 - 1.5 and one single nucleotide
polymorphism usually explains only 1-8% of the total disease risk in a population. Although
this risk seems small, one has to consider the additive effect of multiple SNPs that might also
include SNPs of other metabolizing genes. Eventually, a risk of 20-70% can be explained by
combinations of SNPs. loannidis argued the need of one thousand or more subjects to obtain
an adequately powered study.”* The majority of association studies on SNPs, however, only
consist of several hundreds (100-300). Since the design of a study with many thousands of
subjects is practically not feasible due to high costs and other reasons of efficiency, one can
use a meta-analysis to study if the association found in a group of smaller studies is in fact
true. Since an adequate meta-analysis should contain thousands of persons, a total of ten
or more smaller studies must be available to start a meta-analysis. At this time, however,
there are two main limitations for a meta-analysis of the association of cytochrome P450
polymorphisms and cancer. First, studies in Asian study populations are overrepresented in
this field (up to 50%). Therefore, allelic frequencies presented are primarily those found in
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Asian people. Consequently, a meta-analysis at this moment cannot contribute to a better
understanding of all polymorphic CYPs as risk factors in each ethnic group. Although there
could be a large heterogeneity (58%) of allele frequencies between races, the genetic effects
are less heterogeneous (14%)."s The biological impact on the risk of diseases is then usually
more or less consistent across different populations, although these relations might not be
found due to insufficient power in low frequency areas or absence of specific substrates. Sec-
ond, the number of studies that can be used in a specific meta-analysis is still too limited to be
useful in adequate association analyses of SNPs. For example, there were approximately 600
positive associations between common genetic variants (SNPs) and specific diseases reported
of which 166 had been studied 3 times or more.”® Of these 166 studies, only 6 had a result that
was similar in replicated studies. The number of studies done for SNPs of cytochrome P450
genes is even more limited and diverse.

So far, we discussed the restrictions of poorly (or over-) matched control groups and small
sample sizes. Besides this some other statistical limitations should be considered. When the
allelic frequencies of the study population are not checked for the Hardy-Weinberg equilib-
rium (HWE), there is a chance of genotyping error and/or selection bias. This happens, for
example, with selective survival. Because the majority of cancer develops at a higher age,
polymorphisms that are related to lethal diseases earlier in life are less frequent at higher
ages. An underestimation as well as an overestimation of the result can be the consequence.
Bias due to non-random population stratification can occur in any study in which cases
and controls are not matched for their genealogical history.” As a consequence, a disease
with a high prevalence in a subpopulation will be associated with any allele that has a high
frequency in that specific population, regardless of the question whether the association
is causal. Another potential limitation is that most association studies with a negative out-
come are not published. If a meta-analysis of published data is performed, the effect of CYP
polymorphisms tends to be overestimated. This phenomenon most frequently happens for
those polymorphisms with a minority of positive outcome studies. Nevertheless, confounding
bias is uncommon because cytochrome P450 gene polymorphisms are most probably effect
modifiers rather than confounders. Yet, some studies focused on the confounding effect of
exogenous substances. They considered the possibility that a CYP polymorphism would make
a person more prone to nicotine or alcohol abuse. In this way, a genetic polymorphism might
be seen as confounding factor. Nevertheless, definite conclusions from these studies cannot
be drawn so far.

In conclusion, despite a compelling theoretical basis for the hypothesis that genetic
polymorphisms encoding for cytochrome P450 enzymes may play a role in the development
of cancer, the number of studies on this topic are scanty and give contradictory results. How-
ever, this topic warrants more detailed investigation, preferably on potential interaction with
highly prevalent exposures like endogenous substances such as hormones, and exogenous
substances such as toxins and food components. Association studies must be performed
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in a standardized way in order to be more similar. They must use the same genetic variant
per gene and construct haplotypes. Control groups must contain healthy individuals with
the same allele frequencies. All assumptions must be explained thoroughly to later facilitate
meta-analyses. An even better approach seems the use of large follow-up databases in order
to get rid of the problems of a case-control design. A solution for the lack of common stan-
dards in identifying genetic determinants for complex diseases was proposed at a workshop
at the end of 2004. The members recommend the creation of a network of all consisting hu-
man genome epidemiologists and invite persons around the world to join. Such a network
permits broad, consistent and transparent assessment and replication of novel findings from
individual studies. Functionality will be particularly been proven in those areas that include
genetic effects with impact on multiple biological pathways that in turn affect many differ-
ent diseases."”® Most preferably, one should scrutinize each CYP gene for all polymorphisms
in all ethnic groups and determine their functionality. This genome-wide screening would
however imply tremendous work. Alternatively, for this moment, we can construct linkage
disequilibrium blocks (LD-blocks) and use haplotype-tagging SNPs to analyze diversity across
a gene without knowing which polymorphisms are the causal ones. Most of the time three or
four common versions would capture the majority of genetic diversity throughout the entire
human population. Large consortia are necessary to screen for functional causal SNPs in
which standardization starts in the early phase of research. This standardization would allow
to perform a prospective meta-analysis. Also the combination of several SNPs in several CYP
and other genes must be considered to look at interaction and synergy. These combinations
can lead to a genetic risk profile that might eventually be applied into clinical practice for
prevention and treatment strategies.
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ABSTRACT

Background: Polymorphisms in genes encoding for CYP3A enzymes, that play a role in ste-
roid hormone metabolism, might affect steroid hormone serum levels and prostate cancer
incidence or mortality.

Methods: Over 2400 male participants of The Rotterdam Study with available genotype data
on CYP3A were included. General linear models were performed on different random subsets
of hormone levels to study associations with genotype. Cox’proportional hazard models were
used to study prostate cancer incidence and mortality among genotypes.

Results: CYP3A4 G-allele carriage was associated with lower levels of estrone sulphate (p =
0.005) and higher levels of estradiol (p = 0.04) compared to non-carriers. CYP3A5 A-allele car-
riage was associated with increased levels of estrone sulphate (p = 0.02), but higher mean
levels of androstenedione and lower levels of testosterone did not reach significance anymore
after adjustments for other CYP3A genotypes. CYP3A7 G-allele carriage was associated with
the highest number of significant differences in steroid hormone levels. Carriers of the allele
resulting in continued enzyme expression during adulthood had decreased levels of DHEA
sulphate (p = 0.05), androstenedione (p = 0.006), estrone (p = 0.0001) and estrone sulphate (p
= 0.003) compared to mean levels of these hormones in homozygous wild type carriers. No
associations of CYP3A genotype and prostate cancer incidence or mortality were observed.
Conclusion: Primarily the amount of CYP3A7 expression seems to affect steroid hormone
levels. However, the variety of inducers and inhibitors of CYP3A and the circadian rhythm of
some precursor hormones make analyses difficult. None of the CYP3A genotypes materially
influenced testosterone level that is a precursor of the prostate growth and differentiation
stimulating dihydrotestosterone. In line with this is our non-significant observation for pros-

tate cancer incidence and mortality.
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INTRODUCTION

An enumeration of evidence supports the role of androgens in prostate cancer risk 73'7¢: Circulat-
ing levels of androgens have been reported as being highest in African-American men who
experience the highest incidence of prostate cancer and lowest in Chinese men with the lowest
prostate cancer incidence; castration at an early age prevents prostate cancer; aging is a major
risk factor, suggesting that duration of exposure to androgens might be important; serum levels
of testosterone metabolites such as dihydrotestosterone (DHT) correlate with prostate cancer
and its growth and differentiation; androgen ablation in hormone positive prostate cancer
patients reduces tumor size and disease burden. Therefore, candidate genes for the association
with prostate cancer are those that are implicated in androgen production and metabolism. Nu-
merous molecular genetic studies have been performed on polymorphic genes such as the an-
drogen receptor (AR), prostate specific antigen (PSA), 5a-reductase type Il (SRD5A2), cytochrome
P450c17a (CYP17) and a putative hereditary prostate cancer susceptibility gene (ELAC2)."%®

Another group of candidate genes are those, which encode for the cytochrome P450 3A
(CYP3A) enzyme subfamily that seem to determine bioavailability of testosterone as well.
CYP3A is the major subfamily of cytochrome P450 in the human liver and metabolizes many
drugs, xenobiotics and endogenous compounds. The genetic coding consists of a cluster of
four CYP3A genes on chromosome 7g21.1 (CYP3A4, CYP3A5, CYP3A7 and CYP3A43) each of
which contains 13 exons. They share 70-90% of metabolic properties, but are differentially
regulated.#>*° CYP3A4, CYP3A5 and CYP3A43 enzymes catalyze 2(3-, 63- and 153-hydroxy-
lase of mainly testosterone (T) and are involved in the formation of less biologically active
metabolites.>>2 CYP3A7 has a catalytic activity for 16a-hydroxylation of estrone (E1), dehy-
droepiandrosterone (DHEA) and DHEA sulphate (DHEAS).>%32°4 (FIGURE 1)

Polymorphic expression of the four genes has been studied for alterations of biological
functions and prostate cancer risk. For a promoter variant (A -293 G) of CYP3A4, designated
as *1B, functionality remains controversial. (TAeLE 1) Although epidemiologic studies provide
evidence for a decreased activity, with reduced conversion of testosterone to its less bioac-
tive metabolites 899074176205 molecular genetic in vitro studies concluded for a long time that
no biological meaningful effects could be found #2627, Nevertheless, a re-calculation of the
data of Westlind et al. by Rebbeck et al. showed a 2.9-fold increased 63-hydroxylase activity
in CYP3A4*1B carriers compared to non-carriers 2, that was reproduced by others as well 23,
and almost all studies observed elevations in expression levels of the gene in variant carri-
ers. Among Caucasians, 80% of the population carries the CYP3A5*3 variant that results in
aberrantly spliced mRNA with a premature stop codon. The decreased activity might result
in a higher bioavailability of testosterone. It was originally been thought that CYP3A7 was
exclusively expressed during fetal life, but a replacement of a part of the promoter (*7C) with
a sequence identical with the same region in the CYP3A4 promoter, leads to a continued
expression in adulthood. This higher activity might shunt DHEA to testosterone. A missense
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Table 1. CYP3A gene variation and allele frequencies of males in The Rotterdam Study

Gene SNP  ID number Region Nucleotide Effect MAF HWE
change
x _r
CYP3A4 *1B rs2740574 promotor  A-392G Controversial G:4.2% 142 023
CYP3A5 *3 rs776746 intron A 6986 G Splicing A:7.6% 042 052
CYP3A7 ¥1C rs11568825 promotor  G-291T T expression G:6.1% 217 014

SNP = Single nucleotide polymorphism, ID = NCBI database identification, MAF = minor allele frequency, HWE = Hardy Weinberg
Equilibrium.

mutation in exon 10 in the CYP3A43 gene (*3) was hypothesized to decrease the conversion of
testosterone to 6[3-hydroxytestosterone, leaving more testosterone available for the conver-
sion to the active form, dihydrotestosterone.”®

Aim of this study was to clarify the role of polymorphic CYP3A expression in the regulation
of steroid hormone serum levels in males and to study the association between CYP3A gene
variation and prostate cancer incidence and mortality.

METHODS

Setting

Data were obtained from The Rotterdam Study, a population-based prospective cohort study
that started with a baseline interview between July 1989 and July 1993. All inhabitants of the
Rotterdam suburb Ommoord, aged 55 years and older, were invited. Of the 10,275 eligible
subjects, 7983 (78%) agreed to participate.° The Medical Ethics Committee of the Erasmus
Medical Center approved the study.

Participants were visited at home at the start of the study for a standardised interview on
health state and socio-economic characteristics. Subsequently, an extensive physical exami-
nation and blood assessment followed at the research center. Since its start, cross-sectional
surveys have been carried out periodically. In addition, participants are continuously moni-
tored for major events, including cancers, which occur during follow-up, through automated
linkage with files from general practitioners. Information on vital status is obtained regularly
from municipal health authorities in Rotterdam and from the general practitioners working
in the study district.

Cohort definition

To explore associations between CYP3A genotypes and steroid hormone serum levels or pros-
tate cancer, we included males who provided a blood sample and for whom genotypes were
=2519,n
in different random subsets of these males (see TaBLE 2 for the individual numbers). For the

available (ncypm =2535,n = 2451). Steroid hormone levels were measured

cyp3a5 cyp3a7
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Figure 1. Catalytic activities of CYP3A enzymes in steroid metabolism

Hormone levels measured in this study are indicated bold, others are italicized. Abbreviations: CYP3A4; cytochrome P450 3A4, CYP3A5;
cytochrome P450 3A5, CYP3A7; cytochrome P450 3A7, CYP3A43; cytochrome P450 3A43, CYP19; cytochrome P450 19 (aromatase),
SULT2A1; dehydroepiandrosterone sulfotransferase, 3BHSD; 3B-hydroxy-steroid-dehydrogenase, 17BHSD; 1783-hydroxy-steroid-
dehydrogenase, -OH-; hydroxy-, DHT; dehydrotestosterone

association with prostate cancer, males with a prevalent prostate cancer at baseline (n = 57)
were excluded.

Exposure definition

Genotyping

Genotyping of the CYP3A4*1B (rs2740574), CYP3A5*3 (rs776746), and CYP3A7*1C (rs11568825)
was determined using TagMan allelic discrimination assays on an ABI Prism 9700 HT sequence
detection system.*® Each assay consisted of two allele-specific minor groove binding (MGB)
probes, labeled with the fluorescent dyes VIC and FAM. The primer and probe sequences, de-
signed by Applied Biosystems by their Assay-by-Design service, are listed in TABLE 1. Polymerase
chain reactions (PCR) were performed in a reaction volume of 2.0 pl, containing assay-specific
primers, allele-specific TagMan MGB probes, TagMan Universal PCR Master Mix No AmpErase
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Table 2. Sex-hormone levels per CYP3A genotype in males

CYP3Aa CYP3As CYP3A7
Nmodel1/2/3/4 AR AG+GG P AAHAG 6 P ™ 16+GG P
DHEA (umol/L) N 253/237/238/23 22/21/22/21 40/37/39/37  232/221/218/207 228/218/216/206 41/40/39/38

Model 1 109(04) 1004 083 11201) 108(04) 068 108(04) 15(1.) 056
Model 2 110(04) 98(18) 056 11704 107(05) 051 107(05) 11801.1) 034
Model 3 108(04) 203 078 114(10) 107(04) 049 108(04) 118(10) 035
Model 4 110(04) 98(17) 054 118012 107 (04) 045 107(04) 118(10) 029
DHEA sulphate (umol/)N  703/642/238/223  62/58/22/21 115/108/39/37  642/592/218/207 622/588/216/206 116/112/39/38
Model 1 400) 43004) 08 42(03) 4400 036 4501) 38(03) 6100
Model2 44(01) 4505) 082 4303) 4400 066 450.) 38(03) 1100
Model 3 4702 4506) 075 42(05) 4702) 030 4802 38(05) 3100
Model 4 46002 46(08) 092 43(06) 4702 053 48(02) 38(05) 5.100
Androstenedione (nmol/L)N 694/636/250/234  57/53/20/19 109/102/39/36  632/587/228/217 614/583/224/214 111/106/40/39
Model 1 44000 4702 03 46002 4300 07 4s00) 4102 410
Model2 44001) 4703) 031 4502 44(01) 059 44(0) 4102) 4107
Model 3 4800) 53(04) 021 5303 4700 4100 49(0) 42003) 7100
Model 4 480) 49(05) 080 52(03) 4700 020 490) 4103) 6:10°
Testosterone (OV/)N 677 /618/608/555  59/55/53/49 109/101/98/91  620/572/554/513 602/571/542/514  108/102/95/90
Model 1 11501 1005 031 108(04) 116(02) 5000 115002 11.2004) 053
Model 2 114002 1508 093 108(05) 116(02) 013 11502 112004) 052
Model 3 11401) 10605 016 105(04) 114(02) 2100 113002 113(04) 100
Model4 1302 1006 068 106(04) 11402) 010 1302 1304) 097
Free testosterone (nmol/L) N 508/461/501 /454 47/43/45/49 84/78/83/77  463/426/454/418 454/429/ 446/ 421 78/75/77/74

Model 1 03000 0200) 010 03(00) 03(00) 016 03(00) 03(00) 061
Model 2 0300 02(00) 029 03(00) 03(00) 058 03(00) 03(00) 072
Model 3 03000 02002 6100 02(00) 03(00) 012 03000 03(00) 085
Model 4 03(00) 02(00) 014 0300 03(00) 066 03(00) 03(00) 086
Estrone (pmol/L) N 673/615/606/554  59/55/53/49 112/104/100/93  613/566/551/510 594/563/537/509 111/107/97/94
Model 1 91520) 81169 014 826(50) 923021) 7.100 950(25) 707(50) <1100
Model 2 91422) 91289 098  842(64) 927023 03 951022 718(5.1) <1.108
Model 3 900(20) 76669 6107 803(51) 906(21) 6100 927025 706(5.1) <1.108
Model 4 903(22) 9289 039 840(64) 90723) 035 93102 71163) 1-10¢
Estrone sulphate (pmolL)N  616/560/568/513  50/47/48/45 9/88/91/83  568/519/521/475 543/513/499/470 98/94/92/88

Model 1 4723(142) 3635(502)  4-10° 4623(363) 4636(149) 098 49730152) 3020(358) <1.108
Model 2 4791 (150) 2957(632) 610 5447(454) 2514(159) 7100 4947(154) 3025 6361) 1-10°
Model 3 4698(122) 01423 012 4770(308) 46220127) 065 4861(132) 37606312) 1.10°
Model 4 4785013.) 3178(542)  5-10° 5498(392) 4508(139) 2100 4816(134) 3794(313) 3100
Estradiol (pmol/L) N 534/485/422/382 50/47/43/40 93/88/78/71  479/446/379/351 470/445/376/356  92/87/69/66

Model 1 a7400) 50535 040 453(25) 770.) 039 486(11) 42105) 2100
Model 2 464(11) 6344 4100 405(32) 286012 3900 482(12) 2806) 6-10°
Model 3 476010) 5473 4100 506(24) 7300) 02 4840 464(26) 049
Model 4 7100 6442 4-10° 459(3.) 8402 048 482(10) 46907) 065
Free estradiol (pmol/)N ~ 357/318/330/296  36/33/36/33 65/59/63/57  317/292/293/272 317/297/294/ 277 56/54/54/52

Model 1 14(00) 14(0) 069 13(01) 14(00) 080 14(00) 13(01) 046
Model 2 13(00) 150) 026 12(01) 14(00) 020 1300 13(01) 088
Model 3 13(00) 1501) 016 14(01) 13000 031 13000 1401 052
Model 4 13(00) 150 07 1301 1400) 087 13000 14001) 037
Cortisol (nmol/L) N 321730 2/25 49/45 294/280 288/276 51/49

Model 1 355083) 3890094) 027 3699(219) 3556(87) 054 3630(87) 3254(208) 010
Model 2 3559(88) 3486700 032 3552(274) 3595(93) 089 3646(9.1) 3269217) o
Cortisol /DHEAS ratioN~ 298/279 5/ o 271/259 270/258 46/45

Model 1 1448(105) 1597366) 070 1398(268) 1492(11.1) 075 41201) 1826(27.0) 016
Model 2 1443(11.4) 1964478 029 1105(349) 155.0(121) 025 1421(118) 1860(27.9) 015
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N = number of persons included in the model. DHEA = dehydroepiandrosterone. DHEAS = dehydroepiandrosterone sulphate. Values
are expressed as means (standard error). Precursor hormone [DHEAS: DHEA], [DHEA: DHEAS], [androstenedione: DHEA], [(free)
testosterone: androstenedione], [estrone: androstenedione], [estradiol: estrone, testosterone], [free estradiol: estrone, testosterone],
[estrone sulphate: estrone]. Model 1: adjusted for age, body mass index, smoking status and number of pack years, alcohol intake,
physical activity, corticosteroid use and time of blood assessment. Model 2: adjusted for age, body mass index, smoking status and
number of pack years, alcohol intake, physical activity, corticosteroid use, time of blood assessment and other CYP3A genotypes.
Model 3: adjusted for age, body mass index, smoking status and number of pack years, alcohol intake, physical activity, corticosteroid
use, time of blood assessment, and precursor hormone. Model 4: adjusted for age, body mass index, smoking status and number
of pack years, alcohol intake, physical activity, corticosteroid use, time of blood assessment, precursor hormones and other CYP3A

genotypes.

UNG (2X) and genomic DNA(1 ng). The thermal profile consists of an initial denaturation step
at 95°C for 15 minutes, followed by 40 cycles of denaturation at 92°C for 15 seconds, and
annealing and extension at 60°C for T minute. Genotypes were scored by measuring allelic-
specific fluorescence using the SDS 2.2.2 software for allelic discrimination.>

Outcome definition

Hormone measurements

Blood samples were drawn by venapuncture from non-fasting subjects and collected in 5-ml
tubes containing 0.5 ml sodium citrate solution. All tubes were stored on ice before and after
blood sampling. Levels of steroid hormones were measured in plasma. Platelet-free plasma
was obtained by two-stage centrifugation, first for 10 min at 1600 x g at 4°C and then for
30 min at 7000 x g at 4°C. Platelet-free samples were immediately frozen in liquid nitrogen
and transferred to the laboratory where they were stored at -80°C until hormone estimations
were performed. Plasma levels of dehydroepiandrosterone (DHEA), DHEA sulphate (DHEAS),
androstenedione, testosterone (T), estrone (E1), estrone sulphate (E1S), estradiol (E2), cortisol
and sex steroid hormone binding globulin (SHBG) were estimated in 12 separate batches
of samples using coated tube or double antibody RIAs, purchased from Diagnostic Systems
Laboratories.> Because of the relatively small volumes of plasma available, all values reported
are single sample estimations. Intra-assay coefficients of variation, determined on the basis of
duplicate results of internal quality control pools with three different levels of each analyte,
were below 15% for all assays. Because inter-assay variations were relatively large (33% DHEA,
30% DHEAS, 33% androstenedione, 19% testosterone, 18% estrone, 29% estrone sulphate,
25% estradiol, 24% cortisol and 14% SHBG), we multiplied all concentrations within a batch
with a factor, which made results for the internal quality control pools comparable. This re-
duced inter-assay variations to 3%, 10%, 8%, 7%, 18%, 7%, 14%, 7%, and 3%, respectively,
and was considered justified because the relative differences in the results for the high and
middle internal quality control pools per batch were comparable, as evidenced by correlations
between these results (r = 0.99 for DHEA, r = 0.58 for DHEAS, r = 0.91 for androstenedione, r =
0.75 for testosterone, r = 0.60 for estrone, r = 0.93 for estrone sulphate, r = 0.21 for estradiol,
r = 0.93 for cortisol and r = 0.91 for SHBG; all P < 0.05, except for E2). Assays were performed
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blind with respect to information on the subject. As a measure of bioavailable testosterone
and estradiol, non-SHBG-bound hormone was calculated on the basis of hormone, SHBG,
and albumin levels, and respective affinity constants according to the method described by
Soédergard et al. s and van den Beld et al. . We additionally investigated the ratio of free
cortisol over DHEAS, because DHEAS may antagonize the actions of cortisol.7>

Prostate cancer case identification and validation

Three different databases were used for prostate cancer case identification. First, cases diag-
nosed by general practitioners in the research area were collected (International Classification
of Primary Care (Y77)). Second, the national registry of all hospital admissions was consulted
to detect all malignancy related hospital admissions for study participants. Third, regional
pathology databases were linked to The Rotterdam Study to identify cases (International Clas-
sification of Diseases-10 (C61)). A physician (CS) subsequently validated prostate cancer cases
on the basis of medical records of the general practitioner, discharge letters, and pathology
reports. Only pathologically confirmed cases were considered in the analyses. The index date
was defined as the earliest date found in the pathology reports. Cases for whom information
about differentiation grade was available were additionally divided into low- and high-dif-

ferentiated cases. Early onset was defined as a diagnosis before the age of 75.

Covariates
For analyses on hormone levels, the following potential confounders were considered: age,
body mass index (BMI, kg/m32), smoking status (never, current, past), alcohol intake (grams/
day), ability to be physically active, corticosteroid use, precursor hormones, CYP3A status, and
time of blood assessment (in two hour intervals).

For analyses on prostate cancer age, prostate cancer screening (PSA and rectal examina-
tion), BMI and other CYP3A genotypes were considered to be potential confounders. Age at

diagnosis was considered a confounder in the prostate cancer specific mortality analysis.

Statistical analyses

First, we compared characteristics of participants with and without blood samples using a Stu-
dent’s t-test for continuous variables and a x>-test for dichotomous variables. Hardy Weinberg
Equilibria (HWE) were calculated with a x>-goodness-of-fit statistic. Genotypes were dichot-
omised. Heterozygous persons were combined with homozygous carriage of the minor allele
(CYP3A4: AA vs AG + GG, CYP3A5: AA + AG vs GG, CYP3A7:TT vs TG + GG) to optimise power.
Missing indicators were used to study the effect of missing values. Missing data on covariates
were imputed by single imputation using the Expectation Maximization (EM) algorithm.>°
We anticipated that the level of precursor hormone influences hormone levels. Therefore, the
following adjustments for precursor hormones (when available) were made: DHEAS adjusted
for DHEA, DHEA adjusted for DHEAS, androstenedione adjusted for DHEA, (free) testosterone
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adjusted for androstenedione, estrone (E1) adjusted for androstenedione, estrone sulphate
(E1S04) adjusted for estrone, (free) estradiol (E2) adjusted for estrone and testosterone. To
avoid confounding by other CYP3A genotypes, the remainder of the genotypes was included
in the statistical model to explore the CYP3A specific genotype effects. Since none of the
covariates changed the estimates by more than 10%, all potential confounders were included
in the following models. Age-, BMI-, smoking-, alcohol-, physical activity-, corticosteroid use-,
time of blood assessment (model 1), model 1 covariates with other CYP3A genotype- (model
2), model 1 covariates with precursor hormone level- (model 3) and model 1 covariates with
both precursor hormone level- and other CYP3A genotype- (model 4) adjusted general lin-
ear models were used to analyse differences in mean (+ standard error of the mean (SEM))
hormone serum levels between genotypes. For cortisol levels no adjustments were made for
precursor hormones. Cox’ proportional hazard models were used to analyse age-, screening-,
BMI- (model 1) and other CYP3A genotype- (model 2) adjusted prostate cancer risks per geno-
type. Finally, age at diagnosis- (model 1) and other CYP3A genotype-adjusted (model 2) ‘over-
all’ ‘prostate cancer specific’ and ‘subgroups of prostate cancer specific’ (‘low differentiated,
‘high differentiated; ‘early onset, ‘late onset’) mortality was studied per genotype. P-values
below the conventional level of significance (p < 0.05) were considered statistically significant.
All analyses were performed with SPSS software (version 11.0.1; SPSS Inc., Chicago, USA)

RESULTS

Individuals of whom the genotype was unknown were on average older, relatively more fre-
quently smoker, and had a shorter follow-up time than those for whom genotype data were
available. All SNPs were in HWE (TABLE 1).

CYP3A4 variant carriage (AG or GG) was associated with a significant increase in mean es-
tradiol level compared to the wild type (56.4 £ 4.2 vs 47.1 £ 1.1 pmol/L, respectively) (TABLE 2).
However, no significant difference was observed for free estradiol levels. CYP3A4 G-allele carri-
ers showed 160 pmol/L lower mean estrone sulphate levels than persons with the wild type (p
= 0.005). A significant decrease in mean estrone sulphate level was also found among CYP3A5
G-allele homozygotes compared to persons with at least one copy of the A-allele (549.8 + 39.2
vs 450.8 + 13.9 pmol/L, respectively). Although the first two models resulted in significantly
increased mean serum testosterone levels among CYP3A5 G-allele homozygotes, this effect
disappeared after introducing the status of other CYP3A genotypes into the model. No asso-
ciation of CYP3A5 genotype and free (or biologically active) testosterone was observed. In the
current study, CYP3A7 genotype had the strongest impact on steroid hormone levels. Carriers
of the G-allele resulting in continued enzyme expression during adulthood had decreased
levels of DHEA sulphate (p = 0.05), androstenedione (p = 0.006), estrone (p = 0.0001) and
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estrone sulphate (p = 0.003) compared to mean levels of these hormones in homozygous wild
type carriers. The influence of other CYP3A genotypes on CYP3A7 effects seems negligible.
No associations between any of the three CYP3A genotypes and prostate cancer incidence
were found (taBLE 3). Combinations between CYP3A pairs and triplets showed no significant
differences between carriers and non-carriers as well (data not shown). Primarily not for the
combination of CYP3A4 AG or GG (*1B) and CYP3A5 AA or AG (*7) among all males (HR 0.88;
95%Cl 0.50-1.54), males with early onset (< 75 years) prostate cancer (HR 0.57; 95% Cl 0.23-
1.40), all low differentiated cancers (HR 1.08; 95%CI 0.47-2.50), early onset low differentiated
cancers (HR 0.37; 95%Cl 0.05-2.60), all high differentiated cancers (HR 1.06; 95%Cl 0.46-2.45)
and early onset high differentiated cancers (HR 0.97; 95%Cl 0.35-2.69). The combination of
CYP3A4 AG or GG (*1B) and CYP3A5 AG or GG (*3) also resulted in non-statistically significant
hazard ratios (all males: HR 0.50; 95%Cl 0.07-3.55 and early onset cases: HR 1.09; 95%CI 0.15-
7.80). Further subgroup analyses were not possible as a consequence of insufficient power.
Significant differences in prostate cancer risk were also not observed when we compared
low- with high-differentiated prostate cancers (data not shown). None of the genotypes were
associated with overall or prostate cancer specific mortality. (tasLE 4) Although a borderline-
significant 3-fold increase in mortality rate was observed in CYP3A5 A-allele carriers with late
onset prostate cancer, this association disappeared after considering other CYP3A status.

Table 3. Association between CYP3A genotypes and prostate cancer risk

Model 1 Model 2
HR (95% Cl) HR (95% Cl)
All cases Low High All cases Low High
Genotype Group differentiation differentiation differentiation differentiation
Any CYP3A4*1B Total sample 0.89(0.53-1.51 0.94(0.41-2.17 0.95(0.41-2.19) 0.82(0.09-7.35) 0.97(0.34-2.74) 1.19 (0.40-3.50
Early onset < 75 years  0.60 (0.27-1.37, 0.31(0.04-2.25, 0.87(0.32-241) 0.73(0.27-2.00) 0.25(0.03-2.13) 0.87(0.24-3.11
Any CYP3A5*1 Total sample 1.25(0.82-1.90, 1.04(0.55-1.97 0.99 (0.54-1.83) 1.12(0.15-8.21) 0.98 (0.44-2.19) 1.20(0.51-2.85

Any CYP3A7*1C Total sample 0.89(0.58-1.36, 0.61(0.26-1.40, 1.16(0.63-2.15) 337(091-1246)  0.62(0.27-1.44) 1.26 (0.68-2.35.

) ( ) ( ( )
) ( ) (t (t )
) ( ) ( ( )
Early onset < 75 years  1.23(0.72-2.11) 1.12(0.44-2.88)  0.95(0.47-1.93) 1.13(056-2.29)  0.71(0.26-1.98)  0.91(0.36-2.35)
) ( ) ( ( )
Earlyonset <75years  1.11(0.67-1.83)  0.59(0.18-1.94) 1.35(0.68-2.68) 1.12(067-1.88)  0.61(0.19-2.00) 1.48(0.74-2.95)

HR = hazard ratio, Cl = confidence interval. Early onset is calculated out of date of diagnosis. Homozygous wild type (*1/*1) was
reference for the analyses of CYP3A4 and CYP3A7. Homozygous mutant (*3/*3) was reference for the analyses of CYP3A5. Model 1:
Adjusted for age at baseline, body mass index and screening. Model 2: Adjusted for age at baseline, body mass index, screening and

other CYP3A genotypes.
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Table 4. Association between CYP3A genotype and mortality

Mortality
HR (95% CI)

All cause All Low High Early onset Late onset
prostate differentiated  differentiated (< 75 years) (275 years)
cancer prostate cancer prostate cancer prostate cancer prostate cancer

CYP3A4*1B Model 1 0.61(0.22-1.70)  0.51(0.18-1.41)  0.20(0.03-1.43) 1.17(0.30-449)  2.07(047-9.23)  0.29(0.07-1.21)
Model2  0.54(0.13-2.32)  0.42(0.10-1.76)  0.08 (0.01-1.14) 1.79(0.17-19.15)  2.13(0.26-17.23)  0.35(0.03-3.91)
CYP3A5*1 Model 1 1.41(0.68-2.91)  1.50(0.74-3.05)  1.66 (0.58-4.71) 1.20(041-3.52)  0.65(0.25-1.68)  3.21(0.98-10.51)
Model2  0.80(0.28-2.25) 0.77(0.28-2.15)  0.51(0.15-1.73)  1.29(0.17-10.05)  0.70(0.19-2.58)  1.16(0.16-8.56)
CYP3A7*1C Model 1 0.63(0.15-2.61)  0.66 (0.16-2.71) ~ 0.45(0.06-3.40)  1.10(0.14-8.38) ~ 0.93(0.12-7.26)  0.61(0.08-4.61)
) ( (t

Model 2 0.70(0.16-3.05)  0.78(0.18-3.32)  1.54(0.15-16.07)  1.00(0.13-7.75) ~ 0.48(0.04-5.49)  0.84(0.11-6.50)

HR = hazard ratio, Cl = confidence interval. Model 1: adjusted for age. Model 2: adjusted for age and other CYP3A genotypes.

