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When Charles Darwin published "The Origin of Species" in 1859, he observed that no 
individual within a population is the same, although these differences tend to fluctuate 
around a certain mean. Darwin first described these observations in animals and plants. 
However, although he could not read the "book 
of life (1,2)", and thus had no knowledge of the 
underlying genetic processes, he soon saw that 
humans could not be withdrawn from the evolu-
tionary process he described. Twelve years 
later, he revealed his controversial theory in 
which he described that man were nothing more 
than a descendent of former mammalians (The 
Descent of Man, 1871). He described this proc-
ess of evolution in terms of "natural selection"; slow and gradual changes in hereditable 
factors as reaction to different environments. Within a population, individuals who had 
adapted better to the environment would survive. 

After further studies on inheritance by Gregor Mendel in the second half of the 
19th century and two big milestones in biology in the twentieth century, namely the 
discovery of the DNA double helix (3) and the mapping of the complete genome (1,4), 
it is now clear that the described hereditable factors are genes, encoded in the DNA, of 
which different forms exits (alleles) resulting from common variations in this genetic 
code between individuals. The largest part of these common variations consists of 
polymorphisms, which reflect past mutations implemented during evolution. Each indi-
vidual carries a "genetic passport", which comprises a unique combination of alleles 
inherited from both parents, the genotype. As a result, no individual is the same (except 
for homozygous twins), and because of the information encode in this genotype, each 
individual reacts differently to exogenous factors. Therefore, interest is increasing in the 
role which these variations in the human genome play in the inter-individual susceptibil-
ity in disease development, among others as a result of exposure to hazardous environ-
mental pollutants: an alternative way of explaining Darwin's natural selection theory. 

1.1 Genetic Cancer Susceptibility 

Although cancer is a genetic disease, only a very small portion of all cancers is a result 
of solely genetic factors (5). The majority of all cancers results from an interplay be-
tween genetic and environmental factors like, for example, tobacco smoking and pollut-
ants: often referred to as gene-environment interactions. This is an optimistic message 
for cancer prevention policies, as these exposures are theoretically preventable (6). 
However, regarding the continued growth and ageing of the world population, it is esti-
mated that by 2030 there will be 27 million new cancer cases diagnosed, 17 million 
deaths of cancer annually worldwide (more than 45000 every day) and 75 million per-
sons alive with cancer (7). Therefore, the pressure is great to translate this current 

"No one supposes that all 
individuals of the same spe-
cies are cast. in the very 
same mould. These individ-
ua I differen ces a re h igh ly 
important to us 

Charles Darwin, 1859 
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knowledge into public health interventions. Prevention has to be carried out at two lev-
els, namely in modifying the hazardous lifestyles of individuals (e.g. cigarette smoking 
and dietary consumptions such as alcohol and burned meat) and in reducing involuntary 
exposures to carcinogens (e.g. industrial exposures) usually through regulation (8). 
Historically, policy makers assumed that all individuals in a population have the same 
biological response to a certain dose of environmental carcinogens. Today, policy mak-
ers supporting biomonitoring studies, such as the Flanders Environment & Health Study 
(FLEHS, www.milieu-en-gezondheid.be), are considering the possibility to account for 
inter-individual variations in susceptibility for the response to (carcinogenic) environ-
mental exposures. Investigating genetic variation can provide this information about 
susceptibility for diseases such as cancer. 

The development of cancer induced by genotoxic environmental components, 
so called environmental carcinogenesis, is a slow and gradual complex process that 
takes many years or even decades before the actual disease can be clinically diagnosed. 
It comprises several steps, shortly initiation, promotion, progression and transformation, 
which are characterized by genetic changes (9). The initial step, the transformation of a 
normal "healthy cell" to an "initiated cell", is assumed to be generally induced by the 
covalent binding of highly reactive metabolic intermediates to the DNA, which results 
in DNA damage. The latter may eventually lead to irreversible changes, causing muta-
tions in critical genes involved in cell-cycle regulation processes. Several pathways are 
involved in this initial process, from modulation of the initial exposure to the modula-
tion of DNA damage. These pathways, and moreover how genetic variation between 
individuals may explain why at approximately the same exposure level to carcinogenic 
compounds, one individual develops cancer whereas another one does not, will be de-
scribed in this paragraph. 

1.1.1 Genetic variation: Single Nucleotide Polymorphisms 

The sequencing of the human genome revealed that 99.9% of the three billion base pairs 
of DNA is the same between individuals. However, the information encoded in this 
0.1% that is different has profound effects on biological makeup. The most dramatic 
examples are so called "highly penetrant mutations" in genes directly involved in dis-
ease development, as is seen with inherited disorders (8, 10, 11). These mutations are 
rare, and for cancer development generally interfere directly with e.g. cell cycle regula-
tion or differentiation without interacting with external exposures. A well known exam-
ple of a "high risk" genetic disorder is the development of breast cancer in woman car-
rying inherited defects in the so called breast cancer genes BRCA1 and BRCA2 (both 
related to a deficiency in the repair of DNA damage, due to the loss/inactivation of these 
tumor-suppressor genes) (12-14). Because these highly penetrating polymorphisms are 
directly associated with disease state, they can give information about the mechanistic 
basis for disease. In contrast, functional polymorphisms that are of lower impact, for 
instance alter the effect of environmental exposures that may lead to disease states or 
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their precursors, and hence can give information about the susceptibility for environ-
mental disease. The individual risk associated with the latter is often low, but the popu-
lation attributable risk is greater because of their high population frequency, and is 
therefore potentially of greater public health relevance. 

Investigation of the human genome revealed that the largest part of the vari-
ability in the human genome, about 90% of the sequence variation, consists of Single 
Nucleotide Polymorphisms (SNPs) (2, 4). SNPs are single base pair positions in ge-
nomic DNA at which different sequence alternatives (gene variants, or alleles) exist in 
normal, healthy individuals. These alleles comprise the differences in phenotype be-
tween individuals, and may therefore also explain an individual's susceptibility for 
certain diseases or health effects. A human SNP map was published in 2001 by a public 
consortium, who found that SNPs occur, on average, about once every 1000-2000 bp 
(2). The largest part of these polymorphisms are biologically silent (about 99%), and the 
biological relevance of the remainder is dependent on the position where it occurs 
within the genome. The different ways in which polymorphisms can alter biological 
function, is shown in Figure 1 (15). If a SNP occurs within a coding region of a gene, it 
can result in a protein that has an amino acid substitution, which may alter catalytic 
activity, enzyme stability and/or substrate specificity. The same effects can be observed 
in splice site variants, which can give rise to alternatively spliced or truncated proteins. 

On the other hand, SNPs in non-coding, regulatory regions of a gene can also 
have a significant impact on protein function. Polymorphisms near intron-exon junc-
tions can affect mRNA stability or mRNA splicing, whereas those that fall in promoter 
regions may change the regulation and level of a protein. Last, polymorphisms can also 
involve larger segments of the genome and lead to gene-deletions, hence no gene prod-
uct and loss of protein function, or on the contrary (multi-)duplicated genes which leads 
to higher enzyme levels. 

7.7.2 Implications for toxicology; Toxica genetics 

As was described in the last paragraph, it is important to understand that susceptibility 
genes are neither necessary nor sufficient to cause disease, they modify risk (16). In 
other words: they provide the genetic basis for inter-individual differences in response 
to potential toxicants, a study field that has evolved in the past decade as Toxicogenetics 
(15). How genetic factors relate to environmental exposures, was strikingly described 
by Olden and Guthrie (16): 

u Conceptually, the relationship between genes and the environment is similar to that of 
a loaded gun and its trigger A loaded, gun itself causes no harm; it is only when the 

trigger is pulled that the potential for harm is released or initiated. Likewise, one can 
inherit a predisposition for a devastating disease, yet never develop the disease unless 

exposed to the environmental trigger(s)y\ 
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Thus, most health effects are the result of an unfavorable combination of an individual's 
genotype and environmental factors, which is particularly true at low doses of the envi-
ronmental toxicant, as was discussed previously (17). Yet, how can genetic factors in-
fluence the classic principles of toxicology, i.e. how is the trigger pulled? 

Ironically, most compounds that are carcinogenic to humans (classic examples 
are Polycyclic Aromatic Hydrocarbons (PAH), present e.g. in cigarette smoke, traffic 
exhaust and dietary factors such as burned meat, and Aromatic Amines (AA), also pre-
sent in cigarette smoke and several environmental media) need to be metabolically 
activated to exert their carcinogenic effect. These ultimate carcinogens, the reactive 
metabolites produced during biotransformation, can bind covalently to the DNA thereby 
forming DNA damage. All living mammalian cells have evolved efficient mechanisms 
to cope with the presence and to modulate the adverse influences of exposure to toxic 
compounds and accumulation of the possible induced DNA damage. These mechanisms 
are genetically controlled, and it is thought that polymorphisms in genes involved in 
these mechanisms may modify environmental disease risk (18). The main pathways in 
the study field of toxicogenetics are biotransformation, DNA repair and oxidative stress. 

BIOTRANSFORMATION 

The process of biotransformation, that is the chemical alteration of the xenobiotic com-
pound to facilitate excretion, can be divided into 2 phases (Figure 2). 

Metabolic activation of the carcinogenic compound to the ultimate carcinogen 
occurs in phase I, during which the involved enzymes introduce new (or modify exist-
ing) functional chemical entities to xenobiotics (19). These reactions are primary me-
tabolized by cytochrome P450s (CYPs), which catalyze so called oxidation reactions, 
the addition of molecular oxygen into a substrate. The highly reactive metabolites that 
are produced, are subsequently detoxified in phase II by the conjugation of endogenous 
ligands to the activated compounds, which increases the hydrophilic nature of it and 
thereby facilitates urnary excretion. The main groups of phase II enzymes include glu-
tathione ^-transferases (GSTs), mainly involved in the detoxification of PAH, and N-
acetyl-transferases (NAT1 and NAT2) which deactivate aromatic amines by acetylation. 

An optimal balance between phase I and II biotransformation reactions is nec-
essary for an appropriate detoxification and elimination of the xenobiotic compound. As 
can be seen in Figure 2, an imbalance may lead to DNA damage, and eventually health 
effects, induced by the electrophilic metabolites formed during biotransformation. Be-
cause many of the genes encoding for Phase I and II enzymes, are polymorphic, func-
tional SNPs in genes involved in these reactions may explain inter-individual differ-
ences in health risk as a result of exposure to toxicants. Indeed, several metabolic poly-
morphisms have been associated with cancer risk. Genes that code for the CYP450 
isoenzymes CYP1A1 ,CYP1A2 and CYP1B1 have been associated with an increased 
risk for lung cancer (20-24). Moreover, these enzymes have been shown to be induced 
by exposure to cigarette smoke, and a number of studies conducted in smokers has de-
scribed an association between polymorphisms in CYP genes and several types of can-
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cer risk (25-30), reviewed by (31) and (32). A classic example is CYP1A1, of which the 
gene product, aryl hydrocarbon hydroxylase (AHH), catalyzes the first step of the me-
tabolism of PAH to electrophilic compounds. CYPIA1 is induced by cigarette smoking 
and environmental exposures such as dioxins and PAH (33), and the level of CYP1A1 
inducibility varies among individuals. Several polymorphisms have been described in 
CYP1A1 (34, 35), but the first mutation (the so called Mspl restriction site) was found 
by Kawajiri (22) and linked to a polymorphism in exon 7 leading to a Iso/Val aminoacid 
change (36). The valine-type protein is almost twice as active as the wildtype in me-
tabolizing PAH, and has been associated with an increased risk for lung cancer in a 
Japanese population (37, 38). 

A large number of studies have reported an association between functional 
polymorphisms in genes involved in phase II detoxification reactions and cancer risk. 
Functional polymorphisms in isoenzymes of GST have been linked to the risk for sev-
eral types of cancers (39, 40), For example, the GSTM1 gene is deleted in 50% of the 
population and individuals carrying this polymorphism have no GSTM1 activity. This 
GSTMJ null variant has been linked with an increased risk for bladder and lung cancers 
(41-44). Regarding gene-enviroment interactions, Bell et al (44) showed that in indi-
viduals carrying the GSTM1 null variant the risk for bladder cancer was small in the 
absence of environmental exposure. This risk was dramatically increased upon exposure 
to tobacco smoke. At least two NAT genes are known, NAT1 and NAT2, of which NAT2 
is the most well known as it characterizes the so called slow and fast acetylator pheno-
type (45). More than 50% of the Caucasian population and 30-40% of Afri-
can/Americans are slow acetylators (46, 47). Association studies investigating NAT2 
polymorphisms show that slow acetylators have an increased risk for developing blad-
der cancer due to environmental and occupational exposures to aromatic amines such as 
4-ABP (46, 48-50), whereas they have a lower risk for colorectical cancer (51). For 
more information is referred to some reviews (52-56). 

D N A REPAIR 

As was already brought up in the last paragraph, the highly reactive intermediate prod-
ucts produced by metabolic activation may bind covalently, and thereby induce damage, 
to the DNA. Ironically, several endogenous processes can also cause DNA damage (57). 
The major type this endogenous DNA damage results from oxidation of DNA bases, 
caused by reactive oxygen species which are continuously produced during respiration 
in ail living cells. Fortunately, the genome carries information to protect its own integ-
rity (58), Several DNA repair pathways have evolved to reduce the mutation frequency 
of cancer related genes (59), predominantly base- and nucleotide excision repair (BER 
and NER respectively), mis-match repair (MMR) and double strand break (DSB) repair 
(60). DNA repair enzymes involved in these pathways, continuously monitor the chro-
mosomes for undesirable changes in the DNA sequence. Normally, the cell cycle will 
be delayed after toxic exposures which allows the cell to repair the damage DNA and 
normal cell functions will be maintained (61). If DNA repair is absent or insufficient, 
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division of these cells possessing the damaged DNA will proceed which eventually 
leads to irreversible damage, i.e. mutations. If these mutations occur in critical genes 
related to carcinogenesis, such as (proto-)oncogenes and tumor suppressor genes, dam-
aged cells may lead to initiation of the carcinogenic process and/or stimulate progres-
sion (59). Functional polymorphisms in genes involved in these repair pathways may 
affect an individual's capacity to repair DNA damage and therefore contribute to cancer 
susceptibility (62). The most well known examples are seen in rare genetic disorders 
(63), such as functional polymorphism in the double strand break repair genes BRCA1 
and BRCA2, which are related to breast cancer (13, 64). Another example is the severe 
reduction in nucleotide excision repair capacity due to polymorphisms in the XPD 
genes, displayed in xeroderma pigmentosum (XP) patients, which is related to an in-
creased sensivity to UV radiation and development of skin cancer (65). In contrast, 
more common low penetrance polymorphisms in DNA repair genes have also been 
associated with cancer risk, such as XRCC1, an important enzyme involved in BER, 
which comprises three SNPs (RI94W, RmQ and RmH). Studies investigating the 
XRCC1 R194W polymorphism described a reduced risk for cancer in individuals carrying 
the variant allele, possible related to cigarette smoke and/or alcohol exposure (66-69). 
Regarding NER, polymorphisms in the XPD gene are intensively studied. Although 
mutations in the XPD gene are associated with disease (XP), the most commonly stud-

yri 2 10 
ied polymorphisms L Q and D N in the XPD gene have been associated with an 
increased risk of lung cancer, for D312N variant also after exposure to cigarette smoke 
(70, 71). A commonly investigated DSB repair gene in relation to cancer risk is XRCC3. M i l 

The T M polymorphism in XRCC3 is associated with a decrease in repair capacity 
which results in a higher risk for bladder cancer and melanoma (72, 73). 

OXIDATIVE STRESS 

Humans require oxygen for energetic processes within the cell. One major side effect of 
the use of oxygen, is that it can produce reactive oxygen species in its conversion to 
water in the cell. The first of these so called reactive oxygen species (ROS) that is pro-
duced is the superoxide anion, which in turn generated other toxic metabolites including 
hydrogen peroxide, hydroxyl radical and peroxynitrite. These ROS are continuously 
produced during normal and essential endogenous reactions, such as respiration in the 
mitochondria (74). Moreover, free radicals produced as side effects of xenobiotic me-
tabolism or released by macrophages during inflammatory response are also regarded as 
endogenous, without the presence of an exogenous insult (75). Although endogenous 
reactions are regarded as the main source of ROS production, several exogenous factors 
may also contribute to the level of ROS within the cell, for example radiation and expo-
sure to environmental pollutants, including emission from traffic and industries, ciga-
rette smoking and alcohol consumption. Irrespective of their origin, ROS may interact 
with DNA leading to oxidative DNA damage. A steady state level of damage represent-
ing a minimal risk to the cell or organism, is maintained by a balance between the rate at 
which the oxidative damage is produced and by which it is efficiently repaired and 
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removed. The former is dependent on how fast ROS are generated and subsequently 
inactivated by anti-oxidant defense mechanisms. Several endogenous defense mecha-
nisms have evolved, comprising a number of antioxidant enzymes. 

The primary defenses against the toxic effects of ROS are superoxide dismu-
tase (SOD), the only enzymatic system which catalyzes the conversion of the superox-
ide anion to hydrogenperoxide, catalase (CAT) and glutathione peroxidase (GPX) 
which reacts with the powerful reductant glutathione (GSH). Both CAT and GPX cata-
lyze the conversion of hydrogenperoxide to water, and without this enzymatic conver-
sion hydrogenperoxide may form the toxic hydroxyl radical or lead to cell toxicity itself. 
In spite of these defense mechanisms, DNA damage from ROS still occurs and the rate 
at which it is removed is dependent on DNA repair enzymes. Several repair pathways, 
mainly the BER and NER pathways mentioned above, are involved in the repair of 
oxidative DNA damage (76). If protection against ROS or repair of oxidized DNA is 
insufficient, the balance is shifted in favor of the inducement of oxidative DNA damage, 
called oxidative stress. Oxidative stress has been linked to aging and various (degenera-
tive) diseases, including heart disease and cancer (75, 77-79), 

It is believed that functional polymorphisms in genes coding for enzymes in-
volved in anti-oxidant, DNA repair and also xenobiotic metabolism pathways may con-
tribute to susceptibility for oxidative stress and thereby disease risk (77). For example, 
Moscow et al. described a polymorphism in GPX1 at position 198 leading to a Pro/Leu 
amino acid change which is associated with lung cancer risk among Caucasian exposed 
to cigarette smoke (80). A higher risk for lung cancer was also observed in individuals 
carrying the Val/Ala aminoacid substitution in codon 16 of mnSOD, as described in a 
study conducted in 1100 lung cancer patients (81). Last, a common polymorphism in 
the promoter region of Catalase at position -262 was associated with a reduction in 
Catalase activity and an increase in Breast cancer risk (82). The thus protective effect on 
breast cancer of the catalase wlldtype variant, was more pronounced in women who did 
not take vitamin supplements but who had a high fruit intake. This implies an important 
role for diet in breast cancer prevention, influenced by the Catalase polymorphism. 
Most studies investigating the repair of oxidative DNA damage, have focused on the 
frequently observed missense change in codon 326 at exon 7 of OGG1, which results in 
a Ser326Cys amino acid change (60). Individuals carrying this polymorphism are associ-
ated with the risk for developing several types of cancer, including lung, prostate and 
esophageal cancer (83-85). 

It may be obvious, that it is unlikely that a single polymorphism, or a single 
pathway, determines an individual's integrative response to a toxic environmental expo-
sure and susceptibility for disease risk. All described pathways are related to each other, 
and polymorphisms in genes involved in these pathways may contribute simultaneously 
to the ultimate effect in response to an (environmental) exposure. To investigate the 
interaction between the involved pathways, and also regarding a specific environmental 

20 



General introduction 

pollutant, it is considered useful to study toxicogenetics in a molecular epidemiology 
approach. 

1.2 The role of SNPs in Molecular Cancer Epidemiology 

The first step of the carcinogenic process, described in the last paragraph, can be moni-
tored at several intermediate levels between exposure to the environmental compound 
and the ultimate health effect, studied by Molecular Epidemiology, a research field first 
introduced by Perera and Weinstein ((86), Figure 2). There is no general accepted defi-
nition of molecular epidemiology, but from a biologists point of view, it comprises the 
application of molecular biology tools to measure biological variables (biomonitoring) 
relevant for epidemiology, into epidemiological research (87, 88). These variables are 
called biological markers or biomarkers, which can be any measurable substance, struc-
ture or process in the body or its products that influences health effects. As can be seen 
in Figure 2, these biomarkers are intermediate endpoints in the molecular biology 
framework and can be classified into markers of exposure, effect and susceptibility. 

Markers for susceptibility refer to the inter-individual differences which deter-
mine whether an individual is particularly sensitive at a certain stage of the carcinogenic 
process between exposure and the ultimate health effect. A distinction can be made 
between genetic and "acquired" susceptibility. The latter refers to factors influencing 
susceptibility such as age, gender, ethnicity, health- and nutritional status. For molecular 
epidemiology, the most interesting marker for susceptibility is genetic predisposition. 
As was discussed in the last paragraph, SNPs involved in pathways which contribute to 
the environmental carcinogenic process, from exposure to the carcinogenic compound 
to the modulation of DNA damage, may explain the individual susceptibility for cancer 
development. Implementation of the role of these pathways in the molecular epidemiol-
ogy framework, can explain how genetic predisposition as marker for susceptibility may 
affect crucial analyses in biological monitoring, and may thus explain inter-individual 
differences in biomarker levels. The role which SNPs play in gene-environment interac-
tions will be discussed for each biomarker separately. 

1.2,1 Biomarkers of exposure and SNPs 

Biomakers of exposure can be subdivided into markers of external exposure dose, inter-
nal dose and biologically effective dose. The external exposure dose is the determina-
tion and measurement of the concentration of the compound in the external medium in 
which it is contained. This is done in a study field called environmental monitoring, 
which is not influenced by genetic predisposition. However, a more accurate measure-
ment of the uptake of a (carcinogenic) compound in an exposed individual, is by meas-
uring the internal exposure of a compound, which is done in biological monitoring or 
biomonitoring. Biological markers of exposure comprise the measurement of the 
amount of chemicals effectively absorbed by an individual, i.e. the internal dose, and 
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the amount of chemicals bound to target sites, i.e. the biologically effective dose. The 
most commonly used biological materials are whole blood, plasma and urine. 

INTERNAL DOSE 

Classical biomarkers in urine for the assessment of exposure to carcinogens reflecting 
the internal dose include the measurement of 1 -hydroxy-pyrene (1-OHP), as marker of 
exposure to PAH, and tt-muconic acid (tt-MA), for benzene exposure (89, 90). Both 
biomarkers are so called "urinary metabolites", which are excreted products in the urine 
resulting from biotransformation of the original compound. It is therefore postulated 
that SNPs in genes involved in biotransformation processes may affect these urinary 
biomarker levels (53), 

A method to measure 1-OHP in urine was pioneered by Jongeneelen et al (91). 
Since then, variations on this method have been described and numerous studies have 
reported a relationship between urinary 1-OHP and environmental, occupational and 
individual PAH exposures, such as cigarette smoking and roasted meat consumption 
(92, 93). Exposure to PAH has been associated with higher levels of DNA damage (the 
formation of so called PAH DNA adducts, which are used as a biomarker for biological 
effective dose) and cancer risk in humans (94). Phase I and Phase II metabolizing en-
zymes are involved in the biotransformation of PAH, and several studies described an 
influence of SNPs in CYP1A1 and GSTM1 null variants (35, 95). For example, Alexan-
drie et al (96) reported that the observed variations in 1-OHP levels in the urine of oc-
cupational PAH exposed aluminum smelter workers could partly be explained by poly-
morphisms in CYP1A1, GSTM1 and GSTT1 enzymes. Moreover, the highest levels of 
urinary 1-OHP were detected in individuals carrying the CYPJA1 UeNal genotype, 
leading to a higher Phase 1 enzyme activity, who also lacked GSTM1 (Phase 2) activity. 
More recently, Cocco et al (93) found in an non-occupationally PAH exposed study 
population, that variations in background urinary 1-OHP levels could be explained by 
living in a heavily trafficked urban area and several dietary habits, namely the frequent 
intake of grilled meat and alcohol intake. Changes in 1-OH excretion were reported to 
be the highest in subjects lacking the detoxifying activity of GSTT1, after adjusting for 
smoking. This effect could not be observed in a healthy, non-occupational exposed 
Brazilian population. However, a clear effect of SNPs in the Phase 1 activating enzyme 
CYP1B1, and to some degree polymorphisms in CYP1A1 and CYP1A2 enzymes and 
the Aryl Hydrocarbon (Ah) receptor (which up-regulates the description of CYPs after 
PAH binding) on urinary 1-OHP variations(97) was observed. 

Benzene is one of the most widely used industrial chemicals and reported to be 
carcinogenic to humans (98). Moreover, benzene is present in a high concentration in 
mainstream cigarette smoke and urban air resulting from traffic exhaust (99, 100). tt-
MA, a urinary metabolite of benzene, has been widely used as a biomarker for occupa-
tional and environmental benzene exposure (101-103). It has been related to DNA dam-
age and risk for cancer development. Variations in urinary tt-MA levels have been re-
ported to be explained by several acquired and genetic susceptibility factors (104-106). 
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Significantly higher tt-MA levels in the urine after exposure to urban air were observed 
in individuals lacking GSTM1 activity (107). Moreover, in a study conducted in bus 
drivers professionally exposed to benzene from vehicle exhaust, a higher excretion of tt-
MA was found in subjects with the GSTT1 null genotype (105). More recently, in a 
study conducted in Thai workers occupationally exposed to benzene, higher levels of tt-
MA in urine were observed in individuals carrying the CYP2E1*5 polymorphism which 
is associated with a higher Phase 1 activity (108). 

BIOLOGICALLY EFFECTIVE DOSE 

Typical biomarkers for the measurement of the biologically effective dose are adducts 
formed in DNA or proteins. Metabolites resulting from the biotransformation of envi-
ronmental carcinogens, such as PAH and AA, are able to bind covalently to DNA and 
proteins to form adducts (109, 110), Because these markers are thought to be closely 
related to cancer risk, e.g. the formation of DNA adducts is an initial event in carcino-
genesis as it may reflect mutations in critical genes involved in the carcinogenic proc-
ess, they are sometimes referred to as markers of early effect. However, the number of 
cells bearing DNA adducts that undergo transformation after exposure is minimal, as it 
is dependent on a number of other processes such as DNA repair. It is therefore sug-
gested that variations in DNA adduct levels as a biomarker of effect are partly due to 
polymorphisms in DNA repair genes, whereas if DNA and protein adducts are regarded 
as markers of biologically effective dose, polymorphisms in biotransformation enzymes 
can provide information about differences in these biomarker levels after toxic expo-
sures (53). 

Several studies have described an effect of polymorphisms in CYP, NAT and 
GST biotransformation enzymes on variations in PAH-DNA adducts. For example, 
adduct levels were found to be higher in individuals carrying the commonly investigated 
CYP1A1 Ile/Val polymorphism (111). Moreover, smoking individuals carrying this 
polymorphism together with a deficiency in GSTM1 activity were associated with high 
DNA adduct levels related to benzo(a)pyrene exposure (112). In a study conducted in 
smokers, the level of aromatic DNA adducts adjusted for the amount of cigarettes 
smoked per day was higher in individuals lacking the GSTM1 gene and higher in indi-
viduals bearing slow NAT1 or NAT2 acetylator status (113). Moreover, they also found 
an effect of GSTT1 together with the NAT2 genotype, and the highest adduct levels were 
found in individuals without GSTM1 activity who where also NAT1 and NAT2 slow 
acetylators. More recently, an increase in DNA adduct levels was found associated with 
polymorphisms in GSTM1, mEH and GPX together with smoking status (114). In addi-
tion, DNA adduct levels were almost 2-fold higher in individuals with a relatively high 
number of risk alleles compared to wild type individuals for these three genes. Com-
monly investigated polymorphisms in DNA repair in relation to aromatic DNA adduct 
levels comprise SNPs in XRCC and XPD (115-117). For example, a dose response rela-
tionship was observed between the number of risk alleles for XPD Lys75lGln, XRCC1 
ArgmGln and XRCC3 Thr241Mei polymorphisms and the level of DNA adducts. 
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A classic example of a human carcinogen the metabolites of which form pro-
tein adducts, is the aromatic amine 4-ABP, which forms 4-ABP-hemoglobin (Hb) ad-
ducts (109). 4-ABP-Hb adducts have been widely used as a marker for the internal dose 
of aromatic amines. Because protein adducts will not be repaired, variations in protein 
adduct levels will largely depend on polymorphisms in biotransformation related genes. 
The main enzymes involved in 4-ABP metabolism are NATs, as was described in the 
last paragraph. Higher 4-ABP-Hb adduct levels were found in NAT slow acetylators, 
and the effect of the polymorphism is expected to be more pronounced at low exposure 
doses (49, 113, 118). Moreover, in low dose smokers who are NAT2 slow acetylators 
and also have the rapid phase 1 CYP1A2 genotype, a higher level of 4-ABP-Hb adducts 
was detected as compared to other smokers (50). There is some debate about the main 
phase I enzyme involved in 4-ABP metabolism, which was thought to be CYP1A2 
although some studies suggest that other CYP enzymes, such as CYP1A1 or CYP1B1, 
are involved (119, 120). 