DISCUSSION

This population-based study was subdivided into two parts. In the first part, cytochrome P450
3A genotypes were associated with baseline steroid hormone levels. Mean estrone sulphate
levels were found to be significantly lower in variant carriers of CYP3A4 (AG + GG) and CYP3A7
(TG + GG) and persons homozygous for the CYP3A5 G-allele compared to the remainder of the
genotypes. Furthermore, the CYP3A4 G-allele was associated with higher levels of estradiol.
Persons with continued expression of CYP3A7 enzymes (G) showed in addition to decreased
levels of estrone sulphate, lower levels of DHEA sulphate, androstenedione and estrone in
comparison with persons that do not express CYP3A7 in adulthood. In the second part, no
significant associations were found between individual and combined CYP3A genotypes and
prostate cancer incidence or mortality.

The role of CYP3A enzymes in steroid hormone metabolism is widely accepted. However,
very limited data are available on CYP3A gene variations and steroid metabolism and these
mainly focus on testosterone. Furthermore, most studies comprise an in vitro setting. The
present study not only included multiple CYP3A genes, it also explored the effect of gene
variation on different steroid hormone levels in vivo. In two previous studies, it was observed
that CYP3A4 G-allele carriers showed increased 63-hydroxylase activity.?>* Therefore, the au-
thors proposed a stimulation of the downstream testosterone metabolism pathway resulting
in lower testosterone levels. Although our results show slightly decreased levels of both serum
testosterone and its biological active component free testosterone in persons with CYP3A4 AG
or GG, no statistically significant differences could be found. That in vivo data do not confirm
the in vitro results is most probably explained by the role of the counterbalancing pituitary-
adrenal (cortisol) and pituitary-gonadal (testosterone) pathways. Furthermore, our results are
to a certain extent similar to those found in a study that used two different subgroups.>' The
first subgroup is a random sample of both genders from The Rotterdam Study and the second
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comprises males of 73 years or older randomly selected from a medium-sized town in The
Netherlands. Both significantly decreased serum levels of DHEA sulphate and estrone were
consistently found in persons with the variant allele of the CYP3A7 gene, encoding for en-
zymes which are normally only expressed during fetal live. Nevertheless, in the present study,
decreased serum levels of estrone sulphate and androstenedione were additionally observed
in CYP3A7 G-allele carriers. No data on estrone sulphate were available in the previous study.
The contradiction in results found for androstenedione might be explained by the use of other
covariates. For our first statistical model, that shows the highest similarity with the model
used in the study of Smit et al., we observed a significant decrease in androstenedione levels
with a p-value of 0.04. After introducing the level of the precursor hormone DHEA (p = 0.007)
and additionally other CYP3A genotypes (p = 0.006), the difference in serum androstenedione
levels between CYP3A7 TG + GG and TT became much more significant. Another reason might
be the mixture of genders in the previous study. The results for DHEA sulphate, estrone and
estrone sulphate follow directly from the proposed increased CYP3A7 activity in G-allele carri-
ers.>3>4 The diminished effects in models 3 and 4 might be a consequence of the adjustment
for precursor hormones with a circadian rhythm, as p-values remain similar in a model without
the precursor hormone. As was previously put forward 2>, a short half-life of DHEA together
with a high metabolic clearance rate ?* can explain the fact that no differences were found
for mean DHEA levels among genotypes. Since there are strong correlations between DHEA,
DHEAS and androstenedione 2 these might explain the significant difference observed for
CYP3A7 genotypes. That CYP3A7 variation has the highest impact on steroid hormone levels
seems to be a result of the variety of targets of its encoding enzyme in the steroid hormone
pathway, whereas the other CYP3A enzymes are related to the degradation of testosterone
and estrogens for which levels are kept more or less constant by other counterbalancing
pathways.

Our data do not confirm the association between CYP3A genotypes and prostate cancer
or advanced stages of prostate cancer as was observed in some previous studies (see also
TABLE 5).899074177205224 \When only participants of Caucasian descent are considered, results of
published studies are contradictory, varying from associations with significantly increased
high-grade or late onset prostate cancers %2°s and with decreased low-grade prostate cancer
% to non-significant findings > or even inverse relations with prostate cancer 2. Our power-
induced choice to define early onset as a prostate cancer diagnosis before the age of 75 might
explain our non-significant findings. Nevertheless, studying the role of CYP enzymes in hu-
mans is complicated since a broad range of inducers and inhibitors determines its expression,
which might overrule the genetically induced variability. This would argue for using larger
cohorts and to attempt to control for as many inducers and inhibitors as possible. However,
as this study shows, the effect of CYP3A genotype variation on serum testosterone and free
testosterone level, as precursors of the prostate cancer growth- and differentiation determin-
ing metabolite dihydrostestosterone, is very limited. This supports the thoughts of polymor-
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Table 5. Previous CYP3A variant association studies on prostate cancer risk

CcYP Variant  Design No. Ethnicity Result OR (95%Cl) Reference
cases/controls
CYP3A4 *1B Case-only 230/0 CA 7 high grade PrCa 21(1.0-47) Rebbeck (1998)
7 PrCa in persons without positive family 2.7(1.2-5.6)
history
* PrCa in persons aged > 63 years 6.7 (25-17.7)
TPrCain high grade, aged > 63, no family 9.5(2.5-35.2)
history
Case-control 174/116 AA TPrcCa p<0.01 Paris (1999) 7
Case-only 103 AA 7 high grade PrCa in persons aged > 65 years 2.4 (1.1-5.4)
Case-control (N) 7 PrCain BPH patients 6.3(2.7-17.3) Tayeb (2002) ™
Case-control 84/136 AA TPrCa 41(1.3-12.2) Kittles (2002)
215/94 CA TPrCa 23(1.1-45)
77182 NG NS
376/312 ALL TPrCa 24(1.4-39)
Case-control (N) 21/379 CA NS Tayeb (2003) =
Case-sibling 440/ 480 CA+AA T high grade PrCa 1.9(1.0-3.6) Plummer (2003) &
{ low grade PrCa 0.1(0.0-0.5)
dPrCain persons < 63 years 0.5(0.3-1.0)
Case-control 530/230 CA I Prca 0.5(0.3-0.9) Zeigler-Johnson (2004) ™
77154 AA NS
Case-sibling 440/ 480 CA+AA  llow grade PrCa 0.2(0.1-0.7) Loukola (2004) @ ¢
Case-control 145/103 AA " high grade PrCa 11.9(1.62-533.0) Bangsi (2006)
177/145 CA NS
CYP3A5 *3 Case-sibling 440/180 CA+AA  Llow grade PrCa 04(0.2-0.8) Plummer (2003) &
Case-control 55/177 CA NS Zeigler-Johnson (2004) ™
81/65 AA NS
*1 Case-control 260/212 JP dlow grade PrCa 0.2(0.1-0.8) Zhenhua (2005) 77
{ low stage PrCa 0.3(0.1-1.0)
Both *1B+*3  Case-sibling 433 /469 CA+AA  TPrCa 8.6(1.1-87.0) Plummer (2003) **
AA TPrCa 29(1462)
*1B+*1 CA L low grade PrCa 0.1(0.0-0.5)
*IB+*1  Case-control 132/241 CA+AA | high grade PrCa 0.4(0.2-0.9) Zeigler-Johnson (2004)
{ high grade PrCa in persons aged < 60 years 0.2 (0.1-0.8)

CA = Caucasian, AA = African-American, NG = Nigerian, JP = Japanese, PrCa = prostate cancer, BPH = benign prostate hyperplasia,

N = nested (case-control), NS = not significant, T increased risk, \ decreased risk. * Table presents CYP3A associations of the most

commonly studied SNPs and prostate cancer. Loukola et al. additionally studied other SNPs, see reference for more detail
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phisms in CYP3A genes being in linkage with a real, not yet detected, disease-associated
gene. Polymorphisms in CYP3A genes, as in this study, were mainly used for their proposed in
vitro functionality. Since this study does not support important in vivo influences, it might be
interesting to use a haplotype or genome-wide approach to explore whether CYP3A genetic
variability is essential in induction or promotion of prostate cancer or in prostate cancer spe-
cific mortality (see HapMap for the definition of haplotype blocks 24).

Observational studies are prone to selection, information and confounding bias. Although
in this study persons without blood samples, who appeared to be older, were excluded, this
most probably did not result in selection bias. Aging is associated with at least some of the
hormone levels 22¢ and with prostate cancer, but seems not to be associated with CYP3A geno-
type since these were all in Hardy-Weinberg equilibrium. Information bias is unlikely as both
exposure and outcome measurements were performed in advance of the research question.
However, the use of pathologically confirmed cases might have slightly diminished the risk
estimates since males with an undetected prostate cancer were included as controls. As far as
we know, we adjusted for most known confounders. Finally, our choice to combine heterozy-
gous with homozygous of the minor allele, might have diluted the effect.

In conclusion, this study shows associations between CYP3A genotypes and some steroid
hormone levels, with the most distinct role for a common variant allele of the CYP3A7 (*1C)
gene that was associated with decreased levels of estrone, estrone sulphate, DHEA sulphate,
and androstenedione. However, no indications for an association with prostate cancer inci-
dence or mortality were observed. Additional studies should focus on the meaning of differ-
ences in hormone levels in both males and females on disease risks. Furthermore, the role of
CYP3A genes on prostate cancer risk needs a haplotype or genome wide approach and might
be independent of testosterone level.
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ABSTRACT

Background: Polymorphisms in genes encoding for CYP3A enzymes, that play a role in ste-
roid hormone metabolism, might affect steroid hormone serum levels, age at menarche and
menopause and breast cancer incidence and mortality.

Methods: Over 3600 postmenopausal female participants of The Rotterdam Study who
provided a blood sample were included. General linear models were performed on different
random subsets of hormone levels to study associations with genotype. Student’s t-tests were
used to explore differences in age at onset of menarche or menopause and total estrogen-
exposure period. Cox’ proportional hazard models were used to study associations between
genotype and breast cancer incidence and mortality.

Results: Statistically significant associations were found for CYP3A5 GG, which results in ab-
sence of CYP3A5 enzyme expression, and decreased levels of DHEA (p = 0.03) and CYP3A7
TG/GG, which results in continued expression of CYP3A7 enzymes during adulthood, and de-
creased levels of DHEA sulphate (p = 0.03), estrone (p = 0.05) and estrone sulphate (p = 0.05)
compared to the remainder of the genotypes, although results were highly dependent on the
model used. The relationship between estrogen levels and CYP3A genotypes was of border-
line significance. Women with the CYP3A4 GG-genotype, for which functionality remains to
be proven, had a significantly increased estrogen-exposure period compared to those with
AA or AG genotypes (p = 0.01) and CYP3A5 AG- or GG-genotype resulted in an older age at
menopause compared to women with an AA genotype (p = 0.05). No associations were found
with breast cancer incidence or mortality.

Conclusion: Although some associations between CYP3A genotypes and steroid hormone
levels were observed, results are less pronounced than we found in a previous study among
males. This might be a consequence of gender-specific expression levels of CYP3A enzymes.
Furthermore, age at onset of menarche and menopause and the calculated estrogen-expo-
sure period, all commonly accepted risk factors for breast cancer, were related with some of
the CYP3A genotypes. However, no associations were observed for the genotypes and breast
cancer incidence or mortality, which is in line with a previous study. Future studies might
benefit from stratification on estrogen- or progesterone-receptor status in tumor tissue.
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INTRODUCTION

Estrogens have been associated with breast cancer induction and promotion.®” They stimu-
late the division of breast epithelial cells, which leads to a higher chance of mutations and in-
creased growth rates. Several established risk factors for breast cancer are related to increased
levels or exposure times of estrogens: early menarche, late menopause, nulliparity, late age at
first birth, marital status, oral contraceptive use, hormone replacement therapy, low physical
exercise levels, and obesity. Candidate genes for breast cancer are those that are implicated
in the metabolism of estrogens. Extensive research has been performed on the role of the
estrogen receptor and aromatase (cytochrome P450 19) genes and their polymorphic appear-
ances.#Ms159163228234 Qther well-characterized enzymes that are involved in steroid metabolism
are those of the cytochrome P450 3A family.2ov20423523¢ CYP3A is the major subfamily of cyto-
chrome P450 in the human liver and metabolizes many drugs, xenobiotics and endogenous
compounds. The genetic coding consists of a cluster of four CYP3A genes on chromosome
7921.1 (CYP3A4, CYP3A5, CYP3A7 and CYP3A43) each of which contains 13 exons. Although the
four CYP3A genes are differently regulated, they share 70-90% of metabolic properties.#92°
Nevertheless, few studies have investigated the role of CYP3A in breast cancer and only two
point at the polymorphic expression of these enzymes by exploring the association between
CYP3A4*1B and breast cancer incidence > or age at onset of menarche .

The objective of this study was to investigate the role of polymorphic CYP3A expression
in the regulation of multiple steroid hormone serum levels in postmenopausal females and to
study the association between CYP3A gene variation and proxies of reproductive life and the
incidence and mortality of breast cancer.

METHODS

Setting

Data were obtained from The Rotterdam Study, a population-based prospective cohort study
that started with a baseline interview between July 1989 and July 1993. All inhabitants of the
Rotterdam suburb Ommoord, aged 55 years and older, were invited. Of the 10,275 eligible
subjects, 7983 (78%) agreed to participate.® The Medical Ethics Committee of the Erasmus
Medical Center approved the study.

Participants were visited at home at the start of the study for a standardised interview on
health state and socio-economic characteristics. Subsequently, an extensive physical exami-
nation and blood assessment followed at the research center. Since its start, cross-sectional
surveys have been carried out periodically. In addition, participants are continuously moni-
tored for major events, including cancers, which occur during follow-up, through automated
linkage with files from general practitioners. Information on vital status is obtained regularly
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from municipal health authorities in Rotterdam and from the general practitioners working
in the study district.

Cohort definition
Postmenopausal females who provided a blood sample and for whom genotypes were avail-
able (n =3707,n =3695,n =3606) were included. For analyses on steroid hormone

cyp3a4 cyp3as cyp3a7

level, females who used any form of hormone replacement therapy at the time of blood sam-
pling (n = 97) were excluded. Information on all three CYP3A genotypes was available for 3385
of females. For the analyses on breast cancer, females with a prevalent breast cancer (n = 79)
were excluded. Information on all three CYP3A genotypes was available for 3414 of females.
FIGURE 1 presents the numbers of individuals in each cohort. Steroid hormone levels were mea-
sured in different random subsets of these females (see TagLE 2 for the individual numbers).

The Rotterdam Study
N =7983

Males
& > N =3105
Females
N =4878

Premenopausal females
& N=13

Postmenopausal females

N = 4865
|
v ¥ v
STEROID HORMONES ] RISK FACTORS ‘ BREAST CANCER ’

HRT using females Prevalent breast cancer
N=97 N=179

' v

Non-HRT using females Females free of cancer
N =4768 N =4786
CYP344 CYP344 CYP344
—> — —> —
N =3622 N=3707 N=3661
CYP345 All »  CYP345 CYP345 All
— — —
N=3610 " N = 3385 N =3695 ’ N =3652 N =3414
CYP3A47 CYP347 CYP347
N=13525 N =3606 N =3564

Figure 1. Study cohorts
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Table 1. Baseline characteristics

Characteristic Postmenopausal female
N =4865
Mean age (SD), yrs 71.7(10.3)
Mean body mass index (SD), kg/m? 26.7 (4.1)
Mean pack years (SD), py 9.0(16.6)
Smoking status, N (%)
never 2542 (52.3%)
past 1242 (25.5%)
current 804 (16.5%)
missing 277 (5.7%)
Physical activity, N (%)
no difficulty 2193 (45.1%)
with some difficulty 1100 (22.6%)
with much difficulty 408 (8.4%)
unable to do 929 (19.1%)
missing 235 (4.8%)
Mean total energy intake (SD), kcal/day 1786.5 (403.8)
Mean alcohol intake (SD), gram/day 6.1(10.0)
Mean vitamin A intake (SD), mg/day 0.8(0.4)
Mean vegetable intake (SD), gram/day 329.2(139.1)
Hormone replacement therapy, N (%) 97 (2.0%)
Corticosteroid use, N (%) 95 (2.0%)
Mean age at onset menarche (SD), yrs 13.7(1.8)
Mean age at onset menopause (SD), yrs 489(5.2)
Mean years since menopause (SD), yrs 21.6(10.9)
Mean number of children (SD), N 2.1(1.7)

Time of blood assessment (range), hrs:min
Genotypes
CYP3A42AA
AG
GG
CYP3A5°AA
AG
GG
CYP3A7<TT
TG
GG

11:41(07:40 - 18:57)

3448
254
5

23
490
3182
3263
336
7

N = number of persons, SD = standard deviation. Missings were imputed by an expectation maximization algorithm. None of the
participants used pituitary or hypothalamic hormones. HWE: ® CYP3A4: x> = 0.02, p = 0.9; ® CYP3A5: x> = 0.7, p = 0.38; < CYP3A7: X2 =

029,p=06
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Table 2. Sex-hormone levels per CYP3A genotype in non-HRT using postmenopausal females

CYP3A4 CYP3A5 CYP3A7
Nmodel 1/2/3/4 AA AG+GG p  AA+AG GG p T 16+GG p
DHEA (umol/L) N 296/277/285/266 19/18/18/17 30/30/30/30  288/265/276/253 274/260/264/250 37/35/35/33
Model 1 11.0(04) 120(15) 050 128(11) 107 (04) 008 11.1(04) 05(1.1) 073
Model 2 11.1(04) 1107) 097 129(13) 109(04) 015 110(04) 17(1) 054
Model 3 109(03) 129(13) 013 129(1.0) 106(03) 003 110(03) 119(09) 032
Model 4 110(03) 121(15) 046 118(14) 103 (04) 046 109(03) 121(09) 046
DHEA sulfate (umol/L)N ~ 838/787/285/266 67/61/18/17 114/109/30/30 789/739/276/253 785/751/264/250 103/97/35/33
Model 1 27(0.1) 26(02) 065 26(02) 27(0.1) 063 27(01) 23(02) 003
Model 2 27(0.1) 27(03) 091 26(02) 27(0.1) 071 27(01) 23(02) 005
Model 3 31(01) 23(04) 009 26(03) 0(0.1) 019 31(01) 28(03) 032
Model 4 31(0) 24(05) 017 29(04) 0(0.) 017 31(01) 27(03) 017
Androstenedione (nmol/L) N810/760 /286 /268 66/60/19/18 106/100/29/29 767/720/279/257 755/722/265/252  104/98/36/34
Model 1 36(0.1) 33(02) 021 34(02) 6(0.1) 021 36(01) 37(02) 066
Model 2 36(0.1) 35(03) 076 34(02) 6(0.1) 047 36(01) 37(02) 054
Model 3 44(0.) 4204) 069 40(03) 44(0.) 025 43(01) 46(03) 048
Model 4 44(0.1) 46(05) 071 40(04) 44(0.) 071 44(01) 46(03) 071
Testosterone (nmol/L)N ~ 839/788/753/705 65/59/60/54 113/107/100/94 789/740/710/665 778/745/698/667 108/102/98/92
Model 1 14(00) 13(0) 059 14(0.1) 4(00) 088 14(00) 13(0.1) 037
Model 2 14(00) 14(0.) 091 14(0.1) 4(00) 092 14(00) 13(0.1) 041
Model 3 13(00) 13(0) 051 13(0.1) 3(00) 100 13(00) 12(0.1) 047
Model 4 13(00) 14(01) 027 12(0.1) 3(00) 027 13(00) 12(0.) 027
Free testosterone (nmol/L) N 671/630/658/ 619 49/43/48/42 85/80/83/78  638/593/626/583 622/593/610/582 85/80/84/79
Model 1 26+10:2(00) 26-10-2(00) 089 26-102(00)  26-10-2(00) 080 26-10-2(00) 25.102(000 088
Model 2 26+10:2(00) 27-102(00) 056 25-102(00)  26-10-2(00) 0.74 -2(0.0) 2641020000 092
Model 3 254102(00) 27-102(00) 047 26-102(00)  25-10-2(00) 075 25-10-2(00) 2510200 097
Model 4 25+10:2(00) 28:102(00) 031 24-102(00)  26-10-2(00) 031 25-10-2(00) 2641020000 031
Estrone (pmol/L) N 773/732/685/645 64/59/58/53 110/104/95/89 727/687/646/609 740/710/655/626 85/81/78/72
Model 1 482(13) 50,0 (46) 071 475(35) 489(14) 071 495(14) 41.1(40) 005
Model 2 483(14) 545(5.38) 031 45.1(43) 493(13) 038 496(14) 41.141) 005
Model 3 460(13) 516 (45) 023 463(36) 4638(14) 090  474(14) 400(40) 009
Model 4 458(14) 588(5.8) 007 418(45) 474(15) 007 474(14) 40.1(41) 007
Estrone sulfate (pmol/L)N  692/655/615/583 60/55/55/51 100/95/96/91  652/615/575/543 665/636/597/572 77/74/65/62
Model 1 1760(7.8) 1706(266) 084 1809(206) 1753(8.0) 080 1830(80) 1344(238) 005
Model 2 1787(83) 1715(345) 084 1829(260) 1774(87) 085 1832(83) 1346 (246) 006
Model 3 1853 (6.5) 1661(21.8) 040 1846(166) 1846(6.8) 100 189.4(66) 1603 (203) 018
Model 4 1894 (69) 1610275 033 1957(204) 1857 (73) 033 1900(69) 1609 (21.0) 033
Estradiol (pmol/L) N 575/554/532/511 44/40/42/38 77/73/73/69  545/521/504/480 552/532/512/492  64/62/59/57
Model 1 188(09) 21132 048 185(24) 193(09) 075 195(09) 153 (26) 0.14
Model 2 186(09) 245(4.1) 017 162(3.0) 194(09) 033 195(09) 48027) 0.0
Model 3 190(09) 21733) 041 188(25) 195(09) 079 196(09) 16.1(28) 03
Model 4 188(1.0) 251(43) 016 163(3.2) 196(1.0) 016 196(09) 155(28) 0.16
Free estradiol (omol/L)N ~ 428/411/427/410 33/29/33/29 55/51/55/51  409/389/408/388 411/394/410/393  48/46/48/ 46
Model 1 05(0.0) 06(0.1) 032 05(0.1) 05(0.0) 072 05(00) 04(0.1) 021
Model 2 05(00) 07(0.) 008 04(0.1) 05(0.0) 022 05(00) 04(0.1) 0.16
Model 3 05(00) 06(0.1) 033 05(0.1) 05(0.0) 062 05(00) 04(0.1) 021
Model 4 05(0.0) 07(0.) 008 04(0.1) 05(0.0) 008 05(00) 04(0.1) 0.08
Cortisol (nmol/L)N 373/343 26/23 44742 355/324 337/319 51/47
Model 1 356.8(6.9) 3494(263) 079 3581(202) 356.1(7.0) 093 3587(15) 3454(198) 041
Model 2 3567 (7.3) 3604(321) 091 3638(238) 356.1(7.5) 091 3595(88) 362.0(233) 091
Cortisol / DHEAS ratioN ~~ 353/324 64/ s3/41 335/304 321/303 46/42
Model 1 2508(13.7) 2503(529) 099 2610 (40.0) 251.9(14.1) 084 2440(144) 2945(38.4) 022
Model 2 2482 (146) 2362(657) 086 2628(47.1) 2454(153) 086 2452(150) 2636 (40.7) 086
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N = number of persons included in the model, DHEA = dehydroepiandrosterone, DHEAS = dehydroepiandrosterone sulphate, HRT =
hormone replacement therapy. Values are expressed as means (standard error). Precursor hormone [DHEAS: DHEA], [DHEA: DHEAS],
[androstenedione: DHEA], [(free) testosterone: androstenedione], [estrone: androstenedione], [estradiol: estrone, testosterone], [free
estradiol: estrone, testosterone], [estrone sulfate: estrone]. Model 1: adjusted for age, body mass index, smoking, alcohol intake,
physical activity, corticosteroid use, years since menopause, and time of blood assessment. Model 2: adjusted for age, body mass
index, smoking, alcohol intake, physical activity, corticosteroid use, years since menopause, time of blood assessment and other
CYP3A genotypes. Model 3: adjusted for age, body mass index, smoking, alcohol intake, physical activity, corticosteroid use, years
since menopause, time of blood assessment and precursor hormone. Model 4: adjusted for age, body mass index, smoking, alcohol
intake, physical activity, corticosteroid use, years since menopause, time of blood assessment, precursor hormone, and other CYP3A

genotypes.

Exposure definition

Genotyping

Genotyping of the CYP3A4*1B (rs2740574), CYP3A5*3 (rs776746), and CYP3A7*1C (rs11568825)
was determined using TagMan allelic discrimination assays on an ABI Prism 9700 HT sequence
detection system. Each assay consisted of two allele-specific minor groove binding (MGB)
probes, labeled with the fluorescent dyes VIC and FAM. The primer and probe sequences, de-
signed by Applied Biosystems by their Assay-by-Design service, are listed in TABLE 1. Polymerase
chain reactions (PCR) were performed in a reaction volume of 2.0 pl, containing assay-specific
primers, allele-specific TagMan MGB probes, TagMan Universal PCR Master Mix No AmpErase
UNG (2X) and genomic DNA(1 ng). The thermal profile consists of an initial denaturation step
at 95°C for 15 minutes, followed by 40 cycles of denaturation at 92°C for 15 seconds, and
annealing and extension at 60°C for T minute. Genotypes were scored by measuring allelic-
specific fluorescence using the SDS 2.2.2 software for allelic discrimination.>

Outcome definition

This study focussed on three different types of outcome: (1) steroid hormone levels, (2)
measures of reproductive life such as ages at menarche or menopause and estimated total
estrogen-exposure period, and (3) breast cancer incidence and mortality.

Hormone measurements

Blood samples were drawn by venapuncture from non-fasting subjects and collected in 5-ml
tubes containing 0.5 ml sodium citrate solution. All tubes were stored on ice before and after
blood sampling. Levels of steroid hormones were measured in plasma. Platelet-free plasma
was obtained by two-stage centrifugation, first for 10 min at 1600 x g at 4°C and then for
30 min at 7000 x g at 4°C. Platelet-free samples were immediately frozen in liquid nitrogen
and transferred to the laboratory where they were stored at -80°C until hormone estimations
were performed. Plasma levels of dehydroepiandrosterone (DHEA), DHEA sulphate (DHEAS),
androstenedione, testosterone (T), estrone (E1), estrone sulphate (E1S), estradiol (E2), cortisol
and sex steroid hormone binding globulin (SHBG) were estimated in 12 separate batches
of samples using coated tube or double antibody RIAs, purchased from Diagnostic Systems
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Laboratories.>™ Because of the relatively small volumes of plasma available, all values reported
are single sample estimations. Intra-assay coefficients of variation, determined on the basis of
duplicate results of internal quality control pools with three different levels of each analyte,
were below 15% for all assays. Because inter-assay variations were relatively large (33% DHEA,
30% DHEAS, 33% androstenedione, 19% testosterone, 18% estrone, 29% estrone sulphate,
25% estradiol, 24% cortisol and 14% SHBG), we multiplied all concentrations within a batch
with a factor, which made results for the internal quality control pools comparable. This re-
duced inter-assay variations to 3%, 10%, 8%, 7%, 18%, 7%, 14%, 7%, and 3%, respectively,
and was considered justified because the relative differences in the results for the high and
middle internal quality control pools per batch were comparable, as evidenced by correlations
between these results (r = 0.99 for DHEA, r = 0.58 for DHEAS, r = 0.91 for androstenedione, r =
0.75 for testosterone, r = 0.60 for estrone, r = 0.93 for estrone sulphate, r = 0.21 for estradiol,
r = 0.93 for cortisol and r = 0.91 for SHBG; all P < 0.05, except for E2). Assays were performed
blind with respect to information on the subject. As a measure of bioavailable testosterone
and estradiol, non-SHBG-bound hormone was calculated on the basis of hormone, SHBG,
and albumin levels, and respective affinity constants according to the method described by
Soédergard et al. 5 and van den Beld et al. . We additionally investigated the ratio of free
cortisol over DHEAS, because DHEAS may antagonize the actions of cortisol.7>

Age at menarche and menopause

Female participants were asked to report the ages of menarche and menopause. We addition-
ally calculated the total estrogen exposure period by subtracting the age at onset of menarche
from the age at onset of menopause per female individual.

Breast cancer case identification and validation

Three different databases were used for breast cancer case identification. First, cancer cases
diagnosed by general practitioners in the research area were collected (International Clas-
sification of Primary Care (X76)). Second, the national registry of all hospital admissions was
consulted to detect all malignancy related hospital admissions for study participants. Third,
regional pathology databases were linked to The Rotterdam Study to identify cases (Inter-
national Classification of Diseases-10 (C50)). A physician (CS) subsequently validated breast
cancer cases on the basis of medical records of the general practitioner, discharge letters, and
pathology reports. Only pathologically confirmed cases were considered in the analyses. The
index date was defined as the earliest date found in the pathology reports.

Covariates

For analyses on hormone levels, the following potential confounders were considered: age,
body mass index (BMI, kg/m>), smoking status (never, current, past), alcohol intake (grams/
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day), ability to be physically active, corticosteroid use, years since menopause, precursor
hormones, CYP3A status, and time of blood collection (in two hour intervals).

For analyses on breast cancer, age, BMI, smoking status and number of pack years, alcohol,
vitamin A, vegetables and total energy intake, hormone replacement therapy, ability to be
physically active, age at menarche and menopause, number of children and other CYP3A
genotypes were considered to be potential confounders. Age at diagnosis was considered to
be a confounder in the breast cancer specific mortality analyses.

Statistical analyses

First, we compared characteristics of participants with and without blood samples using
a Student’s t-test for continuous variables and a x>-test for dichotomous variables. Hardy
Weinberg Equilibria (HWE) were calculated with a x>-goodness-of-fit statistic. Genotypes were
dichotomised. Heterozygous persons were combined with homozygous carriage of the minor
allele (CYP3A4: AA vs AG + GG, CYP3A5: AA + AG vs GG, CYP3A7: TT vs TG + GG) to optimise
power. Missing indicators were used to study the effect of missing values. Missing data on
covariates were imputed by single imputation using the Expectation Maximization (EM) al-
gorithm.>° We anticipated that the level of precursor hormone influences hormone levels.
Therefore, the following adjustments for precursor hormones (when available) were consid-
ered: DHEA sulphate (DHEAS) adjusted for DHEA, DHEA adjusted for DHEA sulphate, andro-
stenedione adjusted for DHEA, (free) testosterone adjusted for androstenedione, estrone (E1)
adjusted for androstenedione, estrone sulfate (E15S04) adjusted for estrone, (free) estradiol
(E2) adjusted for estrone and testosterone. To avoid confounding by other CYP3A genotypes,
the remainder of the determined genotypes was included in the statistical model to explore
the CYP3A specific genotype effects. No potential confounders were included in the analyses
on age at onset of menarche and menopause. Since none of the covariates changed the es-
timates by more than 10%, all potential confounders were included in the following models.
Age-, BMI-, smoking-, alcohol-, physical activity-, corticosteroid use-, years since menopause-,
time of blood assessment (model 1), model 1 covariates with other CYP3A genotype- (model
2), model 1 covariates with precursor hormone level- (model 3) and model 1 covariates with
both precursor hormone level- and other CYP3A genotype- (model 4) adjusted general lin-
ear models were used to analyse differences in mean (+ standard error of the mean (SEM))
hormone serum levels between genotypes. For cortisol levels no adjustments were made
for precursor hormones. Student’s t-tests were used to calculate differences in mean age at
menarche and menopause and mean estrogen exposure periods (age at menopause — age at
menarche) between genotypes. Cox’ proportional hazard models were used to analyse age-,
BMI-, smoking-, alcohol-, vitamin A-, vegetable-, and total energy intake-, physical activity-,
age at menarche-, age at menopause, number of children-, hormone replacement therapy-,
corticosteroid use-, (model 1) and other CYP3A genotype- (model 2) adjusted breast cancer
risks per genotype. Finally, age at diagnosis- (model 1) and other CYP3A genotype- (model 2)
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adjusted ‘overall; ‘breast cancer specific; ‘early onset (diagnosis breast cancer < 65 years)’ and
‘late onset (diagnosis breast cancer > 65 years)' mortality was studied per genotype. P-values
below the conventional level of significance (p < 0.05) were considered statistically significant.
All analyses were performed with SPSS software (version 11.0.1; SPSS Inc., Chicago, USA)

RESULTS

Individuals of whom the genotype was unknown were on average older, relatively more
frequently smoker, and had a shorter follow-up time than those for whom genotype data
were available. TABLE 1 shows the baseline characteristics of all postmenopausal female par-
ticipants. The three CYP3A SNPs were in HWE.