1.2.2. Biomarkers of effect and SNPs 

Biomarkers of effect refer to the measurement of in general irreversible biological and 
biochemical changes that affect the structure or function of a cell and are therefore di-
rectly or indirectly involved in the carcinogenic process. These biomarkers can be sub-
divided into markers for early biological effect and early response markers. In contrast 
to the latter, which determine alterations in genes directly involved in the multistep 
carcinogenesis model, namely mutations in oncogenes and tumor suppressor genes, 
early biological effect markers measure alterations in events that are not directly in-
volved in the carcinogenic process. That is, they exhibit an (early) effect which is re-
lated to cancer risk, as a reaction to a certain level of exposure. These methods are 
sometimes referred to as markers of genotoxic exposure (121). 

EARLY BIOLOGICAL EFFECT 

Well known examples of early effect markers are the Comet assay, urinary 8-oxo-7,8-
dihydro-2-deoxyguanosine (8-OH-dG), cytogenetic markers, such as chromosomal 
aberrations (CA), micronuclei (MN) and sister chromatid exchange (SCE) and tests at 
gene level such as the hypoxanthine-guanine phosphoribosyl transferase (HPRT) muta-
tion test (122-125). More recently, it was shown that gene-expression patterns may be 
applicable as a biomarker for early biological effect (126). A number of studies has 
investigated polymorphisms in biotransformation enzymes in relation to these bio-
markers after occupational and environmental exposures, describing an important role 
for GSTM and GSTT and a possible role for CYP1A1 and NAT2 (53). In addition, a 
recent paper suggests that the oxidative damage induced after PAH exposure may be 
modulated by polymorphisms in mnSOD and MPO (127). 
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EARLY RESPONSE 

Markers for early response refer to the detection of altered gene products and gene ex-
pression patterns in genes responsible for cancer development, namely 
(proto)oncogenes and tumorsuppressor genes, which are mainly involved in DNA re-
pair, cell cycle regulation, cell growth and differentiation pathways (128). A mutation in 
these genes may lead to initiation or progression of a normal cell to a cancerous cell. 

1.3 Genotyping as biomarker for Genetic Susceptibility 

As was described in the former paragraphs, monitoring genetic polymorphisms provides 
important information on the inter-individual susceptibility in (environmental) cancer 
development. Several techniques for analyzing SNPs, so called genotyping, have been 
developed over the past decades and can be used as biomarkers to identify these genetic 
risk factors. From the analysis of an individual's phenotype as a "surrogate marker" for 
determination of the genotype in the mid 1970's (129), to the first genotyping tech-
niques after Karry Mullis' invention of the polymerase chain reaction (PCR) in 1984 
(130) and the high throughput genotyping methods developed in the past decade, geno-
typing still is a rapidly evolving field searching for innovative solutions to fulfill the 
need for cost effective higher throughput solutions and for ultimately enabling genome 
wide SNP genotyping. 

1.3.1 Monitoring Genetic Susceptibility: a historic point of view 

The oldest and most classical techniques for analyzing an individual's genotype, are 
based on the examination of the ''phenotype", which is the expressed genotype, or the 
observable features of an individual which result from an interaction between the geno-
type and environmental factors. These methods depend on the administration of test 
substances and the subsequent collection of their metabolites in the urine. The most well 
known example, is the association between the W-Acetyltransferase phenotype and the 
risk for urinary bladder cancer (131, 132). This type of cancer is the first human neo-
plasm for which precisely defined chemicals, namely arylamines, were described as 
causal factors and for which chronic exposure to various environmental or occupational 
arylamines was related to a percentage of cancer incidence. These carcinogenic com-
pounds are generally known to undergo metabolic activation and detoxification reac-
tions, the latter mainly by acetylation (133, 134). Several studies contributed to the 
hypothesis, that the "genetically distinct slow acetylation phenotype" may explain uri-
nary bladder cancer risk in arylamine exposed populations (135). To identify the acety-
lator phenotype, individuals were administrated orally with sulfamethazine, a free acid 
which is acetylated in the liver. Free (unacetylated) and total (unacetylated and acety-
lated) sulfamethazine were quantitated on filter paper discs from both blood and urine 
samples, and subsequent phenotypic categorization was accomplished by plotting the 
percentage of acetylated sulfamethazine in blood versus urine (129). 
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After the development of Sanger's DNA sequencing (136) and the invention of 
Mullis' PCR method (130), the first SNP typing methodologies came available. The 
PCR technique, which is the enzymatic amplification of (specific) DNA sequences 
based on temperature cycling (130), provided copies of DNA, or so called PCR prod-
ucts, which are accessible for genotyping. PCR-RFLP (PCR Restriction Fragment 
Length Polymorphism) is a classical approach based on this technique. After PCR, the 
amplified products are digested with a specific restriction enzyme (endonuclease), 
which cuts at specific restriction sites in the DNA sequence. This produces restriction 
fragments of different lengths, which can be separated and visualized by gel-
electrophoresis. If a SNP occurs within the restriction site, the specific endonuclease 
will not react and the sequence stays intact, leading to a different pattern of restriction 
fragments. Several similar approaches have been developed based on the PCR-RFLP 
mehod, reviewed by d'Surney et al (137), However, due to a limited number of restric-
tion enzymes, these methods are not well suitable for high throughput purposes. 

132 Genotyping techniques 

More recently, the knowledge provided by genotyping studies in the last three decades 
has been used to develop more high-throughput genotyping techniques. For a better 
understanding of the methodologies, it is useful to divide the techniques according to 
their characteristics, namely the allelic discrimination reaction, the assay environment 
and the detection method (Figure 3). Regarding the method used to discriminate be-
tween different alleles, the majority of the SNP genotyping assays can be classified into 
one of four groups based on molecular mechanism: allele specific hybridization, primer 
extension, oligonucleotide ligation and invasive cleavage. 

The first one, hybridization, is based on the fact that two allele specific oli-
gonucleotides (ASO probes) are hybridized to the target sequence containing the SNP. 
Only fully complementary probe-target hybridizations are stable. An example is pre-
sented by molecular beacons, which use a fluorescent dye/quencher system (138, 139). 
In this case, the centre of the beacon is complementary to one allele of the SNP, while 
the two ends, which contain the dye on one and the quencher on the other end, are com-
plementary to each other, thus forming a stem-loop structure. The quencher now reacts 
with the fluorescent dye, quenching its fluorescence by means of fluorescence reso-
nance energy transfer (FRET). If the PCR product is fully complementary to the central 
sequence, it hybridizes and the two ends of the beacon are separated thereby releasing a 
fluorescent signal. The second, primer extension, is based on the elongation of a primer 
hybridized to the oligonucleotide of interest, reaching just until the SNP site. If this 
elongation occurs with a labeled dideoxy-nucleotide, the incorporated nucleotide at the 
SNP side can be detected using fluorescence (minisequencing or Single Base Extension 
(140, 141). In Oligonucleotide ligation (OLA), Landegren et al (142) used the ability of 
DNA ligases to covalently join two oligonucleotides when they are hybridized to the 
sequence of interest. Three oligo's are designed: one common probe is complementary 
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just until the 3'of SNP position, the other 2 overlap the SNP site at their 3'side, with 
each probe containing one allele. The two probes compete to anneal to the target se-
quence just adjacent to the common probe. Only if the probe fully hybridizes, i.e. con-
tains the appropriate nucleotide at the allelic side, the two parts are enzymatically 
ligated to each other by a DNA ligase. An example of signal detection is by using 
FRET, with the common probe containing a donor dye at the 5'site and the allele spe-
cific probes containing a specific acceptor dye at the 3' site. Nuclease cleavage methods 
are in some cases also based on hybridization, like the Invader® (143) or the Taqman® 
(144, 145) assay, however the eventual allelic discrimination is different, i.e. based on 
the degradation of nucleotide sequences. The invader assay® uses 2 oligonucleotides, 
namely the "invader oligonucleotide", complementary to the 3' side of the SNP, and the 
"probe", which overlaps the SNP and contains 2 regions: one contains a 3' fragment 
including the SNP side complementary to the sequence at the 5'side of the SNP, the 
other is a non binding 5' tail opposite to the 3'side of the SNP. This non-binding tail 
overlaps the invader in case of a successful hybridization of both oligonucleotides, that 
is if the SNP is complementary to the allelic base in the probe. This three-dimensional 
structure is recognized by a so called Flap endonuclease, which releases the 3' arm 
probe. This probe can subsequently serve as an invader oligonucleotide in a secondary 
cleavage reaction, increasing the signal. Detection of this signal can be linked to a 
change in fluorescence, e.g. FRET, or by analysis with Mass Spectrometry. Because of 
this amplification of the signal, no PCR is required for this assay. In contrast, the 
Taqman® assay (sometimes called 5'exonuclease assay) is conducted during PCR. In 
this case, two oligonucleotides which differ at the polymorphic sites (Taqman® probes) 
are labeled with a different fluorescent dyes at the 3' side and a quencher molecule at 
the 5' side of the sequence, quenching the fluorescence by FRET. If the oligonucleotide 
is complementary to the target sequence containing the SNP, hybridization occurs dur-
ing the PCR annealing step. In the subsequent extension step, degradation from the 
5'site is performed by the Taq polymerase and replaced with a new strand, thereby 
separating the dye from the quencher which produces a fluorescent signal. In case of 
unsuccessful hybridization, the new strand is synthesized without fragmentation of the 
probe. 

The assay can be conducted in two different environments, namely in solution 
or on solid support. Several formats are developed for the latter, including glass slides, 
chips or beads. For example, primer extension can be conducted in both environments 
(example 3, Figure 3). In case of a solution, the oligonucleotide probes, or targets, are 
free present in a reaction solution containing also the fluorescent labeled di-
deoxynucleotides and the PCR products. The primer extension reaction is conducted in 
this solution. In contrast, if a solid support is used, the targets are spotted on, e.g. a glass 
slide, and a solution containing the PCR products and labeled nucleotides is added. In 
this case, hybridization and incorporation of the di-deoxynucleotides takes place on the 
glass slide. 
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Finally, numerous detection methods are available for detection of the products 
obtained from the different allele discrimination reactions. The major ones are methods 
based on gel separation, microarray based analysis, mass spectrometry or fluorescent 
plate readers, some examples of these where described above and shown in Figure 3. 
Analyses based on gel electrophoresis are generally considered as the "golden stan-
dard". In this case, automated high throughput can be achieved with the use of multi-
capillary electrophoresis, which are able to operate unsupervised 24 hours. 

Still, development of genotyping analyses, detection methods and platforms together 
with the optimization of the current techniques is continuously going on, eventually 
leading to whole genome SNP typing. One major tool in working towards the latter is 
provided by the publication of the human haplotype map (HapMap, www.hapmap.org) 
(146). The HapMap project aims to reduce the number of common SNPs required for 
the examination of the entire genome. This is achieved by using the fact that genetic 
variants that are located near to each other tend to be inherited together. For example, 
individuals carrying a certain SNP at one particular location of a chromosome, will also 
carry identical SNPs at other locations of that chromosome. These regions of SNPs that 
are linked to each other are called "haplotypes". The HapMap project has identified 
approximately 500.000 "tag SNPs" out of the 10 million SNPs that exist in the human 
genome, which are able to identify these haplotypes (147). Thus, haplotype blocks may 
provide useful information to reduce the number of SNPs that need to be genotyped for 
whole genome scans. However, because the sizes of these haplotype blocks are rela-
tively small, still a large number of SNPs needs to be assessed and appropriate strategies 
are still under development. 

1.3.3 Genotyping techniques: Selection issues 

The majority of the current high-throughput genotyping methods combines one of the 
above described available methods for allelic discrimination, with a certain detection 
method using a suitable assay format, as is shown in Figure 3. The currently available 
high throughput methods have been reviewed in the literature (148), discussing issues as 
the level of throughput, capability of multiplexing, sensitivity, reproducibility and accu-
racy of the techniques. Other important aspects considering the available assays are the 
flexibility of the technology, the time consumption of the analysis and the cost regard-
ing both the required equipment and the cost per genotype determination. Comparing 
the advantages and disadvantages of all these aspects between the available methodolo-
gies, to define the most suitable technique for specific applications is difficult, as there 
is no single general protocol that fits all research needs. Often, crucial aspects are the 
cost, the level of throughput and the possibility for multiplexing. Multiplexing can re-
duce the cost per genotype, by the simultaneous analysis of multiple genotypes per 
conducted reaction. Moreover, multiplexing can increase the throughput of the reaction 
for the same reason. Multiplex capability and throughput largely depend on the assay 
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environment. High levels of multiplexing, implying the number of SNPs per analyzed 
sample, can be achieved by reactions on solid supports, for example by using microar-
rays. However, the throughput of these assays, in terms of the number of analyzed sam-
ples, is often low. A much higher level of throughput is feasible with assays conducted 
in solution. For example, primer extension reactions in solution can dramatically in-
crease the level of samples analyzed per experiment, although the multiplex capability 
of these assays is often limited. 

Crucial aspects for biomonitoring studies are in general the level of throughput 
and multiplexing capability, but also the flexibility of the assay. In this case, the latter 
refers to the possibility of selecting the SNPs to be analyzed which are often involved in 
particular pathways of interest, for example pathways related to environmental carcino-
genesis. Because several pathways are often involved, multiple SNPs need to be as-
sessed and at least a medium level of multiplexing is required. However, the major 
drawback in biomonitoring studies is often the number of samples that have to be ana-
lyzed, which requires a high throughput level. 

1.4 Aim and outline of the thesis 

Genetic susceptibility attracts major attention in molecular epidemiology studies, as it 
may influence every intermediate biomarker within the continuum of external exposure 
to a hazardous environmental compound, to development of disease. Where initially 
emphasis lied on the investigation of one single polymorphism in relation to a specific 
exposure, it has now become evident that gene-environment interactions are far more 
complex, involving genetic variations in multiple genes and pathways, which may fur-
thermore interact with other susceptibility factors such as age and the extent of carcino-
gen exposure (18). Therefore, in order to assess the impact of the environment on hu-
man health, the need for new biomarkers of susceptibility, which enable investigating 
the role of multiple SNPs of interest in large populations, is urgent. Furthermore, it is 
important to incorporate this knowledge into the risk assessment process to sustain the 
policy debate about inter-individual differences in susceptibility regarding hazardous 
environmental exposures. 

It is hypothesized that, instead of looking at single SNPs in relation to a single 
marker, the interaction between multiple genes encoding for susceptibility to environ-
mental exposure, with biomarkers of exposure and early effect, explains inter-individual 
differences in responses to environmental exposure and may thus provide new insights 
on environmental health risk assessment. 

This thesis therefore focuses on the development, validation and application of 
a novel multiplex genotyping technique, applicable as a biomarker of genetic suscepti-
bility in biomonitoring studies. This technique provides the opportunity to simultane-
ously assess multiple polymorphisms in genes of interest, i.e. the ability to select func-
tional polymorphisms in pathways relevant for environmental carcinogenesis, in large 
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populations. Development and validation of this genotyping technique is described in 
Chapter 2. 

Cigarette smoking is generally considered a model for exposure to environ-
mental carcinogens. To assess the susceptibility of smokers for developing cigarette 
smoke-related health effects by application of the multiplex genotyping technique as 
developed in Chapter 2, two main smoking-related biomarkers for internal dose/ early 
effect were evaluated, namely bulky DNA adducts (Chapter 3) and 4-amino-biphenyl-
hemoglobin adducts (Chapter 4). In both studies, it was hypothesized that genetic 
polymorphisms in genes involved in carcinogenesis related-pathways might underly, in 
combination with other susceptibility factors, the inter-individual variations in the expo-
sure-effect relationship between cigarette smoking and the specific biomarker. More-
over, in Chapter 3, a statistical analysis is developed and validated which is applied in 
the subsequent studies exploring similar research questions. 

Application of the developed methodology in a large biomonitoring study, 
which has been conducted in Belgium in assignment of the Flemish Government, is 
presented in Chapter 5. The aim of this so-called Flemish Environment and Health 
Study (FLEHS) was to obtain insights in the relationship between exposures to envi-
ronmental pollutants and human health risk in Flanders. Inter-individual differences in 
response of certain biomarkers of effect to these environmental exposures were investi-
gated by determining the impact of SNPs, selected in genes involved in hypotherically 
relevant pathways, on the relationship between the measured exposure- and effect 
markers of the FLEHS. 

Finally, to complete the circle to Darwin's theory, two subpopulations of the 
FLEHS biomonitoring study, namely adolescents and adults, were analyzed to test the 
hypothesis that, if an unfavorable combination of an at-risk genotype and environmental 
exposures is indeed associated with disease development, the prevalence of an at-risk 
genotype decreases in older- compared to younger populations (Chapter 6). Conducted 
studies are summarized and discussed in Chapter 7. 
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Abstract 

There is a body of evidence suggesting that interindividual differences in susceptibility 
towards xenobiotic exposures might at least partly be explained by variations (polymor-
phisms) in genes that code for xenobiotic-metabolizing enzymes. In order to assess the 
impact of genetic variation on susceptibility towards xenobiotics, methods for high 
throughput multiplexed genotyping are urgently needed. 

In the present study we developed an assay for simultaneous genotyping of 
nine polymorphisms in five different genes involved in metabolism of xenobiotic com-
pounds: CYPJA2 (*/C, *7F), GSTM1 (null), GSTPJ (*2, GSTT1 {null), and NAT2 
(*5, *6, *7). The assay involves pooling of two multiplex PCR products, followed by 
simultaneous genotyping of nine polymorphisms in one single tube using primer exten-
sion and automated capillary gel electrophoresis. 

The method is able to genotype single nucleotide polymorphisms, as well as 
gene-deletions (GSTMl-null, GSTTl-null). In order to test the validity and applicability 
of the method, genomic DNA from 67 healthy Caucasians was assayed. Accurate and 
complete genotypes were obtained from all samples, also upon repeated measurements. 
The assay was validated by comparison of the obtained genotypes with conventional 
methods such as restriction fragment length polymorphism-analysis and direct sequenc-
ing, which showed 100% accordance. 

We have developed a thoroughly validated, robust and rapid assay for simulta-
neous genotyping of nine polymorphisms in xenobiotic metabolizing enzymes. The 
method is well suited for large-scale molecular epidemiological studies that aim to iden-
tify health risk by studying the relation between xenobiotic dose, multiple interacting 
susceptibility genes and phenotypical parameters like protein/DNA-adduct levels. 
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Introduction 

In daily life humans are constantly exposed to xenobiotic compounds such as drugs or 
chemical carcinogens which are abundantly present in for instance polluted air, food 
and tobacco smoke. It is generally accepted that many of these compounds exert their 
toxic activity only after bioactivation into reactive metabolites that for instance cova-
lently bind to the DNA (1-3). In the past 20 years, it has become clear that this toxic 
effect is the integrated result of both dose and the combined action of an array of en-
zymes that is involved in metabolic activation and detoxification routes (4). These en-
zymatic processes play a crucial role in for instance chemical carcinogenesis, which is 
illustrated by the observed large interindividual variation in response to a given carcino-
genic exposure (5). 

Currently, there is a body of evidence showing that this variation in susceptibil-
ity of individuals towards health effects of xenobiotics can at least partly be explained 
by polymorphisms in genes that code for metabolic enzymes. For instance, till now the 
relationship between cancer risk and genetic polymorphisms in specific xenobiotic-
metabolizing enzymes, such as cytochrome P450 enzymes (CYP450), N-
acetyltransferases (e.g. NAT2) and glutathione ^-transferases (e.g. GSTM, GSTT, 
GSTP) has received widespread attention (e.g. (6-9). However, conflicting results have 
been reported, which is probably caused by low number of cases, and hence an insuffi-
cient power of many of these studies (10). Moreover, the majority of molecular epide-
miology studies investigating the implication of genetic variation on health risk modifi-
cation has merely focussed on single polymorphisms. Regarding the amount of genes 
that are implicated in metabolism of xenobiotics, and the large number of polymor-
phisms present in the human genome (11), these approaches will fail to fully determine 
the role of genetic variation in the individual susceptibility towards xenobiotic expo-
sures. As such, these observations underline the need for studies that investigate multi-
ple susceptibility genes as well as their mutual interactions in larger populations. It is 
however obvious, that conventional methods such as restriction fragment length poly-
morphism (RFLP)3 analysis and DNA sequencing, are either time-consuming and/or 
too expensive for large-scale analysis. Therefore, new procedures that allow for high-
throughput, low cost and accurate genotyping of polymorphisms are urgently needed 
(12,13). 

In the present study we aimed to develop a cost-effective and rapid method for 
simultaneous genotyping of 9 polymorphisms (either single nucleotide polymorphisms, 
SNP's, or gene-deletions) in 5 key enzyme genes involved in metabolism of xenobiot-
ics: CYP1A2, GSTM1, GSTP1, GSTT1, and NAT2. These polymorphisms were spe-
cifically selected based on their functional effect on enzyme activity and association 
with health effects. The method involves multiplex PCR-based DNA template amplifi-
cation followed by single base primer extension (SBE) and subsequent analysis using 
capillary gel electrophoresis (14-16). Here we report on development, validation and 
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application of the assay. Moreover, the potential for its use in future large scale molecu-
lar epidemiology studies on the relation between xenobiotic exposures, genetic suscep-
tibility and health risk identification is discussed. 

Materials and Methods 

Primer design and multiplex PCR amplification 

All polymorphisms included in the assay were selected based on known effects on en-
zyme activity and association with cancer development (Table 1). 

Table L Overview of the polymorphisms included in the study. Inclusion criteria for selection of the 
polymorphisms were: a) known effects on enzyme activity, and h) association with cancer. 

Gene Polymorphism Genotype Phenotype* Association with cancer* 

CYP1A2 *tc 3858G>A Decreased activity (17) Colorectal 
*1F -164A>C Decreased activity (19) cancer(18) 

GSTMJ Deletion Gene Loss of activity (20) Lung, colorectal, 
deletion bladder cancer(7) 

GSTP1 *2 1404A>G Reduced activity (21) Bladder, testicular, 
prostate (6) 

*3 2294C>T Reduced activity (21) Lung (22) 

GSTTl Deletion Gene Loss of activity (20) Gastro-intestinal, lung, 
deletion kidney, liver (9) 

NAT2 *5 341T>C Slow acetylation (20) NAT2-related acetylation 
*6 590G>A Slow acetylation, less stable differences associated with: 

protein (20) bladder, breast, liver, colon 
*7 857G> A Slow acetylation (20) and lung cancers. (8) 

"Only a selection of references is used. The table should not be considered as a thorough review of the existing 
literature. 

PCR primers were designed using the internet Primer 3 software 
(www.broad.mit.edu/cgi-bin/primer/primer3_www.cgi) and the NetPrimer software 
(www.premierbiosoft. com/netprimer/netprlaunch7netprlaunch.html). Primers were all 
designed to have a melting temperature of 60±2°C, with a primer length of 19-23 bp. 
Primers (desalted) were obtained from Qiagen Operon (Hilden, Germany) and were 
dissolved in PCR water (Acros, Den Bosch, The Netherlands) at a concentration of 140-
1.74 (jM. Initially, all fragments were amplified using simplex PCR reactions to evaluate 
the specificity of the primer pairs. Moreover, each simplex PCR was run at various 
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annealing temperatures to optimise and synchronise the thermal cycling reactions for 
multiplexing PCR purposes. 

For the 7-pIex PCR (Table 2) a 50 pi reaction mixture was prepared containing 
lx PCR buffer (Invitrogen, Breda, The Netherlands), 0.2 mM dNTP's (Invitrogen), 0.5 
mM MgC12 (Invitrogen), 1.25 U Platinum® Taq-Polymerase (Invitrogen), and 200 ng 
template DNA. The final concentrations of the primer pairs in this reaction mixture 
were 0.22 juM for respectively GSTP1*3> GSTT1 (null), NAT2*6, NAT2*7\ 0.45 pM for 
respectively CYP1A2*1F and AM72*5; and 0.16 pM for GSTP1*2. PCR was conducted 
on a Tgradient 96 well Thermal cycler (Biometra) using the following program: denatu-
ration at 94°C (3 min), 30 cycles of 94°C (30 sec), 56°C (30 sec) and 72°C (30 sec), and 
a final extension at 72°C (5 min). 

For the 2-plex PCR (Table 2) a 50 pi reaction mixture was prepared as de-
scribed above. The final concentration of all primers in this reaction mixture was 0.1 
pM. The following PCR program was used: denaturation at 95°C for (5 min), 40 cycles 
of 95°C (30 sec), 59°C (60 sec), and 72°C (lmin 30 sec), followed by a final extension 
at 72°C (5 min). Negative controls in all PCR reactions consisted of the same reaction 
mixtures without template DNA. In later experiments the 2- and 7-plex PCR reaction 
volumes were down-scaled to a final volume of 10 pi. Using this approach a total 
amount of only 80 ng DNA (2x 40) is needed for amplification of the 9 different frag-
ments. 

Table 2. Primer sequences for initial PCR amplification. 

Allele Forward primer Product length (bp) 
7-plex PCR 
CYPJA2*IF Forward 5'-GAGGCTCCTTTCCAGCTCTC-3' 

Reverse 5' -CTCCCAGCTGGATACCAGA-31 
106 

GSTP / *2 Forward 5 * -TGGTGGAC ATGGTGAATGAC-31 

Reverse 5' -AGCCCCTTTC'IT l'GTTCAGC-3' 
123 

GSTP1 *3 Forward 5'-TGGGAGGGATGAGAGTAGGA-3' 
Reverse S'-CAGGGTCTCAAAAGGCTTCA-S' 

106 

GSTT1 *0 Forward 5' -GTAGCC ATC ACGGAGCTGAT-3' 
Reverse 5' -GGCAGCATAAGCAGGACTTC-31 

97 

AM 72*5 Forward 5'~CAAATACAGCACTGGCATGG-3' 
Reverse 51 -GGCTGATCCTTCCCAGAAAT-3' 

135 

AM 72*6 Forward 5' -CCTGCC AAAGAAGA A AC ACC-3' 
Reverse 5*-GGGTCTGCAAGGAACAAAAT-3' 

143 

NAT2*7 Forward 5' -TCCTTGGGGAGAAATCTCGT-3' 
Reverse 5'-GGGTGATACATACACAAGGGTTT-3' 

92 

2-plex PCR 
CYP1A2*1C Forward 54-AACACATGATCGAGCTATAC-3' 

Reverse S'-GTGGTCTCTTCACTGTAAAGTTA-S' 
596 

GSTM1 *0 Forward 5 '-CTCCTGATTATGACAGAAGCC-3' 
Reverse 5' -CTGGATTGTAGC AGATC ATGC-3 * 

648 
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Multiplex PCR product purification 

After PCR-amplification, contaminating dNTP's and primers were removed using a 
single step enzymatic digestion with ExoSAP-IT (containing exonuclease I and shrimp 
alkaline phosphatase, Amersham, Roosendaal, The Netherlands), to avoid participation 
in the subsequent primer-extension reaction. Before purification, the two multiplexed 
PCR reactions were pooled using 5 pi of the 7-plex PCR product and 4 pi of the 2-plex 
PCR product. This pool of 9 amplified alleles was mixed with 4 |dl of ExoSAP-IT and 
incubated at 37°C for 45 min. Enzymes were subsequently inactivated by incubation at 
75°C for 15 min. Purified and pooled PCR products were stored at -20°C until genotyp-
ing. 

Multiplex genotyping using single base extension 

Single base extension (SBE) primers were also designed using Primer 3 and Netprimer 
software. Primers were all designed to have a template-specific part of 20-33 bp, with a 
Tm of 66-69°C (Table 3). 

Table 3. Extension primer sequences. 

Polymorphism Sequence* Length 

CYP1A2*1C_3858 5' -TGGGGC ATGAC AATTGCTTG AATC-3' 24 
GSTP1*2J313 5' -AA C7GTGGAGG ACCTCCGCTGC A AATAC-3' 23+ 5=28 
NAT2*6_590 S'-CCTACCAAAAAATATACTTATTrACGCTTGAACCTC^ 33+ i=3 6 
CYP1A2*1FJ64 5'-AACTGACTAAACTAGGTGCCACTCAAAGGGTGAGCTCTG 23+27=44 

TGGGC-3' 
GSTM1 *0 y-AACTGACTAAACTAGGTGCCACGCVGGAGAACCAGACCAT 24+24=48 

GGACAAC03' 
GSTP1*3 .341 5' -AA CTGA CTAAA CTA GGTGCCA CGTCGTGACCATGGTG GTGT 22+30=52 

CTGGCAGGAGG-3' 
GSTT1 *0 5' -AA CTGA CTAAA CTA GGTGCCA CGTCGTGAAAGTCYGGGCAG 22+34=56 

GTGAACCCACTAGGC-3' 
NAT2*5_341 5' -AA CTGA CTAAA CTA GGTGCCA CGTCGTGAAA GTCTATVCAC 24+56=60 

CTTCTCCTGC AGGTGACC A-3' 
NAT2+7J57 5' -AA CTGA CTAAA CTA GGTGCCA CGTCGTGAAA GTCTGA CAGCG 22+42=64 

CTCGTGCCC AA ACCTGGTG ATG- 3' 

"Neutral non-binding tails are represented in italic. Tails were taken from the 5' site of either 5*-AAC TGA 
CTA AAC TAG GTG CCA CGT CGT GAA AGT CTG ACAA-V or 5'-ATG CTC AGACACAATTAG CGC 
GAC CCT TAA TCC 7TA GGTA-3' as described by Lindblad-Toh et al , 2000 (16). In some cases part of 
these sequences were complementary to the templates, causing elongation of the template-specific part of the 
extension-primers. These complementary bases were substituted by neutral non-binding bases (underlined) to 
avoid changes in Tm of the extension-primers. 
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For the SNP's included in the gene-set, the extension primers were designed to bind 
immediately adjacent 5' to the specific SNP. During the cycling reaction (see below) the 
primers will be extended at their 3'-end with one single dideoxynucleotide triphosphate 
(ddNTP) that is labelled with a spectral distinct fluorophore, revealing the genotype of 
the SNP. For GSTT1 and GSTM1 (gene deletions), the extension primers were designed 
to hybridise in the middle of the amplified allele. All primers were designed to anneal to 
the antisense strand (forward primers), except for the CYP1A2*1C SBE-primer which 
was designed to anneal to the sense strand (reverse primer). To facilitate detection of all 
9 polymorphisms in one single run, the total length of the extension primers was ad-
justed to a distinct size (resp. 24, 28, 36, 44, 48, 52, 56, 60, 64 bp) by addition of a neu-
tral, non-binding sequence to their 5'-site. These non-binding 'tails' were taken from the 
5s site of either 5 M A C TGA CTA AAC TAG GTG CCA CGT CGT GAA AGT CTG ACA 
A-3' or 5 '-ATG CTC AGA CACAATTAG CGC GAC CCTTAA TCCTTA GGTA-3' as 
described by Lindblad-Toh et al., 2000 (16) (Table 3). Primers in which four or more 
bases at the 3'-site were complementary to another site of the primer were redesigned to 
avoid artefacts due to fold-back of the primers. Primers (desalted) were purchased at 
Qiagen Operon. All SBE primers were dissolved in PCR water (Acros) at 100 pM. 

Prior to single base extension a pooled SBE-primer premix was made up in wa-
ter. SNaPshot™ reactions were performed as described by the manufacturer (Applied 
Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). In brief, 4 pi of the ExoSAP-IT 
purified PCR product (containing the 9 fragments) was mixed with 3.5 pi SNaPshot 
multiplex ready reaction mix (containing AmpliTaq® polymerase, PCR buffer and fluo-
rescently-labelled ddNTP's), 1 pi of the pooled SBE primers and 1.5 pi PCR water 
(perform in dimmed light). The final concentration of the SBE primers was 0.2 pM for 
CYP1A2*1C/1F, GSTMI*0, GS7T1*09 GSTPl-% and NAT2*7\ 1 pM for AM72*5 and 
GSTP1*3\ and 0.04 pM for AM72*6. As a control, each run contained a SBE reaction 
on a water sample that was included in the foregoing multiplex PCR reactions. More-
over, in each measurement a negative and a positive control (containing 6 distinct prim-
ers and control DNA, as delivered by the manufacturer) were run in parallel. The sam-
ples were placed in a thermal cycler (T gradient, Biometra), and single base extension 
was performed using 25 cycles of 96°C (10 sec) and 60°C (30 sec). In order to avoid 
interference of the unincorporated ddNTPs in subsequent genotype analysis, the sam-
ples were incubated at 37°C (Ihr) with 1U shrimp alkaline phosphatase (SAP, Amer-
sham) which removes the 5'phosphoryl groups from the ddNTP. The enzyme was deac-
tivated by incubation at 75°C for 15'. Samples were kept at 4°C for up to 24 hrs prior to 
electrophoresis. For longer storage, samples were frozen at -20°C. 

Genescan analysis 

Samples (except for positive and negative control) were diluted 5x in water. Then 1 pi 
of (diluted) samples was mixed with 13 pi deionised formamide and 0.4 pi of Genes-
can™ 120 LIZ™ size standard. Samples were denatured at 95°C (5 min) and run on an 
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ABI Prism® 3100 genetic analyser using a 36-cm capillary array and POP-6 polymer. 
The standard run module for SNaPshot samples was adapted for the use of POP-6 
polymer by increasing the collection time to 1400 seconds. Samples were analysed 
using Genescan™ Analysis software (Version 3.7). Since each SBE primer was de-
signed to have a distinct size, the relative position of each primer peak as determined by 
sizing using the internal LIZ size standard indicates the specific polymorphism, whereas 
the peak colour specifies the genotype. 

Validation of the assay 

For validation purposes a subset of 67 lymphocyte DNA samples, obtained from healthy 
Caucasian volunteers (26 males, 41 females, average age of 41 ±8 years) was used. In-
formed consent was obtained from all individuals (23). All 67 samples were initially 
genotyped using the multiplex SBE assay as described above. Validation of the SBE-
obtained genotypes was performed using conventional methods in at least 10 samples. 
GSTP1*3 genotypes determined by the SBE primer that binds to the antisense strand 
were compared with genotypes as found upon extension of the sense SBE primer (5'-
TGC CTT CAC ATA GTC ATC CTT GCC C-3'). Other genotypes were validated 
using either gel-electrophoresis, RFLP-analysis or sequencing (see below). 

GEL ELECTROPHORESIS. 

GSTMJ and GSTF1 genotypes (n=67) as determined using the SBE assay, were vali-
dated using gel electrophoresis (agarose, 2%) as described previously (24). 

RESTRICTION FRAGMENT LENGTH POLYMORPHISM ( R F L P ) . 

For validation of SBE genotyping of the NAT2, GSTP1*2 and CYP1A2*1F polymor-
phisms, restriction fragment length polymorphism (RFLP) analysis was used, All 
NAT2*5 subtypes include the functional 341T>C CU14T) missence variation which is 
the SNP evaluated in the SBE assay. However, since this SNP does not contain a re-
striction site, an RFLP assay for detection of the silent 481 C> T variation was used. This 
SNP is in linkage disequilibrium (LD) with the 341T>C variant for the majority of the 
existing NAT2*5 Caucasian subtypes. Further validation of NAT2*5 341T>C was per-
formed using sequencing (see below). 

The RFLP assays for the NAT2*5 (481C>T) and NAT2*7 (857G>A) SNPs 
were performed as previously described (25). In short, for amplification of a 1093 bp 
fragment the following primer sequences were used: 5*-GGA AC A A AT TGG ACT 
TGG-3' (Forward) and 5'-TCT AGC ATG AAT CAC TCT GC-3' (Reverse). The PCR 
product was digested using either 5U of Kpnl (Roche, Almere, The Netherlands) for 
NAT2*5 (481C>T), or 5U BamHI (Roche) for NAT2*7 (857G>A). Both digestions were 
performed at 37°C for 3h. Digested products were evaluated using 3% agarose gel elec-
trophoresis. 
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NAT2*6 (.590G>A) was determined as described by Gonzalez et al., 1998 (26), 
although with different primers. Briefly: a 327 bp product was produced using the fol-
lowing primers 5'-GCC TCT AGA ATT AAT TTC TGG G-3' (Forward) and 5'-CTA 
TAG GTG AGG ATG AAG CC-3' (Reverse). The PCR product was digested using 5U 
Taql (Roche) (65°C, 3h), Genotypes were evaluated using 3% agarose gel electrophore-
sis. 

PCR amplification for RFLP analysis of GSTP1*2 and CYPJA2*1F genotypes 
was performed using the same primers and cycling reaction as described for the multi-
plex PCR amplification (Table 2). For subsequent enzymatic digestion, the PCR prod-
ucts were digested using either 5U BsmAL (55°C, 2.5h) (New England Biolabs) or I0U 
Apal (30°C, 2.5h) (Invitrogen) for GSTP1*2 and CYP1A2*1F respectively. The di-
gested GSTP1*2 product shows bands at 123 bp for A/A genotypes (wild type), whereas 
the presence of bands at 53 and 70 bp indicates G/G. A/G genotypes will show all 3 
bands. Digestion of CYPJA2*1F products yields fragments of 106 bp for A/A, or 49 and 
57 bp for C/C. A/C genotypes will resolve bands at 106,49 and 57 bp. 

SEQUENCING. 

To evaluate the accuracy of the SBE genotyping of CYPlA2*lCi we determined the 
sequence of this SNP in 10 subjects of our validation population. This was performed 
using the BigDye® Terminator v3.1 cycle sequencing kit from Applied Biosystems. 
PCR-amplified template DNA was purified using QIAquick PCR purification kit 
(Qiagen). Both forward and reverse PCR primers for CYP1A2 (Table 2) were used as 
sequencing primers. Sequencing was performed according to the manufacturer's rec-
ommendations using the ABI3100 genetic analyser. Sequencing of NAT2*5 (341T>Q 
was performed according to the same protocol, using the primer sequences as described 
above under RFLP methods. 

Statistics 

The x2-test was used to evaluate whether the observed genotype frequencies in the vali-
dation subset were in Hardy-Weinberg equilibrium. The significance level was set at 
P=0,05. 

Results 

Multiplex PCR 

Although several distinct primer pairs for CYPIA2*1C and GSTM1 were tested, we 
were unable to amplify these 2 specific alleles without causing interference in the mul-
tiplex PCR (data not shown). Therefore, we decided to design primer pairs that pro-
duced longer PCR fragments for both GSTM1 and CYP1A2*1C (respectively 648 and 
596 bp). As a consequence, amplification of these products could not be performed in 
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the same cycling protocol as used for the other 7 variants (Table 2). Gel electrophoresis 
of the duplex PCR reaction product yields 2 distinguishable fragments corresponding 
with 648 and 596 bp, indicating successful simultaneous amplification of DNA tem-
plates containing both GSTM1 and CYP1A2*1C (Figure la). 
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Figure J. Validation ofl-plex and 7-plex PCR reactions. Figure la: Gel electrophoresis of 2-
p lex PCR (GSTM J CYP1A2*1C). Fig in 'e lb {left panel) sh o i vs a / ep reset i tative pic-
ture of the gel electrophoresis of the 7-plex PCR products. Figure lb (right panel): Gel 
electrophoresis of simplex PCR reactions, using the 7 respective primer pairs, per-
formed on either the lOOOx diluted 7-plex (lanes la-7a), or on the 10,000x dilution of 
the original template concentration (lanes lb-7b). 1=CYP1A2*1F (106 bp), 
2=GSTP1*2 (123 bp), 3=GSTPI*3 (106 bp), 4=GSTT1*0 (97 bp), 5=NAT2*5 (135 
bp), 6=NAT2*6 (143 bp), 7=NAT2*7 (92 bp). 

Gel electrophoresis could not be used to assess whether all fragments were successfully 
amplified in the 7-plex PCR reaction, since these products are all from more or less the 
same size (92-143 bp). Gel electrophoresis yields a rather vague smear at about 100 bp 
(Figure lb, left panel). To demonstrate that all single PCR products are amplified in the 
7-plex PCR, a lOOOx dilution of the 7-plex PCR product was used as a 'template' for 
subsequent simplex PCR reactions using the respective primer pairs. Using this ap-
proach, 7 sharp bands appeared on a gel, corresponding with the expected fragment 
lengths. No bands appeared using a 10,000x dilution of original template DNA (yielding 
the same amount of original template DNA as present in the lOOOx dilution of the 7-
plex PCR), demonstrating that all fragments were simultaneously amplified in the origi-
nal 7-plex PCR (Figure lb, right panel). After PCR amplification, products of the 2-plex 
and 7-plex reactions were mixed to obtain one single pool of 9 amplified templates for 
subsequent simultaneous genotyping. 

SEE genotyping 

In initial experiments, SBE reactions were performed on the respective 9 simplex PCR 
products to evaluate the specificity of the designed SBE primers (data not shown). Fig-
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ure 2 shows representative signals obtained after multiplex SBE reactions, in which 9 
alleles are simultaneously genotyped in one vial (= one subject). Using this assay we 
were able to genotype SNP's, as well as (homozygous) gene deletions {GSTMl-null, 
GSTTl-null), Upon performance of the SBE reaction on control multiplex PCR products 
(using water as 'template'), no signals were observed (not shown), which indicates the 
absence of possible artefacts due to single base-extendable SBE primer-dimers or hair-
pins. 
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SBE ge no typing results. Representative output of 2 different subjects is shown. The 
horizontal axis indicates the length of the SBE products (20-70 bp.), the vertical axis 
indicates the peak intensity (fluorescence unitsj. The colour of the peak identifies the 
genotype (hlack-C; red~T; blue=G; green-A). The SBE primers will resolve at n+l 
bp. (cf. Table 3), due to extension of the primers with one single base, The polymor-
phisms are: 1=CYPIA2*1C; 2=GSTP!*2; 3=NAT2*6; 4=CYPIA2*1F; 5=GSTM1; 
6-GSTPl*3; 7=GSTTI; 8=NAT2*5; 9~NAT2*7, The lower panel represents a person 
having 2 Null-alleles ('0/0') for GSTM1 (no. 5). 

Validation outcomes 

In order to test the validity and applicability of our genotyping assay we analysed the 9 
polymorphisms in genomic DNA obtained from 67 healthy Caucasians, Accurate and 
complete genotypes were obtained from all samples (Table 4). Furthermore, to test for 
inter-assay variation, SBE genotyping of 20 different subjects was performed twice, and 
no differences in genotype-output were found. Although the test population used for 
validation of the assay is rather small, all variants of the different genotypes were repre-
sented. Moreover, the obtained frequencies are in accordance with previous observa-
tions in larger study populations (27,28), supporting the validity of the assay. Further 
calculations showed that distributions of all genotypes in the validation subset were in 
Hardy-Weinberg equilibrium (p>0.05, Table 4), except for GSTP1*2. 
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Table 4, Frequencies of genotypes as determined by multiplex SBE in the subset of 
67 DNA samples from Caucasians, which was used for validation purposes. 

Gene Polymorphism Genotype Frequency (%) 
according to SBE 

Frequency (%) 
Literature 

CYPIA2 *!C GG 98.5 96.0 
GA 1.5 3.9 
AA 0.0 0.04 

VF AA 47.1 33.0 
AC 44.1 45.1 
CC 8.8 10.9 

GSTM] Gene deletion AA/A- 44.1 46.9 
55.9 53.1 

GSTP1 *2P AA 36.8b 51.7 
AG 48.5 44.2 
GG 14.7 4.1 
CC 83.8 86.8 
CT 14.7 12.6 
TT 1.5 0.6 

GSTT] Gene deletion AA/A- 83.8 80.3 
16.2 19.7 

NAT2 *5 TT 37.3 29.9 
TC 49.3 48.2 
CC 13.4 21.9 

*6 GG 55.9 50.0 
GA 38.2 43.0 
AA 5.9 7.0 

#7 GG 91.2 94.4 
GA 8.8 5.5 
AA 0.0 0.1 

'Frequencies in Caucasians. CYPIA2VC, CYPJA2VF (27), and GSTMJ*0, GST PI *2, 
GSTPT+3, GSTT] *0, MA 72*5, AM 72*6, NAT2*7 (28). 
"Not in Hardy-Weinberg equilibrium 32.2, P<0t05), All other genotype frequencies of 
the study population were in Hardy-Weinberg equilibrium (P>0.05). 

For more specific validation purposes several independent (conventional) methods were 
applied, including RFLP analysis and direct sequencing. All genotypes were validated 
in at least 10 different DNA samples from the test population. For each polymorphism, 
every variant was assayed in these validation studies. As shown in Table 5, there was 
100% accordance between the various genotypes as determined by our multiplex SBE 
assay and the outcomes obtained by the conventional methods. For determination of the 
NAT2*5 polymorphism we evaluated the SNP at position 341 since this SNP covers all 
possible NAT2*5 subtypes. However, as the 341T>C variation does not contain a re-
striction site, NAT2*5 was initially validated using PCR-RFLP determination of the 
48JC>T variation, which for the majority of the existing NAT2*5 Caucasian subtypes is 
in LD with the 341T>C variant. Using this method we observed 96% (64 out of 67 
samples) accordance between the SBE outcomes and the RFLP method. 
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Table 5. Validation of the SBE method. 

Gene Polymorphism Validation method N* 
% similarity 

with SBE 
CYP1A2 *7C Sequencing 10 100 

*IF RFLP 20 100 
GSTM1 Gene deletion Gel electrophoresis 67 100 
GSTP1 *2 RFLP 20 100 

*3 Reverse SBE primer 20 100 
GSTTÎ Gene deletion Gel electrophoresis 67 100 
NAT2 *5 RFLP (481 C>T) 67 96 

Sequencing 3 100 
*6 RFLP 10 100 
*7 RFLP 10 100 

"All taken from the same subset of 67 Caucasian DNA samples. 

Direct sequencing of the remaining 3 samples revealed discordant 341T>C and 48JC>T 
genotypes (Table 6). Both the SBE (341T>Q and RFLP (481C>T) obtained genotypes 
were in 100% accordance with the direct sequencing results (see Table 5). However, 
since the 34IT>C genotype is the responsible variation for the NAT2 dysfunction, this 
variation determines the final genotype (Table 6). In addition, haplotype analysis of 
defective NAT2 alleles has proven to be a good predictor of acetylation phenotype. By 
analyzing variation at position 34 f 590 and 857, we expect the phenotype to be cor-
rectly predicted in 90-95% of the population (29,30). 

Table 6. Genotyping o/NAT2*5. Comparison of341T>C (used in the SBE-assay), and 481C>T(RFLP-
method). 

Sample code SBE genotype RFLP genotype Final NAT2 genotype* 
(341T>C) (481C>T) 

C54 T/C (heterozygous) C/C (wildtype) *l/*5 
C66 C/C (homozygous mutant) C/T (heterozygous) *5/*5 
N8 C/C (homozygous mutant) C/T (heterozygous) *5/*5 

*Final genotype is determined by the 34IT>C variation. 

Discussion 

Methods for simultaneous genotyping of multiple polymorphisms in large populations 
are needed to elucidate the involvement of genetic variation in the variable susceptibil-
ity of subjects towards xenobiotic exposures. This paper presents a thoroughly validated 
assay for simultaneous genotyping of nine polymorphisms in five different genes cru-
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cially involved in metabolism of xenobiotics such as chemical carcinogens. The assay is 
based on single base extension (SBE) with subsequent automated genotyping using 
capillary gel-electrophoresis. Parallel genotyping of a subset of DNA samples with 
several conventional methods (RFLP, direct sequencing, gel-electrophoresis) clearly 
demonstrated the validity and speed of the SBE assay. Besides, our data show that the 
SBE method, which involves analysis of the 34JT>C variation to determine the 
NAT2*5 polymorphism, is more accurate than the conventionally used RFLP (481C>T) 
method. 

This SBE assay is specifically developed with a view to forthcoming large-
scale (molecular) epidemiological studies that aim to examine the relation between 
xenobiotic exposures, interacting genetic polymorphisms, and ultimate health effects 
such as cancer development. Such studies will help to develop and specify individual 
health risk profiles and susceptibility (23). All selected polymorphisms are known to 
affect enzyme activities and are for instance associated with chemical carcinogenesis 
caused by xenobiotics like polycyclic aromatic hydrocarbons (PAH's) or heterocyclic 
aromatic amines (Table 1). The selected polymorphisms comprise genes involved in 
both phase I (CYPIA2) and phase II {GSTM1, Ph Tl, NAT2) metabolic pathways. As 
such, both activating and detoxifying enzymes are included. Although CYP1A1 is criti-
cally involved in the activation of PAH's (1), it is not included in our assay. This is 
primarily because the effects of CYP1AI polymorphisms on enzyme activity, DNA 
adduct formation and/or cancer development in Caucasians is still controversial (31,32). 

Although SBE technology was originally designed to genotype SNP's, we 
demonstrated that it can also be applied for analysis of gene-deletions, such as GSTM1-
null and GSTTl-nulL For SNP's, heterozygous genotypes can be distinguished due to 
incorporation of differentially labelled ddNTPs. No differences can be made between 
wild-type (no deletions) and heterozygous gene deletions, since peak height in the SBE 
output does not quantitatively reflect gene-copy number. However, as GSTM1 and 
GSTT1 enzyme activity is only completely eliminated through homozygous gene dele-
tions, the distinction between heterozygous and wild-type carriers is of less importance. 
As shown in Figure 2, the two peaks of heterozygous SNP-genotypes do generally not 
reach the same height. This can possibly be explained by either unequal allelic amplifi-
cation during PCR or differential efficiencies of incorporation of the ddNTPs for each 
allele-specific reaction (33), 

Earlier studies that have used comparable SBE (SNaPshot) technology to geno-
type multiple polymorphisms either started from pools of simplex PCR products (34), 
pooled DNA samples from cases or controls (33), or single long PCR fragments (35). 
Others have used PCR multiplexing of 5 segments in one single gene (36). In contrast, 
in order to fully employ the high-throughput capabilities of the SNaPshot technology, 
we designed a multiplex PCR-based amplification of 9 alleles in 5 different genes, in-
volving two separate multiplex PCR reactions. The PCR reactions can be performed in 
10 pi reaction volumes, using a total amount of 80 ng DNA. This multiplex approach 
significantly reduces total costs, avoids the use of relative large amounts of template 
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DNA, and increases the speed of the assay. In comparison, using conventional simplex 
PCR-based RFLP methods, genotyping of ail polymorphisms in our rather small subset 
of 67 DNA samples would already involve 603 (67 x 9) different PCR and subsequent 
genotyping reactions. In the presented assay all PCR reactions and subsequent purifica-
tion steps can be performed manually in 96 well plates, at a speed of about 2 plates per 
day. Considering a possible throughput of 4 plates per 24 h using the automated capil-
lary sequencer, 384 subjects can be genotyped for 9 polymorphisms (total number of 
3456 genotypes) within 3 days. This throughput can even further be increased by the 
implementation of fully automated, assay-specific genotyping software and by the use 
of robotic liquid handling stations. 

In preliminary experiments, we demonstrated that the SBE assay was able to 
successfully genotype polymorphisms in DNA obtained from mouth swabs. Addition-
ally, except for the longer fragments (>500 bp, CYP1A2*1C, GSTM1), the method 
could also be applied to perform accurate genotyping in highly fragmented DNA, such 
as isolated from paraffin-embedded tissue (data not shown). These observations demon-
strate the applicability of the method for future large-scale surveys in which either low 
amounts or relatively poor quality DNA is available. Moreover, apart from the fact that 
the presented method is quick, accurate and cheap, its versatility and flexibility adds 
another major advantage: the reported protocol can be easily adapted for new sets or 
combinations of polymorphisms. 

In conclusion, we developed a thoroughly validated method for simultaneous 
genotyping of 9 polymorphisms, based on multiplexing of PCR reactions and subse-
quent genotyping using SBE technology and capillary gel electrophoresis. Using this 
method 7 SNP's and 2 gene deletions in 5 different xenobiotic metabolizing enzymes 
can be accurately assayed in one single tube, starting from template DNA from various 
sources. In contrast to for instance microarray-based technologies (e.g. arrayed primer 
extension, APEX) that mainly focus on simultaneous analysis of large number of poly-
morphisms in small populations (37), our SBE assay is highly applicable for genotyping 
of a low to medium number of polymorphisms in large populations. Indeed, we showed 
that our assay is accurate and robust, and in combination with its semi-automated analy-
sis it is able to rapidly genotype large numbers of subjects. Moreover, the assay specifi-
cally focuses on polymorphisms that all have known effects on enzyme activity and 
which are associated with health effects such as cancer development. Therefore, this 
method is well suited for large scale studies that aim to identify xenobiotic-related 
health effects by studying polymorphisms in multiple susceptibility genes, their mutual 
interactions, and their effect on phenotypical parameters like protein/DNA-adduct for-
mation. 
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Abstract 

Genetic polymorphisms in genes involved in pathways that lead to DNA damage and its 
repair may explain part of the large inter-individual variation in DNA adduct levels in 
smokers. To this end, we investigated 19 polymorphisms in 12 genes involved in car-
cinogen metabolism, DNA repair and oxidative stress defense on DNA adduct levels 
(determined by 32P-postlabelling) in lymphocytes of 63 healthy Caucasian smokers. The 
total number of alleles that were categorized as putatively high risk alleles, appeared 
positively related with bulky DNA adduct levels (P=0.001). Subsequently, to investi-
gate which polymorphisms may have the highest contribution to DNA adduct levels 
observed in these smokers, discriminant analysis was performed. In the investigated set 
of polymorphisms, GSTM1*0 (PcO.OOl), mEH*2 (P=0.001) and GPX1 (PcO.OOl) in 
combination with the level of exposure (PcO.OOl) were found to be the key effectors. 
This is the first demonstration of the involvement of GPX in DNA adduct formation. 
DNA-adduct levels in subjects with a relatively high number of risk alleles for these 
three genes were more than 2-fold higher than in individuals having no risk alleles 
(1.97+1.026 adducts per 108 nucleotides versus 0.79+0.49). This study demonstrates 
that analysis of multiple genetic polymorphisms may predict the inter-individual varia-
tions in DNA adduct levels caused by exposure to a complex mixture of compounds 
such as cigarette smoke. Noteworthy, all three genes are involved in processes on deac-
tivation of reactive carcinogenic metabolites. It is concluded that discriminant analysis 
presents an important statistical tool studying the impact of multiple genotypes on mo-
lecular biomarkers. 
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Introduction 

Cigarette smoke is a complex mixture of chemicals including many genotoxic carcino-
gens (1). Most of these compounds induce their carcinogenic effect by covalently bind-
ing to the DNA to form so-called DNA adducts. It has repeatedly been shown that a 
dose-response relationship exists between the amount of cigarettes smoked per day, 
bulky DNA adduct levels and (lung-)cancer risk (2-5), However, within these relation-
ships, large inter-individual variations are observed: individuals with approximately 
similar exposures may have quite different DNA adduct levels. 