Borderline but non-significantly increased levels of estrone (58.8 + 5.8 vs 45.8 + 1.4 pmol/
L) and free estradiol (0.7 £ 0.1 vs 0.5 + 0.0 nmol/L) and decreased levels of DHEA sulphate (2.3
+ 0.4 vs 3.1 £ 0.1 umol/L) were found in CYP3A4 variant carriers (AG and GG) compared to
non-variant carriers (AA) (tasLE 2). For CYP3A5 similar results were found for estrone (47.4 +
1.5 vs 41.8 + 4.5 pmol/L) and free estradiol (0.5 + 0.0 vs 0.4 = 0.1 pmol/L). Levels were higher
in women homozygous for GG than in those with no or only one G-allele (AA and AG). Ho-
mozygous G-allele carriers had statistically significantly lower levels of DHEA compared to
those with AA or AG (10.6 £ 0.3 vs 12.9 £+ 1.0 pmol/L, respectively). G-allele carriage of the
CYP3A7 gene was significantly related to decreased levels of DHEA sulphate (2.3 £ 0.2 vs 2.7
+ 0.1 umol/L, respectively), estrone (41.1 + 4.1 vs 49.6 + 1.4 pmol/L, respectively), estrone
sulphate (134.4 £ 23.8 vs 183.0 + 8.0 pmol/L, respectively) and borderline non-significantly
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Figure 2. Mean ‘age at onset of menarche; ‘age at onset of menopause’and ‘estrogen exposure period’ per CYP3A genotype
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to free estradiol (0.4 + 0.1 vs 0.5 = 0.0 pmol/L, respectively) compared to women who were
homozygous for the T-allele. However, results were strongly dependent on the model used.
Other steroid hormone levels seemed not to be related with CYP3A genotypes.

CYP3A gene variation was associated with risk factors for breast cancer such as age at onset
of menarche and menopause and the total estrogen-exposure period (FiGURE 2). Females who
carried two copies of the CYP3A4 G-allele seemed to be younger at onset of menarche (GG;
12.5+ 0.6 vs AG; 13.7 £ 0.1 and AA; 13.7 + 0.0 years) and older at onset of menopause (GG; 51.0
+1.0vs AG; 48.7 £ 0.3 and AA; 48.9 + 0.1 years) compared to persons with at least one wild type
allele. Although these single differences did not reach statistical significance, the calculated to-
tal period of estrogen exposure showed a significant increase in cumulative exposure time (p
=0.01) of almost 4 years for homozygous CYP3A4 G-allele carriers in contrast to heterozygotes.
CYP3A5 genotype was not associated with onset of menarche, but menopause was found
to appear 2.5 years earlier in AA-genotype individuals compared to both heterozygous (p =
0.05) and homozygous (p = 0.05) G-allele carriers. Exposure periods were not statistically sig-
nificantly different. None of the periods was associated with CYP3A7 genotype. Nevertheless,
homozygosity of the G-allele resulted in a non-significant older age at menarche, a younger
age at menopause and consequently a shorter period of estrogen exposure. Breast cancer
incidence (TaBLE 3) and mortality (TABLE 4) seemed not to be affected by CYP3A genotype.

Table 3. Hazard ratios of breast cancer incidence by CYP3A genotype

HR (95% Cl)
Geno- N cases/ Model 1 Model 2 Model 3
type cohort
CYP3A4 Total sample AA 133/3183 1.00 (reference)  1.00 (reference) 1.00 (reference)
AG+GG  9/231 0.92(0.47-1.81) 0.89(0.45-1.74) 0.83(0.37-1.84)
Early onset AA 27/3079 1.00 (reference) 1.0 (reference) 1.00 (reference)
(< 65 years) AG+GG  1/223 0.46 (0.06-3.37) 0.44 (0.06-3.25) 0.82(0.06-11.52)
CYP3A5 Total sample GG 121/2941 1.00 (reference)  1.00 (reference) 1.00 (reference)
AA+AG  21/473 0.95(0.60-1.51) 0.99 (0.62-1.58) 0.93(0.54-1.61)
Early onset GG 26/ 2847 1.00 (reference) 1.0 (reference) 1.00 (reference)
(< 65 years) AA+AG  2/455 2.28(0.54-9.38) 2.21(0.52-9.38) 2.01(0.30-13.48)
CYP3A7 Total sample T 131/3090 1.00 (reference)  1.00 (reference) 1.00 (reference)
TG+ GG 11/317 0.77 (0.41-1.42) 0.78 (0.42-1.44) 0.77 (0.42-1.43)
Early onset T 25/2986 1.00 (reference) 1.0 (reference) 1.00 (reference)
(< 65 years) TG+GG  3/316 1.00(0.30-3.31) 1.02(0.30-3.44) 0.97 (0.29-3.28)

HR = hazard ratio, Cl = confidence interval. Model 1: adjusted for age. Model 2: adjusted for age, BMI, smoking status, pack years
of smoking, alcohol intake, age at menarche, age at menopause, number of children, physical activity, HRT use, corticosteroid use,
vitamin A intake, vegetable intake, and total energy intake. Model 3: adjusted for age, BMI, smoking status, pack years of smoking,
alcoholintake, age at menarche, age at menopause, number of children, physical activity, HRT use, corticosteroid use, vitamin A intake,

vegetable intake, total energy intake, and other CYP3A genotype.
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Table 4. Association between CYP3A genotype and mortality

Mortality
HR (95% Cl)
All cause All Early onset Late onset
breast cancer (< 65 years) (= 65 years)

breast cancer breast cancer

CYP3A4*1B Model 1 0.66 (0.28-1.55) 1.00 (0.36-2.77) NA 1.10(0.39-3.06)
Model 2 1.16 (0.34-3.99) 1.32(0.38-4.53) NA 1.41(0.41-4.83)

CYP3A5*1 Model 1 1.88(0.93-3.81) 1.24(0.56-2.77) NA 1.13(0.50-2.53)
Model 2 1.97(0.75-5.19) 1.36 (0.52-3.58) NA 1.28 (0.49-3.38)

CYP3A7*1C Model 1 1.15(0.57-2.34) 1.10(0.44-2.78) 1.98(0.17-23.22) 0.94 (0.34-2.62)
Model 2 1.35(0.63-2.91) 1.18(0.47-2.97) 1.50(0.12-18.35) 1.00 (0.36-2.80)

HR = hazard ratio, Cl = confidence interval, NA = not applicable. Model 1: adjusted for age at diagnosis. Model 2: adjusted for age at

diagnosis and other CYP3A genotypes.

DISCUSSION

In this prospective population-based cohort study on the association between CYP3A geno-
types and three types of outcome, we encountered several interesting findings. First, significant
associations were found between CYP3A5 homozygous G-allele carriage and decreased DHEA
serum levels, and between CYP3A7 G-allele carriage and decreased levels of DHEA sulphate,
estrone, and estrone sulphate. Although not significant, levels of other hormones seemed to
be influenced by CYP3A genotype as well. Second, the CYP3A4 GG genotype was associated
with a longer estrogen-exposure period compared to any of the other CYP3A4 genotypes
and the CYP3A5 AA genotype was associated with a younger age at menopause compared
to the CYP3A5 AG and GG genotypes. Third, despite these hypothesis-strengthening findings
that some CYP3A genotypes are associated with risk factors for breast cancer, no associations
of any of the CYP3A genotypes and breast cancer incidence or mortality were found. Since
no data were available for the CYP3A43 gene, polymorphic expression of CYP3A43 was not
included.

Although the role of CYP3A enzymes in steroid hormone metabolism is commonly accept-
ed, studies on the effect of genetic variation in genes encoding for these enzymes are scanty.
Studies mainly focus on testosterone levels and comprise an in vitro setting. The current study
not only included multiple CYP3A genes and its most commonly studied polymorphisms but
also investigated several steroid hormone levels, all within an in vivo setting. The biological
function of polymorphic expression of CYP3A4 induced by the *1B gene polymorphism
(G-allele) is controversial and preferably studied for its impact on testosterone metabolism.
While epidemiologic studies hypothesized that the polymorphic form would result in lower
metabolic rates 899074176205 some in vitro studies found an almost 3-fold increased 63-hydroxy-

lase activity converting testosterone to its less active metabolites *2. In the present study, no
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effects of CYP3A genotype on testosterone or free testosterone levels were found. That in vivo
data do not confirm the in vitro results is most probably explained by the role of the counter-
balancing pituitary-adrenal (cortisol) pathways. In spite of a lack of evidence for genetic varia-
tion, consistency exists for the role of CYP3A in estrogen metabolism. The enzyme subfamily
catalyzes the 2-, 4-, 16a- and 17B-hydroxylations of estrone and estradiol.2>3?352¢ Results of
the current study show, although not statistically significantly different, increased levels of
estrone, estradiol and free estradiol and decreased levels of estrone sulphate in CYP3A4 vari-
ant carriers. These findings endorse the role of CYP3A4 enzymes in estrogen metabolism and
indicate a decreased activity in variant carriers. A previous study observed moderate effects
of CYP3A5 polymorphisms on estrogens, which might explain our less pronounced findings
for the gene encoding for this enzyme.®s Finally, the results found for CYP3A7 were mainly
similar to those of CYP3A4 and CYP3A5, with exclusion of the results for estradiol that leads to
lower levels in variant carriers. As shown by Lee et al., CYP3A7 shares the catalytic activity of
the CYP3A subfamily for 16a-hydroxylase of estrone which might be an explanation for the
finding in our study.>* Overall, studies on CYPs are highly influenced by a large number of
inducers and inhibitors, which might have overruled or antagonized the influences of genetic
variation. Moreover, in this study we used several models to explore differences between
CYP3A genotypes. This revealed more insight into the effects of confounders such as precursor
hormone level and the remainder of CYP3A gene variation. As demonstrated by these results,
adjustments of hormone levels without a circadian rhythm for precursor hormones with a
circadian rhythm resulted in dilution or vanishing of the differences observed in a previous
model. For these particular hormones (DHEA sulphate and estrone sulphate), models without
adjustments for precursor hormones represent probably more adequate results than models
that include these levels. Although adjustment for other CYP3A genotypes reveals more in-
sight into the CYP3A specific genotype effects, one should recognize that only a minority of
genetic variation within each gene was considered and that potential influences on both hor-
mone levels and disease outcomes are probably explained by a combination of CYP3A gene
variations and/or other gene variations. This would argue for a haplotype or genome-wide
association approach. Next to this, combining heterozygous persons with those homozygous
for the minor allele, might have led to a dilution of the effect as measures of reproductive life
(FIGURE 2) show some significant differences for homozygous minor allele carriers. However,
for hormone levels low numbers forced us to combine groups. In a previous study on CYP3A
genotype and steroid hormone levels in males, we found highly significant associations of
primarily CYP3A7 genotype and serum levels of DHEA sulphate, androstenedione, estrone
and estrone sulphate (unpublished data). The current study shows that for females these
results are only to a certain part similar and less pronounced. Gender-related differences in
the metabolism of xenobiotics are commonly encountered in traditional laboratory rodents
28 put are debatable in humans #9242 However, recent data indicate regulation of expres-
sion of CYP3As by sex hormones.?#24 For cytochrome P450 enzymes, the expression level
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is normally regulated by constitutive androstane receptors (CAR) and pregnane X-receptors
(PXR). Sex hormones bind as ligands to these receptors and stimulate (de)activation of the
promotor.2424¢ As a consequence of this mechanism, several studies observed higher activi-
ties of mainly CYP3A4 and CYP3AS5 in females, since expression levels were not inhibited by
androgens.?*2% As males have lower expression levels, consequences of genotype differences
might have more impact on these levels than in females with high expression levels.

A previous study on 137 healthy nine-year old American girls (of whom 41 of Caucasian
descent) reported an allele-dose dependent association between the CYP3A4 G-allele (*1B)
and onset of puberty, defined as a Tanner breast development stage of > T2B. 90% of girls ho-
mozygous for the G-allele had reached puberty in contrast to 56% or 40% in heterozygous or
homozygous wild type carriers, respectively.?” This observation is underlined by results from
the current study. Females with the CYP3A4 GG genotype reported a (although not statisti-
cally significant) younger age at menarche. Additionally, they reported higher ages at meno-
pause, which resulted in a statistically significantly longer estrogen-exposure period for these
females, compared to AA or AG genotype carriers. Furthermore, our study shows statistically
significantly higher ages at menopause in G-allele carriers of CYP3A5. Although the observa-
tions can directly be explained by our observation of increased estrone and estradiol levels in
CYP3A4 G-allele carriers and CYP3A5 homozygous G-allele carriers, it remains uncertain what
the impact of the genotypes is on steroid hormone levels in younger females.

Despite the moderate evidence found for effects of some CYP3A genotypes on steroid
hormone levels, including estrogens, and established risk factors of breast cancer such as ages
at menarche and menopause, no association with breast cancer incidence or mortality was
observed in the current study. Although this is in line with results from a previous study on
a large group of almost 1000 breast cancer cases >*, future research might stratify on estro-
gen- (ER) and progesterone-receptor (PR) status in tumor tissue. The effect of estrogens on
ER or PR positive breast cancers might be different and could as yet reveal hormone-CYP3A
gene-disease associations.

Observational studies are prone to selection, information and confounding bias. For this
study persons without a blood sample, who were on average older, were excluded. Although
aging is associated with at least some of the hormone levels ¢ and with breast cancer, it was
not associated with genotype as all genes were in Hardy Weinberg equilibrium. Consequently,
selection bias is unlikely. Information bias seems also unlikely, as both exposure and outcome
measurements were performed much earlier and prior to formulating the research question.
However, the inter-individual variation of steroid hormone levels and the self-reported ages
at menarche and menopause could have introduced some misclassification. Nevertheless, this
misclassification is most probably non-differential and irrespective of genotype. The use of
pathologically confirmed cases might have slightly diminished a genuine association if females
with an undetected breast malignancy served as controls. Confounding for most accepted risk
factors was adjusted for and hormone levels were explored by using different models.
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In conclusion, some associations between CYP3A genotypes and steroid hormone levels
were observed. However, results are less pronounced than we observed in a previous study
among males, possibly as a consequence of gender-specific expression levels of CYP3A
enzymes. Although age at onset of menarche and menopause and the calculated estrogen-
exposure period, all commonly accepted risk factors for breast cancer, were related with some
of the CYP3A genotypes, no association was observed for the genotypes and breast cancer
incidence or mortality. Future studies might benefit from stratification on estrogen- or pro-
gesterone-receptor status in tumor tissue.






2.4, Cytochrome P450 (CYP) 2(9*2 and *3 variant alleles do
not increase the beneficial effects of NSAIDs on colorectal cancer



ABSTRACT

Background: Because CYP2C9 enzymes are involved in NSAID metabolism, we investigated
whether CYP2C9*2 and *3 variant alleles, encoding for enzymes with lower activity, increased
the protective effects of NSAIDs on colorectal cancer.

Methods: Individual and combined associations of NSAIDs and CYP2C9*2 and *3 variant
alleles with colorectal cancer were studied in 7757 Caucasian individuals of The Rotterdam
Study, a population-based prospective cohort since 1990. Additive and multiplicative effect
modification models were used to examine drug-gene interactions.

Results and conclusion: There were 212 incident cases of colorectal cancer during follow-up.
A reduced risk of colorectal cancer was observed in individuals who used NSAIDs for more
than ayear (HR 0.45;95%Cl 0.28-0.71), and in carriers of a CYP2C9 variant allele associated with
lower enzymatic activity (HR 0.67; 95%Cl 0.47-0.96). The combination of both determinants
was associated with a further risk reduction but without synergy. This might indicate indepen-
dent pathophysiological mechanisms.
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INTRODUCTION

Colorectal cancer is the second leading cause of cancer related death in the western world 2+
and is considered as the final stage of the sequence from adenoma to carcinoma by accumula-
tion of genetic mutations in epithelial cells 242, This may result from exposure to carcinogens
and mutagens, which can be activated by xenobiotic-metabolizing enzymes.° Furthermore,
tumor development is dependent on vascularisation, cell proliferation and apoptosis.

Cytochrome P450 (CYP) enzymes, that metabolise most endogenous and exogenous
substrates, are mainly expressed in the human liver, but also in normal intestinal epithe-
lium and in colon adenocarcinoma.»*3 The CYP2C subfamily accounts for 20% of all CYP
in the liver, CYP2C9 being the main isoform.>* The CYP2C9 isoform is capable of activating
specific carcinogens and is related to the formation of DNA adducts.> Besides their role in
(de)toxification, there is a physiological role for CYP2C9 in the metabolism of arachidonic acid,
forming epoxyeicosatrienoic acids through epoxygenase.®**7 An increase of arachidonic acid
metabolism that results in decreased arachidonic acid levels, induces neo-vascularisation and
cell growth and inhibits apoptosis 22, conditions that might lead to tumor development.
Additionally, CYP2C9 metabolizes non-steroidal anti-inflammatory drugs (NSAIDs), which
have been associated with a decreased risk of colorectal cancer.2>2% In individuals of Cauca-
sian descent, two allelic variants (¥2 and *3) of the CYP2C9 gene are relatively common. These
*2 and *3 variants have been shown to result in a lower enzyme activity for several substrates,
both in vitro and in vivo, compared to the activity of the wild-type allele 825264265

The objective of this cohort study was to investigate whether CYP2C9*2 and *3 variant
alleles are associated with an increase of the protective effect of NSAIDs on colorectal cancer
risk in a Caucasian population.

METHODS

Setting
Data were obtained from The Rotterdam Study, a population-based prospective cohort study
among inhabitants of the Rotterdam suburb Ommoord. Between July 1989 and July 1993,
all persons aged 55 years and older were invited (n=10,275). In total 7,983 subjects (78%)
participated (4,878 women and 3,105 men). The design, ethical approval and rationale behind
this study have been described earlier.®

At baseline, a home interview was performed followed by two visits at the research center
for clinical examinations. Blood samples were collected and DNA isolated. Baseline data col-
lection was performed from October 1990 to July 1993. Since then, participants have been
re-examined periodically. In addition, participants are continuously monitored for major
events, including cancers, which occur during follow-up, through automated linkage with
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files from general practitioners. Information on medication use is available for all participants
since January 1991. The seven computerized pharmacies that cover the research area are
linked to one network. In this way, the date of prescription, the total amount of drug units per
prescription and the prescribed defined daily dosage (DDD) are available per drug defined by
an Anatomical Therapeutical Chemical (ATC) code ™. Information on vital status is obtained
regularly from municipal health authorities in Rotterdam and from general practitioners in
the study district.

Cohort definition

Pharmacy data were available for 7857 (98%) subjects. Persons with a diagnosed colorectal
cancer before January 15t 1991 (n = 48) or who died or were lost to follow up before this date (n
= 52) were excluded from the analyses. This resulted in a study cohort of 7757 (97%) individu-
als. Genotypes were determined in 6378 persons for whom genetic material was isolated and
the assay was successfully performed. Follow-up time was defined as the period between
January 111991 and a diagnosis of colorectal cancer, death, or the end of the study period on
October 15t 2004 whichever came first.

Exposure definition

NSAID use

The exposure of interest included both non-aspirin and aspirin NSAIDs. The following drugs
were used by study subjects: acetylsalicylic acid, carbasalate calcium, diflusinal, sulindac,
nabumeton, naproxen, ibuprofen, diclofenac, diclofenac/misoprostol, tolmetin, indometacin,
piroxicam, ketoprofen, dexketoprofen, flurbiprofen, azapropazon, meloxicam, celecoxib,
etirocoxib, and rofecoxib. Time-dependent exposure variables were defined by reference to
the date of diagnosis of a colorectal cancer (index date) and to calculate cumulative dose and
duration for each case and the remainder of participants in the cohort until that date. Given
this approach, subjects were eligible as controls as long as they were not a case or censored.
Consequently, participants were used in several case-sets. The methodology of time-varying
exposure has been described by Clayton and Hill.2¢

Genotyping
DNA was extracted using standard procedures and stored at -20°C until used for DNA amplifi-
cation. CYP2C9*2 (rs1799853) and CYP2C9*3 (rs1057910) were determined using 2-ng genomic
DNA with the Tagman Prism 7900HT 384 wells format allelic discrimination assay.>” Primer
and probe sequences were optimized by using the SNP assay-by-design service. These allelic
variants occur at appreciable frequency in the Caucasian population. The ALlele FREquency
Database (ALFRED) reports allele frequencies of 13 % for CYP2C9*2 and 7 % for CYP2C9*3.7°
The variants are the result of amino acid substitutions at position 144 (CYP2C9*2; Arg ey =
Cysqec) and position 359 (CYP2C9*3; lle,

, = Leu ). Since other variants are extremely

ATT T
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rare among Caucasians, persons without *2 or *3 were considered as having the wild-type
genotype (*71).

Case identification and validation

Three different databases were used for case identification. First, cases diagnosed by general
practitioners in the research area were collected (International Classification of Primary Care
(D75)). Second, the national registry of all hospital admissions was consulted to detect all
malignancy related hospital admissions for study participants. Third, regional pathology da-
tabases were linked to The Rotterdam Study to identify cases. Subsequently, colorectal cancer
cases were validated by a physician (CS) based on medical records of the general practitioner,
discharge letters, and pathology reports. The 10" edition of the International Classification
of Diseases (ICD-10) was used to distinguish between the anatomical locations non-sigmoid
colon (C18), sigmoid colon (C19) and rectal (C20) cancer. Because of their low incidence and
proposed different pathophysiology, anal cancers (n = 3) were not included as cases. Only
pathologically confirmed cases were considered in the analyses. The index date was defined
as the earliest date found in the pathology reports.

Covariates

On the basis of medical literature the following co-variables, assessed at baseline, were
considered as potential confounders: age, gender, body mass index (BMI) (kg/m?), total en-
ergy intake (kcal/day), alcohol (grams/day), vegetable (grams/day), fruit (grams/day), meat
(grams/day), fiber (grams/day), and selenium intake (grams/day), hypercholesterolemia (total
cholesterol > 6,5 mmol/L), physical activity (without difficulty, with some difficulty, with much
difficulty, unable to do) and smoking (total packyears). The method and validation of dietary
assessment in The Rotterdam Study has been described elsewhere.”

Statistical analyses

Genotype proportions and allele frequencies were tested for deviations from the Hardy-
Weinberg equilibrium using a y*-test. Cox proportional hazard models were used to study
associations between NSAID use or CYP2C9 variant alleles and colorectal cancer risk. A first
model adjusted for age and gender. A second model was made with those co-variables that
changed the point estimate by more than 10% or which were independent risk factors for the
outcome, according to the literature.

NSAID use was both studied as a dichotomized variable (never/ ever use) and in categories
of cumulative duration (never use / 1-365 days use / > 365 days use). The analyses were per-
formed for total NSAID use and non-aspirin NSAIDs and aspirin NSAIDs separately. We defined
five categories of drug exposure: never use of NSAIDs, 1-365 days of non-aspirin NSAID, > 365
days of non-aspirin NSAID, 1-365 days of aspirin use and > 365 days of aspirin use in which
the “never use” category served as a reference while the other categories could partly overlap
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when an individual used both aspirin- and non-aspirin NSAIDs during the study period. Trend
analyses were performed to quantify a duration-effect response.

The association between genotype and colorectal cancer was studied in the total cohort,
and in a subgroup of non-NSAID users to investigate the drug-independent effect of CYP2C9
variant alleles. Carriers were defined as having at least one variant allele. The homozygous
wild-type genotype (¥1/*1) served as the reference category. In addition to the association
with the total group of colorectal cancers, the effect on anatomical subtypes (non-sigmoid
colon, sigmoid colon, rectum) was investigated.

The combined effect of NSAIDs and CYP2C9 genotype was studied by using the following
groups: non-carriers without NSAID use (reference), variant carriers without use, non-carriers
with use, variant carriers with use. Analyses were performed for the total colorectal cancer
group as well as for anatomical subtypes. Drug-gene interactions were studied for the sepa-
rate exposure subgroups (non-aspirin and aspirin NSAIDs) as well. When the interaction with
non-aspirin NSAIDs was studied, the reference group was composed of only those without
non-aspirin use and the analyses were adjusted for aspirin use. In a similar way, interaction of
aspirin NSAIDs and genotype was studied. Trend analyses were performed on all these groups.
The sequence for which the trends hold is based on the results of the separate analyses of
NSAID use and CYP2C9 variant allele carriage on colorectal cancer risk. Effect modification
was studied with both additive (biological) and multiplicative interaction models. The relative
excess risk reduction due to interaction (RERI) was used to evaluate departures from an addi-
tive scale. SAS software (Statistical Analysis Software version 8.2, Cary, NC) was used to derive
regression coefficients (3) and covariance matrices (9). The obtained numbers were used to
calculate RERIs (RR RR
limits. 2°82% |f there is no biological interaction RERI is equal to 0. Interaction terms were added

RR + 1) and their corresponding 95% confidence

combination exposure A exposure B

to the model to identify multiplicative effect modification. All analyses were performed with
SPSS software (version 11.0.1; SPSS Inc., Chicago, USA). P-values below the conventional level
of significance (p < 0.05) were considered statistically significant.

RESULTS

Individuals of whom the genotype was unknown (n = 1379) were on average older, relatively
more frequently female and smoker, and had a shorter follow-up time than those for whom
genotype data were available. Baseline characteristics of the study group are presented in
TABLE 1. During a mean follow-up time of 9.8 years, 212 colorectal cancers (3 anal cancers not
included) occurred. This was three percent of our cohort and corresponds with the incidence
of colorectal cancer in the general Dutch population in persons aged 55 years and over.' The
mean age was 68.1 years and 38.2 % were males. Ninety-six percent of the population used
an NSAID at any time during the study period. Non-aspirin NSAIDs were taken by 60 percent
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Table 1. Baseline characteristics

Characteristic

Total participants

N=7757
Genotyped 6378
Colorectal cancer cases (% of total participants) (genotyped) 212 (3%) (184)
Age, mean (SD) 68.1(8.47)
Male gender, N (%) 2963 (38.2 %)
Body mass index (BMI), mean (SD), N (%) 264(3.7)
Underweight (< 18.5) 54(0.7 %)
Normal weight (18.5 - 24.9) 2645 (34.1 %)
Overweight (25.0 - 29.9) 3367 (43.4 %)
Obesity (30 -39.9) 1047 (13.5 %)
Extreme obesity (> 40) 23(0.3%)
Smoking status, total pack years (SD), N (%) 26.7 (23.1)
Never 2723 (35.1 %)
Former 3149 (40.6 %)
Current 1699 (21.9 %)
Physical activity, N (%)
Without difficulty 4608 (59.4 %)
With some difficulty 1598 (20.6 %)
With much difficulty 496 (6.4 %)
Unable to do 931(12.0 %)

Hypercholesterolaemia (> 6,5 mmol/L), N (%)
Total energy intake (kcal/day), mean (SD)
Vegetable intake (grams/day), mean (SD)
Fruit intake (grams/day), mean (SD)
Meat intake (grams/day), mean (SD)
Fiber intake (grams/day), mean (SD)
Selenium intake (grams/day), mean (SD)
Fat intake (grams/day), mean (SD)
Alcohol consumption (grams/day), mean (SD)
Genotypes, N (%) ®

CYP2C9 *1/*1

CYP2C9 *1/*2

CYP2C9 *1/*3

CYP2C9 *2/*2

CYP2C9 *2/*3

CYP2C9 *3/*3

3731(48.1 %)
1967 (501)
350(137)
230(132)

108 (47)
17.(5)

33(10)
40(19)
10(15)

4229 (66.3%)
1339(21.0 %)
593 (9.3%)
102 (1.6 %)
89 (1.4 %)

26 (0.4%)

N = number of persons, SD = standard deviation. ® Hardy Weinberg x> = 1.55 (p = 0.34). Percentages do not sum up to 100 % due to

missing values.

and aspirin NSAIDs by 30 percent of the population while 21 percent used both types during

the study period. Mean duration of non-aspirin and aspirin NSAIDs use was 90 and 280 days,

respectively. Genotype data were in Hardy Weinberg equilibrium (2= 1.55; p = 0.35). 33.7% of
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Table 2. Association between cumulative NSAID use and colorectal cancer

Cumulative days Model 1 . Model 2°
of NSAID use HR (95% Cl) HR (95% Cl)
Any NSAID use <
No use ? 82 1.00 (reference) 63 1.00 (reference)
1-365 days use 90 0.72(0.53-0.98) 69 0.65 (0.45-0.92)
> 365 days use 40 0.48(0.32-0.72) 32 0.45(0.28-0.71)
Non-aspirin NSAID use ¢
No use ? 82 1.00 (reference) 63 1.00 (reference)
1-365 days use 73 0.77 (0.55-1.06) 59 0.72 (0.50-1.05)
> 365 days use 4 0.33(0.12-0.91) 3 0.29 (0.09-0.95)
Aspirin NSAID use

No use ? 82 1.00 (reference) 63 1.00 (reference)
1-365 days use 17 0.48 (0.28-0.82) 10 0.34(0.17-0.67)
> 365 days use 36 0.55(0.36-0.83) 29 0.51(0.32-0.81)

N = number of cases, HR = hazard ratio, Cl = confidence interval. * No use is defined as no use of non-aspirin or aspirin NSAIDs during
the study period. ® Complete case analyses.  Model 1: adjusted for age and gender. Model 2: adjusted for age, gender, smoking, energy
intake, physical activity, body mass index and hypercholesterolaemia. ¢ Model 1: adjusted for age, gender and aspirin use. Model 2:
adjusted for age, gender, smoking, energy intake, physical activity, body mass index, hypercholesterolaemia and aspirin use. ¢ Model 1:
adjusted for age, gender and non-aspirin use. Model 2: adjusted for age, gender, smoking, energy intake, physical activity, body mass

index, hypercholesterolaemia and non-aspirin use. ' Trend significant at 0.001 level.

the study population carried at least one variant allele. Allele based frequencies of CYP2C9*2
and CYP2C9*3 were 12.8% and 5.8 %, respectively.

Ever use of NSAIDs was associated with a 37% risk reduction of colorectal cancer (HR 0.63;
95% Cl1 0.47-0.85). Duration of use was inversely related to colorectal cancer incidence (p-trend
=0.001). (tABLE 2) Both aspirin- and non-aspirin NSAIDs were associated with a significant risk
reduction for colorectal cancer, especially after more than one year of cumulative use. Total
energy intake was the only potential confounder that changed the point estimate of NSAID
use on the age and gender adjusted colorectal cancer risk by more than 10 %. The specified
dietary factors did not change the risk when adjusted for the total intake. Other potential
confounders were put into the model because they were considered as potential risk factors
in the medical literature. Dietary data were not available for 23.1% of the population. Missing
status of these and other factors had no effect on the association between NSAID use and
colorectal cancer risk (p-values between 0.11 - 0.51). Therefore, complete case analyses with a
second model that consisted of age, gender, total energy intake, physical activity, body mass
index, hypercholesterolemia and the specified exposure were performed.

Carriage of a CYP2(C9 variant allele was also associated with a risk reduction (60%), pri-
marily in the proximal parts of the colorectal tract. (taBLE 3) This risk reduction subsists for
colon carcinoma in the analyses among non-NSAID users, although not significant anymore,
probably due to insufficient power. The number of cases were too small to investigate the
individual effects of CYP2C9*2 and *3 on cancer risk. Overall, the reduced risk of colorectal
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Table 3. Association between CYP2C9 genotype and colorectal cancer

All participants Non-NSAID users
Model 1 o Model 2 -+ Model 1 Model 2
HR (95%Cl) HR (95%Cl) HR (95%Cl) HR (95%Cl)
Colorectal cancer 184 155 71 60
CYP2C9 wt 132 1.00 (reference) 115  1.00 (reference) 50  1.00 (reference) 44 1.00 (reference)
CYP2C9 variant 52 079(0.57-1.09) 40  0.67(047-096) 21  0.94(0.56-1.56) 16 0.78 (0.44-1.38)
Non-sigmoid colon 78 66 34 30
CYP2C9 wt 61  1.00(reference) 55  1.00 (reference) 27  1.00 (reference) 25  1.00 (reference)
CYP2C9 variant 17 056(033-0.96) 11  0.38(0.20-0.72) 7 0.59(0.26-1.35) 5 0.43(0.16-1.13)
Sigmoid colon 65 52 21 16
CYP2C9 wt 46 1.00 (reference) 37 1.00 (reference) 14 1.00 (reference) 11 1.00 (reference)
CYP2C9 variant 19 0.82(048-1.40) 15 0.79(0.44-1.45) 7 1.09(0.44-269) 5 1.00 (0.35-2.88)
Rectum 41 37 16 14
CYP2C9 wt 25 100 (reference) 23 1.00 (reference) 9 1.00 (reference) 8 1.00 (reference)

CYP2C9 variant 16 1.28(0.69-241) 14  1.21(062-236) 7 1.73(0.64-4.66) 6 1.57(0.53-4.62)

N = number of cases, HR = hazard ratio, Cl = confidence interval, NSAID = non-steroid anti-inflammatory drugs, wt = wild type. Model
1: Adjusted for age and gender. Model 2: Adjusted for age, gender, smoking, energy intake, physical activity, body mass index and

hypercholesterolaemia.

cancer associated with NSAID use seemed to be stronger than that associated with variant
allele carriage.