It was postulated that genetic polymorphisms in genes involved in the process 
of DNA adduct formation and repair explain at least part of this variation (6). However, 
DNA adduct formation after exposure to mixtures of compounds, such as cigarette 
smoke, and the endogenous response to it, implicates a complex network of pathways in 
which many different proteins are involved. For instance, some chemical carcinogens in 
cigarette smoke require metabolic activation before they can react with DNA and exert 
their genotoxic effect. These reactions are catalyzed by phase I enzymes such as cyto-
chrome P450. Other genotoxic compounds, including the reactive intermediates from 
the above mentioned reactions, are detoxified by phase II reactions which are catalyzed 
by enzymes such as glutathiones-transferases and the N-acetyltransferases. The balance 
between both bioactivation and -deactivation may differ between individuals due to 
polymorphisms in genes involved in these biotransformation processes. Furthermore, 
impaired DNA repair capacity as caused by polymorphisms in DNA repair genes may 
lead to relatively high DNA adduct levels (6,7). There are also indications that oxidative 
stress may contribute to the formation of bulky adducts in cigarette smokers (8), imply-
ing a hypothetical role in DNA adduct formation for polymorphisms in genes modulat-
ing the impact of oxidative stress (1). Therefore, some polymorphisms in genes in-
volved in protection against oxidative stress (e.g. GPX1) have been included in the 
present analysis. 

Because of the complex exposure of cigarette smokers and the array of proc-
esses that are involved in modulation of DNA adduct levels, it is thus concluded that it 
is very unlikely that there is one single mechanism or gene that can explain the inter-
individual differences in DNA adduct levels in smokers upon adjusting for differences 
in smoking behavior. As a result, studies investigating single polymorphisms in relation 
to DNA adduct levels might either over- or under-estimate the involvement of these 
polymorphisms. In order to identify the most relevant genes and polymorphisms and to 
quantitate possible interactions between them, studies are required that analyze many 
genes and polymorphisms simultaneously in each individual of an exposed population. 

In the present study, 19 polymorphisms in metabolic, DNA repair and oxida-
tive stress related genes were investigated. These polymorphisms were selected on the 
basis of their known association with cancer development or their hypothetical effect on 
bulky DNA adduct levels. Multiplex genotyping was performed using a single base 
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extension-based method (9). We hypothesize that the simultaneous assessment of multi-
ple genotypes yields a better prediction of DNA adduct levels in peripheral lymphocytes 
of smokers as compared to the analysis of single gene polymorphisms. To our knowl-
edge, such a large number of polymorphisms has never been assessed in a single popu-
lation in relation to a biomarker like carcinogen-DNA adducts. In the current report, we 
present a reliable classification of subgroups of smokers (in terms of low, medium and 
high responders regarding DNA adduct levels) using discriminant analysis as a tool for 
identifying the most relevant genes and polymorphisms. 

Materials and Methods 

Study population 

Genotyping was performed using lymphocytic DNA from 63 healthy smoking Cauca-
sians (29 males, 34 females) with an average ± SD age of 43+9 years. These individuals 
reported smoking between 5 and 50 cigarettes per day (overall mean + SD, 26+9 ciga-
rettes per day) for at least 10 years. Because the half life of lymphocytic DNA adducts 
is short (11 weeks(lO)), the amount of cigarettes smoked per day instead of pack-years 
was used as parameter for exposure. Informed consent was obtained from all individu-
als. 

DNA isolation and 32P-postlabelling 

Peripheral blood lymphocytes were isolated by gradient centrifugation on lymphoprep 
according to B0yum (11). Standard phenol-extraction procedures were used for the 
isolation of DNA from peripheral blood lymphocytes. Subsequently, the nuclease PI-
enriched P-postlabeling assay was performed as described previously (12,13). Quanti-

TM 
tation was performed by using phosphor imaging technology (Molecular Dynamics , 
Sunnyvale) with detection limit of <0.01 adducts per 108 nucleotides. DNA adduct 
analysis was performed at least in duplicate, and inter-assay variation was less than 
20%. 

Selection of polymorphisms 

All Single Nucleotide Polymorphisms (SNPs) included in this study (Table 1) were 
selected on basis of i) their association with cancer development and/or known effects 
on enzyme activity, ii) their expected influence on DNA adduct levels as measured by 
32P-postlabelling, and iii) a frequency of occurrence in the population of more than 5%. 
DNA sequences and allele frequencies were obtained from the Cancer SNP 500 data-
base (http://snp500cancer.nci.nih.gov). The selected polymorphisms can be divided into 
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Table 1. Overview of polymorphisms included in the study, together with their PCR- primers 
(Cont'd on next page). 

Polymorphism Frequency DbSNP ID PCR Primers Product Length 
(bp) M (bp) 

CYPIA2 *IF(-164A>C) 6/43/51 rs762551 F5'- GAGGCTCCÏTICCAGCTCTC- 3' 
R5'- CTCCCAGCTGGATACCAGA- 3' 

106 ( 1 ) 44 

CSTM1 Deletion 40/60 F5'- CTCCTGATTATGACAGAAC.CC- 3' 
R5'- CTGGATTGTAGCAGATCATGC 3' 

648 ( 1 ) 48 

c s t p i *2(14Q4A>G) 46/39/15 r*947894 F5'- TGGTGGACATGGTGAATGAC- 3' 
R51- AGCCCdTTCTTTGTTCAGC- 3' 

123 (i) 28 

*.? (2294C>T) 89/1 I/O rs 1799811 F5'- TGGGAGGGATGAGAGTAGGA- 3' 
R5*- CAGGGTCTCAAAAGGCTTCA- 3' 

106(1) 52 

asm Deletion 85/15 F5'- GTAGCCATCACGGAGCTGAT- 3' 
R5'- GGCAGCATAAGCAGGACTTC- 3' 

97(1) 56 

NAT2 *5 {34IT>C) 39/49/12 rs 1801280 F5'- CAAATACAGCACTGGCATGG- 3' 
R5'- GGCTGATCCTTCCCAGAAAT- 3' 

13(1) 60 

*6 (590G>A ) 49/42/9 rs 1799930 F5*- CCTGCCAAAGAAGAAACACC- 3' 
R5'- GGGTCTGCAAGGAACAAAAT- 3' 

143(1) 36 

*7(857G>A) 92/8/0 rs 1799931 F5'- TCCTTGGGGAGAAATCTCGT- 3' 
R5'- GGGTGATACATACACAAGGGTTT- 3' 

92(1) 64 

mEH *2 (C>T) 48/47/5 rs 105 ! 740 FS'-CTCTCAACTTGGGGTCCTGA- 3' 
R5 ' - GGCGTITrGC A A AC ATACCT- 3' 

231 (3) 46 

*3 <A>G) 59/38/3 r<s 2234^23 FS'-CGTGCAGGGTClTCrCTCTC-3' 
R5'- GTTCTTGGGGTCAGTCAGGA- 3' 

194 (3) 50 

XRCC1 "2 (263040T) 89/11/0 rs 1799782 F5 * -TG A AGG AGG AGG ATGAG AGC-3' 
R 5 C T C T ACCCTC AG ACCC ACG A-3 ' 

147 (2) 21 

*3 (27466G>A) 94/6/0 rs25489 F5'-CCCCAGTGGTGCTAACCTAA-3' 
R5 ' -GGGGTTTGCCTGTCACTG-3 ' 

116(2) 25 

*4 (2HJ52G>A) 45/40/15 rs25487 F5'-TAAGGAGTGGGTGCTGGACT-3' 
R5'-ATTGCCCAGCACAGGATAAG-3' 

101(2) 37 

XRCC3 *l ( 1H067C>T) 39/40/21 rs861539 F5'-GCCTGGTGGTCATCGACTC-3' 
R5'-ACAGGGCTCTGGAAGGCA-3' 

136 (2) 63 

XPD *S (35931A>C) 35/49/15 rs 1052559 FS'-TTCTCTGCAGGAGGATCAGC^' 
R51 - CTC AGGAGTC ACC AGG AACC-3 ' 

146(2) 45 

BRCA2 *l (-26G>A) 60/34/6 rs 1799943 F5'-AAATTTTCCAGCGCTTCTGA-3' 
RS'-AATGTTGGCCTCTCTTTGGA-S' 

159 (2) 57 

* j (I342A>C) 48/44/8 rs 144848 F51 - AGC AA ACGCTG ATGA ATGTG-3 ' 
R5 '-TTGG AG ATTTTGTCACTTCCAC-3 ' 

150(2) 53 

NQO] *2 (6090T) 91 m rs 1800566 FS'-TGAACTCAGGAGGTGGAGGT- 3' 
R5'- CTGG' 1" 1T GAGCGAGTGTTCA- 3' 

240 (3) 26 

GPX1 *I (593C>T) 57/34/9 rs 1050450 F5 ' - ACTGGGATCAAC AGGACCAG - 3' 
R5'- TTGACATCGAGCCTGACATC- 3' 

213 (3) 38 

'Frequencies in Lhe currently investigated population are shown as fully wild types/heterozygous/fully mu-
tants. In case of GSTM1 and GSTT1, no differences can be made between wild types (no deletions) and 
heterozygous gene deletions 
"(1) 8-plex PCR, (2) 7-plex PCR, (3) 4-plex PCR (see material and methods) 
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Table 1 (Cont'd). Ovennew of polymorphisms included in the study, together with their SBE primers. 

Polymorphism SBE Primers* Length 
(bp) 

CYPIA2 5'-AACTGA CTAAACTAGGTGCCACTCAAAGGGTGAGCTCTGTGGGC- 3' 44 
GSTM1 Del y-AACTGACTAAACTAGGTGCCACGCTGGAGAACCAOACCATGGACAACC-y 4H 
GST PI *2 5'-AACTCTGGAGGACCTCCGCTGCAAATAC- 3 28 

*jt 5*'AACTGACTAAACTAGGTGCCACGTCGTGACCATGGTGGTGTCTGGCAGGAGG- 3' 52 
csrri Dei S'-AACTGACTAAACTAGGTGCCACGTCGTGAAAGTCYGGGCAGGTGAACCCACTAG-GC-V 56 
NAT2 *5 5'-AACTGACTAAACTAGGTGCCACGTCGTGAMGTCTATTCACCTTCTCCTGCAGGTG-ACCA~ 3' 60 

*6 5'- CCrACCAAAAAATATACTTATTTACGCTTGAACCTC- 3' 36 
*7 5' -AA CTGA CTAAACTAGGTGCCACGTCGTGAAA GTCTGA C4 GCCCTCGTGCCCAAAC-CTGGTGATG-3' 64 

m£H *2 5'-AyiCi'GAC7AAACTAGC7GGAAGAAGCAGGTGGAG-An"CTCAACAGA- 3' 46 
*S 5'-AACTGACT/XAACTAGCTCCCACGTCGTGAAAGTC-CAGCTGCCCGCAGGCC- 3' 50 

XRCC1 *2 5'-CGGGGGCTCTCTTCTTCAGC- 3' 21 
5' -TCTTCTCCAGTGCCA GCTCCAACTC- 3' 25 

*4 S'-AACTGACTAAACTAGTTGGCGTGTGAGGCCTrACCTC- 3' 37 
XRca *} 5'-AACTGACTbAACTAGGTGCCACGTCGTGAAAGTCTGACA7GCGCACTGCTCAGCTC-ACGCAGC- 3' 63 
XPD *5 5*-A A CTGA CTAAA crAG^rCGCTGCTGAGCAATCTGCTCTA-TCCTCT- 3' 45 
BRC.A2 V 5' -A A CTGA CTAAA CTA GGTGCCA CGrCCAGGTCTTCTGTTTTGCAG ACTTA'l TJ'ACC- AA- 3' 57 

5,-AAa'G/tC7A4Aa>tGC7-C:7,AAATGATACTGATCCArt,AG-ATTCAAATGTAGCA- 3' 53 
NQO) *2 5'-AAGCATTCAGAACCATCCACCTACCC- 3' 26 
GPXi *i 5'-AAATAACTAAACTAGGTGCGGCGCCCTAGGCACAGCTG- 3' 38 

* Neutral non-binding tails are in italics (see material and methods) 

3 groups: 6 genes involved in carcinogen metabolism (biotransformation), 4 DNA repair 
genes and 2 genes involved in oxidative stress processes. 

PCR Primer design and multiplex PCR amplification 

Primer 3 software (www.broad.mit.edu/cgi-bin/primer/primer3_www.cgi) and Net-
primer software (www.premierbiosoft.com/netprimer/netprlaunch/netprlaunch.html) 
were used to design PCR primers. All PCR primers were designed to have a melting 
temperature (Tm) of 60±2°C and a primer length of 19-23 nucleotides (Table 1). See 
Knaapen et al. (9) for more detailed information about primer design. 

PCR was performed in three separate multiplex PCR reactions: one 8-plex, one 
7-plex and one 4-plex reaction (indicated as 1-3 respectively in Table 1). PCR was car-
ried out in a Tgradient 96 well Thermal cycler (Biometra, Goettingen, Germany) in a 10 
pi volume, containing lx PCR buffer (Invitrogen, Breda, The Netherlands), 0.2 inM 
dNTP's (Invitrogen), 0.5 mM MgC12 (Invitrogen), 0.25 U Platinum® Taq-Polymerase 
(Invitrogen), and 40 ng template DNA. The final concentrations of the primer pairs in 
this reaction mixture were PCR conditions were 94°C for 3 min (denaturation); 30 
cycles of 94°C for 30 sec, 56°C for 30 sec (for multiplex 1; 60°C for 2 and 57°C for 3) 
and 72°C for 30 sec; and a final extension for 5 minutes at 72°C. 

PCR product purification 

Contaminating dNTP's and PCR primers were removed after PCR-amplification to 
avoid participation in the subsequent primer extension reaction. 10 jil of multiplex PCR 
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product were mixed with 4 pi Exo-SAP-IT (containing exonuclease I and shrimp alka-
line phosphatase, Amersham, Roosendaal, The Netherlands) and incubated at 37°C for 
45 min. Purified multiplex PCR products were stored at -20°C until genotyping. 

Multiplex Genotyping using Single Base Extension 

Genotyping was performed by Single Base Extension (SBE) using SnaPShot™ (Applied 
Biosystems, Nieuwekerk a.d. IJssel, The Netherlands) as described (9). Single base 
extension primers were designed using Primer 3 and Netprimer software, with a tem-
plate specific part of 20-33bp and a Tm of 66-69°C (Table 1). The extension-primers 
were designed to bind immediately adjacent 5' to the specific SNP. To facilitate detec-
tion of all the polymorphisms in one single run, the length of the extension primers was 
adjusted to a distinct size, by addition of a neutral non-binding sequence to their 5' side, 
as described by Lindblad-Toh et al , 2000 (14) (Table 1). Three pi of the ExoSAP-IT 
purified PCR product were mixed with 3.5 pi SNaPshot multiplex ready reaction mix 
(containing AmpliTaq® polymerase, PCR buffer and fluorescently-labelled ddNTP's), 1 
pi of the pooled SBE primers and 2.5 pi of PCR water (perform in dimmed light). The 
final concentration of the SBE primers was 0.2 pM. Single Base Extension was per-
formed in a thermal cycler (T gradient, Biornetra) using 25 cycles of 96°C (10 sec) and 
60°C (30 sec). After Single Base extension, the samples were incubated at 37°C (1 hr) 
with 1 U shrimp alkaline phosphatase (SAP, Amersham) in order to degrade the unin-
corporated ddNTP's. Single base extension reactions were performed in three separate 
multiplex genotyping experiments on the multiplex PCR reactions as described above. 

Genescan analysis 

Single base extension products were diluted 5x in water. One pi of the diluted sample 
was mixed with 13 pi deionized formamide and 0.4 pi of Genescan™ 120 LIZ™ size 
standard and denatured at 95°C for 5 minutes. Subsequently, the samples were analyzed 
on an ABI Prism® 3100 genetic analyzer using Genescan™ Analysis software (Version 
3.7). For more detailed information see Knaapen et al., 2004 (9). 

Statistical Analysis 

Linear regression analysis was conducted to investigate the relationship between DNA 
adduct levels and the amount of cigarettes smoked per day. To investigate which genetic 
polymorphisms have the highest contribution to the inter-individual variation within this 
relationship, the genotypes were coded based on the number of polymorphic alleles: 0 
(two wild type alleles), 1 (heterozygous, one polymorphic variant allele) and 2 (homo-
zygous mutant, two polymorphic alleles). In case of deletions (GSTM1 and GSTTl), the 
wild type was coded 0 and the deletion was coded 2. This time, no a priori knowledge 
on expected biological effects of the polymorphisms (their effect on enzyme activity in 
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relation to DNA adduct formation) was considered when coding the genotypes. Subse-
quently, SNPs in the same gene yielding the same phenotypic effect, were merged to 
one single variable for that gene. This was done for NAT2, BRCA2 and GSTPL Note 
that for mEH2 and XRCC1 also more than one SNP was investigated; however, these 
SNPs have opposite phenotypic effects and therefore can not be combined. This eventu-
ally led to 15 genotypes. To evaluate the association of each single polymorphism with 
respect to DNA adduct level, conventional methods, like Mann-Whitney U tests (for 
two groups) and Jonckheere-Terpstra tests (for more than two groups) were performed. 
Second, to investigate the association of multiple polymorphisms, the individuals were 
divided into subgroups based on their response to exposure (amount of cigarettes 
smoked per day) in terms of DNA adduct levels (see Figure 1). Three subgroups 
(classes) were formed based on the regression line: class 1 if the observed adduct level 
is < 0.66 times the expected value according to the regression line; class 3 if the ob-
served adduct level is > 1.5 times the expected value according to the regression line 
and class 2 with all other individuals (Figure 1). Using discriminant analysis each indi-
vidual can be classified. Stepwise discriminant analysis was performed with the de-
pendent variable "class" as grouping variable and all genotypes, age, gender and ciga-
rettes per day as independent variables. Subsequently, results were cross-validated by 
the leave-one-out method. In all statistical tests, P<0.05 was considered statistically 
significant. All statistics were performed using SPSS for Windows (version 11.5). Re-
sults are expressed as mean ± SD. 

Results 

Overall analysis of DNA adduct levels 

DNA adduct analysis in peripheral blood lymphocytes demonstrated the existence of so-
called diagonal radioactive zones, which represent bulky DNA adducts typically to 
result from exposure to cigarette smoke. The mean DNA adduct level was 1.40±0.79 
adducts per 108 nucleotides and ranged from <0.25 to 3.90 adducts per 108 nucleotides. 
A significant relationship was observed between the self-reported number of cigarettes 
smoked per day (exposure) and DNA adduct level (P<0.001, Figure 1). As expected, 
large inter-individual variations were observed within this relationship; individuals with 
approximately similar exposures can have different DNA adduct levels. 

66 



Gtfm>fiv susceptibility in smokers 

Exposure (Cig'c&y) 

Figure 1. Relationship between individual DNA adduct level and exposure (number of cigarettes 
smoked per day) (R'=0.714, P<0Ml). Individuals 

were divided according to the regres-
sion line info three classes for discriminant analysis: class 1 if the obsetved adduct level 
was <0.66 times the expected value according to the regression line (•; below the lower 
dashed line); class 3 if the obseiyed adduct level was > 1.5 times the expected value ac-
cording to the regression line (o; above the upper dashed line) and class 2 with all other 
individuals (x; in-between the dashed lines). The regression line was forced through the 
origin, since in non-smokers, no DNA adducts are measurable. 

Multiplex SBE Genotyping 

Clear signals could be obtained for all polymorphisms in all individuals (data not 
shown). No signals were detected in negative control SBE reactions (using water as 
template), indicating that no false positive signals due to primer-dimers or hair-pins 
were generated. In Table 1, all observed genotype frequencies in the study population 
are shown. The distributions of all genotypes in the total population appeared to be in 
Hardy-Weinberg equilibrium. 

Sum of total putative risk alleles in relation to DNA adduct levels 

As a first approach to investigate whether the genotype affects DNA adduct levels, the 
polymorphisms were a priori categorized as low or high risk alleles based on their ex-
pected modulating effect on DNA adduct levels (Table 2). Subsequently, the sum of risk 
alleles was computed for each individual and linear regression demonstrated a signifi-
cant association between these sums and DNA adduct levels (^=0.001; Figure 2). This 
was not due to differences in exposure, as the amount of cigarettes smoked per day did 
not correlate with the sum of risk alleles (Figure 2). 
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Table 2 Effects of the selected polymorphisms on enzyme function and DNA adduct levels 

Polymorphism Effect on enzymatic function Expected effect on DNA adduct level Reference 

Biotransformation 

CYP1A2 *IF Higher inducibility Increased bio activation, higher adduct levels (25) 

GSTM1 *0del Deletion, no enzyme activity Decreased detoxification, higher adduct levels (16, 26} 

GSTP1 *21105V 
(26, 27) 

*3 Al 14V | Decreased enzyme activity j Decreased detoxification, higher adduct levels (26, 27) 

GSTT1 *0 del Deletion, no enzyme activity Decreased detoxification, higher adduct levels (26) 

NAT2 *51114T 

*6 R197Q J Decreased enzyme activity } Less iV-acetylation; decreased detoxification; higher adduct levels (13) 

*7 G286E 

mEH *2 YI13H Decreased enzyme activity As phase II; decreased detoxification; increased adduct levels (18, 28, 29) 

*3 H139R Increased enzyme activity As phase I; increased bioactiviation; increased DNA adduct levels (18,28, 29) 

DNA Repair 

XRCC1 *2 R194W 

*3 R280H 

Increased enzyme activity Increased repair capacity, lower adduct levels (30-32) 

(30) 

M Q399R ƒ Decreased enzyme activity ƒ Reduced repair capacity, higher adduct levels (7, 33) 

XRCC3 *] T241M Decreased enzyme activity Reduced repair capacity, higher adduct levels (7) 

XPD *5 K751Q Decreased enzyme activity Reduced repair capacity, higher adduct levels (34, 35) 

BRCA2 *1 D991N 

*J N372H 
} Decreased enzyme activity } Reduced repair capacity, higher adduct levels (36) 

Oxidative Stress 

NQOI *2 P187S Reduced enzyme activity Higher DNA adduct levels (26) 

GPX1 *1 P198L Less efficient final GSH peroxidase complex Higher DNA adduct levels (20) 
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Figure 2. Relationship between DNA adduct levels the sum of risk alleles (mean±SE, p-0.001), 
Figure 3A. N indicates the number of individualsJ. The sum of risk alleles per individual 
was computed by adding the number of polymorphisms that putatively increase DNA ad-
duct levels (see Table 2), There were no significant differences in exposure levels between 
the different groups (mean±SE, F=0.93, Figure 3B). 

Uni-variate analysis 

Analysis of the association of each polymorphism separately with DNA adduct levels, 
only revealed a significant role for GSTML DNA adduct levels were significantly 
higher in GSTM1 null individuals (1.59+0.80 per 108 nucleotides) than in GSTMl posi-
tive subjects (1.05+0.50, PcO.Ol). 

Multivariate analyses 

In order to analyze the contribution of all genotypes simultaneously to the inter-
individual variation in DNA adduct levels, discriminant analysis was conducted. The 
population was divided into three subgroups (low, medium or high responders). Dis-
criminant analysis with all genotypes, age, gender and exposure as independent vari-
ables, was used to predict the classification into these three subgroups. The predictors 
that were significant for this discrimination appeared to be GSTMl (PcO.OOl), mEH*2 
(P=0.001), GPX1 (PcO.OOl) and exposure (PcO.OOl), Classification results are shown 
in Table 3. 65.1% of the original grouped cases and 60.3% of the cross-validated 
grouped cases were correctly classified, whereas prediction by chance would have been 
34% only. 
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Table 3. Classification results obtained by discriminant analysis, 
65% of original grouped cases and 60% from cross-
validated grouped cases were correctly classified 

Predicted 
group membership 

Class 1 2 3 Total 
1 13 3 I 17 

Original (Counts) 2 3 17 6 26 
3 2 7 11 20 
1 11 5 I 17 

Cross Validated* (Counts) 2 3 17 6 26 
3 2 8 10 20 

*In cross-validation, each case is classified by the functions derived from all 
cases other than that particular case (N=63-l, leave-one-out method). 

Effect of the sum of GSTM1, mEH*2 and. GPX on DNA adduct levels 

Within this selection of putatively risk alleles, GSTM1, mEH*2 and GPX were found to 
have the strongest effect on the prediction of the DNA adduct level in smokers. The 
combined effects of these three polymorphisms on DNA adduct level are shown in 
Figure 3. The sum of risk alleles of GSTM1*0, mEH*2 and GPX was associated with 
bulky DNA adduct level (PcO.OOl). Individuals having four risk alleles for these three 
genes had higher DNA adduct levels (1.97+1.026 per 108 nucleotides) than individuals 
not possessing these particular risk alleles (0.79+0.49). 
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Figure 3. Effect of the combined genotypes ofGSTMl, mEH*2 and GPX1 on bulky DNA adduct 
levels. The sum of risk alleles for the genes that were found to be the key effectors, is asso-
ciated with DNA adduct level (a) (R2=0.219, P<0.001). Exposure levels did not vaiy be-
tween groups (b) (R2^ 0.009, P=0.471). 
N is the number of individuals per group. 
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Discussion 

Several studies have shown that there is a significant relationship between the amount 
of cigarettes smoked per day and DNA adduct levels in smoking individuals (1,5,13). 
However, large inter-individual differences in DNA adduct levels were observed in 
individuals with apparently similar exposures. Our results support the hypothesis that 
genetic polymorphisms can explain at least part of this inter-individual variation. The 
total sum of putatively high risk alleles in 12 genes correlated with DNA adduct levels 
in smokers.. Subsequently, in our set of 19 polymorphisms we identified GSTM1, mEH 
and GPX in combination with exposure as the most relevant determinants of lympho-
cytic DNA adduct levels in smokers. Noteworthy, all three genes are involved in proc-
esses of deactivation of reactive carcinogenic metabolites. Furthermore, this is the first 
demonstration of the involvement of GPX1 in DNA adduct formation. 

GSTM1 and mEH and GPX1 are all metabolic enzymes involved in the bio-
transformation of several carcinogenic compounds, including PAHs (15-18). The GPX 
enzyme functions in the detoxification of organic peroxides, like hydrogen peroxide or 
the oxidative stress caused by cigarette smoke, and in the conjugation of PAH-diols to 
glutathione (1,19,20). In GPX1, the Pro198Leu substitution has been associated with a 
lower enzyme activity and increased lung cancer risk (20). Therefore, this allelic variant 
leads to less detoxification and hence, higher DNA adduct levels, Indeed, we observe 
that individuals carrying the slow allelic variant for GPX1 have higher adduct levels 
compared to wild type individuals. 

Our data confirm previous studies which described that individuals lacking the 
GSTM1 enzyme have higher DNA adduct levels as compared to GSTM1 positive indi-
viduals (13,21,22). This agrees with the function of GSTM1 of scavenging DNA-
reactive chemical compounds. For mEH, the functional effects of the polymorphisms on 
DNA adduct levels are more complicated. The most intensively studied polymorphisms 
in this gene, which were also investigated in the present study, are the TyrII3His 
0mEH*2\ exon 3) and HisJ39Arg (mEH*3\ exon 4) variants. It has been described that 
the first variant results in a decreased mEH activity of approximately 40%, whereas the 
latter results in increased enzymatic activity (17). In our study, an association was found 
for mEH*2, showing that individuals carrying the decreased activity variant had higher 
DNA adduct levels. In this perspective, mEH functions as a phase II enzyme, in which 
the slow allelic variant (mEH*2) resulted in increased concentrations of epoxide inter-
mediates and hence higher DNA adduct levels. 

As was described above, a relationship was found between the sum of risk al-
leles and bulky DNA adduct levels (Figure 2). This was also shown in a comparable 
approach by Matullo et al. (23). When focusing on the sum of risk alleles of the three 
polymorphisms that were identified to be the key effectors using discriminatn analysis 
0GSTM1, mEH*2 and GPX1), this relationship was enriched: individuals having a rela-
tively high sum of risk alleles for these three genes, showed more than 2-fold higher 
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adduct levels than individuals having no such risk alleles, at the same level of exposure 
(Figure 3), 

All investigated polymorphisms in this study were selected on the basis of their 
high frequencies in Caucasian populations (>5%), expected effects on enzyme activities 
associated with cancer risk, and the expected effects on bulky DNA adduct levels as 
detected by P-postlabeling, They comprise three groups: biotransformation genes 
(phase-1 genes like CYP450s and phase-2 genes like G5Ts), DNA repair genes (e.g. 
XRCC and XPD), and oxidative stress related genes (e.g. GPXJ). Although some of 
these genes contain additional polymorphisms and more genes may be involved in the 
modulation of DNA adduct levels, those included in this study comprise a representa-
tive set of polymorphisms matching our selection criteria. As a consequence, for in-
stance CYP1A1 which is expected to be an important enzyme in the biotransformation 
of polycyclic aromatic hydrocarbons (PAHs) present in cigarette smoke (24), was not 
included in the assay because the polymorphic frequency in Caucasians is low and the 
effects of CYP1A1 polymorphisms on enzyme activity and cancer risk are controversial 
(25). 

As we state in our introduction, single genes (or polymorphisms) will never 
completely explain the inter-individual variations in DNA adduct levels caused by ciga-
rette smoking (23). We therefore focused on a combination of polymorphisms, using 
discriminant analysis. mEH*2 and GPX1*1, which were found to be non-significant in 
the univariate analysis, may therefore be significant when investigating multiple poly-
morphisms simultaneously in the multivariate analysis, for instance because of interac-
tions. 

To conclude, our data indicate that assessing multiple genetic polymorphisms 
explain part of the inter-individual variations in DNA adduct levels and that the analysis 
of many genotypes simultaneously is important to obtain better insights in the mecha-
nisms that modulate DNA adduct levels. Furthermore, for high-throughput genotyping 
studies, we consider discriminant analysis as a meaningful statistical tool to investigate 
the effects of multiple genotypes. 
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Abstract 

Metabolites of the human carcinogen 4-aminobiphenyl (4-ABP), one of the major car-
cinogenic constituents of cigarette smoke, form hemoglobin (Hb) adducts. Therefore, 4-
ABP-Hb adducts represent a useful biomarker for exposure to 4-ABP, which has been 
associated with the occurrence of bladder cancer. However, with respect to 4-ABP-Hb 
adduct formation, not every individual responds to a similar degree to 4-ABP exposure 
and consequently, an individual's risk of ultimately developing effects in response to 
exposure may be influenced by genetic polymorphisms in biotransformation enzymes. 
The hypothesis of the current study therefore is that genetic polymorphisms in genes 
coding for enzymes with a putative effect on 4-ABP-Hb metabolism explain the varia-
tions in 4-ABP-Hb adduct formation in response to cigarette smoking. This study aims 
to determine the most important genetic polymorphisms with respect to 4-ABP metabo-
lism, and their influence on the dose-response relationship between cigarette smoking 
and 4-ABP-Hb adduct formation. 4-ABP-Hb adducts were measured in blood samples 
from 57 smoking and 10 non-smoking volunteers. An association was found between 
cigarette smoking and 4-ABP-Hb adduct levels in smokers (R2=0.5, P<0.001). Subse-
quently, subjects were genotyped for 12 polymorphisms in 7 genes involved in biotrans-
formation reactions, all selected based on their putative involvement in 4-ABP metabo-
lism and/or 4-ABP-Hb adduct formation. From this selection of polymorphisms, a sig-
nificant impact was found for the CYP1B1 Leu432Vcd polymorphism (P=0.021), which 
has been reported to lead to a decrease in enzyme activity. Indeed higher levels of 4-
ABP-Hb adducts were observed in homo- and heterozygous carriers of the CYP1B1 
432Leu as compared to the double CYP1B1 432Val genotype. A significant interaction 
between these CYP1B1 genotypes and the level of exposure was found (P=0.003). 
Noteworthy, a saturation effect was observed for 4-ABP-Hb adduct formation at high 
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smoking doses in carriers of the CYP1B1 ~ Leu allele, whereas a linear relationship 
without any evidence of saturation was observed in subjects homozygously carrying the 
CYP1B1 432Val polymorphism. No effect of polymorphisms in other genes were found. 
This is the first study in humans suggesting a crucial role of the CYP1B1 enzyme in 4-
ABP metabolism, indicating a protective effect of the CYP1B1 Leu432Val polymorphism 
against the formation of 4-ABP-Hb adduct levels, depending on the smoking dose. 
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Introduction 

Inhalation of mainstream cigarette smoke is the major source of human exposure to the 
arylarnine 4-aminobiphenyl (4-ABP) (1). 4-ABP has been classified by the International 
Agency for Research on Cancer (IARC) as carcinogenic to humans and is related to 
several types of cancers, with urinary bladder cancer being most established (1-3). This 
carcinogenic effect is mainly exerted by the reactive N-hydroxy-ABP intermediate 
which is formed by metabolic transformation of 4-ABP in the liver. The main enzymes 
involved in this so-called AMiydroxylation are the cytochrome P450's (CYP450). It is 
generally accepted that CYP1A2 is the primarily responsible enzyme for metabolic 
activation of 4-ABP to iV-hydroxy-ABP (4,5). N-hydroxy-ABP is known to bind to 
macromolecules such as proteins, including hemoglobin. Therefore, levels of 4-ABP-
hemoglobin (4-ABP-Hb) adducts in blood can be used as a biomarker for exposure to 4-
ABP (1,2,6,7). Indeed, good associations between cigarette smoke exposure and the 
levels of 4-ABP-Hb adducts were observed (8), but also, relatively large inter-individual 
variations were found, which could be due to genetic variations in enzymes involved in 
metabolic activation and detoxification (mainly by Glutathione-5-Transferases (e.g. 
GSTM1) and Af-acetyltransferases (NAT1 and NAT2) (9)) of 4-ABP. 

Single Nucleotide Polymorphisms (SNPs) in the CYP1A2 gene have been asso-
ciated with variations in enzyme activity and expression of this gene is induced in 
smokers, leading to even higher activities of the enzyme (4,10). Therefore, individuals 
exhibiting high CYP1A2 activity and exposed to 4-ABP, are expected to have increased 
levels of N-hydroxy-ABP and hence, to show higher 4-ABP-Hb adduct levels. How-
ever, in recent studies in laboratory animals the role of CYP1A2 in this 4-ABP meta-
bolic activation has been challenged, because also in CYP1A2 knockout animals, 4-ABP 
related adducts were detected, at an even higher level compared to CYPJA2 wild-type 
mice. As a result it has been suggested that CYP1A2 may not be the primary enzyme 
for 4-ABP N-hydroxylation, implying that other (CYP450-) enzymes may be involved 
(11,12). 

Analysis of SNPs in metabolic genes may provide information about candidate 
enzymes involved in the biotransformation of 4-ABP, and thus about the modulation of 
the dose-response relationship between cigarette smoking and 4-ABP-HB adduct forma-
tion. Furthermore, it has been described earlier that saturation of 4-ABP-Hb adduct 
formation occurs at high exposure levels. It was postulated that this saturation effect 
might be explained by different metabolic processes (8). 

The hypothesis of the current study therefore is that genetic polymorphisms in 
genes coding for enzymes with a putative effect on 4-ABP-Hb metabolism, e.g. cyto-
chrome P450s other than CYP1A2, explain the variations in 4-ABP-Hb adduct forma-
tion in response to cigarette smoking. To identify the crucial mediators in 4-ABP me-
tabolism in humans, the impact of 12 Single Nucleotide Polymorphisms (SNPs) in 7 
genes, including CYP1A2, involved in biotransformation processes, on 4-ABP-Hb ad-
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duct levels was examined in smokers. Subsequently, their effect on the dose-response 
relationship between the number of cigarettes smoked per day and 4-ABP-Hb adduct 
levels was investigated. 

Materials and Methods 

Study Population 

The study population consisted of 33 female and 24 male cigarette smokers, with an 
average age of 43 ± 9 years. Mean smoking dose was 26 ± 9 cigarettes per day (range: 
5-50 cigarettes per day). This study was conducted in smokers, however, only to adjust 
for background 4-APB-Hb adduct levels, 10 non-smoking volunteers, matched on gen-
der and age, were included. Blood samples were donated for biomarker analysis. Inform 
consent was obtained from all individuals. Sample size of the study population was 
large enough to obtain more than 80% power, using an a=0.05, 5=100 pg/g and a=15 
pg/g, for all genotypes. The study was approved by the medical ethical commission, and 
inform consent was obtained from all individuals. 

Isolation of Hb 

Peripheral blood erythrocytes were isolated after venipuncture into EDTA tubes accord-
ing to the method described by Bryant et al. (13), with minor modifications, as de-
scribed earlier (8). 

Analysis of 4-ABP-Hb levels 

4-ABP-Hb levels were determined by GC-MS as described previously (8). Briefly, 
erythrocytes were lyzed with de-ionized water, centrifuged, and Hb-containing solutions 
were dialyzed against de-ionized water for 48 hours at 4°C. The Hb concentration was 
determined using Drabkin's method (Sigma kit 525a). 4-ABP was released from the Hb 
by addition of 10 N NaOH. Subsequently, 4-ABP was extracted with hexane and deri-
vatized by the addition of triethylamine and pentafluoropropionic anhydride. After 
evaporation of the hexane, the residue was re-dissolved in dichloromethane, and ana-
lyzed by GC-MS (13). For samples in which no 4-ABP-Hb was detectable, adduct lev-
els were arbitrarily set at 1 pg/g Hb. 

DNA Isolation 

Blood was sampled by venapuncture into EDTA-tubes and lymphocytes were subse-
quently isolated by centrifugation on lymphoprep according to B0yum (14), washed 
with PBS and stored at -20°C until DNA isolation. Subsequent DNA isolation was per-
formed using standard phenol extraction procedures. 
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Selection of Polymorphisms 

All functional polymorphisms that were included in this study, were selected based on 
their expected involvement in 4-ABP metabolism and/or 4-ABP-Hb adduct formation 
(Table 1). Main pathways of interest were Phase 1 (CYP1A1, 1A2, 1B1 and 3A4 and 
Ah-receptor) and Phase 2 (NAT2 and GSTM1) biotransformation reactions. Sequences 
and frequencies of occurrence of the SNPs in a Caucasian population were obtained 
form the Cancer SNP 500 database (http://snp500cancer.nci.nih.gov). 

Multiplex PCR and Genotyping 

DNA sequences containing the SNP of interest were amplified by multiplex PCR and 
subsequently genotyped by Single Base Extension (SBE) as described earlier (15). 
Briefly, PCR was carried out in a lOpL reaction volume containing water (Acros), lOx 
PCR buffer (Invitrogen, Breda, The Netherlands), 0,2 mM/L dNTP's (Invitrogen), 0,5 
mM MgC12 (Invitrogen), 1,25 U Platinum® Taq Polymerase (Invitrogen), 40 ng tem-
plate DNA and 0,2 pmol/L PCR primer. After a denaturation period of 3' at 95°C, am-
plification was accomplished in 30 cycles of 94°C (30sec), 60°C (30sec) and 72°C (30 
sec). Final extension was done for 5 min. at 72°C. 

Subsequent genotyping was done using the SNaPshot method (Applied Biosys-
tems, Nieuwekerk a.d. IJssel, the Netherlands), and SBE products were analyzed on an 
ABI Prism 3100 genetic analyzer using Genescan Analysis software (version 3.7, (15)). 
Both PCR and SBE primers were designed using primer 3 ( http://www-
genome.wi.mit.edu/cgi-bin/primer3_www.cgi) and net primer 
(http://www.premierbiosoft.com/netprimer/netprlaunch/netprlaunch.htlm) software 
(Table 1). 

Statistics 

Linear regression analysis was conducted to investigate the relationship between num-
bers of cigarettes smoked per day and 4-ABP-Hb adduct levels. To explain inter-
individual variations in the relationship between cigarette smoking and 4-ABP-Hb ad-
duct levels, a slightly adjusted method described previously was used (16). Briefly, the 
population was divided into low and high responders on basis of the regression line 
(below and above the regression line, respectively). Subsequently, binary logistic re-
gression analysis was conducted for classification of subjects into one of these groups, 
using gender, age, number of cigarettes smoked per day and all polymorphisms as inde-
pendent variables. Interactions between significant variables were subsequently investi-
gated as new variables by binary logistic regression. Non-parametric analyses (Mann-
Whitney-U for 2 groups and Jonckheere-Terpstra for more than 2 groups) were con-
ducted to test the effect of each variable separately on 4-ABP-Hb adduct levels. 
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Table 1. Selection of SNPs included in the study, together with their PCR and SBEprimers. 

Polymorphism Nucleotide Amino Acid PCR Primers Product SBE Primer* Frequency 
Change Change (bp) (%) 

CYP1A2 *] F A>C -154 None F5'-GAGGCTCCTTTCCAGCTCTC-3' 
106 5 - A ACTG ACT A A ACT AG GTGCC ACTC A A A GGGTG AGCTC i> 1/42/7 

R5-CTCCCAGCTGGATACCAGA-3' 
106 

TGTGGGC-3' 
CYP1AI ml T>C 3801 None F5,-TGCACTGGTACCAT1 1TGTT-3' 

R5 - A AAGCTGTGGTGGC GTGT-31 114 ACTG ATC AT IT rGTTTC ACTGT A ACCTCC ACCTCC-3' 
91/9/0 

m2 A>C 2455 1462V FS'-CTGATGGTGCTATCGACAAGO' 
R5'-CAGGATAGCCAGGAAGAGAA-3' 

123 5 A A AG ACCTCCC AGCGGGC A A-31 96/4/0 

CYPÎB1 *3 C>G 4326 V432L FS'-CCCAAGGACACTGTGGTTTT^' 
R5'- AG AAAGTTCTTCGCC A ATGC-3 ' 

186 5,-AACAAGTTCTCCGGGTTAGGCCACTTCA-3' 
26/56/18 

A>G 4390 N453S F5 -CCC A AGG AC ACTGTG GTTTT-31  

R5-AGÀAAGTTCTTCGCCAATGC-3' 
186 5-AACTGTTCATCACTCTGCTGGTCAGGTCCTTG-3' 

72/28/0 

CYP3A4 *JB A>G -391 None F5-GCACACTCCAGGCATAGGTA-3 ' 
137 

5-AACTGACTAAACTAGGACTTACGGAGGACAGCCATAG 96/4/0 
R5'-GGAGCCATTGGCATAAAATC-3' 

137 
AGACAAGGGCA-3" 

GSTM1 *o C/0 Del F5'-CAGAGTTTCTGGGGAAGCGG-3' 
191 

5-AACTGACTAAACTAGGTGCCACGCGAGGAGTGATATG 59/41 
R5 CTTG G G CTC A AAT AT ACG GTG G-3 ' 

191 
GGGAATGAGAT-3* 

NAT2 *5 T>C 341 1114T F5'-CAAATACAGCACTGGCATGG-3' 
135 

5-AACTGACTAAACTAGGTGCCACGTCGTGAAAGTCTAT 29/55/J 6 
R5-GGCTGATCCTTCCCAGAAAT-3' 

135 TCACCTTCTCCTGCAGGTGACCA-3' 
*6 OA 590 RÎ97Q F5,-CCTGCCAAAGAAGAAACACC-3' 

R5'-GGGTCTGCAAGGAACAAAAT-3t 143 5 -CCT ACC A A AA A AT ATACTTA' I'll1ACGCTTG A ACCTC- 3 ' 
51/42/7 

*7 G>A 857 G286E F5'-TCCTTG GGG AGAA ATCTCGT-3 ' 
92 

5-AACTGACTAAACTAGGTGCCACGTCGTGAAAGTCTGA 91/9 
R5'-GGGTGATACATACACAAGGGTTT-3' 

92 
CAGCCCTCGTGCCCAAACCTGGTGATG-3' 

AHR *1 A>G 501 R554K F5'-CCCAGGGCTCTTTCAAGATA-3' 
238 

5'-ATCTGACTAAACTAGGTGCCTTTCTGAAAAATTTTTCA, 86/14/0 
R5'-AGCCAAGGACTGTTGCTGTT-3' 

238 
TTCTGCATGTGT-3 

*6 A>C517 3'UTR F5,-CACATTATTCTGGGCACCAC-3' 244 5'-AACTGACTGCGCTAGGTTTGAATTATTTCTGTCACAGT 93/7/0 
R5'-AAAAAGCACCAAACCATTTATTTT-3' 

244 
AAAAATAA AATACTTTG-3 ' 

Neutral nonbinding tails are shown in Italics (see Knaapen et al. ( 15) for more detailed information) 
'"Frequencies are presented as wildtype/heterozygous/double variants. All frequencies are in concordance with those expected from the literature (see text). 
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To detail effects of significant predictor(s) on dose-response relationships, 
moving average analysis was conducted. Using this statistical approach, the variation 
around the regression line is "smoothened", revealing more clearly the underlying trend 
of the dose-response relationship, and how it is modulated by the different genotypes. 
Therefore, mean levels of cigarettes per day and of 4-ABP-HB adducts are computed 
for each of the genotypes comprising 10 subsequent samples, sorted for the amount of 
cigarettes smoked per day. For each new variable, this average is "moved" by 1 value, 
i.e (x0+...+xn)/n, (x0+l+...+xn+l)/n, ..., (x0+i+...+xn+i)/n (where n=10 (# of values 
in mean), and i=10, 33, 16 for wild types, heterozygous and homozygous individuals 
respectively (# of steps the average is "moved", i.e. the number of new variables). A 
new "smoothened" dose-response relationship can then be plotted between these new 
variables. No further statistics are allowed using these variables, because the variables 
are no longer independent. 

All statistical analyses were performed using SPSS 13.0 for Windows, and 
P<0.05 was considered statistically significant. Results are expressed as mean + stan-
dard deviation (SD). 

Results 

Overall Analysis of 4-ABP-Hb aclduct levels 

The mean 4-ABP-Hb adduct level in smokers was 182 + 94 pg/g Hb. This level was 
significantly higher than in non-smokers (28 + 16 pg/g Hb, PcO.OOl). A positive rela-
tionship was observed between the number of cigarettes smoked per day and 4-ABP-Hb 
adduct levels in smokers (R2=0.46, PcO.OOl). 

Effect of each SNP separately on 4-ABP-Hb adduct levels 

Overall, 4-ABP-Hb adduct levels were significantly lower (P=0.005) in individuals 
carrying the low activity CYPJB1 432Val polymorphism (130 + 71 pg/g Hb) as compared 
to homozygous (226 ± 72 pg/g Hb) and heterozygous CYP1B1 432Leu individuals (192 
+ 100 pg/g Hb). None of the other selected SNPs were found to have an effect on 4-
ABP-Hb adduct levels. 

Effect of multiple SNPs, gender, age and cigarette smoking on 4-ABP-Hb adcluct levels 

First, the population was divided into low and high responders based on the regression 
line. Using binary logistic regression, only a significant effect for CYP1B1 Leu432Val on 
the classification of each individual into one of the two subgroups was observed 
(P-0.020). None of the other investigated polymorphisms were found to have a signifi-
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cant impact on this classification. The effect of CYP1B1 Leu * Val was observed par-
ticularly in combination with daily smoking dose (P=0.003). To investigate this interac-
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tion in detail, subjects were divided into two equal large groups of moderate and high J 
smokers. Comparing 4-ABP-Hb adduct levels between different CYPIBI Leu™ Val 
genotypes within the subgroups of moderate or high smokers revealed that 4-ABP-Hb 
adduct levels were significantly lower in moderate smokers carrying the CYPJBJ 432 Val 

A 

variant (98 ± 69 pg/g Hb) as compared to wild type (* Leu) individuals (225 ± 79 pg/g 
Hb, P=0.008; Figure 1). 
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Figure 1. Combined effect of the CYPIB1 Leu132 Val polymorphism and cigarette smoking dose 
on 4-ABP-HB adduct levels, 4-ABP-Hb adduct levels were higher in heavy smokers 
compared to low-smokers in individuals homozygously carrying the CYPJBJ 4 3 2 V a l van-
ant allele. For the CYPIBI "Leu wild-type and heterozygous individuals, no such effect 
was obsetved. Moreover, 4-ABP-Hb adduct levels were higher in these individuals com-
pared to the CYPJBJ 432Val 

variants in low-smoking individuals, whereas this effect was 
less clear in heavy smokers. For visualization of the results, connection lines were used 
between the data-points. 
• CYPJBJ 432 Leu wild types, O CYPJBJ Leu432Val heterozygous individuals, 
<1 CYPJBJ 432Val homozygous variants. 

In heavy smokers, no such difference in adduct levels between homozygous carriers of 
the CYPIBI 432Val polymorphism and CYPIBI 432Leu wild-type individuals was ob-
served (158 ± 65 pg/g Hb versus 229 ± 55 pg/g Hb respectively, P=0.245, Figure 1). 
Upon combining these results, no difference in 4-ABP-Hb adduct levels exists between 
moderately and heavily smoking wild types (225 ± 79 pg/g Hb versus 229 ± 55 pg/g 
Hb, P= 1.0) and between moderately and heavily smoking heterozygous individuals 
(191 ± 9 2 pg/g Hb versus 194 ± 120 pg/g Hb, P=0.80), as is shown in Figure 1. In con-
trast, m earners of the CYPIBI 432Val variant, higher adduct levels (158 ± 65 pg/g Hb) 
are observed in heavy smokers as compared to moderate smoking individuals (98 ± 69 
pg/g Hb, Figure 1), although not statistically significant. 
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ji 3 
Effect of CYPIB1 Leu^Val on the Dose-Response Relationship 

si 3 T 

It may be concluded that in wild type and heterozygous CYP1B1 ' Leu individuals a 
saturation effect seems to occur in 4-ABP-Hb adduct formation at high dose exposures 
(Figure 1). To investigate this saturation effect in more detail, moving average analysis 
was used to visualize the dose-response relationship. A plateau appears to be reached in 
wild type and heterozygous CYP1B1 432Leu individuals at >15 cigarettes per day. This /f 10 
plateau was not observed in homozygous carriers of the CYP IB 1 Val variant allele; in 
this subgroup a distinctly linear dose-response relationship between cigarette smoke 
dose and 4-ABP-Hb adduct formation was observed, which was less steep as compared 
to the linear part of the relationship in the CYP1B1 432Leu wild type- and heterozygous 
individuals (Figure 2). In the latter, a positive linear relationship between mean 4-ABP-
Hb adduct levels and dose was found below the cut-off of 15 cigarettes per day. 

Mean Number of Cigarettes 

Figure 2. Effect of CYPIB1 Leu422Val on the dose-response relationship between mean cigarette 
dose and 4-ABP-Hb adduct levels visualized by moving averages. For the individuals 
having the CYP1B143zVal variant allele, a dose-response relationship between cigarette 
smoking and 4-ABP-Hb adduct levels was obsen'eel. A relationship between smoking and 
4-ABP-Hb adduct levels was also found in low-smoking wild-type and heterozygous 
CYP1B1 432Leu individuals, with a steeper slope compared to the CYP1B1 432Val vari-
ants, whereas in heavy smokers a steady state situation occurs in these individuals. Mean 
smoking dose and mean adduct levels were computed by moving average. 
• CYP1B1 mLeu wild-type and heterozygous individuals, A CYP1B1 4s2Val homozygous 
variants. 
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Discussion 

To evaluate the impact of low-penetrance gene polymorphisms on cigarette smoking-
related 4-ABP-Hb adduct levels, 57 smoking individuals were genotyped for 12 pheno-
typically effective SNPs in 7 genes with a hypothesized involvement in the biotransfor-
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mation of 4-ABP. Only CYPIB1 Leu^Val was found to have a statistically significant 
effect on 4-ABP-Hb levels in smokers. Moreover, 4-ABP-Hb adduct levels seem to 
level off at high doses in CYP1B1 Leu wild type and heterozygous individuals, / S/\ 
whereas for homozygous carriers 

of the CYP1B1 Veil variants, no such plateau was 
reached. 

The arylamine 4-ABP is one of the major carcinogenic components of cigarette 
smoke. It has been previously shown that 4-ABP-Hb adduct levels are higher in smok-
ers as compared to non-smokers, and that levels increase with increasing numbers of 
cigarettes smoked per day (6,13,17). Also in the current study, higher levels of 4-ABP-
Hb adducts were found in smokers compared to non-smokers, and overall, a positive 
relationship between the dose of cigarette smoke exposure and 4-ABP-Hb adduct levels 
was demonstrated. Within this relationship, variations in 4-ABP-Hb adduct levels were 
observed (R2=0.46) and it has been postulated that these inter-individual differences 
may be partly explained by genetic polymorphisms in low penetrance genes (18-20). 
From the set of polymorphisms studied in the current study, an effect for CYP1BJ j 
Leu Val on 4-ABP-Hb adduct levels was found; higher adduct levels were observed in 
homozygous wild-type and heterozygous individuals as compared to homozygous vari-
ant individuals, which suggests a protective effect of the CYP1B1 432Val variant allele. ƒ 2 O 

Thus, carriers of one or more wildtype Leu alleles have a higher metabolic activity 
towards 4-ABP than the ' Val double variants (21), which may lead to higher levels of 
the reactive iV-hydroxy-ABP intermediate and hence, to higher 4-ABP-Hb adduct levels. 

This role of CYP1B1 in 4-ABP metabolism has not yet been described. In ad-
dition, a putative role for CYP1B1 in different types of cancer has been suggested, how-
ever no evidence for a role in bladder cancer can be found (22-24). It has generally been 
assumed from in vitro studies, that CYP1A2 is the most important enzyme in the bio-
activation of 4-ABP (4). In contrast, several recent reports suggest that CYPIA2 may 
not be the primary enzyme responsible for metabolizing 4-ABP and/or other enzymes 
may be involved (11,12), including CYP1A1 and CYP1B1, which have been described 
(at least for CYP1A1) to be able to metabolize 4-ABP to some degree (11,25). Poly-
morphisms in these genes cause altered functions of the enzyme, and the functional 
analysis of these low penetrance polymorphisms can therefore provide information 
about the involvement in metabolic processes. However, polymorphisms in CYP1A1 
have a low occurrence in a caucasian population (<5%), as has been confirmed in this 
study (frequency of CYP1A1 variants was 1%). Also, no effect of the CYP1A2*1F 
polymorphism on 4-ABP-Hb adduct levels was found. CYP1A2*1F is a functional 
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polymorphism, leading to a higher inducibility, which is sufficiently present in the Cau-
casian population (41% in heterozygous and 7% in double variant individuals) to be 
able to detect an effect if it would be present. This negative outcome supports the results 
of a study in mice by Kimura et al., that CYPIA2 may not be the primary enzyme for 4-
ABP metabolism (12). Several other studies have assessed the possible effect of differ-
ent genotypes, predominantly polymorphisms in phase II metabolizing enzymes such as 
glutathione 5-transferases (GSTs) and N-acetyltransferases (NATs), on 4-ABP-Hb ad-
duct formation in humans, with contradicting results (8,9,26-28). In the current study, 
no significant effect of polymorphisms in GST and NAT2 enzymes on 4-ABP-Hb ad-
duct formation was found. 

Nine SNPs have been reported in the human CYPIBI gene, of which five cause 
amino-acid substitutions (29). Seven variant alleles have been identified until now, 
namely CYPIBI *ƒ - *7 (29,30). The role of these CYPIBI allelic variants in the bio-
transformation of various substances has been investigated, with contradictory results 
(21,31-33), and their association with the occurrence of different forms of cancers has 
been analyzed (23,34-36). Among these CYPIBI alleles, CYPIBI Leu4nVal is the most 
prominent. An important role has been described for the metabolism of benzo(a)pyrene 
to frans-7,8-dihydrodiol, the metabolite just prior to the one that can interact with DNA 
or proteins to form adducts (32,37,38). Lower oxidation rates are observed in the variant 
432Veil isoform of the CYPIBI Leu432Val allele (21,31). Our results are consistent with 
these findings, and contribute to the existing literature that the CYPIBI Leu432Val 
polymorphism indeed leads to a decrease in enzyme activity regarding the oxidation of 
various pro-carcinogens, such as 4-ABP, and hence lower adduct levels in smokers 
carrying the double 432Val variant allele. 

As was shown in Figure 2, the observed effect of CYPIBI Leu432Val on 4-
ABP-Hb adduct levels occurs in interaction with smoking behaviour. The described 
differences in the level of 4-ABP-Hb adducts between the 3 CYPIBI Leu432Val geno-
types (wild type, heterozygous or variants) were found to be predominant in moderate 
smokers, but not in heavy smokers. This can be explained by the fact that 4-ABP-Hb 
adduct levels levels off above a dose of 15 cigarettes per day in wildtype and heterozy-
gous individuals, whereas only in CYPIBI 432 Val variants higher 4-ABP-Hb adduct 
levels were found at high smoking dose as compared to moderate smokers carrying the 
CYPIBI 432Val variant alleles. Apparently, 4-ABP-Hb adduct formation is less effective 
at high doses, as the levels of 4-ABP-Hb adducts are independent from the number of 
cigarettes smoked per day at such high dose (8). 