Combinations of both variant allele carriage and NSAID use resulted in more protection
than either of the factors alone. (TaBLE 4) This effect was primarily seen in proximal parts with
a significant trend for non-sigmoid colon cancer. However, significant effect modification on a
multiplicative or additive scale did not occur (p-values all > 0.05). The results were similar for
aspirin- and non-aspirin NSAIDs.

DISCUSSION

This prospective population-based cohort study demonstrates associations between NSAID
use, CYP2C9 variant allele carriage and colorectal cancer incidence. Duration of NSAID use
was inversely related to the incidence of colorectal cancer. Since both non-aspirin and aspirin
NSAIDs have been associated with a decreased risk of colorectal cancer in former studies, we
combined both types of NSAIDs and additionally performed separate analyses. No obvious
differences were observed in the protective effect of aspirin and non-aspirin NSAIDs. Carriage
of a CYP2C9 variant allele was associated with a lower risk of non-sigmoid colon cancers, even
in non-NSAID users, although for this last group no significance was reached, probably be-
cause of power problems. A combination of variant allele carriage and use of NSAIDs resulted
in a larger reduction of colorectal cancer risk than one of the determinants independently.
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Table 4. Combined effect of NSAID use and CYP2C9 genotype on colorectal cancer risk

Total NSAID use® Non-aspirin NSAID use ® Aspirin NSAID use ¢
N HR (95%Cl) N HR (95%Cl) N HR (95%Cl)
Colorectal cancer
CYP2C9 wt, no use 50 1.00 (reference) 57 1.00 (reference) 100 1.00 (reference)
CYP2C9 variant, no use 21 0.92 (0.56-1.54) 25 0.94(0.59-1.51) 39 0.79 (0.55-1.15)
CYP2C9 wt, use 82 0.64 (0.45-0.93) 75 0.87 (0.61-1.24) 32 0.62(0.41-0.93)
CYP2C9 variant, use 31 0.47 (0.30-0.74) 27 0.60 (0.38-0.96) 13 0.50 (0.28-0.89)
Trend ¢ 184 p=0.001 184 p=0.06 184 p=0.003
Non-sigmoid colon
CYP2C9 wt, no use 27 1.00 (reference) 28 1.00 (reference) 51 1.00 (reference)
CYP2C9 variant, no use 7 0.57(0.25-1.31) 10 0.77 (0.37-1.58) 1 0.44(0.23-0.85)
CYP2C9 wt, use 34 0.50 (0.30-0.85) 33 0.81(0.48-1.37) 10 0.38(0.19-0.77)
CYP2C9 variant, use 10 0.29 (0.14-0.60) 7 0.33(0.14-0.77) 6 0.45(0.19-1.07)
Trend ¢ 78 p <0.001 78 p=0.02 78 p=0.002
Sigmoid colon
CYP2C9 wt, no use 14 1.00 (reference) 18 1.00 (reference) 32 1.00 (reference)
CYP2C9 variant, no use 7 1.10(0.44-2.62) 8 0.95 (0.42-2.20) 15 0.94(0.51-1.74)
CYP2C9 wt, use 32 0.93(0.49-1.77) 28 1.02 (0.55-1.87) 14 0.88 (0.46-1.68)
CYP2C9 variant, use 12 0.67 (0.30-1.47) " 0.76 (0.35-1.64) 4 0.50(0.17-1.41)
Trend ¢ 65 p=032 65 p=0.61 65 p=0.25
Rectum
CYP2C9 wt, no use 9 1.00 (reference) 1 1.00 (reference) 17 1.00 (reference)
CYP2C9 variant, no use 7 1.73(0.65-4.66) 7 1.38(0.53-3.56) 13 1.57(0.76-3.23)
CYP2C9 wt, use 16 0.63 (0.27-1.46) 14 0.77 (0.34-1.75) 8 0.85(0.36-2.01)
CYP2C9 variant, use 9 0.68 (0.27-1.76) 9 0.96 (0.39-2.37) 3 0.63(0.18-2.17)
Trend ¢ 41 p=0.20 41 p=0.67 41 p=0.50

N = number of cases, HR = hazard ratio, Cl = confidence interval, NSAIDs = non-steroid anti-inflammatory drugs, wt = wild type. No use
is defined as no use of the NSAID type of interest. For the total NSAIDs group this means no use of any non-aspirin or aspirin NSAID,
for the non-aspirin NSAIDs group this means no non-aspirin NSAID use and for the group of aspirin NSAIDs this means no aspirin
NSAID use. ® Adjusted for age and gender. ® Adjusted for age, gender and aspirin use. ¢ Adjusted for age, gender and non-aspirin use. ¢
Sequence for which the trend holds is based on the results of the separate analyses that NSAID use seems to be more protective than

carriage of a variant allele.

This seems to be due to independent pathophysiological mechanisms, since both additive
and multiplicative interaction terms were not significantly different from the combined risk
reduction. The influence on different regulatory pathways in the arachidonic acid metabolism
and the influence CYP2C9 seems to have on the formation of DNA adducts might explain
these independent mechanisms.>s

Regular and long-term use of NSAIDs 2¢327°276 and the effect of CYP2C9 genotype 2931133135 o
colorectal cancer risk have both been studied before. Currently, there is increasing evidence
that regular or long-term use of NSAIDs protects against malignancies in the gastro-intestinal
tract but final proof from randomized clinical trials is hardly available. In most observational
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studies and in line with our results, cumulative NSAID use is associated with a reduced cancer
risk already after 1 to 2 years of cumulative use.?°*Trials however, report a minimum required
period of use of more than ten years.?7+*

More conflicting are the results of studies that investigated the CYP2C9-cancer relation.
Two previously published studies were in line with our finding that CYP2C9 gene variant allele
carriers had a decreased colon cancer risk.>34 Nevertheless, some others found inconsistent
results.»=3s The different risk per anatomical subtype might be the result of a different
pathophysiological process that depends on a variety of environmental and genetic factors
for proximal and distal cancers #7, which would argue for performing studies by anatomical
site.

The objective of our study was to investigate whether CYP2C9*2 and *3 variant alleles are
associated with an increase of the protective effect of NSAIDs on colorectal cancer risk. The
question whether there is synergism between CYP2C9 variant alleles and NSAID use have been
studied before in association with colon adenoma #**° and colorectal cancer 2%, Besides
differences in outcome definition, exposure definitions and methodology in these studies dif-
fered. One of the previously published studies only presented results on the association with
aspirin use °, while others reported separate results for aspirin and non-aspirin NSAIDs 3278
or aspirins and ibuprofen 2%, Similar to the first three studies, we did not find effect modifica-
tion on a multiplicative scale. Additive modification of the drug effects was found in the first
published study in approximately 500 cases and a similar number of controls.® The protective
effect of aspirin on colorectal cancer risk appeared to be absent in those who carried a variant
allele. Our results indicate the opposite with the lowest risk in both aspirin and non-aspirin
NSAID users who are variant carriers. Unlike earlier studies, we studied potential effect modi-
fication on an additive and multiplicative scale in both non-aspirin and aspirin users in one
cohort to investigate whether there was synergism between 2C9 variant alleles and NSAIDs
use on colorectal cancer. For additive interaction we provided information about significance
by using RERIs. None of the interaction terms was significant and consequently, based on our
population-based study, there is no strong evidence that there is synergism and that CYP2C9
variant carriage enhances the potential protective effects of NSAIDs on colorectal cancer risk.
This seems in contrast with results from previous studies that CYP2C9 variant allele carriers
may accumulate NSAIDs and enhance their activity by a decreased metabolism.**"2% However,
it is more or less established that duration of use is more important than dose in the preven-
tion of colorectal cancer.?” It is therefore possible that accumulation of an NSAID, resulting
in higher serum levels of the drug, does not add so much extra protection against colorectal
cancer. The observed reduced risks in persons with both factors present might therefore be
considered as the sum of two independent risk factors. Hence, these factors most probably
act primarily through different pathophysiological pathways. Nevertheless, enhancement of
the effects of NSAIDs on colorectal cancer by CYP2C9 variants can still be present for specific
NSAIDs, as was observed in a recently published American case-control study **° Due to a
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lack of power, we were not able to study the interaction between CYP2C9 variant alleles and
NSAIDs for individual products.

Observational studies might have some limitations. Selection bias due to including only
those for whom blood samples were available seems unlikely since genotype data were
in Hardy Weinberg equilibrium. Even though this group was slightly younger and possibly
healthier, selection bias would not explain the risk reduction, which we found in NSAID users.
Because data on exposure and outcome were prospectively gathered without knowledge of
the research hypothesis, information bias is unlikely. One of the strengths of this study was the
use of pharmacy data on a day-to-day basis with little room for misclassification of the drug
exposure due to recall bias. Misclassification of the anatomical subtypes would, if present, be
random and lead to underestimation of the true estimates as well. Confounding was adjusted
for in the analyses.

In conclusion, NSAID use and CYP2C9 variant alleles are both associated with a reduced risk
of colorectal cancer, primarily of the non-sigmoid colon. Both aspirin and non-aspirin NSAIDs
account for this effect. Variant allele carriers who used NSAIDs experienced the strongest re-
duction in risk. This seems to be due to independent mechanisms, and not as a consequence
of interaction. Nevertheless, interaction might be present for specific NSAIDs.
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3.1. A population-based study on NSAID use and
colorectal cancer risk



ABSTRACT

Background: This study explored the association between cumulative NSAID use and colorec-
tal cancer in a prospective population-based study.

Methods: Hereto, we included 7621 participants of 55 years and older from The Rotterdam
Study. During a mean follow-up time of 11.5 years, 195 colorectal (colon, sigmoid and rectal)
cancers occurred. Cases were validated based on medical records, discharge letters and pa-
thology reports. Details on NSAID use since January 1t 1991 were available on a day-to-day
basis. Cumulative duration, dose and time since last intake were used as exposure measures.

Results and conclusion: More than one year of cumulative use appeared to be associated with
areduced colorectal cancer risk [Any NSAID: HR 0.49, 95%Cl 0.33-0.75; Non-aspirin NSAIDs: HR
0.25, 95%Cl 0.10-0.63; Aspirin NSAIDs: HR: 0.58, 95%Cl 0.37-0.90]. Although current use was
associated with a stronger risk reduction than use in the past, a protective effect of NSAIDs
on colorectal cancer remains demonstrable up to 5 years after discontinuation. Daily dose of
NSAIDs seems to be of less importance.
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INTRODUCTION

Already in the early 1980s, Waddell and Loughry found evidence for a protective effect of
the newer non-steroid anti-inflammatory drug (NSAID) sulindac on colorectal cancer risk in
patients with familial adenomatous polyposis coli.?®s Up till now, the association between
use of NSAIDs and cancer has been examined in respect to several sites 22528, but most
thoroughly for colorectal cancer. NSAIDs inhibit the conversion of arachidonic acid into
prostaglandins and harmful by-products by acting on cyclo-oxygenase (COX) enzymes. The
resulting increased levels of arachidonic acid and the decreased levels of prostaglandins
beneficially influence apoptosis and other cellular homeostatic mechanisms. Consequently,
prolonged use of NSAIDs might inhibit the early stages of carcinogenesis.?**2' Inhibition of
the activity of COX-2 expression mainly in aberrant crypt foci or early adenomatous lesions is
the proposed mechanism for this.?> Since decades, the adenoma to carcinoma sequence in
colorectal cancer is well established.?* Therefore, the association between NSAID use and the
risk of adenomas has been studied many times as well. For both adenomas and carcinomas,
risk appeared to be reduced by approximately 30 to 50 percent, especially in the proximal
parts of the colon.?*4 Observational studies, animal models and clinical trials indicate that the
effect is most pronounced during early stages of carcinogenesis. However, it remains unclear
what the minimally required dose and duration of use is to reduce its risk. Whereas in some
observational studies cumulative NSAID use is already reported to significantly reduce cancer
risk after 1 to 2 years ¥°27, trials on colorectal polyps report a minimally required period of use
of more than ten years 745, Although some proposed a dose-relationship #°7429°2%5 dosage
was believed to be of less importance by others 2,

In most of the above-mentioned studies, NSAID use was assessed by means of standard-
ized questionnaires. This can be effective to obtain information about medication use for
drugs that are easily available over-the-counter. However, recall bias is a great problem of
such an assessment. Therefore, some studies made use of numbers of prescriptions available
from a pharmacy database.”>?° However, limited information was available on potential con-
founding factors and these latter studies did either not take into account duration ¢ or used
a short follow up period .

The objective of this study was to explore the association between cumulative NSAID use
and colorectal cancer in a prospective population-based cohort of individuals 55 years and
older and to study whether the hazard changed after discontinuation of NSAIDs.
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METHODS

Setting
Data were obtained from The Rotterdam Study, a population-based prospective cohort study
that started with a baseline interview between July 1989 and July 1993. All inhabitants of the
Rotterdam suburb Ommoord aged 55 years and older were invited. Of the 10,275 eligible
subjects, 7983 (78%) agreed to participate. The Medical Ethics Committee of the Erasmus
Medical Center approved the study. The rationale and design of The Rotterdam Study have
been described elsewhere.®

All participants were visited at home at the start of the study for a standardised question-
naire in which their health state and socio-economic status were recorded. Subsequently,
a physical examination followed at the research center. Since the start of The Rotterdam
Study, cross-sectional surveys have been carried out periodically. In addition, participants are
continuously monitored for major events, including cancers, which occur during follow-up,
through automated linkage with files from general practitioners. Information on medication
use is available for all participants since January 1t 1991. The seven computerized pharmacies
that cover the research area are linked to one network. In this way, the date of prescription,
the total amount of drug units per prescription and the prescribed daily dosage are available
for every drug. Information on vital status is obtained regularly from municipal health authori-
ties in Rotterdam and from the general practitioners working in the study district.

Cohort definition

To ensure a minimum of 1 year medication history, participants diagnosed with lung,
colorectal, breast or prostate cancer (n = 220) before January 1% 1992 were excluded from
the analyses. 123 persons were excluded since they died or were lost to follow up before this
date. Additionally, participants diagnosed with cancer after January 1 1992 but before their
date of entrance in The Rotterdam Study (n = 19) were excluded as well. This resulted in a
study cohort of 7621 (96%) participants. Follow-up time was defined as the period between
January 111992 and a diagnosis of colorectal cancer, death, loss to follow up or the end of the
study period (October 2004), whichever came first. Persons with one of the other previously
mentioned cancers were censored at date of diagnosis.

Exposure definition

The exposure of interest included both non-aspirin and aspirin NSAIDs. To study the effect
of cumulative use, three categories were defined a priori: no use, 1-365 days of use and >
365 days of use during the follow-up period. Cut-off points were chosen on the basis of cur-
rent knowledge that a significant risk reduction was seen after one year of cumulative use in
some of the previously published studies #>?7 and as a restriction of sample size. Furthermore,
cumulative duration was distinguished into current and past use. Current use was defined as
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a final NSAID prescription within 90 days prior to the index date. Past use was defined as a last
prescription more than 90 days before the index date. The index date was set on the date of
diagnosis in cases and the corresponding date in controls. We divided exposure into 5 mutu-
ally exclusive categories: no use, cumulative duration of 1-365 days in past users, cumulative
duration of 1-365 days in current users, cumulative duration of > 365 days in past users and
cumulative duration of > 365 days in current users. Additionally, the effect of discontinuation
of use was examined in six exposure categories: no use, current use for 1-365 days, current use
for more than 365 days, discontinuation of use since less than 1 year, discontinuation of use
since 1-5 years, and discontinuation of use since more than 5 years. Finally, cumulative dura-
tion of use was studied for those with an average defined daily dose (DDD) per day less than
1 and equal or more than 1. A defined daily dose is the recommended dose for an adult given
for the most important indication.? The average defined daily dose per individual per day was
calculated by dividing the cumulative amount of DDD by the cumulative duration of use.

Case identification and validation

Three different databases were used for case identification. First, cases diagnosed by gen-
eral practitioners in the research area were collected (International Classification of Primary
Care (D75)). Second, the national registry of all hospital admissions was consulted to detect
malignancy related hospital admissions for study participants. Finally, regional pathology da-
tabases were linked to The Rotterdam Study to identify cases. Subsequently, colorectal cancer
cases were validated by a physician (CS) based on medical records of the general practitioner,
discharge letters, and pathology reports. The tenth edition of the International Classification
of Diseases (ICD-10) was used to distinguish between the anatomical locations non-sigmoid
colon (C18), sigmoid colon (C19) and rectal (C20) cancer. Because of their low incidence and
probably different pathophysiology, anal cancers (n = 3) were not included. Only cases con-
firmed by pathology reports were considered in the analyses. The index date was defined as
the earliest date found in the pathology reports.

Covariates

The following covariates were considered as potential confounders. Age, gender, body mass
index (BMI) in kg/m?, physical activity (level of difficulty with physical activeness), total pack
years of smoking, rheumatoid arthritis (RA), osteoarthritis (OA), C-reactive protein level (mg/
L), intake of fat (grams/day), alcohol (grams/day), vegetables (grams/day), meat (grams/day),
fruit (grams/day), fibres (grams/day), selenium (grams/day), total energy intake (kcal/day),
hypercholesterolemia (total cholesterol above 6.5 mmol/L).

Statistical analyses
Since exposure to NSAIDs may vary over time, the risk of colorectal cancer was calculated
with a Cox’ proportional hazard model with NSAIDs exposure as a time-dependent covari-
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ate. In this way, the date of diagnosis of a colorectal cancer is set as the index date. Strata
are defined with one incident case and all non-cases from the remainder of the cohort as a
reference group. Given this approach, subjects were eligible as controls as long as they were
not a case.*® On the index date, the current or past cumulative duration and dose during the
study period is calculated for each participant until that date and categorized as stated above.
For all analyses, ‘'no use’ was defined as the absence of a prescription for any non-aspirin or
aspirin NSAID during the study period. A statistical model was built that adjusted for those
factors that changed the point estimate by more than 10% or which were independent risk
factors for the outcome according to the literature. Missing indicators were used to study the
effect of missing values. When missing status was found to be no confounder, missing data
on covariates were imputed by single imputation using the Expectation Maximization (EM)
algorithm.>°

We anticipated that persons with a prescription within the first months of 1992 were prob-
ably prevalent users. Therefore, to reduce misclassification of the duration of use, an additional
analysis was performed in those who had no prescription in the year before (1991). We further
hypothesized that persons with an undiagnosed colorectal cancer might have increased their
use of NSAIDs because of cancer-related pain, shortly before diagnosis. Therefore, to avoid
potential protopathic bias, an extra analysis was performed in which current users with a cu-
mulative duration of use of less than 90 days were excluded. P-values below the conventional
level of significance (p < 0.05) were considered statistically significant. All statistical analyses
were performed with SPSS software (version 11.0.1; SPSS Inc., Chicago, USA).

RESULTS

During a mean follow up time of 11.5 years, 195 colorectal cancer cases (anal cancers not
included) occurred. Baseline characteristics of the participants in the total study cohort and of
the participants with a colorectal cancer are presented in TABLE 1.

Analyses for potential confounders did not change the point estimate of NSAID exposure
on colorectal cancer risk substantially. Therefore, a model was built of those covariates that
were proposed in the literature as potential risk factors for colorectal cancer. We excluded
all dietary factors, since these did not individually affect the risk when additionally adjusted
for total energy intake. Ever use of NSAIDs was associated with a decreased risk of incident
colorectal cancer [HR 0.61; 95%CI 0.45-0.83] and was similar for non-aspirin and aspirin use.
(taBLE 2) When cumulative duration was considered, time of use was inversely related with
colorectal cancer incidence (p, , for any NSAID = 0.008). However, this was most pronounced
for non-aspirin NSAIDs that were used for more than a year [HR 0.25; 95%Cl 0.10-0.63]. For the
anatomical locations, the hazard ratios for any NSAID use were 0.38 [95%Cl 0.12-1.25], 0.19
[95%Cl 0.03-1.43] and 0.23 [95%Cl 0.03-1.73] for non-sigmoid, sigmoid and rectum cancer,
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Table 1. Baseline characteristics

Characteristic Participants with Total
colorectal cancer participants
N=195 N=7621
Gender, N (%)
Female 109 (55.9 %) 4709 (61.8 %)
Male 86 (44.1 %) 2912 (38.2 %)
Age (yrs), mean (SD), N (%) 704 (7.8) 68.1(8.5)
55-64 yrs 52(26.7 %) 3186 (41.8 %)
65-74 yrs 87 (44.6 %) 2812 (36.9 %)
75-84 yrs 48 (24.6 %) 1326 (17.4 %)
>85yrs 8 (4.1 %) 297 (3.9%)
Body mass index (kg/m?), mean (SD) 259(34) 264 (3.7)
Total pack years of smoking (yrs), mean (SD) 30.4(28.6) 26.7 (23.1)
Total energy intake (grams/day), mean (SD) 1979 (499) 1967 (501)
Alcohol intake (grams/day), mean (SD) 10(16) 10(15)
Fat intake (grams/day), mean (SD) 43(20) 40(19)
Vegetable intake (grams/day), mean (SD) 367 (177) 350(137)
Fruit intake (grams/day), mean (SD) 204 (120) 230(132)
Fiber intake (grams/day), mean (SD) 16 (6) 17 (5)
Selenium intake (grams/day), mean (SD) 32(10) 33(10)
Meat intake (grams/day), mean (SD) 115 (50) 108 (47)
Hypercholesterolaemia, N (%) 112 (57.4 %) 3666 (48.1 %)
Rheumatoid arthritis, N (%) 3(1.5%) 99 (1.3%)
Osteoarthritis, N (%) 23(11.8%) 754 (9.9%)
Physical activity, N (%)
Without difficulty 111 (56.9 %) 4527 (594 %)
With some difficulty 37(19.0 %) 1570 (20.6 %)
With much difficulty 11 (5.7 %) 488 (6.4 %)
Unable to do 33(16.9 %) 915(12.0 %)
Missing 3(1.5%) 121 (1.6 %)

N = number of persons, SD = standard deviation. Missings were imputed by a single method (Expectation Maximization) for analyses.

Table 2. Hazard ratios of cumulative duration of NSAID use on colorectal cancer risk®

Any NSAIDs Non-aspirin NSAIDs® Aspirin NSAIDs®

N HR[95% Cl] N HR [95% Cl] N HR [95% Cl]
No use 76 1.00 (reference) 76 1.00 (reference) 76 1.00 (reference)
Any use 119 0.61(0.45-0.83) 108 0.62 (0.45-0.87) 48 0.51(0.34-0.77)
1-365 days 80 0.68 (0.49-0.95) 105 0.67 (0.48-0.93) 13 0.41(0.22-0.75)
> 365 days 39 0.49 (0.33-0.75) 3 0.25(0.10-0.63) 35 0.58(0.37-0.90)

N = number of cases, HR = hazard ratio, Cl = confidence interval, NSAIDs = non-steroidal anti-inflammatory drugs. No use is defined
as no non-aspirin or aspirin use. Since exposure groups can overlap, numbers of cases per NSAID class can be more than for the total
groups of NSAIDs. * Adjusted for age, gender, body mass index, C-reactive protein level, pack years of smoking, cholesterol, physical
activity, total energy intake, rheumatoid arthritis, osteoarthritis, and hormone replacement therapy. Additionally the NSAID subclasses
are adjusted for the other class: ® Non-aspirin NSAIDs for aspirins and < Aspirin NSAIDs for non-aspirin NSAIDs.
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Table 3. Hazard ratios of cumulative duration of NSAID use in current and past users on colorectal cancer risk

Any NSAIDs Non-aspirin NSAIDs Aspirin NSAIDs

N HR[95% CI] N HR [95% Cl] N HR [95% Cl]
No use 76 1.00 (reference) 76 1.00 (reference) 76 1.00 (reference)
<365 days use in past 64 0.74 (0.53-1.04) 89 0.72(0.51-1.00) 10 0.53(0.28-1.02)
<365 days current use 16 0.98(0.60-1.61) 16 0.93(0.54-1.59) 3 0.47 (0.17-1.30)
> 365 days use in past 13 0.67 (0.38-1.15) 2 0.29 (0.09-0.92) 1l 0.64 (0.32-1.25)
> 365 days current use 26 0.60 (0.38-0.94) 1 0.23(0.06-0.93) 24 0.68(0.42-1.12)

195 P, =004 184 P,..,=0006 124 P =011

N = number of cases, HR = hazard ratio, Cl = confidence interval, NSAIDs = non-steroidal anti-inflammatory drugs. No use is defined
as no non-aspirin or aspirin use. Since exposure groups can overlap, numbers of cases per NSAID class can be more than for the total
groups of NSAIDs. @ Adjusted for age, gender, body mass index, C-reactive protein level, pack years of smoking, cholesterol, physical
activity, total energy intake, rheumatoid arthritis, osteoarthritis, and hormone replacement therapy. Additionally the NSAID subclasses

are adjusted for the other class: ® Non-aspirin NSAIDs for aspirins and ¢ Aspirin NSAIDs for non-aspirin NSAIDs.

respectively. The additional analysis in persons without a prescription in the year before
1992 revealed similar results as well. (Data not shown) When cumulative use was considered
separately in current and past users, there was hardly a decline of the risk reduction in those
who were no longer using NSAID on the index date but who had been using for more than a
year cumulatively in the past (tasLE 3). Additionally, persons who discontinued use of NSAIDs
remained on average on the same level of risk reduction (HR 0.60-0.70). (FiGURE 1) Five years
after discontinuation, risk was still decreased by 30-40%, but none of the associations for the
prior classified groups reached statistical significance, probably due to insufficient numbers.
We additionally assessed whether the effect of cumulative duration was different for those
with low (DDD per day < 1) and high (DDD per day > 1) doses of NSAID use. In the category
1-365 days of use, the hazard ratios were identical for low (0.83, 95%Cl 0.54-1.26) and high
dose (0.82, 95%Cl 0.60-1.12). For the category > 365 days of use, the hazard ratios were 0.15
(95%Cl 0.02-1.10) for low dose and 0.37 (95%Cl 0.13-1.01) for high dose but the numbers in
this category were too low for a meaningful comparison.

DISCUSSION

In this population-based prospective cohort study, cumulative use of NSAIDs for more than
one year was associated with a reduced risk for colorectal cancer. Duration of use seemed to be
more important for non-aspirin NSAID use than aspirin use. Results for anatomical subgroups
were less reliable due to low numbers. The association was largely independent of NSAID
dose. After discontinuation of NSAID use, the protective effect remained visible for at least 5
years. The reduced risk in our study is in line with results from most 263270272-274276:288,206:298 [yt not
all 75290 earlier studies. The large majority of these studies, however, used questionnaires to
assess NSAID use in the past and defined 2-3 tablets per week as regular use. To avoid NSAID
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Figure 1. Effect of NSAID use and discontinuation of use on colorectal cancer risk ®
2 Adjusted for age, gender, body mass index, C-reactive protein level, pack years of smoking, cholesterol, physical activity, total energy

intake, rheumatoid arthritis, osteoarthritis, and hormone replacement therapy. * Included in mutually exclusive categories

exposure misclassification by recall bias, some studies were published that used numbers of
prescriptions derived from pharmacy databases. Two of these studies #>?® examined the as-
sociation of NSAID use and colorectal cancer. Only one of these studies explored the effect of
duration but this study had limited access to potential covariates.”2 In our study, we combined
several strengths of The Rotterdam Study, in that we had precise data on drug use over almost
15 years, and extensive information on potential confounders. Moreover, we were able to
study the association with colorectal cancer after discontinuation of NSAIDs.

Considering the role NSAIDs play in inhibiting primarily early stages of carcinogenesis, it
seems plausible that longer duration of NSAID use postpones the time a malignancy becomes
clinically manifest. Similarly, our finding that the protective effect remains visible up to 5 years
after discontinuation can be explained. When NSAIDs reduce growth in early preclinical stages,
it may take some time before the process is fully resumed after stopping NSAIDs as our results
suggest that there is no acceleration of growth after cessation. Former studies suggested that
chemoprevention by NSAIDs was predominantly caused by COX-2 inhibitors (coxibs), since
COX-2 expression was up-regulated in colon adenoma and colorectal carcinoma.>*° Because in
our study only a minority of the drugs was a coxib and nevertheless a reduced risk was found,
this explanation has to be reconsidered. First, the effect of non-selective COX inhibitors — the
majority of NSAIDs in both our study (83%) and in daily life - might be as effective on COX-2 as
selective COX-2 inhibitors. Second, there may be other mechanisms via which NSAIDs might

reduce cancer risk.3
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Observational studies may have limitations in the form of selection bias, information
bias, and confounding. Selection bias in our study is unlikely since we used a prospective
population-based cohort encompassing eighty percent of the source population whose
participation was probably independent of NSAID use. As both disease status and drug use
were prospectively gathered without knowledge of the research hypothesis, information bias
seems unlikely. Since the database only contained information about prescriptions from 1992
onwards, however, and misclassification of duration could have biased our results, we per-
formed an additional analysis in those without prevalent use of NSAIDs. This analysis revealed
no substantial differences with the first analysis. NSAIDs are available over-the-counter (OTC)
in The Netherlands since 1996 but to a limited extent and in a relatively low daily-recom-
mended dose. Moreover, it is unlikely that persons with a prescribed NSAID also use them
over-the-counter, since all NSAIDs on prescription — including long-term use - are fully reim-
bursed. Nevertheless, we performed an additional analysis in which we included self-reported
information on NSAID use at baseline, and observed similar results. Although we performed an
additional analysis in which we excluded current users with less than 90 days cumulative use,
there was still an increase in the hazard ratio of current users with less than 1-year cumulative
use. Nevertheless, the increase was not as pronounced as without the 90 days exclusion. The
three months exclusion period might have been too short to fully eliminate protopatic bias.
The total follow-up period in which we performed our research might have been too short to
draw definite conclusions about discontinuation of NSAID use on colorectal cancer risk. The
proposed effect of the drug on early stages of carcinogenesis makes it necessary to include
longer follow up periods.

In conclusion, our results demonstrate that both non-aspirin and aspirin NSAID use are
inversely related with colorectal cancer risk. However, duration of use seems to be more im-
portant for non-aspirin NSAID use. The inverse association remains demonstrable for at least
five years after discontinuation.

126



3.2. The protective effect of NSAIDs on cancer and influence
of COX-2 expression



ABSTRACT

Background: Inhibition of COX-2 enzymes has been the most frequently proposed mecha-
nism for the beneficial effects of NSAIDs on carcinogenesis. The aim of this study was to
explore the role of cumulative NSAID use on four common non-skin related cancers and the
effect of diminished COX-2 expression as a result of a less affective COX-2 gene.

Methods: 7621 participants of The Rotterdam Study were included. In a mean follow up time
of 10 years, 720 colorectal, lung, breast or prostate cancers occurred. Cumulative NSAID use
was calculated per NSAID class. Individual associations of NSAID use and COX-2 genotype
on cancer risk were explored with Cox’ proportional hazard models. Next, the association of
NSAIDs and cancer stratified by COX-2 genotype was studied. Finally, combinations of NSAID
use and COX-2 genotype on survival times were investigated.

Results: All NSAID classes were associated with a reduced risk of colorectal cancer but not
with other cancers. No associations between COX-2 genotype and incident cancer, overall or
cancer specific mortality were observed. COX-selective NSAIDs showed modest further risk
reduction in persons with normal expression levels of the enzyme. Survival times were more
than twice as long for colorectal patients that both carried a variant of the COX-2 gene and
used NSAIDs in the five years prior to diagnosis in comparison to those with normal expres-
sion levels of COX-2 enzyme who did not use NSAIDs (p = 0.007)

Conclusion: Our results confirm the protective effect of NSAID use on colorectal cancer and
show that this is similar for all subclasses. COX-2 expression seems to be important in predict-
ing the survival of colorectal cancer. However, COX-2 independent effects must be considered,
both for colorectal cancers as other types of cancer.
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INTRODUCTION

The analgesic effect of plants, like willow trees and myrtle leaves, containing the aspirin precur-
sor salicylic acid have been described since 400-1500 A.D.3°>3°3 Non-steroid anti-inflammatory
drugs (NSAIDs), with aspirin analogous effects, are currently the most frequently used drugs
in the world.>>* NSAIDs inhibit the conversion of arachidonic acid (AA) into prostaglandins
(PGs) and thromboxanes (Txs) by acting on a cyclooxygenase enzyme (COX) which catalyses
this conversion. Inhibition of the pathway results in increased levels of arachidonic acid and
decreased levels of prostaglandins. PGs perform a central role in physiological processes such
as pain, fever, homeostasis and immunity. Reduction of PGs diminishes these effects and COX-
inhibitors are therefore believed to be analgesic, anti-inflammatory and antipyretic.