In conclusion, it was postulated that the described variations in the dose-
response relationship between cigarette smoking and 4-ABP-Hb adduct levels is to be 
explained by different metabolic routes (8). Our results confirm this hypothesis, and 
demonstrate that at least part of this variation can indeed be explained by the CYPIBI 
Leu432Vcil polymorphism, as the double 432Val variant allele has a protective effect on 4-
ABP-Hb adduct levels in response to cigarette smoking. The level of 4-ABP-Hb adducts 
in smokers is associated with the number of cigarettes smoked per day, with a saturation 
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effect at high doses of exposures limited to individuals having the high activity 
j j i 

CYPJB] ' Leu genotype, implying that CYP1B1 plays a significant role in the metabo-
lism of 4-ABP. In addition, these data show that studying the impact of genetic poly-
morphisms on dose-response relationships may provide valuable information on the 
involvement of certain enzymes in toxicologically relevant metabolic pathways. 
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Abstract 

Cancer may result from interactions between genetic and environmental factors, and 
certain subgroups in the general population are at increased risk due to relatively higher 
susceptibility. The current study, part of a large biomonitoring study conducted in Flan-
ders in 2002-2006 (FLEHS), aims to determine these more susceptible subpopulations 
regarding different environmental exposures, based on genotypic differences between 
individuals. Therefore, a random selection of 429 adolescents (aged 14-16 years) and 
361 adults (50-65 years old) was genotyped for 36 polymorphisms in 23 genes involved 
in xenobiotic metabolism, DNA repair and oxidative stress. In both age groups, expo-
sure-effect relationships between exposure to several organochloride substances (PCB, 
HCB, DDE), heavy metals (Cadmium, Lead), and urinary metabolites (1-OHP, tt-MA), 
and biomarkers of adverse effect (DNA damage levels, represented by Comet and 8-
OHdG) were investigated. Additionally, in the study among adults, the relationship of 
these exposures with several tumour markers (PSA, CEA and p53) was tested. A total of 
8 significant exposure-effect relationships between the investigated markers for expo-
sure and effect were observed. Subsequently, the effect of the genotype, sex and ciga-
rette smoking on these exposure-effect relationships was assessed, Therefore, individu-
als were divided into two subgroups: above (indicating relatively higher susceptibility) 
or below the regression line. Three novel associations were found, including an effect of 
the genotype on the specific relationships. First of all, a positive relationship was ob-
served between ethylbenzene exposure and 8-OHdG DNA damage levels. More suscep-
tible subgroups within this relationship were defined by GSTT1 and CAT genotypes. 
Second, Cadmium exposure correlated positively with serum p53 levels. This relation-
ship was affected by GSTM1 and BRCA2 genotypes, Finally, higher CEA levels were 
found upon Lead exposure. An effect on this relationship was found for the BRCA2 
genotype and cigarette smoking. Overall, however, the effects due to genotype were 
relatively marginal. In conclusion, this study shows that at least part of the inter-
individual differences in the specific exposure-effect relationships between biomarkers 
for carcinogen exposure and genotoxic effect could be explained by genotypic differ-
ences, enabling the identification of more susceptible subgroups for environmental 
cancer risks, and suggesting that it is of social importance to continue the responsible 
care debate about inter-individual differences in susceptibility for developing harmful 
effects in response to environmental exposures. 
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I n t r o d u c t i o n 

Over several decades now, molecular epidemiology research has provided evidence that 
the development of cancer may result from environmental exposures to carcinogenic 
compounds interacting with both genetic and acquired susceptibility factors (1,2). It has 
been estimated that the incidence of cancer can be reduced by as much as 85% upon 
preventing exposure to these environmental components (3). Therefore, continued ef-
forts are needed to investigate the effect of hazardous environmental exposures on envi-
ronmental cancer risk, and eventually, to translate this knowledge into preventive policy 
measures. Molecular epidemiology approaches have the advantage of applying method-
ologies which enable investigating the preclinical effects of exposure by using biologi-
cal markers (biomarkers) present in human cells, tissues and body fluids (1). These 
biomarkers comprise measurements of the so-called internal dose of an environmental 
carcinogen (e.g. urinary metabolites resulting from carcinogen metabolism), biologi-
cally effective dose (e.g. DNA damage reflecting certain genotoxic exposures) and early 
biological effects (e.g. deleterious mutations).The EU Environmental Health Action 
plan stimulates biomarkers studies among relevant human populations (http://www.eu-
humanbiomonitoring.org/sub/back/ehap.htm). 

The Flanders Environment and Health Study (FLEHS) is a large-scale bio-
monitoring study conducted in Flanders in the period 2002-2006, and assigned by the 
Flemish Government (www.milieu-en-gezondheid.be). Its aim is to obtain a better per-
spective on health risks associated with exposure to harmful environmental compounds 
among inhabitants of different regions of Flanders. The outcomes of this research pro-
ject may eventually lead to new policy measures regarding environmental exposures to 
hazardous compounds, e.g. from traffic/industrial exhaust. 

Conventional risk assessment methods may underestimate the individual's risk 
of exposures to environmental carcinogens because of the default assumption that all 
individuals within a certain population possess equal susceptibility to a specific car-
cinogen dose (3). Although the established risk assessment procedure for setting expo-
sure limits to environmental carcinogens is considered sufficiently safe due to applica-
tion of the relatively rigid linear, non-threshold, extrapolation model and the inclusion 
additional safety factors, environmental health policy making may benefit from more 
information on the degree of inter-individual variations in environmental cancer risk. 

Because genetic polymorphisms may influence every step in the continuum 
from endogenous exposure to a specific compound to the eventual health effect, investi-
gating genetic variations in monitored populations may provide information about the 
inter-individual differences in genetic susceptibility for environmental diseases such as 
cancer. In the FLEHS, individuals were monitored for exposure to organochlorides, 
heavy metals, Polycyclic Aromatic Hydrocarbons (PAH) and benzene, to investigate 
their potentially hazardous effect on human health. Organochlorides and heavy metals 
are known to produce free radicals and thereby lead to oxidative stress (4-8). Moreover, 
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the former, as well as the carcinogenic Polycyclic Aromatic Hydrocarbons (PAH) and 
benzene, are metabolically transformed to exert their carcinogenic effect. The highly 
reactive metabolites formed during this biotransformation process, are known to induce 
DNA damage. Moreover, these metabolic processes are also known to cause oxidative 
stress leading to (oxidative) DNA damage. If DNA repair is not sufficient, this DNA 
damage may lead to mutations in critical genes and eventually initiate or affect the car-
cinogenic process. In order to elucidate the effects of these exposures among the Flem-
ish populations, DNA damage levels as measured by the Comet assay, 8-hydroxy-2'-
deoxyguanosine (8-OHdG) and several tumor markers were used as biomarkers for 
effect. 

Within the putative relationships between the exposure and effect markers, 
large inter-individual variations are expected. It is postulated that these differences in 
response can be explained by genetic variation in the involved pathways between indi-
viduals, in combination with smoking habits and gender. Therefore, the aim of the cur-
rent study was to determine these more susceptible subpopulations regarding different 
environmental exposures. In this perspective, a random selection of 790 individuals 
from the FLESH study population was genotyped for 36 polymorphisms in 23 critical 
genes involved in biotransformation, oxidative stress and DNA repair, with the aim to 
investigate the role of these genotypes on various exposure-effect relationships. 

Material and Methods 

Study Population 

Volunteers were all recruited upon advertisement by the FLESH Biomonitoring and 
Surveillance team. The campaign was approved by the ethical committee of the Univer-
sity of Antwerp, and every individual signed an informed consent prior to sample col-
lection. Blood samples were donated by all individuals for analysis of exposure (internal 
dose) and effect biomarkers. Information on age, sex and smoking habits was obtained 
by questionnaire. Two age groups were defined, consisting of 429 adolescents and 361 
adults. Both groups represent a selection from 4800 subjects who participated in the 
complete FLESH biomonitoring study, run in 2002 to 2006. 

The adolescents were sampled between October 2003 and July 2004 and con-
sisted of 256 males and 173 females, with an average age of 15 years (± 0.5 year). 54 
individuals reported smoking 7 ± 1 cigarettes per day (range: 1-41). 

Subsequently, 361 adults, aged 50-65 years at the time of inclusion, were sam-
pled between September 2004 and June 2005. This study population comprised of 185 
males and 176 females, of whom 65 individuals reported to smoke 17 ± 9 cigarettes per 
day (range: 1-40). 

The participants were recruited in 8 different regions of Flanders. In order to 
achieve statistical power, the impact of genetic polymorphisms on exposure-effect rela-
tionships was assessed in the whole groups of all individuals of one age. 

96 



A In kip I ex ^enotyp ing as h iomark ei\for s a seepiih Hay 

White Blood Cell and DNA Isolation 

White blood cells were isolated by destroying red blood cells using lysis buffer contain-
ing 155 mM NH4C1, 10 mM KHC03 and 10 mM EDTA of 0°C (blood: buffer ratio is 
1:2). After 2 rounds of i) incubation with lysis buffer on ice for 30 minutes and ii) cen-
trifugation (10 minutes at 1000 rpm at 4°C), the cells were washed with 1 ml 150 mM 
NaCl and stored at -80°C prior to DNA isolation. 

DNA isolation was performed in a 96 wells format using the Invisorb® Blood 
Midi HTS 96 Kit / C (Invitek, Berlin, Germany), and stored in 96 wells plates at -4°C 
until genotyping. 

Selection of Polymorphisms 

36 Single Nucleotide Polymorphisms in 23 genes involved in Biotransformation, DNA 
Repair and Oxidative Stress were analyzed in this study. Selection of these polymor-
phisms was based on their expected contribution to the formation and repair of DNA 
damage induced by environmental (carcinogenic) chemicals (Table 1). Moreover, they 
had to occur at a frequency in the population of >5% and should be likely to affect the 
enzyme activity. An exception has been made for polymorphisms in the phase I bio-
transformation gene CYPIAI (as their frequency of occurrence is lower than 5% in most 
populations), because of the prominent role of this enzyme in the bioactiva-
tion/detoxification of numerous xenobiotics. 

All DNA sequences and allele frequencies were obtained from the SNP 500 
cancer database (http://snp500cancer.nci.nih.gov). 

Primer design and multiplex PCR 

PCR and Single Base Extension (SBE) primers were designed as described previously. 
PCR was earned out in 4 different multiplex PCR reactions (Table 1) on a Tgradient 96 
well Thermal cycler (Biometra, Goettingen, Germany), each in a 10 pi volume using 96 
wells plates (described previously (9)). Values for Tm were optimized for every multi-
plex PCR reaction individually: 56°C for multiplex 1, 60°C for multiplex 2, 57°C for 
multiplex 3 and 60°C for multiplex 4 (Table 1). PCR products were subsequently incu-
bated (37°C for 45 min) with 4 pi Exo-SAP-IT (Amersham, Roosendaal, The Nether-
lands) to digest contaminating dNTPs and PCR primers. Enzymes were deactivated at 
75°C (15 min). 
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Table 1. Overview of the included SNPs and their phenotypic characteristics. 
Between brackets are sets of SNPs analysed together. 

Polymorphism db SNP ID Effect on enzymatic function 

Biotransformation 
CYP1A2 A>C-i54 (1) rs762551 
CYP1AI T>C3801 (4) rs5030838 

1462V (4) rs 1048943 
T461N (4) rs 1799814 

CYP1BÏ V432L (4) rs 1056836 
N453S (4) rs 1800440 

CYP2EI G>T-70 (4) rs6413420 
CYP3A4 A>G-391 (4) rs2740574 
GSTM1 Del (1) 
GSTPI If 05 V (i) «947894 

A1Î4V (1) rs 1799811 
GSTT1 Del (1) 
NAT2 III4T (1) rs 1801280 

R197Q (1) rsl799930 
G286E (1) rs 1799931 

m EH Y113H (3) rs 1051740 
HÎ39R (3) «2234922 

MTHFR A429E (1) rs 1801131 
A222V (D rs 1801133 

COMT V108M (4) rs4680 

Higher inducibilily 

} Higher « • enzyme activity 

} Higher enzyme activity 

Higher enzyme activity 
Higher enzyme activity 
Deletion, no enzyme activity 

} Decreased enzyme activity 

Deletion, no enzyme activity 

} Decreased enzyme activity 

Decreased enzyme activity 
Increased enzyme activity 

} Decreased enzyme activity 

Decreased enzyme activity 
DNA Repair 

XRCCi R194W (2) rs 1799782 Increased enzyme activity 
R280H (2) rs25489 Decreased enzyme activity 
Q399R (2) rs25487 Decreased enzyme activity 

XRCC3 T24ÎM (2 J «861539 Decreased enzyme activity 
XPD K751Q (2) «1052559 \ 

R156R (2) «238406 j Decreased enzyme activity 

BRCA2 G>A-26(5'UTR) (2) «1799943 \ 
N372H (2) «144848 ƒ Decreased enzyme activity 

APE1 D14SG (3) «3136820 Decreased enzyme activity 
OGGI S326C (2) «1052133 Decreased enzyme activity 

Oxidative Stress 
mnSOD V16A (3) «1799725 Decreased enzyme activity 
CAT C>T-262 (3) «1001179 Lower catalase activity 
MPO G>A~463 (4) «2333227 Higher enzyme activity 
NQOJ P187S (3) «1800566 

} Reduced enzyme activity R139W (3) «4986998 } Reduced enzyme activity 

GPX1 P198L (3) rs 1050450 Lower enzyme activity 

(1) 10-plex PCR, (2) 9-plex PCR, (3) 8-plex PCR, (4) 9~plex PCR 
(See Material and Methods) 
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Genotyping 

Genotyping was performed by Primer Extension using the Snapshot methodology (Ap-
plied Biosystems, Nieuwekerk a.d. Ussel, the Netherlands). 4 different multiplex SBE 
reactions were conducted on the corresponding multiplex PCR products using 96 wells 
plates. The protocol used for SBE was described previously (9). After genotyping, SBE 
products were mixed with 13pl deionized formamide containing 0,4pl Genescan™ 120 
LIZ™ size standard, denatured at 95°C for 5 min, and thereafter analyzed on an ABI 
Prism® 3100 genetic analyzer using Genescan™ Analysis software (Version 3.7). 

Statistical Analysis 

First, the putative (confounding) effect of smoking was tested by comparing bio marker 
levels between smokers and non-smokers using a Mann Whitney U test. In case smok-
ing significantly affected biomarker levels, subsequent analyses needed to be conducted 
among non-smokers, as primary focus was on the exposure to environmental toxic 
compounds, such as traffic/industrial exhaust. In case no effect of smoking was ob-
served, further statistical analyses were conducted in the total population, cigarette 
smoking being regarded as an independent variable. The subsequent analysis is a variant 
on the statistical methodology described earlier (10), and summarized in Figure 1. 

Exposure Marke r 

(Con found ing ) Ef fect of S m o k i n g ? 

• R e m o v e Smoke rs from Analysis 

To ta l Popu la t ion In N o n - S m o k e r s 

Re la t ionsh ip wi th Ef fect Marker? Exposure-Ef fect 

Figure 1. 

2 g r o u p s based on Regress ion Line: 0 & 1 
Q=low responders (0 /E<1) ; 

1 = high responders (more susceptible group, 0 /E>1) 

Most important predictors? 
i 

N ^ Logist ic Regress ion 
"" Group as Dependent; 

Sex, Cig/Day*, Smok ing Y/N", SNPs as Independents 

Overview of the Statistical analysis. If smoking significantly affected the exposure 
marker level (Mann-Whitney U test), the analysis was conducted in non-smokers only. 
Exposure-effect relationships were analyzed by linear regression, and 2 subgroups were 
made based on the regression line. Subsequent classification of the individuals into one 
of these subgroups (low- or high responders) was conducted using binaiy logistic regres-
sion analysis. 
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Shortly, after possible elimination of smokers, relationships between the investigated 
markers for exposure and effect (or internal and biologically effective dose) were inves-
tigated by linear regression analysis. For each individual the deviation from this rela-
tionship was determined, by dividing the level of response that was actually observed 
(0) by the level that was expected (E) according to the regression line. Using this ap-
proach, the population was divided into two subgroups: 0) so called low responders, i.e. 
all individuals below the regression line (thus an 0/E<l; protective) and 1) high re-
sponders, i.e. the more sensitive subjects, above the regression line (0/E>l; more sus-
ceptible). Subsequently, to identify the most important factors for discrimination of the 
different subgroups, binary logistic regression analysis is conducted to classify each 
individual into one of the two subgroups based on the putative variables cigarettes per 
day (only if smokers were included), sex and all SNPs. The investigated genotypes were 
coded 2 in case of double variants, 0 for wild type and 1 for heterozygous individuals 
(10). Results are presented as mean + SE. 

Results 

A total of 28,440 genotypes was generated in the overall study population. Statistical 
analyses assessing the impact of these genotypes on various exposure-effect relation-
ships (Figure 1), were conducted in the adolescent and adult population separately, and 
obtained results will therefore be separately described for each subpopulation. 

Adolescent Population 

Several exposure markers were measured in adolescents, as shown in Table 2A. Among 
these exposure markers, blood Cadmium (Cd) (7^0.000) and urinary 1-OH-P (A=0.013) 
were found to be significantly elevated in smokers (Table 2A). Therefore, subsequent 
analyses of these markers were conducted solely in non-smokers. Of all possible expo-
sure-effect relationships, only chlorobenzene (P=0.046) and ethylbenzene (P=0.022) 
exposures were significantly related to levels of DNA damage levels as determined by 
COMET assay (Table 2A). The effect of benzene exposure on urinary tt-MA levels was 
also tested; however no significant relationships were observed. Dosimeter data for 
benzene was only available in 54 individuals. 

In case of the exposure-effect relationship between chlorobenzene exposure 
and Comet DNA damage, no significant predictors for the observed inter-individual 
variation were found among evaluated SNPs (Table 3). In contrast, CAT c262T 
(P=0.027) and GSTT1 null (P-0.035) polymorphisms appeared the most important 
variables of genetic susceptibility for Comet DNA damage levels in association with 
exposure to ethylbenzene (Table 3). For the CAT c262T polymorphism, individuals 
carrying the double variant allele had 1.4 times higher DNA damage levels than 
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Table 2. Results of the correlation analyses, presented as P-values, in 
the adolescent (A) and adult (B) population. If smoking signifi-
cantly affected the exposure marker level, the correlation 
analysis was conducted on non-smokers. Significant correla-
tions are marked (P<0.05), 

A 

Smoking* Comet*" tt-MA** 

0.858 0.521 
0.343 0.552 

0.000 0.353*** 
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CAT C2()2T wild type individuals (P=0.018, Figure 2A). Individuals lacking the GSTT1 
gene had 1.2 times higher DNA damage levels as compared to subjects carrying the 
wild type GSST1 gene variant, in response to ethylbenzene exposure (Figure 2B), al-
though not statistically significant (P=0.139). 
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Figure 2. Effect of CAT C-262T (Figure 2A) and GSTT1 null (Figure 2B) genotypes on the 
relationship between ethyl-benzene exposure and Comet levels in adolescents, pre-
sented as obseived effect / expected effect (O/E Ratio). The dashed line represents the 
situation where the expected response equals the obseiyed response. Results are pre-
sented as mean±SE. 

Adult Population 

Investigated biomarkers in adults, the effect of smoking on these biomarkers, and expo-
sure-effect relationships are shown in Table 2B. Only Cd, in blood as well as in urine, 
and urinary 1-OH-P levels were significantly elevated by smoking CP=0.000 for each 
biomarker, Table 2B). Therefore, all subsequent statistical analyses of these biomarkers 
were conducted in non-smokers. Significant exposure-effect relationships were estab-
lished between levels of 8-OHdG, and four of the investigated exposure markers, 
namely HCB (P=0.003), urinary Cd (P=0.007, in non-smokers), urinary 1-OH-P 
(P=0.029, in non-smokers) and urinary tt-MA (P=0.001) (Table 2B). Moreover, two 
tumor markers, namely CEA and P53 were significantly associated with Lead (Pb) in 
blood (P=0.004) and urinary Cd (P=0.003, in non-smokers) respectively (Table 2B). 
These associations will be detailed below: 

HCB vs 8-OHdG 

A positive exposure-effect relationship was found between HCB exposure and 8-OHdG 
DNA damage levels. Females have 1.1 times higher 8-OHdG DNA damage levels upon 
HCB exposure than males (P=0.01, Figure 3A). Additionally, inter-individual variations 
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in developing DNA damage after exposure to HCB significantly depends on the mEH 
genotype (Table 3). As Figure 3B shows, HCB-related 8-OHdG levels were 0.9 times 
lower in carriers of one or more mEH Hl39R variant alleles compared to wild type indi-
viduals, however, this difference was not statistically significant (/M).055). 
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Figure 3. Effect of Sex (Figure 3A) and the mEH HI39R (Figure 3B) polymorphism on the rela-

tionship between HCB exposure and 8-OHdG levels in adults, presented as observed effect 
/ expected effect (O/E Ratio), The dashed line represents the situation where the expected 
response equals the obseived response. Results are presented as mean±SE. 

Urinary Cd vs 8-OHdG 

Exposures to Cd as measured in urine, was found to be associated with levels of 8-
OHdG in non-smokers. The deletion of the GSTT1 gene was found to be a significant 
predictor of inter-individual differences within this relationship (Table 3). As can be 
seen in Figure 4, 0.9 times lower DNA damage levels were observed for individuals 
carrying the wild type allele for GSTTI compared to individuals lacking the GSTT1 
gene (/>=0.039). 

1-0HP vs 8-OHdG 

An association between urinary 1-OHP and 8-OHdG DNA damage levels was found in 
non-smokers. Inter-individual variations within this relationship was affected by sex 
(P-0.012), mEH HI39R (P=0.023) and CYP1A1 f61N (P=0.05) (Table 3). According to 
their urinary 1-OHP levels, females had 1 . 1 times higher DNA damage levels as com-
pared to males (^=0.008, Figure 5A). Moreover, as can be seen in Figure 5B, individu-
als carrying the mEH HI39R polymorphism have 0.9 times lower 1-OHP related DNA 
damage levels than wild type individuals (P=0.044), Lastly, the level of 8-OHdG DNA 
damage, based on urinary 1-OHP dose, was 1.2 times higher in individuals carrying one 
variant allele for the CYP1AJ I461 N polymorphism as compared to wild type 
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Figure 4. J^fifec/ o/ f/te GSTT1 null genotype on the relationship between cadmium exposure and 
8-0HdG levels in adults, presented as observed effect f expected effect (O/E Ratio). The 
dashed line represents the situation where the expected response equals the obsetved re-
sponse, Results are presented as mean±SE. 
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individuals (P=0.033). As can be seen in Figure 5C, no CYP1AI T""N double variant 
individuals were detected in this population, 

tt-MA vs 8-0HdG 

Only Sex had a significant effect on the positive relationship between urinary tt-MA and 
8-OHdG DNA damage levels (P=0.002, Table 3). Females had LI times higher DNA 
damage levels compared to males (P=0.002), based on the exposure-effect curve be-
tween urinary tt-MA and 8-OHdG, as shown in Figure 6, 
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Figure 6. 
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Effect of sex on the relationship 
between urinary tt-muconicacid 
and 8-OHdG levels in adults, pre-
sented as observed effect / ex-
pected effect (O/E Ratio). The 
dashed line represents the situa-
tion where the expected response 
equals the observed response. Re-
suits are presented as mean±SE. 

So* 

Pb vs CEA 

The BRCA2 NmH polymorphism (P=0.046) together with Smoking (Z^O.OOO) signifi-
cantly affected the positive relationship between Pb exposure and CEA levels (Table 3). 
Although smoking was not found to elevate the level of Pb exposure (P=0.510), smok-
ers had 2.7 times higher CEA levels as compared to non-smokers (P<0.001) in response 
to Pb exposure, as can be seen in Figure 7A. Additionally, variations around the expo-
sure-effect relationship were also found to be predicted by the BRCA2 N372H polymor-
phism. Observed Pb-associated CEA levels were respectively 1.9 and 1.6 times higher 
in individuals carrying the double variant allele as in heterozygous and wild type indi-
viduals (P=0.003, Figure 7B). 

Cd vs p53 

A positive exposure-effect relationship between urinary Cd and serum p53 was ob-
served in non-smokers. GSTM1*0 (P=0.004) and BRCA2 NmH (P=0.024) were found 
to contribute significantly to inter-individual variations within this relationship (Table 
3). Wild type GSTM1 individuals had 1.1 times higher p53 levels in association with 
urinary Cd excretion than individuals lacking the GSTM1 gene, although not statistically 
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significant (P=0.106, Figure 8A). Moreover, serum p53 levels in individuals carrying 
the double variant allele for the BRCA2 N'mH polymorphism were observed to be re-
spectively 1.3 and 1.4 times higher as compared to wild type and heterozygous indi-
viduals (P=0.024, Figure 8B). 
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Effect of smoking (Figure 7A) and the BRCA2 N372H polymorphism (Figure 7B) on the 
relationship between Pb exposure and CEA levels in adults, presented as observed effect 
/ expected effect (O/E Ratio). The dashed line represents the situation where the expected 
response equals the observed response. Results are presented as mean±SE. 
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Effect of the GSTM1 null (Figure 8A) and BRCA2 N372H (Figure 8B) genotypes on the 
relationship between Cd exposure and serum P53 levels in adults, presented as observed 
effect / expected effect (O/E Ratio). The dashed line represents the situation where the ex-
pected response equals the observed response. Results are presented as mean+SE. 
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Table 3. Results of genotype, gender and smoking habits on the different exposure-effect relationships {Table 2A and B) in the adolescent and adult populations. When 
smoking significantly affected the level of the exposure marker, the relationship was investigated in non-smokers. Corresponding P-value is given between 
brackets. 

Relationship 
Significantly differently distributed variables 

between high and low responders 
Response 

Effect O/E Ratio 

ADOLESCENTS 

Chlorine-Benzene * Comet no significant variables 

Ethyl-Benzene * Comet CAT C-262T (0.027) 
GSTTI (0.035) 

HCB * 8-OHdG sex (0.008) 
mEH HI39R (0.033) 

Cadmium-Urine * 8-OHdG* GSTTI *0 (0.041 ) 

1-OHP * 8-OHdG' 

tt-MA * 8-OHdG 

Lead * CEA 

Cadmium-Urine * p53 

Sex (0.012) 
mEH H139R (0.023) 
CYPIAJ T46IN (0.05) 

Sex (0.002) 

Smoking (0.000) 
BRCA2 N372H (0.046) 

GSTM1*0 (0.004) 
BRCA2 N372H (0.024) 

Variant allele associated with increased Comet levels 
Increased Comet levels in null-individuals 

1.30 
1.11 

ADULTS 

Hisher 8-OHdG levels in Females 1.05 
Lower 8-OHdG levels in individuals with at least one variant allele 0.96 (hz)**; 0.94 (dv)" 

Increased 8-OHdG levels in null-individuals 1.10 

Females have higher 8-OHdG levels 1.05 
Lower 8-OHdG levels in individuals with at least one variant allele 0.96 (hz)": 0.93 (dv) 
Variant allele associated with increased 8-OHdG levels 1.20 

* * 

Higher 8-OHdG levels in Females 

Smokers have higher CEA levels 
Higher CEA levels in double variants 

Lower p53 levels in null-individuals 
Higher p53 levels in individuals with double variants 

1.06 

2.02 

1.60 

0.94 
1.30 

v 

* 

* - € 

-

* Analysis in non-smokers 
**h7= heterozygous individuals, dv=double variants ' - - A 
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Discussion 

The Flanders Environment and Health Study (FLEHS), assigned by the Flemish Gov-
ernment in 2001, aims to obtain a better perspective on exposure levels to environ-
mental chemicals for inhabitants of different regions in Flanders and possible harmful 
effects of these exposures on human health. The results of this study are supposed to 
eventually be used to evaluate current environmental risk assessment procedures and to 
result in new regulations regarding toxic environmental exposures. The current study 
aims to investigate the role of genetic variability between individuals to identify sub-
groups at increased susceptibility regarding environmental health effects. Therefore, a 
random selection taken from the FLEHS study population, comprising 429 adolescents 
and 361 adults, was genotyped for 36 SNPs in 23 genes involved in relevant pathways 
with respect to environmental cancer risk assessment. In both subpopulations, several 
exposure-effect relationships between environmental toxicants and effect markers were 
established. With one exception, more susceptible subgroups could be defined within all 
significant relationships by analysis of genetic variants in relevant genes. This stresses 
the significant role which genetic-based inter-individual differences play in biomonitor-
ing projects studying environmental health effects, such as FLEHS. 