It has been postulated in the past that prostaglandins can also play a role in tumor
growth.* When prostaglandins are synthesized, a number of potentially harmful substances
are produced as well. These substances include organic free radicals, peroxides, and activated
oxygen compounds.> They activate environmental carcinogens, cause direct DNA damage,
stimulate proliferation, inhibit and suppress apoptosis and anti-tumor immunity, and stimu-
late metastasis.® Inhibition of prostaglandin synthesis by NSAIDs was therefore hypothesized
to be preventative for the development of cancer. In 1983 Waddell and Loughry found the first
evidence for a protective role of NSAIDs on tumor growth. Familial adenomatous polyposis
coli (FAP) patients who were treated with the newer NSAID sulindac experienced a dramatic
regression of their rectal polyps.®* Since then, the association between NSAIDs and cancer
has frequently been studied. A protective effect was found for colon cancer #70274276288295296,
but risks of other gastrointestinal cancers 3%, pancreatic cancer 3°¢, breast cancer 2#73°7 and
genitourinary malignancies 2%52¢ also seem to be diminished by regular NSAID use. Usefulness
of long-term NSAID use as chemoprevention for tumor growth, however, seems to be lim-
ited because of serious adverse events such as gastrointestinal haemorrhage. Therefore, the
distinction between COX-1 and COX-2 inhibiting NSAIDs might be relevant. COX-1 (PGHS-1)
enzymes are expressed in a wide range of tissues and they act as a predominantly constitutive
housekeeper in the regulation of homeostatic processes. COX-2 (PGHS-2) enzymes are only
permanently expressed in some specific tissues, but its expression in other tissues depends
largely on inflammatory conditions. Since cancer is often preceded or accompanied by inflam-
mation, and selective COX-2 inhibiting NSAIDs result in less gastro intestinal side effects, stud-
ies increasingly focus on the association of specific COX-2 inhibitors (coxibs) and a reduction
of cancer risk.

We hypothesized that the inhibiting effect of NSAIDs on cancer might depend on the
degree of COX-2 expression. Therefore, the aim of this study was to explore the role of cumula-
tive NSAID use on four common non-skin related cancers in carriers of a less effective COX-2
gene.
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METHODS

Setting
Data were obtained from The Rotterdam Study, a population-based prospective cohort study
that started with a baseline interview between July 1989 and July 1993. All inhabitants of the
Rotterdam suburb Ommoord, aged 55 years and older, were invited. Of the 10,275 eligible
subjects, 7983 (78%) agreed to participate. The Medical Ethics Committee of the Erasmus
Medical Center approved the study. The rationale and design of The Rotterdam Study have
been described elsewhere.®

All participants were visited at home at the start of the study for a standardised ques-
tionnaire in which they were asked for their health state. Dietary data were collected with
a 170-item semi-quantitative food frequency questionnaire (SFFQ) adapted for use in the
elderly. The two-step dietary assessment comprised a simple self-administered questionnaire
(20 min) followed by a structured interview with trained dieticians (20 min) based on the com-
plete questionnaire. This questionnaire has been validated for use in the elderly.” A physical
examination followed subsequently at the research center. Since the start of The Rotterdam
Study, cross-sectional surveys have been carried out periodically. In addition, participants are
continuously monitored for major events, including cancers, which occur during follow-up,
through automated linkage with files from general practitioners. Information on day-to-day
drug use is available for all participants since January 15 1991. The seven computerized phar-
macies that cover the research area are linked to one network. In this way, the date of prescrip-
tion, the total amounts of drug units per prescription and the prescribed daily dosage are
available per drug defined by an Anatomical Therapeutical Chemical (ATC) code.” Information
on vital status is obtained regularly from municipal health authorities in Rotterdam and from
the general practitioners working in the study district Ommoord.

Cohort definition

To ensure a minimum of 1 year medication history, participants diagnosed with lung,
colorectal, breast or prostate cancer (n = 220) before January 1t 1992 were excluded from the
analyses. 123 persons were excluded since they died or were lost to follow up before this date.
Additionally, participants diagnosed with cancer after January 1% 1992 but before their date
of entrance in The Rotterdam Study (n = 19), were excluded as well. This resulted in a study
cohort of 7621 (96 %) participants. Genotypes were determined in 6147 individuals (77 %).
Follow-up was defined as the period between January 1%t 1992 and a diagnosis of one of the
four cancers of interest, death, loss to follow-up or the end of the study period (October 2004),

whichever came first.
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Exposure definition
NSAIDs use
All prescriptions during the study period were filled in one of the seven fully computerized
pharmacies in the research area. The exposure of interest included both non-aspirin and as-
pirin NSAIDs. The non-aspirin NSAIDs were divided into non-selective COX inhibitors, COX-1
inhibitors and COX-2 inhibitors. Agents used by individuals in this study were classified as fol-
lows: acetyl salicylic acid, carbasalate calcium and diflusinal (aspirins), sulindac, nabumeton,
naproxen, ibuprofen, diclofenac and diclofenac/misoprostol (non-selective COX inhibitors),
tolmetin, indometacin, piroxicam, ketoprofen, dexketoprofen, flurbiprofen and azapropazon
(COX-T inhibitors), meloxicam, celecoxib, etirocoxib, and rofecoxib (COX-2 inhibitors).
Time-dependent exposure to NSAIDs was used by defining the date of diagnosis of a
cancer as the index date and to calculate cumulative duration for each participant until that
date. Only cumulative duration was considered since this was found to be more important in
prevention than dose. Given this approach, subjects were eligible as controls as long as they
were not a case. Consequently, participants were used in several case-sets. Clayton and Hill
previously described the methodology of time-varying exposure.zs¢

Cyclooxygenase-2 gene polymorphism

Genomic DNA was extracted from samples of peripheral venous blood according to standard
procedures. 1-2 ng genomic DNA was dispensed into 384-wells plates using a Caliper Sciclone
ALH3000 pipetting robot.>*® Genotypes were determined using the Tagman allelic discrimina-
tion assay. The Assay-by-Design service was used to set up a Tagman allelic discrimination
assay for the COX-2 (PGHS2) G-765C polymorphism (rs20417) (Primers Fw: TGCTTAGGACCAG-
TATTA TGAGGAGAA Rv: CCCCCTCCTTGTTTCTTGGAA. Probes FAM: CCTTTCCCCCCTCTCT, VIC:
CTTTCCCGCCTCTCT).>” This upstream polymorphism (chromosome 1925.2-q25.3) showed to
result in approximately 30% lower expression levels, probably by affecting the Sp1 binding
site that is responsible for activating prescription.3°® The PCR reaction mixture included 2 ng
of genomic DNA in a 2 ul volume and the following reagents: FAM and VIC probes (200 nM),
primers (0.9 uM), 2x Tagman PCR master mix.3° Reagents were dispensed in a 384-well plate
using the Deerac Equator NS808.3" PCR cycling reaction were performed in 384 wells PCR
plates in an ABI 9700 PCR system and consisted of initial denaturation for 15 minutes at 95°
C, and 40 cycles with denaturation of 15 seconds at 95° C and annealing and extension for
60 seconds at 60° C.>” Results were analysed by the ABI Tagman 7900HT using the sequence
detection system 2.22 software.>” To confirm the accuracy of genotyping results, 332 (5%)
randomly selected samples were re-genotyped with the same method. No inconsistencies

were observed.
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Case identification and validation

Three different databases were used for case identification. First, cases diagnosed by general
practitioners in the research area were collected. Second, the national registry of all hospital
admissions was consulted to detect malignancy related hospital admissions for study partici-
pants. Finally, regional pathology databases were linked to The Rotterdam Study to identify
cases. A physician (CS) subsequently validated cases based on the International Classification
of Primary Care (ICPC) (lung (R84), colorectal (D75), breast (X76) and prostate (Y77) cancer).
The 10% version of the International Classification of Diseases (ICD-10) was used to distinguish
between the subtypes non-sigmoid colon cancer (C18), sigmoid cancer (C19), rectal cancer
(C20), anal cancer (C21), mesothelioma (C45) and bronchus carcinoma (C34) and to give an
alternative code for breast (C50) and prostate (C61) cancers. Anal cancers (n = 3) and meso-
thelioma (n = 10) were censored at the date of diagnosis. Only cases confirmed by pathology
were considered in the analyses. The index date was defined as the earliest date found in the
pathology reports.

Covariates

The following covariates were considered as potential confounders: age, gender, body mass
index (BMI), smoking (total pack-years), ability to be physically active (without difficulty / with
some difficulty / with much difficulty / unable to do), rheumatoid arthritis, osteoarthritis, C-re-
active protein level, cholesterol intake, vitamin intake and supplement use (total / vitamin D /
vitamin D), mineral intake and supplement use (total / calcium / selenium), total energy intake
(kcal/day), and intake of other dietary products (meat, fat, saturated fat, monounsaturated fat,
polyunsaturated fat, fibres, vegetables, fruits, eggs, carbohydrates, carotenoids). Additional
potential confounders in women were: age at onset of menarche and menopause, use of

hormone replacement therapy (HRT), and number of children.

Statistical analyses

Genotype proportions and allele frequencies were tested for deviations from the Hardy Wein-
berg equilibrium using a x>-goodness-of-fit test. For all analyses on cancer incidence, Cox’
proportional hazard models were used. First, the individual association of NSAID use and can-
cer risk was explored. NSAIDs were divided into the following classes: All NSAIDs, non-aspirin
NSAIDs, aspirin NSAIDs, non-selective COX inhibitors, COX-1 inhibitors, and COX-2 inhibitors.
Cumulative duration was categorized in three exposure groups: no use, 1-365 days cumula-
tive use and > 365 days cumulative use during the study period, according to some previous
studies that report a protective effect for colorectal cancer after 1 year cumulative use.?>27329
For all analyses, 'no use’was defined as the absence of a prescription for any non-aspirin or as-
pirin NSAID during the study period. For adjustments, two models were built. The first model
adjusted for age and gender (or only age in the analyses on breast and prostate cancer). The
second model adjusted for age, gender, cumulative use of other classes of NSAIDs and co-
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variates that changed the point estimate by more than 10% or which were independent risk
factors of the outcome according to the literature. Missing indicators were used to study the
effect of missing values. When missing status was found to be no confounder, missing data
on covariates were imputed by single imputation using the Expectation Maximization (EM)
algorithm.>* Second, the individual age, gender, smoking and C-reactive protein-adjusted
associations of COX-2 genotype and cancer incidence or mortality were studied. Associations
were explored for carriage (GC and CC) as well as heterozygous (GC) or homozygous (CC)
carriers. Homozygosity of the G-allele was set as the reference. Finally, the association of all
classes of NSAID use (yes / no) and the different cancer types was studied stratified by COX-2
variant carriage (non-carriers / carriers). Effect modification was studied with both additive
(biological) and multiplicative interaction models. The relative excess risk reduction due to
interaction (RERI) was used to evaluate departures from an additive scale. SAS software (Sta-
tistical Analysis Software version 8.2, Cary, NC) was used to derive regression coefficients (3)
and covariance matrices (9). The obtained numbers were used to calculate RERIs (RR .
= RR,posuren = RRoposres + 1) @nd their corresponding 95% confidence limits. 2682% If there is no
biological interaction RERI is equal to 0. Interaction terms were added to the model to identify
multiplicative effect modification. We anticipated that the effect of COX-2 enzyme expression
on the benefit of NSAIDs on carcinogenesis was only relevant when expression was up-regu-
lated. Therefore, an additional analysis was performed on the association of NSAID use in the
five years before the index date, at a time an undiagnosed tumor must already be present, and
the occurrence of cancer. Age at diagnosis and gender-adjusted general linear models were
used to explore the associated between combinations of COX-2 genotype and NSAID use five
years prior to diagnosis, and survival times. All analyses were performed with SPSS software
(version 11.0.1; SPSS Inc., Chicago, USA). P-values below the conventional level of significance
(p < 0.05) were considered statistically significant.

RESULTS

Characteristics of the study population are presented in TABLE 1. Individuals of whom the
genotype was unknown (n = 1474) were at baseline on average older, relatively more fre-
quently female and smoker, and had a shorter follow-up time compared to the ones with
genotype data. During a mean follow-up time of 9.7 (SD 4.1) years, 720 cancers occurred.
Mean age of the study population was 70 years (range: 55 — 106) and 39% were males. During
the study period, 69% of the population used an NSAID. Aspirin NSAIDs were taken by 30%
and non-aspirin NSAIDs by 60%. 21% used both types during the study period. The majority of
non-aspirin NSAID users had a prescription of a non-selective COX inhibitor. Only 2.3% of the
study population used a specific COX-2 inhibitor. The frequency of the C-allele of the COX-2
gene was 14.3%. Genotype data were in Hardy Weinberg equilibrium.
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Table 1. Characteristics

Characteristic Total participants
N=7621
Genotyped 6147
Total cases, N
Any cancer 720
Lung cancer 134
Colorectal cancer 195
Non-sigmoid colon 81
Sigmoid colon 71
Rectum 43
Breast cancer 175
Prostate cancer 216
Age, mean yrs (SD) 70.3(9.7)
Gender, N (%)
Male 2949 (38.7 %)
Female 4672 (61.3 %)
NSAID use, N (%) ® 5251 (68.9 %)
Aspirin NSAIDs 2279 (29.9 %)
Non-aspirin NSAIDs 4534 (59.5 %)
Non-selective COX 4268 (56.0%)
COX-1 selective 1036 (13.6%)
COX-2 selective 175 (2.3%)
Genotypes, N (%) °
GG 4535 (73.8 %)
GC 1472 (23.9 %)
cC 140 (2.3%)

N = number of persons, SD = standard deviation. % of total population. ®Hardy Weinberg x> = 2.51 (2p = 0.11).

None of the covariates changed the point estimate of the association of NSAIDs and can-
cer by more than 10%. Therefore, additional to an age and gender adjusted model, a second
model was built of only those covariates that were mentioned in literature as independent
risk factors for the outcome. Total cancer risk seemed not to be associated with use or dura-
tion of use of any of the NSAID classes. (TaBLE 2) Since differences in estimates were marginal
between the models, only the second model was used for further subanalyses. Stratification
on cancer site revealed, as was expected from previous results in literature, a protective effect
for colorectal cancer. (TABLE 3) Both aspirin and non-aspirin NSAID use was inversely related
to this risk. Duration of use seemed to be more important for non-aspirin NSAIDs. Although
small numbers hampered the subdivision of non-aspirin NSAIDs in the COX-classes, both
COX non-selective and COX selective inhibitors seemed to contribute to chemoprevention
of colorectal cancer. When colorectal cancers were subdivided into their anatomical location,
significant results were primarily detected for proximal cancers. (tasLE 4) Nevertheless, point
estimates were below 1 for the other locations as well. COX-2 genotype seemed not to be
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Table 2. Association between different NSAID classes and overall cancer risk

Any cancer
Model 1 Model 2
N HR (95%Cl) HR (95%Cl)

Any NSAIDs 720

No use 230 1.00 (reference) 1.00 (reference)
Any use 490 0.93(0.78-1.08) 0.91(0.77-1.08)
1-365 days 312 0.94(0.79-1.12) 0.93(0.78-1.11)
> 365 days 178 0.87 (0.70-1.07) 0.86 (0.70-1.06)
Non-aspirin NSAIDs * 667

No use 232 1.00 (reference) 1.00 (reference)
Any use 435 0.93(0.79-1.11) 0.94(0.79-1.12)
1-365 days 398 0.96 (0.81-1.14) 0.95(0.79-1.13)
> 365 days 37 0.80(0.56-1.14) 0.79 (0.55-1.13)
Aspirin NSAIDs ® 446

No use 232 1.00 (reference) 1.00 (reference)
Any use 214 0.84(0.68-1.03) 0.82(0.67-1.01)
1-365 days 71 0.79 (0.60-1.03) 0.79 (0.60-1.05)
> 365 days 143 0.83(0.66-1.05) 0.84 (0.67-1.06)
Non-selective COX 649

No use 232 1.00 (reference) 1.00 (reference)
Any use 417 0.95(0.79-1.03) 0.95(0.80-1.14)
1-365 days 387 0.97 (0.82-1.15) 0.95(0.80-1.14)
> 365 days 30 0.86 (0.58-1.28) 0.86 (0.57-1.28)
COX-1 selective ¢ 330

No use 232 1.00 (reference) 1.00 (reference)
Any use 98 0.97 (0.73-1.27) 0.95(0.72-1.25)
1-365 days 93 0.95(0.74-1.22) 1.00 (1.00-1.00)
> 365 days 5 0.51(0.21-1.25) 1.00 (1.00-1.00)
COX-2 selective® 249

No use 232 1.00 (reference) 1.00 (reference)
Any use 17 0.62 (0.30-1.27) 0.62 (0.30-1.26)
1-365 days 16 0.61(0.35-1.08) 0.61(0.29-1.26)
> 365 days 1 0.60 (0.08-4.38) 0.74 (0.09-6.34)

N = number of cases, HR = hazard ratio, Cl = confidence interval, NSAID = non-steroidal anti-inflammatory drug, COX = cyclo-
oxygenase. No use is defined as no non-aspirin or aspirin use. Since exposure groups can overlap, numbers of cases per NSAID class
can be more than for the total group of NSAIDs. Model 1: Adjusted for age and gender. Model 2: Adjusted for age, gender, body mass
index, pack years of smoking, cholesterol, physical activity, total energy intake, rheumatoid arthritis, osteoarthritis, C-reactive protein
level and additionally: * aspirins, ® non-aspirin NSAIDs,  aspirins and COX 1 and COX 2 selective NSAIDs, ¢ aspirins and COX aselective
and COX-2 selective NSAIDs, ¢ aspirins and COX aselective and COX-1 selective NSAIDs.
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Table 3. Association between different NSAID classes and risk of separate cancer types

Lung cancer Colorectal cancer Breast cancer Prostate cancer

N HR (95%Cl) N HR (95%Cl) N HR (95%Cl) N HR (95%(Cl)
Any NSAIDs 134 195 175 216
No use 41 1.00 (reference) 76 1.00 (reference) 44 1.00 (reference) 73 1.00 (reference)
Any use 93 0.94 (0.64-1.39) 119 0.61(0.45-0.83) 131 1.21(0.84-1.73) 143 1.02(0.76-1.37)
1-365 days 60 1.01(0.67-1.52) 80 0.68 (0.49-0.95) 88 1.19(0.81-1.73) 83 0.99(0.72-1.37)
> 365 days 33 0.83(0.51-1.35) 39 049(0.33-0.75) 43 1.27(0.80-2.00) 60 1.07 (0.75-1.54)
Non-aspirin NSAIDs* 127 184 167 189
No use 4 1.00 (reference) 76 1.00 (reference) 44 1.00 (reference) 73 1.00 (reference)
Any use 86 1.07(0.72-1.61) 108  0.62(0.45-0.87) 123 1.20(0.83-1.74) 116 1.01(0.74-1.40)
1-365 days 83 1.12(0.75-1.69) 105  0.67(0.48-0.93) 105  1.18(0.81-1.72) 106 1.00(0.72-1.37)
> 365 days 3 041(0.12-136) 3 0.25(0.10-0.63) 18 1.40 (0.79-2.50) 10 1.41(0.71-2.83)
Aspirin NSAIDs ® 84 124 89 150
No use 4 1.00 (reference) 76 1.00 (reference) 44 1.00 (reference) 73 1.00 (reference)
Any use 43 0.90(0.56-1.45) 48 0.51(0.34-0.77) 45 1.05 (0.65-1.71) 77 1.04(0.73-1.47)
1-365 days 14 0.88 (0.47-1.66) 13 0.41(0.22-0.75) 17 0.94(0.52-1.70) 27 1.18(0.75-1.87)
> 365 days 29 0.91(0.54-1.55) 35 0.58(0.37-0.90) 28 1.16 (0.67-2.02) 50 0.97 (0.65-1.43)
Non-selective COX< 126 183 162 179
No use 41 1.00 (reference) 76 1.00 (reference) 44 1.00 (reference) 73 1.00 (reference)
Any use 85 1.10(0.74-1.73) 107 0.68 (0.49-0.95) 118 1.19(0.82-1.74) 106 0.99(0.71-1.37)
1-365 days 83 1.20(0.79-1.80) 102 0.71(0.51-0.98) 104 1.18(0.80-1.72) 98 0.97 (0.70-1.35)
> 365 days 2 0.39(0.09-1.66) 5 0.37(0.15-0.95) 14 1.37(0.72-262) 8 1.55(0.72-3.34)
COX-1 selective 56 96 77 102
No use 41 1.00 (reference) 76 1.00 (reference) 44 1.00 (reference) 73 1.00 (reference)
Any use 15 1.06 (0.54-2.08) 20 0.56 (0.31-1.03) 33 1.23(0.72-2.10) 29 1.30(0.80-2.13)
1-365 days 15 1.14(0.59-2.24) 20 0.62(0.34-1.12) 30 1.25(0.73-2.15) 27 1.29(0.78-2.12)
> 365 days 0 NA 0 NA 3 0.99(0.28-349) 2 1.57 (0.37-6.65)
COX-2 selective ® 44 79 54 74
No use 4 1.00 (reference) 76 1.00 (reference) 44 1.00 (reference) 73 1.00 (reference)
Any use 3 242(0.53-11.02) 3 0.29 (0.06-1.45) 10 0.92 (0.30-2.89) 1 1.17(0.12-11.69)
1-365 days 3 245(0.54-11.08) 3 0.29(0.06-1.48) 9 0.90 (0.29-2.83) 1 1.18(0.12-11.80)
> 365 days 0 NA 0 NA 1 1.93(0.17-21.61) 0 NA

N = number of cases, HR = hazard ratio, Cl = confidence interval, NSAID = non-steroidal anti-inflammatory drug, COX = cyclo-

oxygenase. No use is defined as no non-aspirin or aspirin use. Since exposure groups can overlap, numbers of cases per NSAID class

can be more than for the total group of NSAIDs. Lung cancer: adjusted for age, gender, C-reactive protein level and pack years of

smoking. Colorectal cancer: Adjusted for age, gender, body mass index, C-reactive protein level, pack years of smoking, cholesterol,

physical activity, total energy intake, rheumatoid arthritis, osteoarthritis, and hormone replacement therapy. Breast cancer: adjusted

for age, body mass index, C-reactive protein level, pack years of smoking, hormone replacement therapy, age at onset of menarche

and menopause, and number of children. Prostate cancer: adjusted for age, body mass index, C-reactive protein level and pack years

of smoking. And additionally: ® aspirins, ® non-aspirin NSAIDs, < aspirins and COX 1 and COX 2 selective, ¢ aspirins and COX aselective

and COX-2 selective NSAIDs, ¢ aspirins and COX aselective and COX-1 selective NSAIDs.
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Table 4. Association between different NSAID classes and anatomical location of colorectal cancer

Colon cancer Sigmoid cancer Rectum cancer
N HR (95%Cl) N HR (95%Cl) N HR (95%Cl)

Any NSAIDs 81 71 43

No use 33 1.00 (reference) 26 1.00 (reference) 17 1.00 (reference)
Any use 48 0.56 (0.35-0.90) 45 0.74 (0.44-1.23) 26 0.54 (0.28-1.03)
1-365 days 33 0.65 (0.39-1.07) 30 0.78 (0.45-1.35) 17 0.60 (0.30-1.20)
> 365 days 15 0.42 (0.22-0.80) 15 0.65(0.33-1.27) 9 0.44 (0.19-1.04)
Non-aspirin NSAIDs® 77 66 4

No use 33 1.00 (reference) 26 1.00 (reference) 17 1.00 (reference)
Any use 44 0.58 (0.35-0.95) 40 0.69 (0.39-1.20) 24 0.62(0.31-1.24)
1-365 days 41 0.62(0.37-1.02) 39 0.74(0.43-1.29) 23 0.67 (0.34-1.33)
> 365 days 3 0.33(0.10-1.12) 1 0.16 (0.02-1.21) 1 0.21(0.03-1.62)
Aspirin NSAIDs ® 52 44 28

No use 33 1.00 (reference) 26 1.00 (reference) 17 1.00 (reference)
Any use 19 0.49 (0.26-0.92) 18 0.57(0.29-1.11) Il 0.48(0.21-1.13)
1-365 days 7 0.52(0.22-1.22) 3 0.28 (0.08-0.95) 3 0.39(0.11-1.39)
> 365 days 12 0.47 (0.22-0.97) 15 0.76 (0.37-1.54) 8 0.53(0.21-1.36)
Non-selective COX< 77 66 40

No use 33 1.00 (reference) 26 1.00 (reference) 17 1.00 (reference)
Any use 44 0.64 (0.39-1.07) 40 0.76 (0.43-1.33) 23 0.76 (0.38-1.50)
1-365 days 41 0.66 (0.40-1.09) 39 0.79 (0.45-1.39) 22 0.79 (0.39-1.56)
> 365 days 3 0.48 (0.14-1.63) 1 0.24(0.03-1.84) 1 0.41(0.05-3.16)
COX-1 selective 44 34 18

No use 33 1.00 (reference) 26 1.00 (reference) 17 1.00 (reference)
Any use " 0.65 (0.29-1.50) 8 0.77 (0.30-2.01) 1 0.80(0.10-6.21)
1-365 days " 0.73 (0.32-1.65) 8 0.84(0.32-2.17) 1 0.93(0.12-7.06)
> 365 days 0 NA 0 NA 0 NA

COX-2 selective ® 35 27 17

No use 33 1.00 (reference) 26 1.00 (reference) 17 1.00 (reference)
Any use 2 0.57 (0.08-4.14) 1 0.26 (0.02-4.15) 0 NA

1-365 days 2 0.62(0.09-4.51) 1 0.27 (0.02-4.47) 0 NA

> 365 days 0 NA 0 NA 0 NA

N = number of cases, HR = hazard ratio, Cl = confidence interval, NSAID = non-steroidal anti-inflammatory drug, COX = cyclo-
oxygenase. No use is defined as no non-aspirin or aspirin use. Since exposure groups can overlap, numbers of cases per NSAID class
can be more than for the total group of NSAIDs. Adjusted for age, gender, body mass index, C-reactive protein level, pack years of
smoking, cholesterol, physical activity, total energy intake, rheumatoid arthritis, osteoarthritis, and hormone replacement therapy.
And additionally: # aspirins, ® non-aspirin NSAIDs, <aspirins and COX 1 and COX 2 selective, ¢ aspirins and COX aselective and COX-2
selective NSAIDs, © aspirins and COX aselective and COX-1 selective NSAIDs.
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Table 5. Association between COX-2 genotype and cancer

Cancer type Genotype All participants Non-users of NSAIDs
N=6147 N=1905
N HR (95%Cl) * N HR (95%Cl) *
Any cancer GG 452 1.00 (reference) 152 1.00 (reference)
GC 148 1.02(0.85-1.23) 39 0.89 (0.62-1.26)
CC 12 0.83(0.47-1.47) 5 1.08 (0.44-2.64)
GC+CC 160 1.01(0.84-1.21) 44 0.91(0.65-1.27)
Lung cancer GG 81 1.00 (reference) 24 1.00 (reference)
GC 19 0.73(0.44-1.21) 5 0.72(0.27-1.89)
CC 3 1.15(0.36-3.34) 0 NA
GC+CC 22 0.77 (0.48-1.23) 5 0.64 (0.24-1.68)
Colorectal cancer GG 123 1.00 (reference) 50 1.00 (reference)
GC 36 0.90 (0.62-1.30) 12 0.81(0.43-1.53)
CC 5 1.26 (0.51-3.08) 2 1.39(0.34-5.72)
GC+CC 41 0.93(0.65-1.32) 14 0.86 (0.48-1.56)
Breast cancer GG 106 1.00 (reference) 31 1.00 (reference)
GC 41 1.24(0.87-1.78) 8 0.90 (0.41-1.95)
CC 1 0.32(0.05-2.30) 0 NA
GC+CC 42 1.16 (0.81-1.66) 8 0.85(0.39-1.85)
Prostate cancer GG 141 1.00 (reference) 48 1.00 (reference)
GC 52 1.15(0.84-1.58) 14 0.99 (0.54-1.80)
CC 3 0.66 (0.21-2.07) 3 1.68 (0.52-5.42)
GC+CC 55 1.11(0.81-1.51) 17 1.07 (0.61-1.86)

N = number of cases, HR = hazard ratio, Cl = confidence interval, NSAIDs = non-steroidal anti-inflammatory drugs. * Adjusted for age,

gender, smoking and C-reactive protein.

associated with cancer incidence in the total cohort or in a subgroup of non-NSAID users.
(taBLE 5) In the analyses stratified on COX-2 gene carriership, significant results were found
for colorectal cancer in the (major) group of non-variant carriers (TABLE 6). However, estimates
of the hazard ratio seem quite similar for both carriers and non-carriers in the groups of total
NSAIDs, non-aspirin NSAIDs and COX-aselective NSAIDs. Nevertheless, the estimates for COX-1
and COX-2 selective NSAIDs were lower in the non-carriers compared to the carriers (TABLE 6)
or the total group of participants (taeLE 4). No additive or multiplicative effect modification
was observed. The more specific analyses on cumulative NSAID use in the 5 years prior to
the index date revealed similar results as for the total use of NSAIDs during the study period
in regard to cancer incidence with and without stratification for COX-2 genotype. (data not
shown) However, when survival times were investigated, colorectal cancer patients without
COX-2 variant carriage that did not use any NSAIDs in the 5-year pre-diagnostic period had
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Table 6. Protective effect NSAIDs stratified for COX-2 polymorphism

No variant carrier Variant carrier Additive Multi-
N=4535 N=1612 interaction plicative
interaction
N HR (95% CI) N HR (95% CI) RERI (95% ClI) p-value
AlI NSAIDs Any cancer 300 0.90(0.73-1.11) 116 0.90(0.62-1.29)  0.16(-0.19-0.51) 0.43
Lung cancer 57 1.11(0.67-1.82) 17 0.68(0.24-1.92)  0.17(-063-0.97) 0.81
Colorectal cancer 73 0.56 (0.38-0.82) 27 0.63(0.32-1.24)  0.15(-040-0.70) 0.67
Breast cancer 75 1.07 (0.69-1.82) 34 1.30(0.57-2.93)  046(-030-1.22) 0.30
Prostate cancer 93 1.00(0.69-1.43) 38 1.08(0.59-1.96)  0.05(-0.65-0.75) 0.83
Non-aspirins  Any cancer 268  0.94(0.75-1.16) 107 0.94(0.64-138)  0.06(-0.35-0.47) 0.39
Lung cancer 51 1.32(0.79-222) 17 0.68(0.23-2.02)  0.11(-0.87-1.10) 0.68
Colorectal cancer 68 0.57(0.38-0.86) 23 0.69(0.34-142)  -0.16(-0.88-0.56) 0.88
Breast cancer 70 1.05 (0.66-1.66) 34 1.39(0.61-3.18)  0.52(-0.34-1.39) 0.22
Prostate cancer 78 1.03(0.69-152) 33 1.16(0.62-2.20)  0.03(-0.74-0.80) 0.77
Aspirins Any cancer 134 0.82(0.63-1.06) 48 0.69(0.44-1.09)  0.04(-0.36-0.44) 0.83
Lung cancer 27 1.00(0.55-1.84) 8 0.69(0.20-2.37)  0.17(-0.71-1.05) 0.91
Colorectal cancer 31 0.50(0.31-0.83) 9 0.40(0.16-1.01)  -0.17(-0.88-0.53) 0.78
Breast cancer 27 0.96 (0.52-1.75) 12 1.14(0.39-332)  0.50(-0.39-1.39) 0.34
Prostate cancer 49 1.02(0.66-1.57) 19 0.86 (0.42-1.76)  -0.02(-0.79-0.74) 0.93
(€0) ¢ Any cancer 254 0.94(0.76-1.18) 104 0.95(0.65-1.40)  0.07(-035-0.49) 0.33
aselective Lung cancer 50 142 (0.84-2.40) 17 0.86(0.29-2.56)  0.09(-0.99-1.17) 0.65
Colorectal cancer 68 0.63(0.42-096) 23 0.77(0.37-1.58)  -0.27(-1.07-0.54) 0.87
Breast cancer 66 1.02(0.64-1.63) 33 140(0.61-3.23)  0.55(-0.30-1.41) 021
Prostate cancer 70 1.00 (0.67-1.50) 31 1.12(0.58-2.14) 0.1 (-0.64-0.86) 0.68
COX-1 Any cancer 57 0.89(0.62-1.28) 24 1.06(0.58-1.92)  0.13(-045-0.72) 047
selective Lung cancer 1" 1.33(0.59-2.98) 1 1.43(0.10-19.57) -0.50(-1.58-0.57) 0.36
Colorectal cancer 11 0.38(0.17-0.85) 3 0.90(0.21-3.78)  -0.34(-1.27-0.60) 0.83
Breast cancer 16 1.02(0.51-2.06) 10 1.58(0.49-5.13)  0.98(-0.30-2.27) 0.14
Prostate cancer 18 1.34(0.70-257) 10 1.72(0.69-4.28)  0.37(-0.90-1.65) 0.56
COX-2 Any cancer 8 0.53(0.20-1.41) 5 0.17(0.02-1.41)  0.45(-063-1.54) 0.30
selective Lung cancer 2 244(0.39-15.11) 0 NA -0.65(-2.24-0.95) 0.98
Colorectal cancer 2 0.17(0.02-133) 0 NA -0.77 (-1.86-0.31) 0.97
Breast cancer 3 1.37(0.21-886) 5 0.56 (0.06-5.14)  2.92(-0.38-6.22) 0.30
Prostate cancer 1 1.02(0.10-10.40) 0 NA -043(-1.35-0.48) 0.99

N = number of cases, HR = hazard ratio, Cl = confidence interval, RERI = relative excess risk (reduction) due to interaction, NSAID =

non-steroidal anti-inflammatory drug, COX = cyclo-oxygenase.
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Figure 1. Years of survival after diagnosis stratified for NSAID use and COX-2 genotype

significantly shorter survival times than non-users (p = 0.04) or users (0.007) that carried the
variant. (FIGURE 1) Patients that both carried the variant genotype and used NSAIDs were
found to live more than twice as long after diagnosis than those without the variant or NSAID
use (3.4 years vs 1.6 years). These differences were not observed for the other cancers.

DISCUSSION

This prospective-population based cohort study adds to the large body of research that im-
plicates NSAIDs and cyclooxygenases in carcinogenesis. The aim of this study was to clarify
the role of different classes of NSAIDs on the risk of four common non-skin related cancers
and the effect of genetic variation in the COX-2 gene that is associated with decreased COX-2
expression levels. We found inverse relations between all NSAID classes and colorectal cancer,
especially for proximally located tumors. There was no evident association with any of the
other cancers. COX-2 genotype by itself was not found to be associated with cancer incidence
and overall or cancer specific mortality. When NSAID use was stratified by COX-2 genotype,
individuals without the variant type, with presumably normal expression levels of COX-2
enzyme, who used one of the COX specific NSAIDs, experienced a greater risk reduction than
person with variant carriage or the total group of participant. However, no multiplicative
effect modification could be observed. An interesting finding was that survival times were
found to be twice as long for colorectal cancer patients with a variant allele who used NSAIDs
in comparison to non-NSAID using patients with the wild type. These differences were not
observed for the other cancers.

Previous studies most consistently reported reduced risks of colorectal 270-274276288295296 gn(
breast cancer 7373234 in regular or long term users of aspirin or other NSAIDs. Associations
with lung or prostate cancer are less conclusive. This study observed only reduced risks for
colorectal cancer and results were in line with previous studies showing also the most pro-
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nounced associations with proximally located tumors. It shows that reduction is not limited
to one specific class of NSAIDs. This might be explained by the knowledge that each NSAID
class has COX-1 and COX-2 inhibiting properties, with more or less affinity to one in specific.
No associations of NSAID use and breast cancer incidence were found. However, in our popu-
lation, a large part of non-aspirin NSAID users consumed ibuprofen, the drug that showed
no risk reduction in a previous study as well.3 This observation addresses the importance of
considering individual drug effects since each drug has its own affinity and IC50 (half maximal
inhibitory concentration) for inhibiting COX1/2 and effects differ per tissue site.>>> Additionally,
regular aspirin use was only associated with a lower breast cancer risk in hormone receptor
positive postmenopausal women in one previous study.>* Although most of the women in
our study population were postmenopausal, we had no information on receptor status and
could therefore not stratify. Moreover, the required period of use remains controversial for
all cancers and for breast cancer as well. A couple of months %, years 2¥73% or even decades 3
have been suggested. Our division in more or less than one-year cumulative use, based on
previous knowledge on the inverse association with colorectal cancer risk, might have been
too short to draw conclusions about breast cancer, which may have a very long induction and
latent period.

The expression level of COX-2 enzymes differs between tissues and is up-regulated in
specific situations such as inflammation or cancer. The expression is associated with cell
proliferation, angiogenesis, inhibition of apoptosis and local immune-down modulation 3°
and was found to be partly influenced by variation in its encoding gene 3*. According to The
Cancer Genome Anatomy Project, tumor tissue in lung, colorectal tract, breast and prostate
all express the gene that encodes for the COX-2 enzyme.>* However, in contrast to the other
three, COX-2 gene expression was not found in normal gastrointestinal tract tissue. This is in
line with previous reports on the incidence of lung *° and colorectal cancer *73. However, a
case-control study among 500 colorectal adenoma patients and controls reports a reduced
risk of adenoma in homozygous C-allele carriers that do not use any NSAIDs.3*° As COX-2 ex-
pression is the least up-regulated in the early stages of the adenoma-carcinoma sequence 3*'
and the conversion of arachidonic acid into prostaglandins is not immobilized by NSAIDs, the
inhibiting effects on adenoma found for the CC-genotype could have been considered. The
already expected extremely up-regulated expression in our colorectal cancer patients might
be the reason that we could not reproduce this finding in our cohort. Overall, other variations
in the COX-2 gene seem to be more promising in prediction of cancer risk, but functionality of
these SNPs remains to be proven 36317322324

Both NSAID use and COX-2 gene variant carriage (with less COX-2 expression) are believed
to result in a decreased conversion of arachidonic acid into prostaglandins. As was previously
explained, both increased arachidonic acid levels and decreased prostaglandin levels are
found to be anti-carcinogenic. Next to the possible individual effects, there are generally two
potential pathophysiological mechanisms in which NSAID use and COX-2 genotype might
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be related. First, variant carriage results in lower expression levels of the COX-2 enzyme. This
might result in a decrease in targets for NSAIDs and therefore less benefit of its protective
effects. Second, the diminished COX-2 expression might lead to a more rapid inhibition of all
COX-2 enzymes. In this case, the protective effects of NSAIDs are anticipated to be clearer in
variant carriers. In a comparable way, the effect of variant carriage might be most pronounced
in non-NSAID users. Previous studies discussed issues that can be subsumed to either the first
or the second mechanism. It was shown that not only expression levels of COX-2 enzyme are
reduced in variant carriers of the gene, but also the C-reactive protein level response is di-
minished in these persons.>*® Subjects with the highest levels of CRP are most likely to benefit
from NSAIDs when it comes to myocardial infarction and stroke.?*s Although this might be
explained by factors that are associated with severity of the disease, it could in part be the
direct result of decreased COX-2 expression and be analogous for carcinogenesis. This might
support the first mechanism. On the contrary, the significant inverse association of homozy-
gous carriers (CC) of the COX-2 gene and colorectal cancer adenoma in non-NSAID users that
was found in a previous study would be classified in the second mechanism postulated.>® In
the present study, our finding that estimates seem lower in persons with normal expression
levels of the COX-2 enzyme argues for the first mechanism. The observation that this was
primarily the case for cyclooxygenase specific inhibitors agrees to the proposed interaction of
COX-2 enzyme and NSAIDs, although no significant interaction could be observed. We could
not reproduce the inverse association found in non-NSAID using homozygous variant carri-
ers, which would have endorsed the second mechanism. Since variant carriage and NSAID
use, regardless of the other determinant, both prolonged survival times of colorectal cancer
patients compared to patients without any of these determinants, these effects must be
primarily regarded independently. This independent effect has been addressed before. Both
in vitro ¢ and in vivo 373%* studies showed COX-2-independent effects of cyclooxygenase-2-
inhibitors with proposed other targets in the 15-lipoxygenase-1 enzyme, PPARs and vitamin D
receptor. These COX-2-independent effects might explain why we did not observe differences
in incidence or survival-times in combinations for COX-2 genotype and NSAID use in other
cancers than colorectal cancer. Although other explanations, like insufficient follow-up time,
small numbers, no information about stage and grade and other competing risk indicators
could have played a role as well.

As with all observational studies, selection bias, information bias and confounding must be
considered. Although persons without blood samples were on average older, more frequently
female and smoker and had shorter follow-up times, genotype data were in Hardy Weinberg
equilibrium and spurious associations are therefore unlikely to be found. As both disease sta-
tus and drug use were prospectively gathered without knowledge of the research hypothesis,
information bias is unlikely as well. However, NSAIDs are available over-the-counter (OTC) in
The Netherlands since 1996 but to a limited extent and in a relatively low daily-recommended
dose. Moreover, it is unlikely that persons with a prescribed NSAID also use them over-the-
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counter, since all NSAIDs on prescription - including long-term use - are fully reimbursed.
Confounding was adjusted for in the analyses. A great strength of the present study was its
information on day-to-day NSAID use in different classes. However, results were somewhat
hampered by small numbers. Therefore, future studies must included more cases to be able to
identify differences in multiple subgroups, include longer follow-up times to elucidate effects
on other cancers as well and include information on tumor differentiation.

In conclusion, this study shows inverse relations between all classes of NSAIDs and
colorectal cancer. The inhibiting effects of COX-selective NSAIDs are slightly influenced by the
level of COX-2 enzyme expression. Survival times of colorectal cancer patients were twice as
long for those that either used NSAIDs in the 5-years prior to diagnosis or who carried the C7%
variant of the COX-2 gene compared to patients without any of these determinants. The fact
that there was no evidence for modification, would argue for independent effects. Results
were inconclusive for all other types of cancer.
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ABSTRACT

Background: It remains unclear if inflammation itself may induce cancer, is a result of tumor
growth or a combination of both. The aim of this study was to examine whether C-reactive
protein (CRP) levels and gene haplotypes were associated with an altered risk of colorectal-,
lung-, breast-, or prostate cancer.

Methods: 7017 participants of > 55 years of The Rotterdam Study were eligible for analy-
ses. Mean follow-up time was 10.2 years. High-sensitivity CRP (hs-CRP) measurements were
performed to identify additional values of 0.2 - 1.0 mg/L compared to standard procedures.
Genotypes of the CRP gene were determined with the Tagman allelic discrimination assay.
Results: High levels (> 3 mg/L) of CRP were associated with an increased risk of incident
cancer (Hazard Ratio 1.4; 95% Cl: 1.1-1.7) compared to persons with low levels (< 1 mg/L), also
after introducing a potential latent period of five years. Although CRP seems to affect several
cancer sites, the association was strongest for lung cancer (Hazard Ratio 2.8; 95% ClI: 1.6-4.9).
A CRP haplotype associated with decreased CRP levels was associated with an increased lung
cancer risk of 2.6 (95% Cl 1.6-4.4) in homozygous carriers.

Conclusion: Baseline CRP levels appear to be a biomarker of chronic inflammation preceding
lung cancer, even after subtracting a 5-year latent period. Furthermore, a CRP gene haplotype
associated with low CRP blood levels was relatively common in patients with lung cancer.
Both chronic inflammation and impaired defence mechanisms resulting in chronic inflamma-
tion might explain these results.
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INTRODUCTION

Since 1863, when Virchow hypothesized “that the origin of cancer was at sites of chronic in-
flammation’, studies have been carried out on this topic. Although in general the hypothesis
remains unproven, it is widely accepted that chronic inflammation increases the risk of cancer.
For instance, inflammatory bowel diseases, human immunodeficiency virus, viral hepatitis B,
human papilloma virus and rheumatoid arthritis are all associated with an increased risk of
specific types of cancer3® Already in the nineteenth century, it was suggested that the com-
bination of specific chronic inflammatory disease compounds, tissue injuries and ongoing
inflammation resultin enhanced cell proliferation that may eventually lead to tumor growth.3®
Although extensive research in the last decades showed that this explanation was far too easy
and cell proliferation alone can not induce carcinogenesis, the finding of Virchow initiated
a worldwide search for mechanisms underlying tumorigenesis, specifically those interacting
with inflammation.

Nowadays, two hypotheses are studied concerning the association between inflamma-
tion and cancer. First, the induction hypothesis states that chronic inflammation results in
excessive cell proliferation and activation of a cascade of cellular actions that can lead to
induction of irreversible DNA damage. Persistent irritation and inflammation subsequently
promote these initiated cells resulting in tumor growth, progression of metastatic disease and
immunosuppression.3® Second, the immune response of the host is studied as a consequence
of tumor growth itself. In both hypotheses, products of inflammatory processes are believed
to be biomarkers.»"33

The acute phase C-reactive protein is an inflammatory cell compound that is associated
with a wide range of diseases including atherosclerosis and diabetes mellitus.?+3 Since cancer
is related to several forms of inflammation, CRP levels have also been implicated. The response
hypothesis was frequently studied in the past and is currently more or less accepted.®'33 How-
ever, the induction hypothesis remains unproven due to conflicting study results.¢34

The objective of this study was to investigate the association of CRP levels at baseline
and the subsequent risk of developing one of the four most common non-skin related can-
cers (colorectal, lung, prostate and breast cancer). Additionally, we studied the association
between variation in the CRP gene and these cancers.

METHODS

Setting

Data were obtained from The Rotterdam Study, a population-based prospective cohort study
that started with a baseline interview between July 1989 and July 1993. All inhabitants of the
Rotterdam suburb Ommoord, aged 55 years and older, were invited. Of the 10,275 eligible
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subjects, 7983 (78%) agreed to participate.° The Medical Ethics Committee of the Erasmus
Medical Center approved the study.

Participants were visited at home at the start of the study for a standardised interview on
health state. Dietary data were collected with a 170-item semi-quantitative food frequency
questionnaire (SFFQ) adapted for use in the elderly. The two-step dietary assessment com-
prised a simple self-administered questionnaire (20 min) followed by a structured interview
with trained dieticians (20 min) based on the complete questionnaire. This questionnaire
has been validated for use in the elderly.” Subsequently, a physical examination followed
at the research center. Since the start of The Rotterdam Study, cross-sectional surveys have
been carried out periodically. In addition, participants are continuously monitored for major
events, including cancers, which occur during follow-up, through automated linkage with
files from general practitioners. Information on vital status is obtained regularly from mu-
nicipal health authorities in Rotterdam and from the general practitioners working in the
study district.

Cohort definition

Only persons who provided blood samples at baseline were eligible for analyses. (Ficure 1) Of
the 7983 Caucasian persons in The Rotterdam Study, 7081 (89%) donated blood. Persons with
a history of one of the cancers of interest at baseline (n = 64) were excluded from the analyses.
This resulted in a study cohort of 7017 subjects. Follow-up time was defined as the period
between baseline and a first diagnosis of one of the four cancers, death, loss to follow up or
the end of the study period (October 2004), whichever came first.

Exposure definition

C-reactive protein level measurement

Non-fasting blood was collected at baseline and stored at -20°C until CRP measurement.
Stability of CRP was not affected by this storing temperature.>* High-sensitivity CRP (hs-CRP)
measurements were performed using Rate Near Infrared Particle Immunoassay.3* By using
a high-sensitivity measurement, additional values of 0.2- 1.0 mg/L could be detected com-
pared to standard CRP measurement procedures. Three categories of exposure were used
according to advice of the American Heart Association (AHA). The categories of low (< 1.0
mg/L), average (1.0 to 3.0 mg/L) and high (>3.0 mg/L) correspond to approximate tertiles
of hs-CRP among > 40000 adults in > 15 populations allowing adequate definitions of the
distribution.>** Besides categories, we studied the association between cancer and continuous
CRP levels using a logarithmic transformation of CRP levels to obtain a normal distribution.
Since acute infections during blood sampling could bias our results, only values below 10
mg/L were considered in the analyses.
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Figure 1. Cohort definition

Genotyping

The Seattle Program for Genomic Applications constructed four common CRP gene haplotypes
in individuals of European descent.?* We identified the three “haplotype tagging” SNPs (single
nucleotide polymorphisms); rs1130864 (1184 C>T), rs1205 (2042C>T) and rs3093068 (2911
C>G) with a Tagman allelic discrimination assay.>” Genotype data were used for each of the 3
polymorphisms to infer the haplotype alleles present in the population by using the program
PHASE, which implements a Bayesian statistical method for reconstructing haplotypes from
population genotype data.>** This resulted in six haplotypes, but the fifth and sixth haplotype
were present in <0.001 of the alleles and were therefore not used in the analyses. Haplotype
alleles were coded 1 through 4 in order of decreasing frequency in the population. Haplotype
1 = C-T-C, haplotype 2 = T-C-C, haplotype 3 = C-C-C and haplotype 4 = C-C-G, following the
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allele coding from 1184 C>T, 2042C>T and 2911 C>G. Haplotype 1 corresponds with the H1
and H2 haplotypes in the study of Carlson, both associated with a significant decreased CRP
level in relation to the other haplotypes.3+734

Case identification and validation

Regional pathology databases were linked to The Rotterdam Study to identify cancer cases in
more than 95% of persons within The Rotterdam Study. Cases were subsequently validated
by a physician (CS) based on the International Classification of Primary Care (ICPC) (colorectal
(D75), lung (R84), breast (X76) and prostate (Y77) cancer). The 10" version of the International
Classification of Diseases (ICD-10) was used to distinguish between the subtypes non-sigmoid
colon cancer (C18), sigmoid cancer (C19), rectal cancer (C20), anal cancer (C21), mesothelioma
(C45) and bronchus carcinoma (C34) and to give an alternative code for breast (C50) and
prostate (C61) cancers. The index date was defined as the earliest date found in the pathology
reports.

Covariates

The following covariates were considered as potential confounders: age, gender, body mass
index (BMI), smoking (total pack-years), alcohol, physical activity (assessed by a questionnaire;
without difficulty, with some difficulty, with much difficulty and unable to do), use of NSAIDs,
immunosuppressants and/or statins, age at onset of menarche and menopause, use of hor-
mone replacement therapy, number of children in women, atherosclerosis, hypercholester-
olemia (below or above 6.5 mmol/L), vitamin intake and supplement use (total / vitamin D /
vitamin E), mineral intake and supplement use (total / calcium / selenium), total energy intake
(kcal/day), and intake of other dietary products (meat, fat, saturated fat, monounsaturated fat,
polyunsaturated fat, fibres, vegetables, fruits, eggs, carbohydrates, carotenoids).

Statistical analyses

First, we compared characteristics of participants with and without blood samples using a
Student’s t-test for continuous variables and a y>-test for dichotomous variables. Subsequently,
a Cox proportional hazards model was built with age, gender and separate potential risk fac-
tors as covariates. Persons with colitis (n=19), anal cancers (n=3), mesothelioma (n=10) and
men with breast cancer (n=2) were censored at the date of diagnosis. Participants who died or
were lost to follow-up contributed person-time until the mortality date or date of last follow-
up. In the analyses for the various cancers, we censored on date of diagnosis of other cancers.
Missing indicators were used to study the effect of missing values. Missing data on covariates
were imputed by single imputation using the Expectation Maximization (EM) algorithm.>°
Cox proportional hazard models were used to analyse the association between CRP levels
and cancer. All analyses were done for tertiles of CRP, and for CRP levels following a natural
logarithmic-transformation, because of the skewed absolute values of CRP in our population.
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In a first model, we adjusted for age and gender. A second model adjusted for covariates that
changed the point estimate by more than 10% or covariates, which were independent risk
factors of the outcome according to the literature. To study whether there was evidence for
the induction hypothesis, we additionally introduced a latent period of 5 years. Hereto, we
restricted the analyses to those subjects who were free of cancer for at least 5 years following
the baseline CRP assessment. Stratified analyses were performed by gender, smoking status,
and subgroups of colorectal cancer (non-sigmoid colon, sigmoid colon, rectum) and lung
cancer (squamous cell carcinoma and adenocarcinoma). Additionally, analyses were executed
in non-smokers and female non-HRT users, to explore the smoking and HRT independent
association of CRP and cancer.

Hardy Weinberg Equilibrium (HWE) was calculated with a chi-square statistic. Age- and
gender-adjusted Cox models were used to study the association of haplotypes of the CRP
gene and cancer. To study whether CRP levels operate as an intermediate for the association
between haplotypes and cancer, we placed both covariates simultaneously in the model.
Interaction terms and stratified analyses were introduced to explore effect modification.

Analyses were performed for all cancers together, and for the specific cancer types sepa-
rately. Trends were calculated by including categorical variables as a continuous value in the
Cox model. P-values below the conventional level of significance (p < 0.05) were considered
statistically significant. All statistical analyses were performed with SPSS software (version
11.0.1; SPSS Inc., Chicago, USA).

RESULTS

Baseline characteristics

During a mean follow-up time of 10.2 years, a total of 780 incident cancers occurred. For the
analyses of CRP level and genetic variation, this resulted in 706 and 677 incident cases, respec-
tively. Baseline characteristics are presented in TABLE 1. Mean age in the total cohort was 69.6
years and 40% were men.

C-reactive protein levels

6273 participants without a prevalent malignancy and with CRP levels < 10 mg/L, were avail-
able.The logarithm of serum levels of CRP was associated with a 19-20 percent risk increase of
developing any of the four cancers during the follow-up period. (tABLE 2) After consideration
of a five-year latent period the effect somewhat diminished to a significant 14-15 percent.
Results were most pronounced in the highest tertile; with 37-38 and 24-26 percent risk in-
creases, respectively. No effect modification by gender was observed (p = 0.34). Subsequently,
analyses were performed according to tumor type.
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Table 1. Baseline characteristics

Characteristic Total participants
N=7017
Genotyped 5956
Male gender (%) 2808 (40.0 %)
Age (yrs, mean + SD) 69.6+9.2
55-64 2580 (36.8%)
65-74 2480 (35.3%)
75-84 1463 (20.8%)
>85 494 (7.0%)
Body mass index (mean + SD) 263+37
underweight (< 18.5) 75(1.1%)
normal weight (18.5-24.9) 2576 (36.7%)
overweight (25.0-29.9) 3166 (45.1%)
obesity (30.0-39.9) 960 (13.7%)
extreme obesity (> 40) 24(0.3%)
missing 216 (3.1%)
Smoking status (mean total pack years) 27.5+243
never 2410 (34.3%)
former 2842 (40.5%)
current 1565 (22.3%)
missing 200 (2.9%)
Physical activity
without difficulty 3872 (55.2 %)
with some difficulty 1425 (20.3%)
with much difficulty 471 (6.7%)
unable to do 1106 (15.8%)
missing 143 (2.0%)
Hypercholesterolaemia (mean + SD) 66112
absent 3491 (49.8%)
present 3483 (49.6%)
missing 43 (0.6%)
Genotypes
CRP1184C>T
cC 2782 (46.7 %)
T 2591 (43.5 %)
T 583 (9.8 %)
CRP2042C>T
cC 2662 (44.7 %)
T 2687 (45.1 %)
T 607 (10.2 %)
CRP2911C>G
cC 5274 (88.5 %)
CG 653 (11.0 %)
GG 29(0.5%)

N = number of persons, SD = standard deviation. Missings were imputed by a single method (Expectation Maximization) for analyses.
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Table 2. The association between C-reactive protein levels at baseline and cancer

Total follow-up Follow-up > 5 years
Cancer type CRP level No.cases/  Model 1 Model 2 No. cases/ Model 1 Model 2
cohort HR (95% CI) HR (95% CI) cohort HR (95% CI) HR (95% CI)
Any cancer® <1mg/L 202/1839  reference reference 176/ 1671 reference reference
1-3mg/L 293/2659  1.10(0.91-1.31) 1.10(0.92-0.32) 240/2351 1.06 (0.87-1.28)  1.06 (0.87-1.30)
3-10 mg/L 211/1775 1.37(1.12-1.66) 1.38(1.13-1.69) 156/ 1409 1.24(1.00-1.54) 1.26(1.01-1.58)
logarithm 706/ 6273 1.19(1.10-1.30)  1.20(1.10-1.31) 572/5431 1.14(1.04-1.24)  1.15(1.04-1.27)
Colorectal cancer® <1mg/L 61/1839 reference reference 48/1671 reference reference
1-3mg/L 82/2659 0.96 (0.69-1.34)  0.94(0.67-1.31) 64/2351 0.99(0.68-1.44)  0.93(0.64-1.36)
3-10mg/L  46/1775 0.93(0.63-1.37)  0.93(0.63-1.37) 26/1409 0.74(0.46-1.19)  0.71(0.44-1.15)
logarithm 189/6273 1.04(0.89-1.22) 1.04(0.88-1.22) 138/5431 0.94(0.78-1.13)  0.91(0.75-1.11)
Lung cancer ¢ <1mg/L 17/1839 reference reference 15/1671 reference reference
1-3mg/L 50/2659 2.21(1.28-3.84) 1.95(1.12-3.38)  35/2351 1.80(0.98-3.30) 1.61(0.88-2.96)
3-10mg/L 50/1775 3.60(2.07-6.26)  2.78(1.59-4.85) 30/ 1409 2.69(1.44-500) 2.11(1.13-3.96)
logarithm 117/6273 1.70(1.37-2.11)  1.51(1.21-1.88) 80/5431 1.62(1.25-2.10)  1.45(1.12-1.89)
Breast cancer ¢ <1mg/L 47/1092 reference reference 42/999 reference reference
1-3mg/L 80/ 1666 1.21(0.84-1.74) 1.16(0.80-1.67) 70/1486 1.20(0.82-1.76)  1.14(0.77-1.69)
3-10mg/L  57/1032 1.68(1.14-247) 1.59(1.05-2.41) 46/822 1.58(1.04-2.40)  1.48(0.94-2.33)
logarithm 184 /3790 1.30(1.10-1.54) 1.28(1.07-1.54) 158/3307 1.26 (1.05-1.50)  1.23(1.02-1.50)
Prostate cancer® < 1mg/L 80/747 reference reference 72/672 reference reference
1-3mg/L 91/993 0.92(0.68-1.25)  0.94(0.70-1.28) 79/865 0.91(0.66-1.26)  0.94(0.68-1.30)
3-10mg/L  71/743 1.19(0.86-1.64) 1.23(0.89-1.71) 61/587 1.20(0.85-1.69)  1.25(0.88-1.79)
logarithm 242/2483  1.10(0.95-1.27) 1.12(0.97-1.30) 212/2124 1.08(0.93-1.25)  1.10(0.94-1.29)

HR = hazard ratio, Cl = confidence interval, CRP = C-reactive protein. Cox proportional hazard models were used for analyses. HR is
Hazard Ratio. Model 1: Adjusted for age and gender. Model 2: Adjusted for main risk factors; ¢ Adjusted for age, gender, body mass
index, smoking, cholesterol, physical activity, NSAID use, fruit, selenium and total energy intake. ® Adjusted for age, gender, smoking,
NSAID use, cholesterol, physical activity, hormone use, fruit, selenium and total energy intake. < Adjusted for age, gender and smoking.
9 Adjusted for age, smoking, body mass index, age at menarche and menopause, hormone use and number of children. ¢ Adjusted for

age, smoking and body mass index.

The 189 incident colorectal cancers were analysed in total and in subgroups (78 non-sig-
moid colon, 67 sigmoid and 44 rectal cancers). No significant results were found for the total
group of colorectal cancers (TaeLE 2) but high levels of CRP were significantly associated with
a 2-fold risk increase of non-sigmoid colon cancer (TaABLE 3). The effect diminished and became
non-significant after excluding the predetermined latent period of five years.

There was an age-, gender- and smoking-adjusted hazard ratio for incident lung cancer
of 2.8 when having CRP levels at baseline within the highest tertile. After the five-year latent
period, this hazard ratio was reduced to a 2.1-fold risk increase in the same tertile. (TABLE 2)
Additional adjustments for drugs used for chronic obstructive lung diseases or stratification
by smoking status did not materially change the risk estimates (data not shown). When his-
tological subtypes of lung cancer were considered, the increased risk could only be observed

for squamous cell carcinoma of the lung. (TABLE 3) For breast cancer, increased risks were
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Table 3. Stratified analyses of C-reactive protein level on cancer

Total follow-up Follow-up > 5 years

Cancer type CRPlevel No.cases/ Model 1 Model 2 No. cases/ Model 1 Model 2
cohort HR (95% CI) HR (95% CI) cohort HR (95% CI) HR (95% CI)

Colorectal cancer

Non-sigmoid colon ~ <T1mg/L  16/2659  reference reference 11/1671  reference reference
1-3mg/L 35/2659  1.55(0.86-2.80) 1.54(0.85-2.80)  27/2351  1.77(0.87-3.57)  1.72(0.85-3.48)
3-10mg/L  27/1775  2.03(1.09-3.77)  2.07(1.10-3.90)  14/1409 1.71(0.77-3.77)  1.68(0.75-3.74)
logarithm  78/6273 1.46 (1.13-1.90) 148(1.14-1.94)  52/5431  1.29(0.94-1.77)  1.28(0.93-1.77)

Sigmoid colon <Img/L  26/2659  reference reference 21/1671  reference reference
1-3mg/L 29/2659  0.83(0.49-1.42)  0.84(049-1.44)  25/2351  0.91(0.51-1.64)  0.88(0.49-1.58)
3-10mg/L  12/1775  0.60(0.30-1.20)  0.62(0.31-1.24)  8/1409 0.53(0.23-1.19)  0.51(0.23-1.17)
logarithm ~ 67/6273  0.89(0.68-1.15)  0.90(0.69-1.17) ~ 54/5431  0.85(0.64-1.14)  0.84(0.62-1.13)

Rectum <Img/L  19/2659  reference reference 16/1671  reference reference
1-3mg/L 18/2659  0.66(0.34-1.26)  0.57(0.30-1.10)  12/2351  0.55(0.26-1.17)  0.47(0.22-1.00)
3-10mg/L  7/1775 0.44(0.18-1.04)  0.38(0.16-0.92)  4/1409 0.34(0.11-1.01)  0.29(0.09-0.87)
logarithm ~ 44/6273  0.76(0.55-1.05)  0.70(0.50-0.99)  32/5431  0.68(0.46-0.99)  0.60 (0.40-0.90)

Lung cancer

Adenocarcinoma <1mg/L  3/2084 reference reference 2/1897 reference reference
1-3mg/L 10/2104  0.58(0.08-434)  0.52(0.06-4.44)  8/1865 0.68(0.07-7.03)  1.27(0.04-43.89)
3-10mg/L  3/2085 0.67(0.12-3.69)  0.63(0.11-3.55)  2/1669  0.34(0.04-3.19)  0.07 (0.00-3.48)
logarithm ~ 16/6273  0.66(0.29-1.47) ~ 0.67(0.30-1.48) ~ 12/5431  0.24(0.05-1.23)  0.09(0.00-1.97)

Squamous cell <1mg/L  8/2084 reference reference 6/1897 reference reference

carcinoma 1-3mg/L 9/2104 1.62(0.55-4.76)  1.56(0.52-4.64)  7/1865 246(0.63-9.64)  1.74(0.42-7.28)
3-10mg/L  14/2085  1.93(0.71-523)  235(0.82-6.74) 5/1669  097(0.22-435)  1.91(0.39-9.41)
logarithm ~ 31/6273  1.20(0.77-1.86) ~ 1.30(0.82-2.07)  18/5431 093(048-1.79)  1.27(0.61-2.61)

HR = hazard ratio, Cl = confidence interval, CRP = C-reactive protein. Cox proportional hazard models are used for analyses. Colorectal
cancer: Model 1: Adjusted for age and gender. Model 2: Adjusted for age, gender, smoking, NSAID use, cholesterol, physical activity,
hormone use, fruit, selenium and total energy intake. Lung cancer: Model 1: Adjusted for age and gender. Model 2: Adjusted for age,

gender and total pack years of smoking.

observed both in the total analyses as after exclusion of the 5-year latency period. For prostate
cancer, no association was found.

CRP haplotypes

The 5956 participants without a history of any of the cancers of interest who were genotyped
were used for analyses. The three tagging SNPs were in HWE (1184 C>T x*=0.32 p=0.57; 2042
C>T x> =3.49p = 0.06, 2911 C>G 2 = 3.23 p = 0.067). Homozygozity of haplotype 1 increased
lung cancer by 2.6-fold. (tABLE 4) As a result of the design used, haplotype 3 (that can be
‘tagged’ by the common versions of the three tagging SNPs), showed a decreased risk. It refers
to the other haplotypes of which haplotype 1, that showed an increased risk, is the most
common. When serum levels of CRP and CRP haplotypes were simultaneously put in the age-
and gender-adjusted model, the effect of CRP gene haplotype on cancer incidence did not
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Chapter 3.3

materially change. There was no effect modification observed (p = 0.77) and no differences
were found in stratified analyses. These results indicate that CRP levels and CRP haplotypes are

probably independent risk indicators.

DISCUSSION

In this prospective cohort study on the association between CRP determinants and four com-
mon non-skin related malignancies, high levels of CRP were associated with a 38% increase
in overall cancer risk and a 26% increase in cancer risk after subtracting a latent period of 5
years. Sub-analyses showed that the association was predominantly observed for squamous
cell carcinoma of the lung, non-sigmoid colon and breast cancers and was still significant after
5 years for lung and breast cancer. The majority of results could be explained by the response
hypothesis in which increased CRP levels at baseline are a biomarker for an underlying, prob-
ably not yet discovered, malignancy. However, for lung cancers, this might be different. Since
survival times for these cancers are short, increased CRP levels five years before diagnosis
probably preceded cancer and were not a marker for secondary inflammation around an
undiagnosed cancer. This might be in line with the induction hypothesis. Our results resemble
findings of two previous studies 37339, but are at variance with ones found in a study of 28
345 women of 45 years and older from the USA 3. Since our results seem to indicate that
the risk increase is mainly observed for lung cancer, the power of the US study with 32 lung
cancer cases might have been too low to draw conclusions. Other explanations for the differ-
ences might be the restriction to female gender, since point estimates in our analyses where
somewhat lower than in males, a younger population, and the relatively short follow-up time.
Three previously published studies reported contradictory outcomes regarding the effect of
CRP baseline levels on non-sigmoid colon cancer risk.3¢33%34 We observed that CRP baseline
measurements were only associated with an increased non-sigmoid colon cancer risk in the
first years after the assessment at a time when the tumor might already have been present.
Also in the Women'’s Health Study (WHS) and the CLUEII cohort significant results were only
found during the first years of follow-up. However, when they stratified on smoking status,
Erlinger et al. observed a significant risk increase after five years in non-smoking individuals
with non-sigmoid colon cancer.3* Our results slightly support this finding, since, although not
significant, point estimates for non-sigmoid colon cancer risk in non-smokers after five years
were higher than in the analyses regardless of smoking status.