Adolescents 

DNA damage levels measured by Comet analysis were used as a biomarker for 
genotoxic effects in association with several environmental exposures in the adolescent 
subpopulation. Of the investigated toxicants, only chloro- and ethylbenzene were sig-
nificantly associated with this biomarker, both associations have not yet been described 
in the literature. The main pathway of benzene biotransformation involves formation of 
metabolites which are known to generate reactive oxygen species (ROS) through redox 
cycling (11,12). These ROS eventually induce oxidative DNA damage; exposure to 
benzene in mice has been shown to induce oxidative DNA damage measured by the 
Comet assay (13,14). Inter-individual variations around the regression line were ob-
served. In case of chlorobenzene exposure, however, no genetic susceptible subgroups 
could be defined. This may be due to the low number of individuals in which this expo-
sure marker was actually measured; dosimeter data was only available for 54 individu-
als within the adolescent subgroup. In case of ethylbenzene exposure, Catalase and 
GSTT1 genotypes significantly affected the relationship between ethylbenzene exposure 
and DNA damage. To our knowledge, this is the first report suggesting a genotoxic 
effect of ethylbenzene in humans. Moreover, increased levels compared to the expected 
response based on the regression line were observed in earners of the CAT C262T poly-
morphism and in individuals lacking GSTT1 activity. Catalase and GSTTI are involved 
in the primary defense against (environmentally induced) oxidative stress. Both poly-
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morphisms have been associated with reduced enzyme activity which leads to higher 
levels of reactive metabolites and increased levels of ROS, and hence, higher DNA 
damage levels (15,16). Therefore, GSTTl-null individuals and/or individuals carrying 

'5/' 7 

the CAT c i polymorphism, may be more susceptible for developing health effects 
induced by ROS resulting from environmental exposure to ethylbenzene, which is in 
agreement with our observations; GSTTl-null individuals were found to have 1,2 times 
higher DNA damage levels compared to GSTT1 wild types, whereas the CAT C262T 
polymorphism was observed to be associated with a 1.4 times higher DNA damage 
levels compared to wild type individuals. 

Adults 

In the adult population, smoking was found to significantly increase the level of Cd 
exposure and urinary 1-hydroxy-pyrene (1-OHP). The latter is a commonly used bio-
marker for exposure to Polycyclic Aromatic Hydrocarbons (PAH) (17,18). Tobacco 
smoke indeed represents a well-known source of both Cd and PAH, and increased levels 
of Cd and urinary 1-OHP have been previously observed in smokers (19-21). In order to 
assure that putatively observed effects are solely due to environmental exposures to Cd 
and PAHs, subsequent statistical analysis of these biomarkers were restricted to non-
smokers. Because trans-trans-muconic acid (tt-MA) has been reported as a marker for 
cigarette smoke exposure (22), it is remarkable that tt-MA levels were not found to be 
higher in smokers compared to non-smokers. However, contradictory results have been 
reported, regarding the effect of smoking on urinary tt-MA levels (23). 

As biomarker of early effect, DNA damage levels in peripheral lymphocytes as 
measured by Comet assay as well as analysis of urinary 8-hydroxy-2'-deoxyguanosine 
(8-OHdG) levels were assessed. In addition, several tumour markers (PSA, CEA and 
p53) were examined as biomarkers of effect. 

Urinary excretion of the DNA repair product 8-OHdG is the most commonly 
used biomarker for assessing oxidative DNA damage as induced by (environmental) 
genotoxicants, in combination with the efficiency of repair of such damage (24). Several 
studies have shown an effect of environmental exposures to various agents on urinary 8-
OHdG levels (25,26). In the current study, an association of hexachlorobenzene (HCB), 
urinary Cd, 1-OHP and tt-MA with 8-OHdG levels was observed. 

1-OHP- and tt-MA-related levels of DNA damage were found to be higher in 
females compared to males. Previous studies found increased levels of both exposure 
markers in females (27,28). 

Additionally, an effect of CYP1A1 f61N and mEH EmR on the exposure-
effect relationship between 1-OHP and DNA damage levels was found. CYP1A1 is a 
Phase I biotransformation enzyme, which activates certain carcinogenic compounds, 
like several PAHs, into highly reactive metabolites. A key role for CYP1A1 in pyrene 
metabolism has been described (29), and variants of the CYP1A1 gene have been asso-
ciated with increased enzyme activity (30-33). The CYP1A1 T*6IN polymorphism de-
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scribed here, results in a greater capacity of metabolizing PAHs, and thus higher levels 
of reactive metabolites are formed. These reactive metabolites are known to induce 
oxidative stress and eventually oxidative DNA damage (34). Therefore, within the de-
scribed exposure-effect relationship between 1-OHP and 8-OHdG levels, it may be 
expected that individuals carrying the CYP1AJ T46^ polymorphism are more suscepti-
ble to develop oxidative DNA damage upon PAH exposure compared to wild-type 
individuals. Indeed, the observed 1-OHP induced DNA damage levels were 1.2 times 
higher in individuals carrying the CYP1A1 T*6!N polymorphism than than in CYP1A1 
T 4 6 ^ wild type individuals. The role of mEH is more complex, as it may catalyze both 
Phase I and Phase II biotransformation reactions (35). In general, mEH has been de-
scribed as a very important Phase II enzyme (35). At least two functional polymor-
phisms have been determined in mEH, of which a high activity variant of the enzyme is 

1 ?0 
coded by the mEH H R polymorphism in exon 4 (36). In the current study, individuals 
carrying the mEH H139R polymorphism had 0.9 times lower 8-OHdG levels as com-
pared to mEH HI39R wild types. Although the level of this effect is very low, the ob-
served pattern is as expected, as the high activity variant of the enzyme {mEH HI39R, 
mEH RI39R) leads to more detoxification, and hence, to lower DNA damage levels. 

A similar effect of mEH on 8-OHdG levels was found upon HCB exposure. 
HCB is a persistent organochloric pesticide which accumulates in humans and is wide-
spread in the environment because it is not well degraded (37). The oxidative metabo-
lites of HCB are able to bind to macromolecules, such as DNA (38). Urinary levels of of 
8-OHdG were observed to be increased in association with HCB exposure, and mEH 
HJ39R wild 

type individuals were defined as the more susceptible subgroup. Similar to 
the effect observed in response to PAH exposure, the level of the effect was marginal / ?Q 

(0.9 times lower levels in hetero- and homozygous earners of the mEH H R polymor-
phism compared to wild types), however, the observed pattern indicates again a protec-t 

tive effect of the mEH H R polymorphism, where the low activity of the wild type 
enzyme may lead to less detoxification of reactive metabolites and hence, to higher 
DNA damage levels. 

Furthermore, an impact on dose-relationships between Cd and urinary 8-OHdG 
levels by a genetic variant from another Phase II enzyme, namely GSTT1, was found. 
Cd is a highly toxic metal, and a well-known occupational (e.g. heavy metal mining, 
waste incinerators and farm fertilizers) and environmental pollutant (water, food and air 
contaminations) (19). Occupational exposure to Cd has been associated with lung, pros-
tate, pancreas and kidney cancer, and it has been correspondingly classified as a cate-
gory 1 carcinogen by IARC (39). Cd is not directly genotoxic, but it may affect genome 
instability by inhibition of DNA repair, depletion of cellular anti-oxidants like Glu-
tathione (GSH) and indirect formation of ROS (through the replacement of iron, zinc 
and copper from various proteins, like ferritin, thereby increasing the level of free 
metal-ions which participate in oxidative stress via fenton reactions) (40-42). This Cd-
induced oxidative stress has been described to cause 8-OHdG-related DNA strand 
breaks (43). Also in the current study, a positive exposure-effect relationship between 
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Cd exposure and 8-OHdG levels was found. Within this relationship, individuals lack-
ing GSTTI activity, have 1.1 times higher oxidative DNA damage levels after Cd expo-
sure as compared to GSTTI positive individuals. GSTTI is an enzyme involved in the 
GSH pathway, one of the most essential antioxidant defense mechanisms. Thus, GSTTI-
null individuals have an impaired antioxidant defense mechanism which results in an 
enhanced effect of oxidative stress, induced indirectly by Cd exposure, and hence, to 
higher 8-OHdG DNA damage levels. This is confirmed by our observations. 

Exposure to Cd was also found to be related to an increase in serum p53 levels, 
an association described for the first time in this study. It has been suggested by Xie and 
Shaikh (2006) that Cd can activate p53 by the indirect generation of oxidative stress 
(44). For example, Cd has been reported to generate hydrogen peroxide (8), which in 
turn is known to trigger p53 transcriptional activity (45). Moreover, Cd is known to 
interfere with DNA repair, which in turn may also induce apoptosis (19). Analysis of 
the p53 tumor suppressor gene is proposed as a biomarker for effect in biomonitoring 
studies (46,47). Within the observed exposure-effect relationship between Cd exposure 
and p53 levels, wild type individuals for GSTM1 (1.1 times higher than in GSTM1 vari-
ants) and individuals homozygously carrying the BRCA2 NmH polymorphism (1.3 and 
1.4 times higher compared to respectively wild-type and heterozygous individuals) were 
found to have the highest serum p53 levels. GSTM1 -like GSTTI- is a member of the 
GST super-family and uses GSH in the defense against oxidative stress. GSH in turn, is 
known to protect cells against apoptosis by various multi-factorial mechanisms includ-
ing interaction with pro-apoptotic signals (8). A possible explanation for the observed 
effect of GSTM1 on the exposure-effect relationship between Cd exposure and serum 
p53 levels is that, in GSTM1- positive individuals, cellular GSH levels are depleted by 
GSTM1 activity in reaction on the oxidative stress generated by Cd exposure. This 
depletion of GSH increases cellular damage (e.g. chromosome aberrations), triggers p53 
induced apoptosis and thus increases serum p53 levels (48). In addition to the interfer-
ence of Cd with the DNA repair system, carrying the BRCA2 NmH polymorphism, 
associated with a decrease in DNA repair, may lead to even higher DNA damage levels 
and hence an increase in Cd-induced serum p53 levels compared to average levels. 

Another tumor-marker, Carcino Embryonic Antigen (CEA), was also found to 
be increased upon exposure to a heavy metal, namely Pb. This is the first report that 
describes this relationship. Pb is indirectly acting genotoxic metal, classified as carcino-
genic by IARC, and (occupational) exposure to Pb has been reported to cause DNA 
damage as determined by COMET assay (49-51). It has been proposed that the DNA 
damage related evaluation of blood levels of proteins like CEA may be useful as mark-
ers to identify health risk after exposure to environmental pollutants (52). In the current 
study, Pb induced CEA levels were respectively 1.9 and 1.6 times increased in carriers 
of the BRCA2 N ~H polymorphism as compared to heterozygous and wild type indi-
viduals. In addition to the interference of Pb with DNA repair leading to higher DNA 
damage levels, the decrease in DNA repair activity in carriers of the BRCA2 NmH 
polymorphism may lead to an increase in DNA damage, and hence, in the level of this 
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tumor marker. Moreover, elevated levels of serum CEA have been reported in smokers 
compared to non-smokers (53). In agreement to these findings, also in our study, smok-
ers were observed to have 2.7 times higher CEA levels than non-smokers upon Pb ex-
posure. 

Overall 

In both subpopulations the genotype was shown to significantly influence the inter-
individual susceptibility for biomarker response to harmful environmental exposures. 
However, in most cases, observed effects were relatively low. This may be the result of 
the rather low exposure levels of the investigated compounds, which lead to weak expo-
sure-effect relationships and, as a consequence, make it difficult to detect an effect of 
the genotype on these specific associations. 

Regarding the complexity of carcinogen exposure and the number of pathways 
that is involved in the modification of their effects, it is unlikely that one single SNP can 
predict these inter-individual differences in response to these exposures. Investigating 
multiple polymorphisms in different pathways simultaneously should therefore be con-
sidered. Moreover, as these low-penetrance polymorphisms are risk factors for develop-
ing health effects in response to (environmental) exposures, future studies assessing 
genotyping as a biomarker for susceptibility must shift interest from exploring the effect 
of the genotype on the specific biomarker, towards the investigation of the effect of the 
genotype on the exposure-effect relationship between markers of interest. This research 
proposes a framework for the application of investigating multiple genetic polymor-
phisms in pathways of interest as an important tool to identify more susceptible sub-
groups in biomonitoring studies assessing human health risk in response to hazardous 
environmental exposures. 

In conclusion, this innovative study has provided new insights in exposure-
effect relationships in humans exposed to certain environmental contaminants, and 
secondly, has quantified the role of genetic polymorphisms in these relationships ena-
bling the identification of more susceptible subgroups. These findings suggest a critical 
role of inter-individual differences in environmental cancer risk assessment. To be ef-
fective in the protection of diseases such as cancer at the individual's level, risk assess-
ment methods must challenge the assumption that all individuals are uniformly vulner-
able to environmental pollutants. It is generally considered that the linear non-threshold 
extrapolation model is conservative enough and that exposure levels to (genotoxic) 
carcinogens are sufficiently low. However, results of the current study show that more 
susceptible subgroups with a higher risk for environmental carcinogenesis can be de-
fined, based on the effect of specific genotypes on the corresponding exposure-effect 
relationships. Although the results of this study should be interpreted carefully as over-
all effects were relatively modest and they comprise biomarker analysis instead of ulti-
mate cancer incidence, the outcome of this work underlines the societal relevance of 
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continuing the responsible care debate about inter-individual differences in genetically 
predisposed susceptibility for environmental cancer risk. 
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Abstract 

Certain individuals are at higher risk for developing environmental cancer as compared 
to the averaged population, which may be due to genetic polymorphisms in genes in-
volved in biotransformation of environmental carcinogens and in modulation of their 
adverse effects. Assuming that an at risk genotype coding for enzymes involved in envi-
ronmental carcinogenesis is associated with an increased risk for cancer development 
and possible death, it may be postulated that the prevalence of the number of risk alleles 
in these genes will decrease with age in a random selection of healthy individuals. In the 
current study, 442 adolescents (average age: 15 years) and 380 adults (average age: 60 
years), all healthy Caucasians originating from Flanders, Belgium, were genotyped for 
29 polymorphisms in 19 toxicologically relevant genes involved in biotransformation of 
environmental carcinogens, oxidative stress defence and DNA repair. For statistical 
analysis, genotypes were coded based on the number of risk alleles and, subsequently, a 
sum of risk alleles was computed for each individual. Comparison of this overall sum of 
risk alleles between the two age groups showed that relatively high number of risk al-
leles were less frequent among adult subjects as compared to the adolescent population 
(39% versus 49% of subjects carried >18 risk alleles, P=0.005). To evaluate this in 
more detail, sums of risk alleles for xenobiotic metabolizing enzymes (subdivided into 
phase I and II biotransformation reactions), oxidative stress and DNA repair related 
genes were separately computed. The sum of risk alleles in phase I genes (CYP450's), 
oxidative stress or DNA repair did not differ significantly between the 'elderly' and the 
'young' study populations. However, a high sum of risk alleles for biotransformation 
(>5 risk alleles), and more specifically, for phase II enzymes (GSTs, NATs; >4 risk 
alleles), was significantly less frequent among adults (44% for the total sum of risk 
alleles in biotransformation enzymes and 42% for phase II enzymes) as compared to 
adolescents (54% for all biotranformation polymorphisms and 56% for phase II en-
zymes, P=0.002 and <0.001 respectively). In addition, analyses of the single polymor-
phisms showed a significantly lower prevalence of the GSTP1IW5V, NAT2 In4T, NQOl 
RJ39W and BRCA2 5'UTR genotypes in the 'elderly' compared tot the 'young' age 
group. It is concluded that the number of carcinogenesis related at-risk alleles is lower 
in a random selection among the general population of 'elderly' individuals as com-
pared to 'young' individuals, which supports the hypothesis that an at-risk genotype for 
chemically induced cancer affects life expectancy: Survival of the Fittest? 
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Introduction 

We are continuously exposed to a wide variety of potentially harmful chemicals as 
present in our environment and as consequence of our daily life style, some of which 
have been classified as human carcinogens by the International Agency for Research on 
Cancer (IARC). Such xenobiotics may contribute to most chronic human diseases, es-
pecially cancer. Humans, as they age, have to cope with a lifetime-accumulating expo-
sure to such (carcinogenic) agents and corresponding damage to cellular functions in-
duced by these compounds. The Flanders Environment and Health Study (FLEHS), is a 
large biomonitoring campaign that aims to investigate the impact of these hazardous 
exposures on human health across the general population of Flanders. Environmental 
carcinogens, such as Benzene and Cadmium (known to be human carcinogens (1)) and 
Polycylic Aromatic Hydrocarbons, Polychlorinated Biphenyls and Hexachlorobenzene 
(reasonably anticipated to be human carcinogens (1)), have been established in both 
Flemish adolescents and adults in this context (www.milieu-en-gezondheid.be). 

Many xenobiotics to which humans are exposed, would not be health-
threatening if they were not bioactivated through metabolism. Xenobiotic metabolism 
can be divided into two important phases (2). During phase I, potentially harmful com-
pounds are activated by oxidation reactions resulting in the formation of reactive inter-
mediates, which may damage DNA and other intracellular targets. In addition, these 
metabolic processes may contribute to the formation of reactive oxygen species (ROS), 
mainly as a result of the use of oxygen in Phase I reactions (3). Besides indirect forma-
tion of ROS, several environmental pollutants are known to contribute directly to the 
intracellular level of ROS. ROS cause multiple forms of oxidative stress including oxi-
dative DNA damage. A steady state level is normally maintained by a balance between 
the rate at which oxidative damage is produced and by which it is efficiently counter-
acted or repaired. This is partly dependent on inactivation of the ROS by anti-oxidant 
defense mechanisms (4). Electrophilic metabolites may be detoxified in phase II, by the 
conjugation of endogenous ligands to the activated compounds, thereby increasing their 
hydrophilic nature and facilitating urinary excretion. An imbalance between oxidative 
metabolism and detoxification causes highly reactive intermediate products to accumu-
late, which may form DNA lesions and eventually cause mutations, initiating or promot-
ing the carcinogenic process. This may be counteracted by several DNA repair path-
ways which are capable of restoring DNA damage thereby reducing mutation frequen-
cies of cancer-related genes (5). 

Overall, disadvantageous polymorphisms in these pathways may constitute an 
at-risk genotype increasing an individual's susceptibility for chemical carcinogenesis, 
and eventually affect human longevity (Figure 1 )(6). In a study focusing on GST geno-
types on cancer risk conducted by Voho et al. (7) it was hypothesized that if these 
polymorphisms are indeed true risk factors for environmental cancer development, their 
prevalence should decrease with age in the cancer-free fraction of the general popula-
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Figure 1. Human longevity and age related diseases such as cancer are strongly dependent on inter-
actions between environmental- and genetic factors. Risk alleles (RA) in genetic pathways 
that maintain the defenses against these potentially hazardous environmental exposures and 
the effective repair of the damage caused by these compounds, may affect the inter-individual 
variations in human life expectancy. 
'Age=15' represents the young\ whereas 'age>50' represents the 'elderly' age group. 

tion; the results of the conducted study indeed supported this hypothesis (7). In addition, 
few studies comparing prevalences of different genotypes between age groups exist. In 
addition, contradicting results about the effect of the genotype on human longevity were 
reported (7-10). A possible explanation for this may be that these studies focus on single 
genotypes. It is however very unlikely that one single SNP is pivotal in causing inter-
individual differences in environmental disease development. As a consequence, in 
studies on environmental health and disease, it is crucial to assess multiple polymor-
phisms simultaneously. In this way it is possible to obtain a better insight in human 
susceptibility in response to exposure to potentially harmful agents. In the current study, 
the most relevant polymorphisms in genes coding for enzymes involved in xenobiotic 
metabolism, oxidative stress defense and DNA repair, were analyzed in healthy Cauca-
sian adolescents and adults from the FLEHS study cohort, to test the hypothesis that the 
prevalence of at-risk alleles -associated with an increased risk for chemically induced 
carcinogenesis- decreases with age in a randomly selected population. 

120 



Survival of the f ittest? 

Material and Methods 

Study Population 

The study population consisted of a random selection of 442 healthy adolescents (182 
females and 260 males, average age 15±0.5 years) and 380 healthy adults (176 females 
and 204 males, aged 50 to 65 years at the time of inclusion) originating from Flanders, 
Belgium, and taken from the FLEHS study cohort (http://www.rnilieu-en-
gezondheid.be). These regions were selected because of their different environmental 
burden. A small proportion (N=47; 11%) of the adolescents reported to smoke 7±7 
cigarettes per day and 62 adult individuals (16%) currently smoked 17+10 cigarettes per 
day. Individuals who reported to have an ethnic background other than Caucasian, were 
excluded from analysis, because the prevalence of certain genotypes may differ between 
races (11). Also, individuals who reported to suffer or have suffered from cancer 
(N=19) were initially excluded, as the study was to be conducted in a cancer-free popu-
lation. Population size was sufficient to obtain statistical power of more than 95%, 
minimizing the chance for false positive findings; using a a=0.0$, 5=0.05 and a~0.15, a 
population size of at least N=235 is required (http://www.biostat.mc.vanderbilt.edu). 
The study was approved by the ethical committee of the University of Antwerp, and 
every individual signed an informed consent prior to sample collection. 

White blood cell and DNA isolation 

Immediately after blood collection, white blood cells were isolated by lysing erythro-
cytes using standard procedures and total white blood cells were stored as cell pellets at 
-800C until DNA isolation. DNA was isolated in 96 wells plates using the Invisorb® 
Blood Midi HTS 96 Kit / C (Invitek, Berlin, Germany), and DNA was subsequently 
stored in 96 wells plates at -20°C prior to genotyping at a concentration between 40 and 
100 ng/|il. 

Genotyping 

Genotyping was performed using the SNaPShot multiplex genotyping method described 
earlier (12). All individuals were genotyped for a total of 29 SNPs in 19 genes involved 
in biotransformation of exogenous compounds (13 SNPs), 10 DNA repair polymor-
phisms and 6 SNPs in oxidative stress related genes. SNP's were determined in 4 differ-
ent multiplex reactions (Table 1). For each multiplex PCR reaction, Tm was optimized: 
56°C for multiplex 1, 60°C for multiplex 2, 57°C for multiplex 3 and 60°C for multiplex 
4. Each of the multiplex PCR products was subsequently genotyped in a corresponding 
multiplex Single Base Extension reaction and analyzed on an ABI Prism™ 3100 genetic 
analyzer using Genescan™ Analysis software (Version 3.7). 
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Table 1. Overview of the selected SNPs, their effect on enzyme function and definition of risk alleles. 

Polymorphism 
Expected effect 

on enzymatic function 
Putuative 
Risk Allele 

Risk Allele leading to 

Biotransformation 

CYP1A2 A>C-154 (1) Higher inducibility -I54C 
CYPIA/ T>C380I (4) 380IC 

I462V (4) 462V Increased formation 

T46JN 14) Higher enzyme activity 46 J N of reactive metabolites 

CYP2E1 G>T-70 (4) -70T 
CYP3A4 A>G-391 (4) -39lG 
GSTM1 

GSTTI 

Del 

Del 
(I) 

(1) 
Deletion, no enzyme activity 

Del 

Del 

GSTP1 1105V U) 105V 
AL 14V (I) 114V 

Decreased detoxification 
of reactive metabolites 

NAT2 IJJ4T 

RI97Q 

G286E 

(1) 
(1) 
(1) 

Decreased enzyme activity 114T 
197Q 
286E 

DNA Repair 

BRCA2 5VTR (A-26G) (2) Modulated expression A-26 

N372H (2) Decreased enzyme activity 372ff 
XRCC1 R194W (2) Increased enzyme activity R194 

R280H (2) 280H 

XRCC3 

Q399R 

T241M 

(2) 
(2) 

399R 
241M 

Decreased DNA repair 

XPD K751Q 

R156R 

(2) 
(2) 

Decreased enzyme activity 751Q 

156R 

APEJ D148G (3) 148G 
OGGL S326C (2) 326C 

Oxidative Stress 

mnSOD V16A (3) Decreased enzyme activity 16Ä 

CAT C>T-262 (3) Lower catalase activity -262T Decreased oxidative 
NQO! P187S 

R139W 

(3) 

(3) 
Decreased enzyme activity 

187S 

139W 

stress defense 

MPO G>A-463 (4) Higher enzyme activity G-463 Higher production of free radicals 

GPX1 P198L (3) Decreased enzyme activity 198L Higher oxidative stress 

(1 )-(4): different multiplex PCRs (See Material and Methods) 
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Statistical Analysis 

All polymorphisms were selected based on their putative involvement in environmental 
carcinogenesis, and classified into different biological pathways as described previously 
(Table 1)(13). Corresponding risk alleles were defined based on phenotypic effects of 
the polymorphisms, as known from literature (Table 1). Genotypes were coded based on 
the number of risk alleles: homozygously carriers of alleles that were expected to en-
hance cancer risk were coded 2, carriers of 2 alleles with a putative protective health 
effect were coded 0 and heterozygous genotypes were coded 1. In case of GSTT1 and 
GSTM1, wild-types were coded 0 and deletions were coded 2; heterozygous individuals 
could not be identified in this particular cohort. For each individual, a sum of risk alleles 
was computed for all SNPs and for different modes of action, comprising biotransfor-
mation, oxidative stress and DNA repair. Moreover, biotransformation genes were fur-
ther segregated into genes involved in phase I (CYP450s), and in phase II {GSTs and 
iVA 7s) biotransformation reactions. Difference in prevalence of these specific sums of 
risk alleles between the two age groups were initially examined using the Mann-
Whitney U test. Subsequently, to investigate this effect in more detail, 2 subgroups were 
created for each specific biological pathway representing a relatively low- or high sum 
of risk alleles; the cut-off point was defined based on the median number of risk alleles. 
The prevalence of these low and high sums of risk alleles for each biological pathway 
were compared between the two age-groups by Chi-Square analysis using a 2x2 cross 
table. Finally, to investigate the contribution of single polymorphisms within each 
pathway, the difference in distribution of individual SNPs between the two age groups 
was tested by Chi-Square analysis. 
All statistical analyses were conducted using SPSS for windows, version 13.0 

Results 

A total of 29 polymorphisms was genotyped in 822 individuals, resulting in 23,838 
genotypes. The theoretical maximum sum of risk alleles present in an individual, com-
puted from this selection of SNPs, is: 29 SNPs genotyped per individual * 2 putative 
risk alleles = 58 risk alleles. In the total population, the mean of the overall sum of risk 
alleles was 18+3 with a range from 8 to 29 risk alleles. For both age groups separately, 
the range was 11 to 29 risk alleles (18.4+3) for the 'young' and 8 to 26 risk alleles 
(17.6±3) for the 'elderly' subpopulation respectively. The distribution of the respective 
sums of risk alleles did not differ between males and females, or smokers and non-
smokers, in both the total population and the 'young1 and 'elderly' age groups (Mann-
Whitney U). 

The mean sum of risk alleles for all investigated polymorphisms was found to 
be significantly lower in the 'elderly' compared to the 'young' population (respectively 
17.6 vs 18.4 (P=0.003). To investigate this in more detail, two subgroups were defined, 
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discriminating individuals for having either a low- or a high sum of risk alleles. The cut-
off point depended on the median sum of risk alleles either with respect to the total sum 
of all SNPs, or to individual pathways: biotransformation, phase I, phase II, oxidative 
stress and DNA repair. 