One of the most important limitations of baseline levels is the single measurement in
time. Although it has been postulated that CRP levels are more or less stable over time 3%,
it is well established that CRP levels are easily influenced by age, smoking and underlying
inflammations. Therefore, we hypothesized that variation in the CRP gene might be a bet-
ter determinant for cancer risk, because it represent lifetime exposure to a particular ‘steady
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state’ CRP level or a less vigorous acute inflammatory response. Previous studies showed that
the combination of SNPs C", T*22, and C*" (the CTC haplotype or haplotype 1) is associ-
ated with decreased CRP serum levels. We found that in individuals with the CTC-haplotype,
lung cancer risk was increased 2.6-fold for those who were homozygous with a significant
allele-effect relationship. It seems possible that subjects carrying the haplotype associated
with decreased CRP serum levels have a less efficient response to external noxious agents. An
impaired defence mechanism, in the form of reduced CRP response might result in prolonged
inflammation and increased tissue damage. Of course, this is only one potential explanation.
Moreover, we cannot exclude that the CRP gene haplotype is in linkage disequilibrium with
other polymorphisms on the genome that are responsible for the increased lung cancer risk
and that our finding is not causal.

Some potential limitations must be considered. First, we included subjects for whom
blood was available. Those who did not donate blood were on average older, more frequently
women and had a shorter follow up time. However, baseline cancers were excluded and there
is little reason to assume that selective inclusion of patients with relatively high CRP levels
and later tumors caused a spurious association. If selection bias occurred, it is more likely
that blood sampling from relatively healthy elderly led to an underestimation of the true risk
increase. Misclassification bias is unlikely as data collection during follow-up was performed
without knowledge of the research hypothesis. Misclassification of CRP levels seems unlikely.
Confounding for age, gender, BMI, smoking, hypercholesterolemia, physical activity, NSAID
use, fruit, selenium and total energy intake was adjusted for in the analyses. In the case of
lung cancer, use of medication against chronic obstructive lung disease did not influence
our results. That this made little difference might also be explained by the possibility that
CRP level elevation is an intermediate in the causal chain between such risk factors and lung
cancer although it is unlikely that CRP itself is a risk factor for cancer.

In conclusion, we found that high baseline values of CRP and a particular CRP gene hap-
lotype were both consistently associated with an increased risk of lung cancer. Subgroup
analyses of cancers at sites for which inflammation is believed to be one of the main risk fac-
tors (colon cancers and squamous cell carcinoma of the lung) showed doubled risk profiles in
the highest CRP tertile. These findings seem to endorse the induction hypothesis as originally
postulated by Virchow.
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General Discussion

INTRODUCTION

Improved medical care is one of the factors, which results in aging of the population. Although
life-expansion is one of the main goals of this improvement, it also increases the incidence
of diseases that are strongly correlated with age, such as cancer. Continuation of the broad
range of studies on cancer etiology, treatment and prognosis is therefore inevitable. As a
consequence of the efforts made in cancer research over the past decades, individualized
approaches are state of the art nowadays. However, many of these programs can still benefit
from fine-tuning to optimize personalized medicine. An important way to achieve this is to
consider genetic variation.

It has been calculated that genetic factors represent 5 to 10 percent of all risk factors for
cancer.* Obviously, this cannot be more than a very crude overall estimation and the role of
genetic variation may be substantially higher if, for example in cancer research, both induction
and promotion are included. Besides single mutations such as those in the BRCA-1 and BRCA-
2 gene, genetic variability in candidate genes became of increased interest since the 1970s
when Harris proposed that common functional variation could explain some of the inherited
variation in susceptibility to common diseases. *° In the 1980s it became possible to clone
genes of interest and genetic markers within it (usually restriction fragment length polymor-
phisms).”¢ The development of genome-wide genetic maps in the 1990s allowed researchers
to study genome-wide linkage to disease status and enhanced the impact of genetic associa-
tion studies even more.>"352 Genetic variability is responsible for the 0.1% of the genome that
determines individual phenotypes and was proposed to affect not only a person’s propensity
towards diseases, but also the response to therapy and prognosis. Candidate genes are those
that encode for enzymes with a plausible biological action. For cancer, a wide range of candi-
date genes exists. This thesis focussed on genes that encode for cytochrome P450 enzymes
and genes that are involved in inflammation. Furthermore, analyses were restricted to the four
most common non-skin related cancers.

In this chapter the main findings of the studies described in this thesis are reported and
placed in a broader perspective. Methodological considerations, strengths and limitations for
both epidemiological research in general as for research facilitated in The Rotterdam Study in
particular are discussed. A reflection of the relevance and potential clinical implications of our
observations is given and recommendations for future research are put forward.

MAIN FINDINGS AND PERSPECTIVE

As for cancer a large variety of candidate genes can be studied, this thesis was restricted to
two topics with potentially high impact. First, cytochrome P450 related gene polymorphisms
were considered, as genes that encode for this enzyme family are involved in a broad range
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of metabolic pathways. These pathways comprise those of endogenous (i.e. hormones) or
exogenous (i.e. drugs or other xenobiotics such as alcohol or tobacco) compounds that are
all related to cancer. Detailed insight into the effects of polymorphic CYP expression might
potentially lead to new ways of optimizing personalized medicine. Second, as of the end of
the 19 century, when Virchow hypothesized “that the origin of cancer was at sites of chronic
inflammation’, the association between inflammatory conditions and cancer has been studied
many times. Results are encouraging, but diverse at the same time. While some observed asso-
ciations with microorganisms and anti-inflammatory medications, others focussed on inflam-
matory markers for which the cause-effect relationship with cancer remains to be explored.
New insight into associations between inflammatory related determinants, genetic variation
and cancer, could therefore add to the body of evidence of this intriguing relationship that
is most probably involved in all aspects of cancer such as prevention, induction, promotion,
treatment and prognosis.

Cytochrome P450 and cancer

Since the time that the human genome sequence mapping was nearly completed, the
number of association studies of genetic polymorphisms and specific disease outcomes has
grown exponentially. A PubMed search for terms such as ‘polymorphism’and ‘genotype’ gives
over 100,000 and 150,000 hits, respectively. This quantifies the impact genetic variability has
on medical research nowadays. Nevertheless, for specific disease outcomes and individual
genotypes, the number of studies is much less impressive. In 2002, an estimation was made
that only a minority of genetic variations with a previously published positive association was
studied for three times or more and that only 4% reported similar results in replicated stud-
ies.”® This lack of consistency was also observed in our review on association studies between
cytochrome P450 and cancer susceptibility, reported in chapter 2.1. Although the importance
of the cytochrome P450 (CYP) family in (de)toxification was rapidly recognized after its dis-
covery some 50 years ago, the number of association studies between CYP polymorphisms
and cancer is still modest in perspective of its potential consequences. Next to this, com-
parability is highly affected by inconsistencies in study designs, control groups, phenotypes
and genotypes of interest and population of choice, factors that were recognized by others
as well.#®353 Furthermore, our review aimed at providing an insight into cancer susceptibility
affected by cytochrome P450 polymorphisms measured in serum leucocytes. Previous review
articles focussed on the association between polymorphic CYP expression in (tumor) tissue
and cancer3** Both strategies have their pros and cons and these will be discussed in the clini-
cal implications section of this chapter. As became clear from our review, many studies indeed
focussed on candidate genes but too little on a more complete causal biological pathway.
As we reviewed, CYP3A gene polymorphisms are regularly associated with prostate cancer in
Caucasians 8290776295 but not with breast cancer >°. Nevertheless, CYP3A genes are considered
candidate genes for hormone related cancer association studies since the enzymes for which
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they encode are involved in the metabolism of steroid hormones. Therefore, we performed
studies on the association between genetic variation of CYP3A enzymes and hormone levels,
which also included prostate- and breast cancer as endpoints (chapter 2.2. and 2.3.). Although
both studies showed associations of some of the CYP3A genotypes with hormone levels, no
associations were found for either of the cancers. For prostate cancer, results from our study
were not in accordance with some other studies reported in literature 89076205 although stud-
ies with the most appropriate designs report insignificant findings as well 224235 Moreover,
our negative results for the association with both cancers are in line with the results found for
hormone levels. Testosterone levels that are considered to correlate with levels of the tumor
growth- and differentiating hormone dihydrotestosterone were not associated with genotype.
For breast cancer, some of the CYP3A genotypes that seemed to have a minor influence on
estrogens were related to the age at onset of menarche and/or menopause as well. Although
both hormone levels and reproductive life are associated with breast cancer, no associations
were found between the genotypes and breast cancer. The studies presented in chapter 2.2.
and 2.3. not only included multiple CYP3A gene variations and hormone levels in an in vivo
setting, it additionally gave more insight into the potential mechanisms. As our results sug-
gest, the association between CYP3A and prostate cancer remains questionable, not only as
a result of inconsistent observations, but also since the association with testosterone cannot
be clearly demonstrated. Together with the observations for breast cancer, it proves at least
that CYP3A genotyping is not useful in predicting individual susceptibility to hormone related
cancers, even though we cannot exclude that our negative findings for breast- and prostate
cancer were caused by a limited sample size. Nevertheless, our results show some interest-
ing associations of genotypes and hormone levels with gender-specificity that might initiate
more detailed examinations of CYP3A involvement in steroid hormone metabolism.

An example of a study to explore the potential role of CYP polymorphisms as effect
modifiers is reported in chapter 2.4. The study presented here aimed at increasing insight
into the importance of CYP2C9 slow metabolizing variants on the protective effect of NSAIDs
on colorectal cancer incidence. Previous studies focussed on nonaspirin NSAIDs or aspirins
and used different methods to explore effect modification. 352782828 Qur study included both
nonaspirin NSAIDs and aspirins and studied additive and multiplicative effect modification.
Additionally, it included subanalyses on anatomical location, something that has been shown
to be important as different colorectal locations are probably differentially affected by risk
factors.?”” Both NSAID use and CYP2(C9 variant carriage were associated with a reduced risk
of colorectal cancer, especially of proximal parts, which is in line with previous studies.™3'3%
135,262263,270276 The observation that no effect modification was found could have been expected
since duration of NSAID use was found to be more important than dose in the prevention of
colorectal cancer. Nevertheless, the importance of dose was suggested in some studies that
found effect modification of CYP2C9 variants on NSAID use in the prevention of colorectal
cancer. By studying different types of NSAIDs and the use of two different statistical methods
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for effect modification, our study provided additional evidence that duration of NSAID use is
indeed more important than dose in the prevention of colorectal cancers. The associations
found between slow-metabolizing variants and some NSAID levels in vitro seemed therefore
not to have any significant clinical impact.

Inflammation and cancer

Despite the fact that an association between inflammation and cancer is commonly accepted,
the underlying mechanisms are still a matter of debate. Studies have shown associations be-
tween viruses (i.e. Human Immunodeficiency Virus or Human Papilloma Virus) or diseases with an
enhanced immunological status (i.e. rheumatoid arthritis or inflammatory bowel diseases) and
cancer development. Furthermore, it has consistently been shown that tumor growth results in
cell damage that consecutively leads to activation of the immune system. Several post-operative
studies report associations between levels of inflammatory markers, such as C-reactive protein
(CRP), and tumor load.®"3 As a consequence of the heterogenous association of inflammation
and cancer, we introduced an induction (as in the first examples) and a response (as in the final
examples) hypothesis to distinguish between several aspects of cancer growth.

The first study that was described in this chapter contributes to the large body of evidence
that NSAIDs protect against colorectal cancer, especially those of the proximal colon 6226327
76 Contributions of our study to the existing literature, were the analyses with cumulative
medication use, the population based design, which resulted in the availability of a large
number of potential confounders and the inclusion of an analysis on the effect of NSAIDs after
cessation. Although limited by a small sample size, the analysis on cessation revealed that a
protective effect for colorectal cancer could still be found five years after discontinuation of
the drug. This is in line with other studies that report the most important effects of cancer
prevention in early cancer stages.?**>" Effects of cessation are therefore not to be expected to
become visible already in the first years after the discontinuation but might require a longer
follow-up. However, we simultaneously observed an effect of medication already after 1 year
of cumulative use, which seems to be in contrast to the previous explanation. Therefore, it
might be possible that our findings indicate effects of NSAIDs in both early and later stages.
An explanation for the protective effect of NSAIDs on carcinogenesis that is most frequently
put forward is inhibition of cyclooxygenases (COX) that convert arachidonic acid into pros-
taglandins and harmful by-products such as peroxides and free radicals. Arachidonic acid
is believed to result in anti-tumor effects that include reduction of neovascularisation and
enhancement of apoptosis, whereas the by-products induce cell damage. NSAID use leads to
the preferred situation of high arachidonic acid levels and low prostaglandin- and by-product
levels. Considering the importance of COX enzymes, we hypothesized that the protective ef-
fect of NSAIDs might depend on the degree of COX expression. Therefore, the second study
of chapter 3 was conduced in which cumulative NSAID use was studied stratified for COX-2
genotype. The variant type of this gene had been found to be associated with 30% lower
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expression levels of the corresponding protein.>*® Surprisingly, COX-2 genotype did not af-
fect the inverse association between NSAID use and cancer. As a result, we hypothesized that
the difference in COX-2 expression levels introduced by the COX-2 genotype might only be
revealed in active inflammatory stages. This had been brought forward in a previous study
as well, in which it was reported that the inverse association of NSAIDs and cancer was most
pronounced in persons with the highest C-reactive protein levels.>* Therefore, we studied
NSAID use in the five years before the index date. In this time, a cancer is most probably
already present but in its preclinical stage and therefore not detected. Nevertheless, results
were similar. These results and the insignificant differences between COX-specific NSAIDs on
the inverse association underline the importance of other targets for NSAIDs than only COX,
which has also been proposed by others.32¢32¢

In the final study, we aimed at gaining more insight into the induction hypothesis. A
number of statistical methodological procedures were used to study the association between
baseline C-reactive protein levels and CRP haplotypes that were related to CRP levels and
cancer induction (see paragraph on methodological considerations). Although CRP levels
were proposed as a proxy of inflammation by others as well 3339, the effect of CRP haplotype
on cancer was never studied before. We studied associations with the four most common
cancers and were only able to find an association with lung cancer. The insignificant find-
ings for breast- and prostate cancer were not surprising, as these cancers are supposed to
be hormone-dependent and not the result of chronic inflammation. We hypothesized that
inflammation might be associated with all cancers exposed to exogenous stimuli, such as
colorectal and lung cancers. Anatomical and histological subtypes of these cancers (squa-
mous cell carcinoma of the lung and nonsigmoid colon cancers) showed the highest risk in
persons with elevated CRP levels at baseline. As we included a lag-time of five years and lung
cancers have a high potential to lead to early mortality, the results presented in this final study
seem to point at an influence of chronic respiratory inflammation on lung cancer.

METHODOLOGICAL CONSIDERATIONS

Setting

Cancer is a common disease with a relatively high incidence rate, especially in older individu-
als. Therefore, The Rotterdam Study, that is a cohort-study of individuals of 55 years and older
must be considered appropriate for research questions on cancer. For reasons of efficiency
and impact on disease burden, the four most common non-skin related cancers (i.e. lung,
colorectal, breast and prostate cancer) were studied, that all have the highest incidence in
older individuals. Breast cancer at younger ages has an important impact on public health as
well, but these are mainly related to single genes like BRCA-1 or BRCA-2 and were not included
in this thesis.
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Analyses and effect modification

For most of the analyses performed, Cox’ proportional hazard models were used since cancer
has a recognizable endpoint in time. Follow-up time was calculated as the time between the
start of entering The Rotterdam Study until a pathologically confirmed diagnosis of cancer,
death or the end of the study period. As cancer cases were validated until the end of October
2004, this date was set as study end date for all analyses. By calculating the follow-up time
until a diagnosis of one of the four cancers of interest, it was possible to censor for other
cancers in the analyses on individual malignancies.

For all analyses we proposed some potential confounders based on their known associa-
tion with the outcome and therefore frequently reported in the literature. Statistical models
were intended to be built with those covariates that changed the point estimate by ten or
more percent. Nevertheless, none of the covariates had such an effect on the point estimate.
Therefore, models were built that included the most important available risk factors for the
outcome that were previously mentioned by others.

Genes and their polymorphic protein expression were considered as being potential ef-
fect modifiers, possibly leading to a diagnosis of cancer at a younger age. There are two types
of effect modification; additive (or biological) effect modification and multiplicative effect
modification. These require different statistical methods. Multiplicative effect modification,
an explicit mathematical approach that estimates whether the effect of a combination of two
factors is more than the product of the individual ones, is most frequently used. However,
FIGURE 1 shows that this may lead to the rejection of the possibility of biological effect modi-
fication. In this thesis we described biomedical research, and it seemed therefore reasonable
to study additive effect modification (estimate of the combination of two factors is more than
the sum of the individual estimates), as well. Additive effect modification has three expression
measures; synergy index (SI), relative excess risk due to interaction (RERI) and attributable
proportion (AP). They all follow from the risk ratios of the four possible combinations (i.e.
neither of the factors, factor A or factor B and both factors simultaneously).25¢2% (tagLE 1) For

] ]
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W
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Figure 1. Additive and multiplicative effect modification
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Table 1. Additive effect modification measures

Factor B
no yes s =[RRy; = 11/ [[RR1o— 11+ [RRo1 - 1]]
no RRoo RRoy RERI  =RR;; - RRio—RRg; +1
<
‘3 yes | RRiw | RRy AP =RERI/RRy;
(]
'8

SI = synergy index, RERI = relative excess risk (reduction) due to interaction, AP = attributable proportion, RR = relative risk.

our analyses, we used the RERI as this estimate is most easy to interpret. As we additionally
explored preventative estimates, the RERI was used as the relative excess risk reduction due to
interaction, but the principal remains the same. Both types of effect modification should be
presented in future studies.

Use of medication

Information about medication use until 1991 was reported by the participants during the
interview at the start of their inclusion in The Rotterdam Study. Information about medication
use since 1991 was available for all participants on a day-to-day basis by using computerized
pharmacy data. This made it possible to calculate the cumulative dose and duration per drug
for each participant, which results in a higher precision of information about medication use
and a ‘power boost’ of participants. To study cumulative medication use, a complex dataset
has to be built.?¢¢ Case-sets are made that include one case and the remainder of the cohort
as controls. The case in the first case-set is the first case, which occurs during follow up. In
each subsequent case-set previous cases have been censored and deleted, and person-time
experience comes from the then occurring case and the remainder of the cohort which is
still alive and eligible at the date of diagnosis of the cancer case. Eventually, the number of
case-sets is identical to the number of events under study. After building these case-sets, the
cumulative dose and duration of use for the drug of interest until the index date, is calculated
per case-set for all including participants. The index date is defined as the date of diagnosis
of the case representing the case-set. This approach makes it possible to compare cumulative
duration/dose at the time of a diagnosis of cancer with the cumulative duration/dose of all
other persons in the cohort at exactly the same time. Note that the use of different case-sets
implies that a control participant can attribute different cumulative durations/doses to each
case-set and that it is even possible that a person serves as a control in a number of case-sets
before he becomes a case himself and is then included in his ‘own’ case-set. (FiIGURE 2) Next, it
is possible to investigate whether there are differences in disease outcomes when medication
use is stratified in current and past use. Finally, these two exposure measures (duration/dose
and current/past use) can be studied simultaneously.
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Figure 2. Methodology of time-varying medication exposure

Participant 1 in FiGURE2 contributes person-time to the total follow-up period but is
never a user. Participant 2 contributes person-time to the total follow-up period and uses the
medication of interest during this whole period. Participant 3 contributes person-time to the
total follow-up period and uses medication intermittently. He contributes another cumulative
duration-time to case-set 1 than 2 and is current user in case-set 1 and past user in case-set 2.
Participant 4 contributes person-time until he becomes a case. At the date of diagnosis, this
participant is a past user. Participant 5 is a current user in case-set 1 and a past user in case-set
2. Participant 6 serves as control in case-set 1 and has no cumulative medication use. Since he
dies between the two case-sets, this person is not included in case-set 2. Participant 7 serves
as a control for case-set 1 and becomes a case in case-set 2. Participant 8 contributes person-
time to the total follow-up period and only uses medication in the final period. Since no cases
occur after he starts using, this medication use is not included in the analyses. Participant 9
dies before the first case(-set) and is therefore not included in the analyses.

Induction and promotion
The studies presented in chapter 3.2 and 3.3 include some methodological considerations to
explore differences in effects on induction and/or promotion.

Chapter 3.2. studied the effect of NSAID use and COX-2 genotype. In the initial analyses,
cumulative duration of NSAID use was considered as presented in the previous paragraph.
(FIGURE 3, number 1, example participant 7) These analyses aimed at studying the effect of
NSAIDs and COX-2 on the induction of cancer. To study promotion, we postulated that the
effect of COX-2 expression as a result of COX-2 gene variation might only be important when
the system was biologically active, as in inflammatory stages. We therefore subtracted five
years from the index date and calculated the cumulative duration of NSAID use for these five
years to study promotion. (FIGURE 3, number 2) The data on medication use before these five
years were used to minimize misclassification of the exposure, as we included only persons
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| 3 |

Figure 3. Methodology of analyzing induction and promotion

in the analyses who did not use NSAIDs in the years, which preceded the specified five-year
period. (FIGURE 3, number 3)

Chapter 3.3. studied the effect of C-reactive protein levels and haplotypes on cancer. As
was explained in the beginning of the current chapter, studies on inflammation and cancer
are heterogeneous as a result of factors that contribute either to the induction or to the re-
sponse hypothesis. Therefore, we included a minimum of five-year lag-time between the date
of entering The Rotterdam Study, the time at which blood samples were drawn for C-reactive
protein measurements, and the first cancer case. As we go back to FiGURE 2, this could have
meant that the cancer case of case-set 1 occurred within 5-years after inclusion in The Rot-
terdam Study and was therefore excluded of this specific analysis. By following this approach,
we were able to partly exclude the rise in CRP induced by tumor growth itself. Although for
breast cancers with their long latent period, a period of 5 years may be too short, for lung
cancers this seems long enough to distinguish between induction and promotion. Although
the choice of the five-year subtraction is arbitrary, the size and follow-up period in The Rotter-
dam Study precluded the inclusion of longer latent periods because the number of remaining
cases would be too low.

STRENGTHS AND LIMITATIONS

As in all observational cohorts, studies performed in The Rotterdam Study are potentially
prone to selection, information and confounding bias. However, careful design and analysis
might deal with most of these problems. In the following, these three types of bias will be
discussed in the perspective of the studies presented in this thesis, although specific consid-
erations of bias are discussed in the individual chapters.

All cohorts comprise a selection of the total population. Whether there is bias depends
on the effect of this selection on the true association between the determinant and outcome.
As only persons of 55-years and older were asked to participate to The Rotterdam Study, this
might have led to the inclusion of relatively healthy elderly, since they were able to survive for
at least 55-years. Self-selection is possible whenever the group of people being studied de-
cides whether they will participate. Again, healthier persons are more likely to participate. On
top of this, within the total number of participants, only persons who provided blood samples
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at baseline were included in our analyses. Our study cohorts therefore included healthier per-
sons at baseline. Nevertheless, this probably did not affect our results as we merely studied
genotypes and their interaction with other determinants. Furthermore, genotypes were in
Hardy Weinberg equilibrium in all studies presented, which indicates that participation was
independent of genotype. Another important selection criteria, that was introduced by using
data from The Rotterdam Study, is the inclusion of persons from one genetic background.
99.8% of all participants are from Caucasian descent. Although it is recommended to study
populations with the same racial background to excluded population stratification 3 (a form
of selection bias as a result of ethnical differences) as we did in our studies, one must con-
sider the generalizability of the results. Interactions of genes with other factors are especially
dependent on the allele frequencies of the genotypes and the occurrence of the factor of
interest in a population.

Misclassification bias is unlikely as data collection was performed without knowledge
of the research hypothesis. Nevertheless, some issues must be discussed. First, although all
genotypes were in HWE, the methodology of the Tagman assay might induce some non-dif-
ferential misclassification as genotypes are allocated subjectively according to the groups of
dots as presented in chapter 1.4. Nevertheless, this random misclassification was limited by
using control samples, performing re-do’s and allowing three persons to evaluate the Tag-
man assay results. Second, although we had access to medication use on a day-to-day basis,
no or limited information about use before January 1** 1991 and over-the-counter use was
available. In our studies, we tried to minimize the potential misclassification induced by these
factors. We performed some additional analyses, excluding uncertainties about medication
use before 1991. Additionally, over-the-counter use of NSAIDs was considered less important
as in The Netherlands analgesics are only to a limited extent freely available since 1996 and
in relatively low recommended doses. Moreover, it is unlikely that persons with a prescribed
NSAID also use them over-the-counter, since all NSAIDs on prescription - including long-term
use - are fully reimbursed. Misclassification of malignancies is also unlikely, as all cancers were
pathologically confirmed. Nevertheless, preclinical and therefore undiagnosed cancers might
have diminished the effects.

Confoundingwasadjustedforintheanalysesandisthoughttobelessimportantin genomic
association studies. However, potential effects of a large range of inducers and inhibitors, such
as several drugs, that result in altered biological functions of the enzymes, must not be ruled
out. Another point of discussion is the censoring for other cancers. As we only had data on the
four most common cancers, it is possible that cancers that were not included in our validation
influenced results. Nevertheless, as the four malignancies studied in this thesis account for the
majority of the disease burden by cancer, this is most probably of less importance. In studies
on medication use, specific types of confounding are possible, e.g. confounding-by-indica-
tion and its specific form confounding-by-severity. In our studies, another type of bias might
have been possible. Protopathic bias occurs when a pharmaceutical agent is prescribed for an
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early manifestation of a disease that has not yet been recognized.>** NSAIDs might have been
prescribed to reduce pain that is the result of tumor growth. However, since we were mainly
interested in long-term use and additionally included some specific subanalyses to reduce
this type of bias, spurious associations are not likely to result from this issue.

Next to the three types of bias discussed above, other intriguing aspects of epidemio-
logical studies must be mentioned. As a result of logistic problems or selective participation,
most epidemiological studies encounter missing data for several covariates. Missing status
can either be random (as with logistic problems) or non-random (as with selective participa-
tion). The impact of missing determinants as a result of the refusal of providing blood samples
was discussed above. The studies presented in this thesis were most hampered by missing
status (23%) of dietary factors. Although missing status was correlated with older and less
healthier individuals, it was randomly distributed over the genotypes and therefore unlikely
to have caused spurious associations. However, it might have led to an underestimation of
the true risk. We dealt with this issue in several ways. First, we studied the impact of missing
status on the association and observed that missing status was not a confounder. Therefore,
we performed complete case analyses, in which we excluded all persons with missing values
on covariates. As this resulted in a major reduction of the power, we imputed missings with
a single imputation method, i.e. expectation maximization (EM).>° EM alternates between
performing an expectation (E) step, which computes an expectation of the likelihood by
including the latent variables as if they were observed, and a maximization (M) step, which
computes the maximum likelihood estimates of the parameters by maximizing the expected
likelihood found on the E step. The parameters found on the M step are then used to begin
another E step, and the process is repeated. Hazard ratios for the complete case analyses and
for the analyses with imputed data were similar, although confidence bounds were narrower
in the last analyses and were therefore reported in the results of the performed studies.

Limitations by a low sample size may occur especially in those studies on genetic associa-
tions that are thought to result in only minor differences in the risk per genotype.* However,
if the association is strong, relatively small cohorts may still be able to detect genotype dif-
ferences. Only a minority of significant associations were observed in the studies presented
in this thesis. Our studies were definitely hampered by a limited study size. Rough power
calculations show that for minor effects thousands of cases are needed. Nevertheless, with
150-200 cases we could have detected risk estimates around 4-6, considering the individual
allele frequencies, the incidence of the diseases, a power of 80% ( = 0.2) and 95% confidence
(a=0.05).

According to the issues put forward in the previous paragraph, most potential limitations
were encountered by appropriate study designs and additional subanalyses. Furthermore, the
strengths of the available information on day-to-day medication and the availability — besides
genotypes - of intermediate outcomes such as hormone levels, made it possible to study

much more then mere associations between genotype and cancer.
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CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS

Despite the exponential growth of genetic association studies, this domain is still in its infancy.
Direct clinical implications need further studying. Nevertheless, the growing mass of results,
to which the studies described in this thesis add, show not only some of the pitfalls of ge-
netic association studies but also interesting areas that may guide future research. Moreover,
the number of useful results from studies with potential clinical implications increases. An
example of such a clinical application is the drug-gene interaction between anticoagulating
drugs and slow-metabolizing variants of the CYP2C9 gene 36357

In view of results found in the studies presented in this thesis, we are able to stress the
importance of some specific topics. First, although it would have been nice to find a strong
association between polymorphic genes that could have been measured out of DNA from se-
rum leucocytes and cancer as reviewed in chapter 2.1., polymorphic expression levels in spe-
cific tissues have probably much more potential to be found associated with specific disease
outcomes as this approach minimizes the effect of other counterbalancing factors. As many
inducers and inhibitors affect protein expression, consideration of polymorphic expression
levels reduces the bias of other known and unknown factors. Second, our results of the two
studies on CYP3A genotypes show some interesting associations with hormone levels, which
should encourage future studies to investigate the CYP3A genes in more detail. Third, results
of the CYP2C9 genotype study stress the importance of a clinical hypothesis in the beginning
of an association study. Although in vitro studies showed impact of CYP2C9 on NSAID levels, a
drug-gene interaction was not expected to be found in vivo, as duration of NSAID use in gen-
erally known to be much more important than dose in the prevention of colorectal cancer. >
The studies on inflammation and cancer reveal that it is important to distinguish between the
different stages of cancer development. Furthermore, chapter 3.2 shows that NSAIDs might
have COX-independent properties, which could initiate new strategies for colorectal cancer
prevention. Additionally, the results of the C-reactive protein levels and haplotype study have
the most clinical impact, as it underlines the importance of reducing chronic inflammatory
stages to prevent cancer development. In summary, the first part of this thesis, on cytochrome
P450 gene variation and cancer, indicates that more detailed and standardised approaches are
necessary in future studies on this topic. The second part of this thesis, on inflammation and
cancer, indicates the importance of reducing inflammation to prevent at least some cancers
and underlines the importance of studies that explore COX-independent effects of NSAIDs.

The conclusion that further research is necessary is the inevitable result of a relatively new
research field, but it is a knockdown argument that can benefit from suggestions that are
more explicit. Therefore, in the following, different strategies for genetic association studies
will be discussed. The aim of genetic association studies is to identify disease-causing genes.
Until recently, the ways to do this could roughly be distinguished in two approaches. The first
approach uses linkage disequilibrium to identify areas of the genome that may carry a gene
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associated with the phenotype of interest. After identifying these areas that mostly include
hundreds of genes, fine-mapping of the regions through the evaluation of candidate genes is
necessary after which specific polymorphisms in this gene are detected. As this method was
for along period time-consuming and often not feasible due to high costs, a second approach
became the preferred method. It builds on the existing biological knowledge and chooses
candidate genes that are involved in specific pathophysiological pathways of the disease
or phenotype of interest. Polymorphisms within these genes are additionally chosen based
on their potential functional significance to the encoded protein. The polymorphisms of the
CYP3A, CYP2C9, and COX-2 genes studied in this thesis were all identified through this second
approach. Recently, an increasing number of studies uses a haplotype approach that includes
blocks of linkage disequilibrium in which only a few common polymorphims are needed to
“tag”more than 90% of the diversity of common haplotypes (with a frequency above 5%).3%3°
This resulted in specific databases on haplotype tagging SNPs as was mentioned in chapter
1.4. and that was used for the haplotype approach in the association between the C-reactive
protein gene and cancer in this thesis. The most recent contribution is the introduction of
chips to perform genome-wide screens. These chips make it easy to perform high-throughput
genotyping of 500.000 SNPs at ones. Genome-wide assocation studies will become state of
the art in the following years.

With these new genotyping availabilities within reach, some scientists, geneticists and
clinicians argue about the relevance of studying genotype-phenotype associations.?*>3¢2 They
prefer to look at genome-phenome associations in which “phenome” stands for the complex
network of several phenotypes. They introduce models of biological systems that are reduc-
tions of separate genotype-phenotype spaces. In this situation, one factor is strongly depen-
dent on other factors that are by themselves pleiotropic as well. The models are intended to
make it possible to represent and investigate biology in detail. FiIGURE 4 gives an example of
a biological system of which many express the complexity of a phenome. The phenotypic
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Figure 4. Schematic overview of a biological system
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representation of a biological system is multidimensional and can be extended or reduced
according to newly acquired knowledge.

As also seen in our studies, polymorphisms affecting “proximal” phenotypes that are lo-
cated closely to the input factor in FiGURE 4, such as RNA or protein expression or circulating
protein levels, have been shown associated far more consistently and often stronger than
polymorphisms and “distal” phenotypes that are located on a great distance of the original
input factor, such as disease end-points (output). This inconsistency can be explained by the
complexity of the network in which the disease end-point is involved and in which the gene
of interest exerts its effect. It was measured that the distance between a genotype and a
phenotype is a function of the complexity of the network of components.3®* When you think
of complex traits or diseases such as cancer as an expression of a complex biological system,
genes will only be related with this complex disease through networks of relationships. This
idea makes it unlikely that the current method of studying genotype-disease phenotype is
very rewarding. But how can these complex networks be studied? It needs thousands of cases
for which multiple cohorts have to be merged into one giant mega-study. Additionally, it must
include hundreds of genes and covariates. One can understand that for practical reasons this
is far from feasible at the moment. However, it is good to have this idea in mind when per-
forming genetic association studies with a candidate gene approach.

The idea of complex biological systems and the fact that their components may belong to
several other biological systems or that one biological system is part of a larger biological sys-
tem seems to fit with the idea of the multistep process explained by Rothman and described
in the first chapter of this thesis. It underlines not only the necessity of multiple component
causes to lead to a sufficient cause, but it also stresses the importance of considering that
one component cause may be involved in several sufficient causes that either result in the
same disease of interest or other diseases. More practically, a sufficient cause will only lead to
a disease when all component causes are met. Otherwise, the process will not proceed, and
considering association studies, will not lead to significant findings.

Finally, in light of all these scientific high standing procedures it must be recognized that
the most important factor in a human interface model is of course the human.
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Summary

Improvement of medical care is one of the causes of aging of the population. As a conse-
quence, the incidence of age-related diseases, like cancer, increases. The importance of studies
on cancer is therefore widely recognized. Substantial efforts in cancer research over the past
decades have resulted in new insights into the complex systems involved in cancer develop-
ment, treatment and prognosis. Moreover, individualized approaches are becoming state of
the art. Knowledge about genetic variation might significantly contribute to the insights into
the complexity of this group of diseases.

The aim of this thesis was to give a deeper understanding of the role genetic variation in
genes encoding for specific enzymes could play in cancer development and prognosis. As
for the association with cancer multiple candidate genes can be studied, a selection of two
potentially important topics was made. These are cytochrome P450 genes and inflammatory
related genes.

Chapter 1 starts with a general introduction about the aim of this thesis (Chapter 1.1.),
The Rotterdam Study as a source population for all analyses (Chapter 1.2.), the demographics
of cancer in the world in general and in The Rotterdam Study in particular (Chapter 1.3) and
the most important aspects of genetic variation (Chapter 1.4.).

Chapter 2 describes studies that point at the association between genetic variation in
cytochrome P450 (CYP) genes and cancer. It starts with a summary of the present knowledge
in which we restricted ourselves to genetic polymorphisms as a susceptibility factor, therefore
excluding literature on the polymorphic expression of CYPs in (tumor) tissue. (Chapter 2.1.)
The review reveals a great heterogeneity in respect to ethnicity studied, the composition of
control groups, the phenotype of interest, and the variant type and reference type used. At
the end of this chapter, the need for standardization of study designs and methods to enable
meta-analyses is discussed. The following two chapters describe studies on the association be-
tween CYP3A genotypes, which include CYP3A4, CYP3A5 and CYP3A7, steroid hormone levels
and hormone related cancers. Chapter 2.2. studies associations in males and consequently
focuses on prostate cancer. Chapter 2.3. studies associations in females and consequently
focuses on breast cancer. In both studies, associations are found between CYP3A genotypes
and hormone levels, although there is gender-specificity since the associations are most
pronounced in males. Androgen dependent inhibition of CYP3A expression was proposed to
explain these gender differences. In females, some of the genotypes were associated with the
duration of reproductive live, calculated from the age at onset of menarche and menopause.
However, no associations were observed for the hormone related cancers. Finally, Chapter
2.4. describes the importance of interaction between NSAID use and CYP2C9 slow metaboliz-
ing variants on the prevention of colorectal cancer. Although previous studies showed that
duration of NSAID use is more important than dose, others found significant drug-gene inter-
actions in vivo. Since these final studies focused on specific parts of the association, the study
presented here aimed at gaining more insight into the complete causal pathway. Both long-
term NSAID use and CYP2C9 gene variants were associated with a decreased risk of colorectal



Chapter 6.1

cancer, especially in proximal parts. The combination of both determinants was associated
with a further risk reduction but without synergy. This might indicate independent patho-
physiological mechanisms and underlines the importance of duration over dose of NSAIDs.

Chapter 3 points at studies that describe associations between inflammation and cancer.
The association between long-term NSAID use and colorectal cancer prevention is commonly
known. Nevertheless, most previous studies included self-reported medication use. There-
fore, in Chapter 3.1. the association between NSAID use on a day-to-day basis and colorectal
cancer is studied. The study additionally reports information on anatomical subtypes of
colorectal cancer and explores the effect of discontinuation of the drug. Results add to the
large body of evidence that long-term NSAID use protects against colorectal cancer, espe-
cially in proximal parts. The association is further explored in the study presented in Chapter
3.2. that investigates the influence of COX-2 expression on the beneficial effects of NSAIDs. A
COX-2 gene polymorphism that leads to 30% lower expression levels of its encoding enzyme
was included in the analyses. Although the beneficial effects of NSAIDs are mostly explained
by the inhibition of COX enzymes, this study shows evidence for cyclooxygenase independent
effects, since no synergy could be found. The final study of this thesis explored the relation
between inflammation as inducer of cancer development by using baseline C-reactive protein
levels and CRP gene haplotypes as a proxy for chronic inflammation. Both high levels of CRP at
baseline as a CRP haplotype associated with low CRP levels were associated with an increased
risk of lung cancer, even after a latent period of 5-years.

Finally, Chapter 4 starts with a general discussion of the main findings of the studies de-
scribed in this thesis and places them in a broader perspective. Furthermore, methodological
aspects that were used to study different clinical stages of cancer were described. At the end
of this chapter, it was concluded that studying genetic associations, despite the exponential
increase of studies in the last years, is still in its infancy. After a short summary of the different
genotyping techniques that consecutively were introduced in the recent years, the consider-
ations of some scientists, who questioned the current approach of studying genetic variation,
was followed. These scientists argue for studying genome-phenome associations rather than
genotype-phenotype associations. Although this new approach is in line with the way in
which we think of complex traits such as cancer, practical reasons will delay the introduction.
Nevertheless, it is good to have this idea in mind when performing association studies on the
association between genotypes and phenotypes.
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Samenvatting

De verbetering van de gezondheidszorg is één van de factoren, die leidt tot vergrijzing van
de populatie. Als gevolg hiervan stijgt de incidentie van leeftijdsgerelateerde ziekten zoals
kanker. Het belang van onderzoek naar kanker wordt daarom algemeen onderkend. Een grote
hoeveelheid inspanningen in de laatste tientallen jaren heeft geleid tot meer inzicht in de
complexe systemen die bij de ontwikkeling, behandeling en prognose van kanker betrokken
zijn. Bovendien wordt de persoonlijke aanpak van deze gebieden steeds meer gouden
standaard. Kennis over genetische variatie zou mogelijk significant kunnen bijdragen aan de
inzichten in de complexiteit van deze groep ziekten.

Het doel van dit proefschrift was om een gedetailleerd begrip te verkrijgen van de rol die
genetische variaties in genen, die coderen voor specifieke enzymen, hebben in de ontwikkel-
ing en prognose van kanker. Aangezien er vele genen bestaan die kandidaat kunnen zijn voor
associatie studies met kanker, werden twee potentieel belangrijke gebieden geselecteerd. Dit
betrof cytochroom P450 genen en genen die betrokken zijn bij inflammatie.

Hoofdstuk 1 begint met een algemene introductie over de doelstellingen van dit proef-
schrift (Hoofdstuk 1.1.), de Rotterdam Studie als bronpopulatie voor alle analyses (Hoofdstuk
1.2.), de epidemiologie van kanker in de wereld in het algemeen en in de Rotterdam Studie
in het bijzonder (Hoofdstuk 1.3.) en de meest belangrijke aspecten van genetische variatie
(Hoofdstuk 1.4.).

In Hoofdstuk 2 worden studies beschreven die zich richten op de associatie tussen ge-
netische variatie in cytochroom P450 (CYP) genen en kanker. Het hoofdstuk begint met een
samenvatting van de huidige kennis, waarbij wij ons beperken tot genetische polymorfismen
als factor voor vatbaarheid, waardoor literatuur over de polymorfische expressie van CYPs
in (tumor)weefsel niet geincludeerd is. (Hoofdstuk 2.1.) Het overzicht laat zien dat er een
grote heterogeniteit tussen de studies bestaat als het gaat om de etniciteit die bestudeerd
is, the samenstelling van de controle groepen, het fenotype waar men in geinteresseerd is
en de varianten en referentie typen die gebruikt zijn. Op het eind van dit hoofdstuk wordt
het belang van standaardisatie van studie opzet en methodologie besproken die meta-analy-
ses mogelijk zou moeten maken. De volgende twee hoofdstukken beschrijven studies die
de associatie tussen CYP3A genotypen, welke CYP3A4, CYP3A5 en CYP3A7 bevatten, steroid
hormoon spiegels en hormoongerelateerde kankers bestuderen. Hoofdstuk 2.2. bestudeert
de associatie voor mannen en richt zich als gevolg hiervan op prostaatcarcinomen. Hoofd-
stuk 2.3. bestudeert de associatie voor vrouwen en richt zich als gevolg hiervan op mam-
macarcinomen. In beide studies worden associaties gevonden tussen CYP3A genotypen en
hormoonspiegels, hoewel dit wel geslachtsafhankelijk blijkt te zijn, aangezien de associaties
voor mannen meer uitgesproken zijn. Deze geslachtsverschillen zouden veroorzaakt kunnen
worden door androgeen afhankelijke remming van de CYP3A expressie. Sommige genotypen
bleken geassocieerd te zijn met de duur van de vruchtbare periode van vrouwen. Deze werd
berekend uit de leeftijd van het begin van de menarche en menopauze. Er worden echter geen
associaties gevonden met de hormoongerelateerde kankers. Uiteindelijk wordt in Hoofdstuk
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2.4. het belang van synergisme tussen NSAID gebruik en CYP2C9 varianten, die geassocieerd
zijn met een vertraagd metabolisme, op de preventie van colorectaalkanker bestudeerd. On-
danks dat eerdere studies hebben aangetoond dat de duur van NSAID gebruik belangrijker
is dan de dosering, vonden andere studies een significante interactie tussen het medicijn en
het genotype in vivo. Aangezien deze laatsten zich uitsluitend richtten op specifieke delen
van de associatie, had de studie die hier gepresenteerd wordt als doel om meer inzicht van
het totaalbeeld te geven. Zowel langdurig NSAID gebruik alsook CYP2C9 gen varianten waren
geassocieerd met een verlaagd risico op colorectaalkanker van voornamelijk de proximale
delen van het colon. De combinatie van beide determinanten leidde tot een verdere risicov-
erlaging, maar er bleek geen sprake te zijn van synergisme. Dit kan duiden op onafhankelijke
pathofysiologische mechanismen en onderstreept het belang van de duur van NSAID gebruik
boven het belang van de dosering.

In Hoofdstuk 3 worden studies beschreven die zich richten op de associatie tussen
inflammatie en kanker. De preventieve werking van langdurig gebruik van NSAIDs op het
risico van colorectaalkanker is wereldwijd geaccepteerd. De meeste studies die deze asso-
ciatie hebben aangetoond maakten echter gebruik van vragenlijsten over het gebruik in het
verleden. Daarom werd in Hoofdstuk 3.1. de associatie tussen NSAID gebruik, verkregen via
apotheekgegevens, en colorectaalkanker bestudeerd. Verder geeft deze studie informatie
over het effect op kanker verdeeld over de anatomische locaties en wordt het effect van stop-
pen van de medicatie bekeken. De resultaten, die gevonden werden, dragen bij aan de grote
hoeveelheid bewijzen dat langdurig NSAID gebruik beschermt tegen colorectaalkanker van
voornamelijk de proximale locaties. Deze associatie wordt verder bestudeerd in Hoofdstuk
3.2. waarin gekeken wordt naar de rol van COX-2 expressie. In de analyses wordt gebruik
gemaakt van een polymorfisme in het COX-2 gen dat leidt tot 30% lagere expressies van het
corresponderende enzym. Ondanks dat de preventieve werking van NSAID meestal verklaard
wordt door de remmende werking die het heeft op COX enzymen, laat deze studie een bewijs
zien voor COX onafhankelijke effecten, aangezien er geen synergisme gevonden werd. De
laatste studie beschreven in dit proefschrift bekijkt de relatie tussen inflammatie als veroorza-
ker van carcinogenese waarbij het gebruik maakt van ‘baseline’ CRP waarden en haplotypen
van het CRP gen als marker voor chronische inflammatie. Zowel hoge ‘baseline’ waarden van
CRP alsook een CRP haplotype dat gerelateerd is met lage CRP waarden waren geassocieerd
met een verhoogd risico op longkanker, zelfs na includeren van een latentietijd van 5 jaar.

Uiteindelijk wordt er in Hoofdstuk 4 begonnen met een algemene discussie over de be-
langrijkste bevindingen van de studies beschreven in dit proefschrift en worden deze in een
breder perspectief geplaatst. Vervolgens worden er methodologische aspecten beschreven
die gebruikt zijn om de verschillende stadia van de kliniek van kanker te beschrijven. Op het
einde van dit hoofdstuk, werd er geconcludeerd dat het aspect van genetische associatie
studies, ondanks dat er een zeer grote toename van het aantal is geweest de laatste jaren,
nog steeds in de kinderschoenen staat. Na een korte samenvatting van de verschillende tech-
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nieken van genotypering die achtereenvolgens geintroduceerd zijn gedurende de laatste
jaren, worden de overwegingen van een aantal die de huidige aanpak van genetische as-
sociatie studies in een ander daglicht stellen, gevolgd. Deze wetenschappers houden een be-
toog voor het bestuderen van genoom-fenoom associaties in plaats van genotype-fenotype
associaties. Ondanks dat deze nieuwe aanpak in overeenstemming is met de manier waarop
er over complexe aandoeningen zoals kanker gedacht wordt, zullen praktische redenen de in-
troductie van deze manier van analyseren sterk vertragen. Niettemin is het goed om het idee
van complexe netwerken in het achterhoofd te houden wanneer er naar genotype-fenotype
associaties onderzoek wordt gedaan.
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Een wonderbaarlijke reis...

Een promotieonderzoek is als het leven; het gaat er niet om waar je eindigt, maar hoe de weg
ernaartoe is geweest. Op deze plaats laat ik graag nog eens de mensen voorbij komen die mij
de laatste jaren vergezeld hebben tijdens deze wonderbaarlijke reis...

Succes dient niet alleen gemeten te worden aan de hoogten die zijn

bereikt, maar ook aan de obstakels die zijn overwonnen.

Traditiegetrouw begin ik met het noemen van mijn twee promotoren, Prof. dr. B. (Bruno) H.
Ch. Stricker, hoogleraar Farmaco-Epidemiologie en Prof. dr. H. (Huibert) A. P. Pols, hoogleraar
Inwendige Geneeskunde/decaan Erasmus MC en mijn co-promotor Dr. L. (Loes) E. Visser,
ziekenhuisapotheker.

Bruno, jij bent in meerdere opzichten een bijzonder persoon. Je laagdrempeligheid en
doorzettingsvermogen zijn opmerkelijk. Daarnaast ben je echter ook het levende bewijs dat
je niet rechtlijnig kunt denken in een ronde schedel (D. Ozon) Voor een controlefreak als ikzelf
is het bijna ondoenlijk geen planning te hebben, te vertrouwen op eigen kennis zonder een
beroep te doen op de expertise van anderen en ingewikkelde denkstructuren steevast te
doorbreken met het aanhoren van anekdotes. De vraag blijft echter of al jouw promovendi
die hun onderzoek hebben afgerond dit ondanks of juist dankzij deze manier van werken zo
doeltreffend hebben kunnen doen.

Er is geen betere wijsheid dan eigenwijsheid.

Huib, als mijn tweede promotor was je slechts zijdelings betrokken bij mijn onderzoek. Niette-
min wist je altijd in zeer korte tijd waar de pittfalls zaten en zorgde je iedere keer opnieuw voor
een gezellige sfeer en bemoedigende woorden. Jouw passie voor de Interne Geneeskunde
- die ik voor het eerst zag tijdens colleges zo'n 10 jaar geleden - heeft ertoe geleid dat ook ik
mij al lange tijd verbonden voel met dit geweldige en veelzijdige specialisme. De laatste jaren
heb je er tevens voor gezorgd dat ik de toegevoegde waarde van epidemiologische kennis
voor een internist heb weten te erkennen. Bedankt voor alle leerzame momenten.

Artsen hebben in de praktijk altijd al epidemiologisch gedacht. (Feinstein)

Loes, wij begonnen als collega’s. Na het afronden van je eigen promotieonderzoek bleef je
naast je werk als ziekenhuisapotheker nog 1 dag per week betrokken bij het onderzoek op
de afdeling Epidemiologie & Biostatistiek en werd ik jouw eerste promovendus die je in de
hoedanigheid van co-promotor ondersteunde. Jouw no-nonsense mentaliteit heeft ertoe
geleid dat er laatste versies van mijn artikelen bestaan en je wist als ervaringsdeskundige
altijd wel een oplossing voor het doorbreken van de vele obstakels die je als promovendus
tegenkomt.
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De tijd die verstrijkt tussen het doen van onderzoek, het schrijven van een
artikel en de uiteindelijke publicatie is positief gecorreleerd met het mannelijk

geslacht en een hogere academische graad. (Blumenthal 1997)

Dit promotieonderzoek zou niet mogelijk zijn geweest zonder het initiatief van Prof. dr. A.
(Albert) Hofman, die bijna twintig jaar geleden een bevolkingsonderzoek oprichtte waaruit
al jarenlang gegevens gehaald worden die bijdragen aan veelzijdige en hooggewaardeerde
publicaties. Bert, jouw passie voor de epidemiologie en vooral jouw visualisatie van prospec-
tieve en retrospectieve cohort studies zal ik altijd blijven herinneren.

Regeren is vooruitzien. (Emile de Girardin)

Grote waardering gaat tevens uit naar alle ERGO-deelnemers, ondersteunend personeel en
huisartsen in Ommoord die er al deze jaren al voor zorgen dat “The Rotterdam Study” een
begrip is in de internationale wetenschappelijke literatuur.

Give us the tools and we will finish the job. (Sir Winston Churchill)

Alle co-auteurs wil ik hierbij bedanken voor hun intellectuele bijdrage aan mijn artikelen.
Een speciaal woord van dank gaat uit naar Prof. dr. JW. (Jan-Willem) W. Coebergh voor zijn
gedegen en snelle commentaar, Prof. dr. T. (Theo) Stijnen voor zijn hulp bij straightforward en
minder straightforward analyses, Prof. dr. T. (Ted) A.W. Splinter voor zijn belangrijke bijdrage
aan mijn CRP stuk, Prof. dr. F. (Frank) H. de Jong voor het begrijpelijk maken van de vele re-
sultaten die betrekking hadden op het hormoonmetabolisme, Dr. R. (Ron) N. van Schaik voor
zijn pionierswerk binnen het begrip cytochroom P450 en niet te vergeten Dr. A. (André) G.
Uitterlinden die voor mij het toonbeeld van een wetenschappelijk onderzoeker is en vooral
een belangrijke bijdrage heeft geleverd aan mijn review.

Overtuiging is een luxe voor mensen aan de Zzijlijn.
Prof. dr. JW.W. Coebergh, Prof. dr. E.J. Kuipers en Prof. dr. ir. FE. van Leeuwen wil ik bedanken
voor hun bereidheid zitting te nemen in de kleine commissie en dit proefschrift inhoudelijk
te beoordelen.
Wetenschap is één van de weinige zaken die je vermenigvuldigd door haar te delen.
Belangrijke reisgenoten waren mijn collega’s. Jullie aanwezigheid heeft mijn tijd op de afdeling

Epidemiologie & Biostatistiek zeer verrijkt en ik ben blij dat ik er weer een aantal vrienden voor
het leven bij heb gekregen. Mijn kamergenoten verdienen een bijzonder plaatsje. Albert-Jan,
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samen in Dordt en toen samen in Rotterdam. Het was een hele verandering, maar gelukkig
hoefde ik deze omschakeling niet alleen te doen. Wij zijn de laatste jaren steeds dichter naar
elkaar toe gegroeid en hebben ondertussen aan een half woord genoeg. De dagen dat jij in
Den Haag zat was het stil op de kamer en ik genoot ervan als er op de dinsdagen, woensdagen
en donderdagen weer koffie werd gezet (of warm water voor de thee werd gehaald) en de hete
post, dondervogels en cynische en relativerende opmerkingen door de kamer heen viogen.
Naast de mentale steun die ik telkens weer van jou kon verwachten, aarzelde je ook nooit om
mij weer eens met analyses te helpen. Jij doorgrondde HaploView, HaploStat, en genetische
databases in een verbazingwekkend tempo en vele aspecten in mijn artikelen zijn aan jou te
danken. Heel veel succes nog bij het afronden van je eigen promotieonderzoek en ik wacht
alweer op je terugkeer in Dordt! Cornelis, mijn andere soul-brother. Samen met Albert-Jan
vormde je een geweldig team dat tegengas gaf aan mijn vurige en kleurrijke persoonlijkheid
(zoals je dat zelf in je proefschrift noemde). Op het moment dat ik je leerde kennen was je al
een aardige hoeveelheid obstakels gepasseerd en wist je mij van goede adviezen te voorzien
die het beloop van mijn promotietraject zouden moeten vereenvoudigen. Op jouw grote dag
mocht ik naast je staan en dat zal ik niet snel vergeten. Het was het begin van een lange
vriendschap waarbij ook Antsje niet mag ontbreken. De afstand van de Randstad naar het
Friese land moet dan ook makkelijk te overbruggen zijn. Dus: wanneer gaan we zeilen? Sabine,
wat moet je zeggen van iemand die het voor elkaar krijgt een gezin draaiende te houden, een
zeer belangrijke functie te bekleden en ook nog de tijd weet te vinden voor sociale contacten
terwijl ze dit zelf relativeert met een ontegenzeggelijke zelfspot? Ik weet alleen maar dat jouw
vele opbeurende en gezellige woorden, die waarschijnlijk het gevolg zijn van jouw levenswijs-
heid, een groot aandeel hebben gehad in het feit dat er nu van mij een proefschrift op tafel
ligt. Ik wil je bedanken voor alle gezellige momenten als kamergenoot en wat miste ik je toen
je weer volledig terug ging naar Den Haag. En je had gelijk: dat boekje komt er wel...

De belangrijkste dingen kosten vaak de minste tijd.

Een speciaal woord is ook gericht aan Mark E. en Ronald, ‘mijn’studenten. Mark, wij begonnen
samen te werken in het begin van mijn promotietraject. Jouw statistische en medische kennis
leidde tot interessante discussies en tijd om over andere dingen te praten. Onze samenwer-
king is uitgegroeid tot een leuke vriendschap met jou en Marieke. Succes nog even met de
co-schappen en dan mogen jullie ook het geweldigste beroep ter wereld uitvoeren...Ronald,
jij was de tweede die onze kamer kwam versterken. Een jaar lang heb je alle ins en outs van
promotieonderzoek doen mogen meebeleven en heb je hier een beeld van kunnen vormen
voor een gedegen keuze in de toekomst. Jouw onderzoek over ACE en kanker was ingewik-
keld, maar potentievol. De meeste gesprekken hebben we gehad over de kliniek. Wanneer je
dit leest ben je begonnen met je co-schappen en ik hoop dat het je bevalt. Veel succes in de
toekomst.
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Wie geen vertrouwen stelt in anderen, zal ook nimmer het

vertrouwen van anderen winnen. (Lao-tse)

Ook de andere collega’s van de Farmaco-Epidemiologie, met wie elke stafbespreking op dins-
dag weer een gezellig samenzijn werd, mogen hier niet vergeten worden: Annemiek (heel
veel succes met je studie), Bert (laat het me weten als je OCD-clubje is opgericht), Betty (influ-
enza en Indisch hebben ineens een andere betekenis gekregen), Charlotte (je bent een goede
opvolgster), Dika (bedankt voor onze gesprekken en een kus voor Daantje), Eva (Lissabon was
gezellig en je hebt een goede keuze gemaakt, zet’'m op!), Gianlucca (it was a pleasure meeting
you, good luck for the future), Hedi (jij weet als geen ander hoe je niet-significante genetische
associaties tot een proefschrift kunt verwoorden), Jeanne (wetenschap is jouw ding, heel veel
succes in de toekomst), Katia (bedankt voor je Vlaamse inbreng, het was altijd erg gezellig) en
haar man Guy (bedankt voor de zondagochtend overpeinzingen ten aanzien van mijn CRP
stuk), Mariétte (kort maar krachtig op de Epi, tot de volgende ROIG), Marissa (altijd druk, druk,
druk, maar jij komt er wel), Martina (ineens weet je het: je wordt doctor!), Matthijs (en ik maar
denken dat ik de meest serieuze was), Mendel (we keep in touch! Geniet van je moederschap),
Miriam (knap heeft inderdaad meerdere betekenissen, ik wacht op de oratie!), Monique (bin-
nen een aantal jaren heeft Nederland er weer een zeer veelzijdige ziekenhuisapotheker bij),
Nathalie (het was altijd weer gezellig als je even kwam buurten en ook wij zien elkaar weer
bij het volgende ROIG), Patty (stille wateren hebben diepe gronden), Rudolf (heb je maar kort
mogen meemaken, maar je lijkt veelbelovend) en Yannick (nog meer Vlaamse inbreng, succes
met je COPD en CRP, ben erg benieuwd).

Het werk van een AlO is te vergelijken met dat van een

monnik qua bezieling, doorzetting en beloning.

Daarnaast wil ik alle anderen van de afdeling Epidemiologie & Biostatistiek met wie ik vele
lunch-, koffie-/thee- en borrelmomenten heb ervaren hier noemen: Abbas (sounds like ‘lots
of fun’), Arfan (respect voor jouw kennis), Arlette (voor regeltjes kom ik voortaan naar jou
toe), Christiane (we definitely like the same designs), Dominiek (the roots of education are
bitter, but the fruit is sweet), Frank-Jan (bedankt voor de momenten van de laatste maanden),
Isabella (een goede buur is beter dan een verre vriend), Julia (slaaponderzoek doen is alles
behalve slaapverwekkend), Lonneke en Marieke (hard werken en gezelligheid gaan prima
samen), Mark Sie (what'’s in a name, wij zullen elkaar altijd tegen blijven komen), Meike (gezel-
lig dat ik een studiegenootje weer tegenkwam), Michiel (samen op het Alfrink en samen op
de Epi), Miranda (postdocs zijn net mensen), Monika (je had bijna dezelfde reis gemaakt),
Sharmila (jij was altijd in voor Coenen of andere uitjes), Simone (de ogen zijn de poort naar de
wereld), Sjoerd (jij bent een SigmaPlot-kenner), Susanne (Viel Gliick in Deutschland), Suzette
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(heerlijk actief) en Ylian (bedankt voor je tip van de bloedbank, het heeft mijn promotietijd
verrijkt)

Voor een promotieonderzoek kunnen Neil Armstrong’s woorden beter verdraaid

worden tot “that’s one giant leap for man, but a small step for mankind”.

Liong-Kie Ko en Tanneke Marijt, hoofd donorartsen, wil ik bedanken voor de mogelijkheid
die zij mij hebben geboden als donorarts mijn onderzoeksweek op de woensdagen te onder-
breken met praktijkgerichte werkzaamheden. Ik vond het heerlijk om weer even deel uit te
maken van een team en met mensen bezig te zijn. Door de jaren heen heb ik het erg gezellig
gehad met alle donorassistenten in Breda en Gouda en alle andere plaatsen waar ik wel eens
ingevallen heb. Jullie hebben er vanaf het begin voor gezorgd dat ik me meer dan welkom
voelde op ‘jullie’ bloedbank. Bovendien heb ik veel geleerd van bloedproducten; het geven
van een zakje packed cells, trombocyten of plasma zal nooit meer hetzelfde zijn...

Het verschil tussen theorie en praktijk is dat er in theorie geen

verschil is tussen beiden maar in praktijk wel degelijk.

Het mooie aan een reis maken is dat je altijd weer thuiskomt en zo voelde het ook toen ik weer
terug kwam in het Albert Schweitzer ziekenhuis in Dordrecht. De spontaniteit, glimlachen en
goede bedoelingen voelden weer aan als een warm bad en ik ben blij dat ik mijn nieuwe reis
tot specialist voor een groot gedeelte mag afleggen met mensen die mij stimuleren en een
lach op mijn gezicht toveren. In het bijzonder ben ik Dr. A. (Adrie) C.M. van Vliet en Dr. E. (Eric)
F.M. van Bommel, opleiders Interne geneeskunde, dank verschuldigd voor het vertrouwen
dat zij altijd in mij gehad hebben. Adrie, jij hebt vanaf het moment dat ik co-assistent op jouw
afdeling was mij altijd gestimuleerd tot een combinatie van onderzoek en patiéntenzorg.
Bedankt voor je vertrouwen de laatste jaren en ik hoop nog veel van je te leren. Eric, door jou
ben ik de band met het Albert Schweitzer nooit helemaal kwijtgeraakt. Jij laat mij van dichtbij
meegenieten van je paradepaardje, de retroperitoneale fibrose. De manier waarop je met een
populatie uit de dagelijkse praktijk een belangrijke bijdrage levert aan de wetenschappelijke
kennis is voor mij het voorbeeld van een ‘echte’ clinicus. Yes...

Wie oude kennis koestert en voortdurend nieuwe vergaart,

mag een leraar van anderen zijn. (Confucius)

Alhoewel onderzoek doen soms een eenzame aangelegenheid is, sta ik tijdens de verdedi-
ging op 9 mei zeker niet alleen. Ik prijs me gelukkig dat twee van mijn vriendinnen al vanaf
het begin van deze hele reis bereid zijn geweest naast me te staan tijdens deze bijzondere
dag. Jolanda, wij zijn ondertussen al alles van elkaar geweest: je begon als mijn co, maar al
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snel groeide dit uit naar vriendinnen, mede-promovendus en nu zelfs directe collega’s. De
vriendschap met jou is goud waard. Suzanne, ook jou leerde ik als co-assistent kennen. Jij
volgde echter een andere weg en ik hoop dat je je doel mag gaan bereiken. Jouw zachte en
liefdevolle karakter zal dit zeker niet in de weg staan. Lieve Jo en Suus, we maken er een mooi
dagje van en ik hoop dat we gezamenlijk nog vele mooie momenten in de toekomst mogen
beleven. Ik ben blij dat jullie mijn vriendinnen en paranimfen zijn. Daarnaast wil ik jullie man-
nen, Johan en Rens, bedanken voor alle gezellige momenten samen en dat ik de dames af en
toe eens mag‘lenen’.

Een vrouw moet twee keer zo goed zijn als een man, om half zo goed

gevonden te worden. Gelukkig is dit niet moeilijk. (Charlotte Whitton)

Alle familieleden, vrienden en collega’s die ik hier niet met naam en toenaam noem, maar
die wel altijd geinteresseerd zijn geweest in mijn werkzaamheden, wil ik bedanken voor hun

interesse en bemoedigende woorden.

Men vraagt zich ten aanzien van het eigen promotieonderzoek zo nu en dan
wel af met welk superdetail van de evolutie men bezig is wanneer men dit

onderzoek aan een gedwee luisterende buitenstaander tracht uit te leggen.

De belangrijkste plaats in mijn hart wordt ingenomen door mijn ouders. Lieve pap en mam,
jullie stonden aan de basis van mijn leven en hebben ervoor gezorgd dat ik geworden ben
wat ik nu ben. Pap, op momenten dat het nodig is ben je er altijd voor me. Je hebt me 17 jaar
geleden samen met Yolanda ook het mooiste cadeau geschonken: mijn zus(je) Karen. Yolanda,
wij kunnen heerlijk over alle ziekenhuis-perikelen spreken en groeien mede daardoor steeds
meer naar elkaar toe. Kaatje, jij bent mijn alles. Jouw spontaniteit, vrijheid en innemende lach
zijn aanstekelijk. Heel veel succes met je toekomstige carriére en ik zal er altijd voor je zijn.
Mam, moeki, jij kent mij waarschijnlijk beter dan dat ik mezelf ken. Jij hebt alles in mijn leven
van dichtbij meegemaakt en weet als geen ander wat de laatste jaren voor mij betekent heb-
ben. Je weet altijd de juiste woorden te vinden om het maximale uit mijn leven te halen. Als ik
ook maar half jouw doorzettingsvermogen en positiviteit heb geérfd komt het allemaal zeker
goed. Lieve mam, ik hou van je en hoop nog lang vriendinnen te blijven...

Een bloem kan pas groeien op vruchtbare grond.

Clcire
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