All SNPs 

Overall, for the total sum of risk alleles in all selected genes, the cut-off point was de-
fined at 18 risk alleles. Distributions of the overall sum of risk alleles in all 29 selected 
SNPs in both age groups are presented in Table 2. The prevalence of the high sum of 
risk alleles (>18 risk alleles) was significantly less frequent in the 'elderly' (39%) as 
compared to the 'young' (49%) subpopulation (P=0.005). 

Biotransformation pathway 

For all polymorphisms in biotransformation-related genes, the mean number of risk 
alleles was significantly lower in the 'elderly' age group (5.3) as compared to the 
'young' age group (5.8, Z^O.003). Subsequently, the cut-off sum of risk alleles in bio-
transformation enzymes was set at 5 (range: 1-12 risk alleles). Distributions of these 
sums of risk alleles in both age groups are presented in Table 2. The presence of a rela-
tively high sum of risk alleles in all selected biotransformation enzymes (>5 risk alleles) 
was less frequent in the 'elderly' (44%) compared to the 'young' population (54%, 
P=0.002). 

The total sum of SNPs coding for biotransformation enzymes was further sub-
divided into alleles coding for phase I and phase II biotransformation reactions. No 
difference in the mean number of risk alleles was observed for phase I-related genes. 
For comparing the distributions of the relatively low and high sums of risk alleles be-
tween the two age groups, the cut-off point was defined at 1 high-risk allele (range: 0-4 
risk alleles). As is shown in Table 2, no significant differences in prevalence of the high 
sum of risk alleles were found between both age groups (P=0.147). Regarding phase II 
enzymes, the mean number of risk alleles was significantly lower in the 'elderly' (4.3 
risk alleles) compared tot the 'young' age group (4.8 risk alleles, PcO.OOl, Figure 2). In 
this case, 4 risk alleles (range: 0-11 risk alleles) were used as a cut-off point. Compari-
son of the prevalence of the high sum of risk alleles in phase II enzymes-coding genes 
showed an increased frequency of high sums of risk alleles in the 'young' (56%) as 
compared to the 'elderly' age group (42%, PcO.OOl, Table 2). 

Oxidative Stress pathway 

For the oxidative stress-related genes, no difference in the mean number of risk alleles 
was observed between the two age groups. For the subsequent analysis of prevalences 
of low and high number of risk alleles, carrying 4 risk alleles (mean: 4±1, range: 0-9 
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Table 2. Prevalence (%) of persons with low and high sum of risk alleles in the 'young' and 'elderly' age groups for all investigated pathways (total), and for the 
biotransformation, phase I, phase II, oxidative stress related and DNA repair genes. The cut-off point between low and high sum of risk alleles was based on 
the median number of risk alleles for each specific pathway. 

Total1 Phase M I 2 Phase I3 Phase H4 Oxidative Stress3 DNA Repair6 

4 Young' 'Elderly* ''Young' 'Elderly* 'Young' 'Elderly' 'Young' 'Elderly' 'Young' 'Elderly' 'Young' 'Elderly' 

Low Sum of Risk Alleles 51 61 46 56 74 70 44 58 60 62 40 45 

High Sum of Risk Alleles 49 39 54 44 26 30 56 42 40 38 60 55 

Chi-Square P = 0.005 P = 0.002 P = 0.147 P < 0.001 P = 0.235 P = 0.086 

Cut-off points: <18<(1), <5<(21, <1<(31, <4<(4), <4<<51, <9<t6) risk alleles 

Table3. Distribution (%) of the number of risk alleles for NQO R139W, GSTP II05V, NAT2 I114T and BRCA2 5'UTR 
polymorphisms in the young' and 'elderly' age groups. 

NQO (R139W) GSTP (Ï105V) NAT2 (IJ14T) BRCA2 (5'UTR) 
'Young' 'Elderly' 'Young' 'Elderly' 'Young* 'Elderly' 'Young' 'Elderly' 

No Risk Alleles 85 96 30 43 19 30 4 6 

3 Risk Allele 14 3 53 47 50 48 30 38 

2 Risk Alleles 1 1 17 10 31 22 66 56 

Ch-Square P < 0,001 P = 0.001 P < 0.001 P = 0.006 



Chapter 3 

risk alleles) was used as cut-off point. A comparable pattern in the distribution of these 
sums of risk alleles was observed between both age groups as was seen in the overall 
sum of risk alleles and for genes involved in biotransformation, although not signifi-
cantly different between the two age groups (P=0.235, Table 2). 

DNA Repair pathway 

Regarding DNA repair genes, again the mean number of risk alleles did not differ be-
tween both subpulations. Here, genotypes at high risk were cut-off at 9 risk alleles 
(mean: 9+2, range: 4-14 risk alleles). No significant difference in distribution of the 
low- and high sum of risk alleles in DNA repair genes was found between the two age 
groups (P=0.086), although again a similar pattern as for genes involved in the biotrans-
formation and oxidative stress pathways was observed (Table 2). 

Age-related distribution of Single Genotypes 

Finally, distributions of 5 genotypes in 4 different genes were found to be significantly 
different between the two age groups. A significantly lower prevalence in the 'elderly' 
compared to the 'young' subpopulation was found for the heterozygous carriers of the 
NQO R!39W polymorphism (3% vs 14%, PcO.OOl), GSTP1 I}05V heterozygous and 
homozygous variant individuals (47% vs 53% and 10% vs 17% respectively, P=0.001), 
homozygous carriers of the NAT2 IU4T polymorphism (22% vs 31%, P=0.001) and for 
BRCA2 5'UTR wild type individuals (56% vs 66%, P=0.006, Table 3). These observed 
genotype frequencies were in agreement with frequencies as predicted by the Hardy-
Weinberg equilibrium. 

Discussion 

In the western population, both morbidity and mortality rates of age-related diseases 
such as cancer, increase rapidly between 15 and 50 years of age: cancer incidence in-
creases from 3% at age 20 to 21 % between 55 and 64 years old, whereas for instance in 
the US death of cancer of all sites increases from 1 % in Caucasians at an age of 20 to 
17% at 60 years old (14). In Flanders, similar trends have been observed (15). Further-
more, some individuals within the general population appear to be at higher risk for 
developing cancer after a lifetime exposure to potentially hazardous compounds to 
which we are exposed in our environment or as a consequence of our personal habits. 
Because environmental carcinogenesis is a result of an interaction between genetic and 
exogenous factors, these inter-individual differences in cancer risk may be explained to 
some degree by genetic variations between individuals in genes involved in the carcino-
genic process (16). Individuals with a putatively unfavorable combination of exposure 
to xenobiotic carcinogens and a high number of risk alleles in these genes modifying 
responses to such exposures, might have an increased risk for developing cancer and 
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eventually mortality. This provides a rationale for the hypothesis that the prevalence of 
the number of risk alleles will decrease with age in a random selection of healthy indi-
viduals (Figure 1)(6,7). 

In the present study conducted among a Caucasian population in Flanders, a 
significant decrease of the total sum of risk alleles was indeed observed in an 'elderly' 
population as compared to a 'young' population. A more detailed evaluation of this 
effect showed that high risk alleles in biotransformation genes, especially Phase II, had 
the largest contribution to this decrease. During aging, the overall load of toxic metabo-
lites and adverse effects caused by reactive oxygen species accumulate in humans (17), 
partially due to an enduring exposure to potentially harmful xenobiotic compounds. 
Polymorphisms in genes involved in Phase II biotransformation of these exogenous 
toxicants and leading to relatively less detoxification of chemical carcinogens, are thus 
likely to affect human health and longevity by modifying the individual susceptibility to 
develop environmental cancer (8,18). The age-related decrease in the sum of risk alleles 
in biotransformation genes as observed in this study, and in particular those related to 
phase II conjugation reactions (Figure 2), supports this hypothesis. In addition, several 
case-control studies have reported an association between polymorphisms in CYP450, 
NAT and GST enzymes and various types of cancer (19-21). 
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Figure 2. Distribution of the different sums of risk alleles in Phase II genes (GSTs and NATs, 
Table I) in the 'young' and in the 'elderly' population. The dashed line represents the 
cut-off point between the relatively low (<4) and high (>4) sum of risk alleles (see text). 
The distribution range at the side of the relatively high sums of risk alleles (above the 
dashed cut-off line) is smaller, and moreover, the mean number of risk alleles is signifi-
cantly lower in the 'elderly1 population compared to the young' population (P<0.001). 

Remarkably, upon restricting the statistical evaluation to the cancer patients in 
the 'elderly' age group (N=19), the distribution of a high sum of risk alleles in phase I 
and II enzymes appeared similar in the 'young' age group (54%) and the 'elderly' can-
cer patients (56%). Although this effect was not confirmed for genes involved in the 
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other biological pathways which we analyzed, probably due to the low N of the cancer 
patients, these results support the hypothesis that enzymes involved in the biotransfor-
mation of xenobiotic compounds are associated with environmental cancer develop-
ment. 

In the current study, assessing the distribution of individual polymorphisms in 
both age groups revealed a lower prevalence of polymorphisms in two phase II genes, 
namely GSTP1 and NAT2, in the 'elderly' as compared to the 'young' age group. The 
phenotypic effect of both polymorphisms is associated with an increased risk for chemi-
cal carcinogenesis (22). Moreover, the results concerning GSTP1 are in agreement with 
previous studies focusing on single genotypes and longevity, in which an involvement 
of GSTPl and other phase II enzymes with human longevity has been suggested 
(7,8,10,18). However, most of these studies focus on CYP450 and GST polymorphisms, 
while only 2 studies can be found on A/A72, both describing a lack of association with 
human longevity (9,23). The NATlii4T polymorphism described here, is associated with 
a decrease in phase II enzyme activity (slow-acetylator status (24,25)) and various types 
of cancer, including breast (26) and bladder cancer (27). Therefore, regarding the im-
portant role of detoxification in cancer development and aging, a lower frequency of the 
NAT In4T polymorphism in the 'elderly1 compared to the 'young' age groups might be 
expected. 

In addition to these 2 polymorphisms, a significant decrease in prevalence of 
i 

the NAD(P)H:quinone oxidoreductasel (NQO J) R W polymorphism and BRCA2 
5'UTR wild types was observed, which are both novel findings. NQOl normally con-
verts quinone to more stable hydroquinones, bypassing the production of reactive oxy-
gen species and protecting the cell from toxic and carcinogenic effects by quinone and 
related chemicals (28,29). The NQO RI39W polymorphism is associated with a decrease 
in enzyme activity (30,31) and various types of cancer (21,32-34). Moreover, in patients 
with intermediate malignant urinary bladder neoplasms, followed up for 5 years, indi-

I 3 Q 

viduals carrying the NQO R W polymorphism were suggested to have a shorter dis-
ease free survival rate than non-carriers (35). Therefore, the observed decrease in preva-
lence of the NQO RIS9W polymorphism with age seems to be in concordance with the 
suggested crucial role of oxidative stress and associated free radical generation in de-
generative disease development, such as cancer, and aging (36). Interestingly, regarding 
the BRCA2 5'UTR polymorphism, wild-type individuals were less frequent in the 'eld-
erly' compared to the 'young* subpopulation. This polymorphism at position A-26G of 
the BRCA2 gene has been associated with a decrease risk of breast cancer (37). There-
fore, the wild-type variant of the BRCA2 5'UTR polymorphism is regarded as the risk 
allele (Table 1), and the observed genotype distribution for this polymorphism is as 
expected. 

The distribution of the sum of risk alleles for genes involved in Phase I bio-
transformation, oxidative stress and DNA repair did not differ significantly between the 
age groups. Regarding the fact that DNA damage accumulates during lifetime, an effect 
on longevity of polymorphisms in genes involved in DNA repair would be expected 
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(38). Indeed, a decrease in the prevalence of high risk alleles in DNA repair enzymes 
was found in the 'elderly' population, although not quite statistically significant. An 
explanation may be, that the average age of the adult population selected in the current 
study may still be too young. Other studies investigating the genetics of longevity, 
mainly focus on centenarians, as these individuals are survivors lacking the risk alleles 
associated with early mortality (39). For example, it has been postulated earlier that an 
efficient DNA repair system is only of selective advantage, with respect to HPRT muta-
tion frequency, at an advanced age (40). Therefore, a stronger effect of the genotype 
with respect to this pathway might be detected at ages higher than the upper age limit in 
the current study. On the other hand, the age limits used in the current study are mean-
ingful, because it has also been suggested that early deaths and morbidity (before 50 
years old) are of particular interest as they represent a large decrease in expected life-
span and quality of life (41). A stronger genetic component might be expected in these 
age groups as compared to older ages because of severe sickness or early death resulting 
from genetic diseases such as cancer, of which both morbidity and mortality rates in-
crease rapidly with age. For example incidences of prostate and breast cancer, the most 
common cancers in Flanders in respectively men and women, increase rapidly after 50 
years old and have been reported to be among the highest in Europe (15). 

Overall, the cross-sectional design of the research presented here, may be con-
sidered as a limitation of the current study. Obviously, a longitudinal design is sug-
gested for a better testing of the hypothesis. In this perspective, it might be useful to also 
include body burden of carcinogenic compounds into the study design. 

In conclusion, these findings show that the number of at-risk alleles in genes, 
involved in the biotransformation of chemical carcinogens and in the modulation of 
their toxic effects, decreases with age in a randomly selected general population. Be-
cause the study population, which according to our statistical power calculation was 
large enough to exclude the chance of false positive findings, was selected from an 
identical "gene-pool", that is, individuals were selected within the same regions in Flan-
ders and no confounding effects of race (only Caucasians were included) and gender 
were to be expected, the results presented in this study may provide further evidence 
that an at-risk genotype, coding for enzymes involved in the carcinogenic process, may 
modifies the risk for chemical carcinogenesis and has a selective disadvantage for hu-

longevity. 
In a way, Charles Darwin might have been the first describing human longevity 

and quality of life. Now, the "book of life" (42) provides insights in the mechanisms for 
variation and selection. Assessment of genetics in molecular epidemiology studies 
might lead to novel insights in these principles. Individuals who inherited a protective 
genotype may have an increased life expectancy with a higher quality of life compared 
to other individuals within the same population bearing an at-risk genotype: survival of 
the fittest ? 
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Humans are continuously exposed to numerous potentially harmful pollutants, present 
in their daily life environment and as a consequence of hazardous individual lifestyles, 
with cigarette smoke being the best known example. Some of these xenobiotic com-
pounds have been classified as carcinogenic by the International Agency of Research on 
Cancer (IARC). However, not every individual responds to the same degree to these 
exposures, and as a result, some individuals may be at higher risk for developing cancer. 
This variability in response can at least partly be explained by inter-individual differ-
ences in genetic makeup. Molecular epidemiology research has provided evidence that 
Single Nucleotide Polymorphisms (SNPs) in genes particularly involved in biotrans-
formation of carcinogens, DNA repair and oxidative stress may modulate every step 
from carcinogen exposure to disease development (Chapter 1, Figure 2). The genotyp-
ing of SNPs can thus provide new mechanistic knowledge on the environmental car-
cinogenic process, and moreover, may provide important insights in the individual sus-
ceptibility to developing environmental health effects. Regarding the complexity of 
these exposures and the numerous pathways and enzymes that are involved in the bio-
logical response, it is unlikely that one single SNP is decisive in these processes. Studies 
investigating associations between genetic polymorphisms and disease thereby restrict-
ing analyses to single polymorphisms may therefore fail to fully explore the role of 
genetic variation in an individual's susceptibility for developing health effects. It is thus 
important to assess a relatively large number of polymorphisms in different pathways 
simultaneously in large populations, to obtain a better prediction of the inter-individual 
differences in human health risk in response to environmental exposures. This under-
lines the need for new, low-cost high-throughput genotyping methodologies in combi-
nation with innovative statistical approaches. It is hypothesized that, instead of looking 
at single SNPs in relation to a single marker, the interaction between multiple genes 
encoding for susceptibility to environmental exposure, with biomarkers of exposure and 
early effect, explains inter-individual differences in responses to environmental expo-
sure and may thus provide new insights on environmental health risk assessment. 

The development and validation of a cost-effective and rapid method for geno-
typing multiple SNPs in large populations has been described in Chapter 2 of this the-
sis, This technique, based on Single Base Extension (SBE) by SNaPShot technology, 
was firstly developed for genotyping nine SNPs in five xenobiotic metabolizing en-
zymes. For validation, 67 lymphocyte DNA samples from healthy Caucasian volunteers 
were genotyped using the described assay, which resulted in accurate and complete 
genotypes with frequencies as expected from literature. Twenty DNA samples were 
genotyped in duplicate to test for inter-assay variation, and thoroughly consisting results 
were obtained. Further validation was conducted by genotyping at least 10 different 
samples with conventional methods (Restriction Fragment Length Polymorphism 
(RFLP) and sequencing), resulting in 100% concordance between the SBE assay and 
the conventional methods. In addition, data showed that for NAT2*5 genotyping, the 
SBE assay is more accurate than the conventionally used RFLP analysis. Moreover, this 
assay can also be applied for GSTMJ and GSTT1 gene deletions, although no distinction 
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could be made between heterozygous deletions and homozygous positive genotypes. 
For an optimal use of the high-throughput capabilities of the SNaPShot technology, a 
multiplex PCR-based amplification, initially for nine SNPs in five different genes, was 
developed. Genotype and phenotype information, initially for these 9 SNPs, together 
with PCR and SBE primer sequences, was collected in a SNP database. This database 
was further completed to a total of 93 SNPs in 53 genes divided over 10 series which 
are easily applicable in the multiplex genotyping assay (multiplex capability of up to 13 
SNPs in 96 samples simultaneously in one single experiment). All SNPs were selected 
based on known effects on enzyme activity as well as on health effects, including car-
cinogenesis (Chapter 1, Figure 2). 

A first application study was conducted for 3 of these sets of polymorphisms. 
In this study, described in Chapter 3, 63 healthy Caucasian smoking volunteers were 
genotyped for 19 SNPs in 12 genes involved in carcinogen metabolism, DNA repair and 
oxidative stress defence, to evaluate the hypothesis that the analysis of multiple SNPs 
simultaneously leads to a better prediction of the inter-individual variations in DNA 
adduct levels in response to cigarette smoke exposure. The total sum of putatively high 
risk alleles within this selection positively correlated with DNA adduct levels. This 
relationship was enriched, when focusing on the sum of risk alleles of the GSTM1 null, 
mEH YIISH and GPX1 PmL 

genotypes, which were identified as the most relevant 
polymorphisms for the modulation of bulky DNA adduct levels in response to cigarette 
smoke exposure. Smoking individuals carrying these at-risk genotypes are more suscep-
tible for developing DNA adducts in response to harmful cigarette smoke constituents, 
which is in agreement with the expected phenotypic effect of the polymorphisms. Re-
garding the fact that in the conventionally used univariate analyses, in which the effect 
of each SNP separately on variations in DNA adduct levels is assessed, only one poly-
morphism (GSTM1 null) was found to be significant, these results of the multivariate 
analysis indicate that the assessment of multiple polymorphisms simultaneously is im-
portant to obtain better insights in biomonitoring studies investigating the inter-
individual variations in exposure-effect relationships. For the purpose of investigating 
the effect of multiple genotypes on the exposure-effect relationship, a novel statistical 
approach was developed which depends on the formation of subgroups based on the 
regression line. In this approach, the observed response level is divided by the expected 
response, computed from the regression line. A ratio of more than 1 (above the regres-
sion line) comprises the more susceptible individuals, or so called high responders, 
whereas a ratio below 1 indicates a protective effect and comprises the low responders. 
Using this ratio, the study population is divided into subgroups and the number of cre-
ated subgroups determines the statistical method for discrimination of the individuals 
into these groups, based on their genotypic differences. In this study, 3 subgroups were 
formed (low, medium and high responders) and classification of each individual into 
one of the three subgroups was conducted by discriminant analysis, based on gender, 
age, cigarettes per day and genotype, revealing the most important predictors. This 
protocol can easily be adapted, for example for classification by binary logistic regres-
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sion into two subgroups: below (protective) and above (more susceptible) the average 
exposure-effect relationship, as used in the studies described in Chapters 4 and 5. 

Besides lymphocytic DNA adduct levels, protein adducts such as 4-
aminobiphenyl-hemoglobin (4-ABP-Hb) adducts are also commonly analyzed for bio-
logical (effect) monitoring of smoking behavior. Good correlations have been shown 
between cigarette smoke exposure and 4-ABP-Hb adduct levels, with a saturation effect 
at high smoking dose, and moreover, a large extent of inter-individual variation in expo-
sure-effect relationships. Both phenomena were suggested to be due to genetic differ-
ences between individuals in enzymes involved in the biotransformation of 4-ABP. The 
metabolic transformation of 4-ABP is mainly conducted by cytochrome P450's 
(CYP450) in the liver. It was generally accepted that CYPIA2 is the primary responsi-
ble enzyme for this oxidation of 4-ABP, however in more recent studies, this role of 
CYP1A2 in the metabolic activation of 4-ABP has been challenged, suggesting that 
other (CYP450) enzymes may be involved. Therefore, a study was conducted to identify 
crucial genetic mediators in 4-ABP metabolism and their putatively effect on the expo-
sure-effect relationship between smoking and 4-ABP-Hb adduct levels (Chapter 4). To 
this end, the statistical approach described in Chapter 3 was applied, in this case using 
two subgroups for classification: above (more susceptible) and below (protective) the 
observed regression line between cigarette dose and 4-ABP-Hb adduct levels. This 
revealed a crucial role for CYP1B1 in 4-ABP metabolism. In particular, the CYP1B1 
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L V polymorphism was found to modulate the dose-response relationship between 
cigarette smoke exposure and 4-ABP-Hb adduct levels, revealing a saturation effect at 
high doses, but limited to individuals bearing the high activity CYP1B1 L432V genotype 
(homozygous wild-type and heterozygous individuals). In case of low activity homozy-
gous carriers of the CYPJB1 L432V polymorphism, no such plateau was reached, and 
overall adduct levels were lower as compared to homozygous wild-type and heterozy-
gous individuals. These results confirm previous hypotheses, that the observed satura-
tion effect in the dose-response relationship between cigarette smoke exposure and 
protein adduct formation may be explained by different metabolic routes. Furthermore, 
also in this study, no involvement of CYP1A2 and the phase II enzymes belonging to 
the glutathiones-transferase (GST) and N-acetyltransferase (NAT) families was ob-
served, which have all been investigated previously in relation to 4-ABP metabolism 
with contradictory results. It is concluded from these data, that CYP1B1 plays an impor-
tant role in 4-ABP metabolism. Moreover, the assessment of multiple polymorphisms 
simultaneously may provide valuable information on the involvement of certain en-
zymes in toxicologically relevant pathways, and provides further evidence that it is 
applicable as a biomarker for susceptibility in biomonitoring studies. 

The application of genotyping SNPs in large-scale biological monitoring, using 
the developed techniques and knowledge obtained in the studies described in the previ-
ous Chapters, is described in Chapter 5. This biomonitoring study was conducted 
within the framework of the Flanders Environment and Health Study (FLEHS), which 
had been assigned by the Flemish Government, and aimed to obtain a better perspective 
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on health risks associated with exposure to harmful environmental compounds among 
inhabitants of different regions of Flanders. Because individuals within a certain popula-
tion possess different susceptibilities to a specific dose of an environmental compound, 
environmental health policy makers request more information on the sources of inter-
individual variations in response to environmental stress. The study presented in this 
Chapter aimed to describe these variations due to genetic susceptibility. Amongst oth-
ers, three remarkable exposure-effect relationships were observed and described for the 
first time in this study. An increase in oxidative DNA damage levels (8-OHdG) in re-
sponse to ethylbenzene exposure was observed in the adolescent population. Within this 
relationship, more susceptible subgroups could be defined based on the GSTT1 null and 
CAT C262T genotypes, showing a respectively 1.2 and 1.4 times increase in DNA dam-
age levels as compared to wild-type individuals. In the adult population, a relationship 
between cadmium exposure and serum levels of the tumor marker p53 was observed. 
Highest p53 levels in response to cadmium exposure were observed in individuals car-
rying the GSTM1 wild type (1.1 times higher than in GSTM1 null individuals) and 
BRCA2 N H genotypes (individuals carrying this genotype had respectively 1.3 and 
1.4 times higher compared to wild-type and heterozygous carriers). Lastly, an increase 
in lead exposure was found to be associated with an increase in the levels of another 
tumor marker, CEA. More susceptible subgroups within this relationship could be de-
fined based on the BRCA2 NmH genotype and cigarette smoking, which increased the 
CEA levels in response to lead exposure almost 2 and 3-fold respectively. In conclu-
sion, the research presented in this chapter resulted in an innovative study on bio-
markers for genotoxic risks, providing new insights in exposure-effect relationships in 
adolescent and adult individuals exposed to several environmental pollutants and more-
over, showing an important role of different genotypes within these relationships ena-
bling the identification of more susceptible subgroups. 

Additional evidence regarding the involvement of an at-risk genotype in envi-
ronmental health risk susceptibility is presented in Chapter 6. The hypothesis was 
tested that if an unfavourable combination of environmental (carcinogen) exposures and 
an at risk genotype involved in environmental carcinogenesis is indeed a true risk factor 
for cancer development and even mortality, it will affect human life span and it can be 
postulated that the prevalence of an carcinogenesis related at-risk genotype will de-
crease with age in a randomly selected healthy population. A significant decrease in the 
total sum of risk alleles in enzymes involved in the biotransformation of xenobiotic 
compounds, oxidative stress defence and DNA repair was indeed observed in a ran-
domly selected 'elderly' (individuals above 50 years old) compared to a 'young' (indi-
viduals 14-16 years old) age group. Moreover, enzymes involved in xenobiotic metabo-
lism, and in particular those involved in phase II detoxification reactions, contributed 
most to this decrease in the sum of risk alleles. Regarding the high power of the con-
ducted study, minimizing the chance for false positives, and the fact that the study popu-
lation was selected from an identical "gene-pool" (no effect of race (only Caucasians 
were included) and gender might be expected) within the same regions in Flanders, it is 
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concluded that the results of this study provide further evidence that a carcinogenesis 
related at-risk genotype may modify the risk for environmental cancer development and 
has a selective disadvantage on human longevity. 

General Discussion 

Based on knowledge provided by molecular epidemiology studies over the last two 
decades, showing that diseases such as cancer may be a result of an interaction between 
largely preventable hazardous environmental exposures and genetic factors, research 
interest has shifted slowly towards cancer prevention (1). Two levels of prevention have 
been suggested, namely (i) the adaptation of hazardous lifestyles of individuals and (ii) 
the reduction of involuntary exposures to carcinogens at population level, through legis-
lations. Because not all individuals respond in the same way to these exposures, policy 
makers are considering the possibility to account for these inter-individual variations in 
susceptibility. In this thesis, inter-individual susceptibility has been assessed by investi-
gating the effect of genetic differences between individuals on exposure-effect relation-
ships. The harmful effect of cigarette smoking, the most well known example of a haz-
ardous individual lifestyle, has been investigated in Chapters 3 and 4. In both chapters, 
good correlations were observed between cigarette dose and the investigated effect 
marker (DNA (Chapter 3) and protein adducts (Chapter 4)). Moreover, the genotype 
was shown to affect both exposure-effect relationships, implying that more susceptible 
subgroups can be identified. More susceptible subgroups for developing health effects 
in response to various environmental pollutants, were also identified at population level, 
as described in Chapter 5. However, these exposure-effect relationships were not as 
strong as those seen with respect to cigarette smoke exposure. 

One important difference between these results is, that the exposure-effect rela-
tionships presented in Chapter 5 were related to single (carcinogenic) exposures, 
whereas the focus in both Chapter 3 and 4 was on a mixture of various (low dose) car-
cinogens as present in cigarette smoke (2, 3). Regarding the carcinogenic or genotoxic 
potency of these exposures, it was postulated earlier that the interaction between low 
dose carcinogens, for example the joint effect of genotoxic agents and promotors in 
cigarette smoke, may be more important than single compounds (4). Therefore, the 
increase in effect in response to these exposures may be much stronger in the case of 
exposure to cigarette smoke exposure compared to single agents. An alternative expla-
nation was also proposed, in which it was postulated that genetic differences between 
individuals might explain the lack of effect in response to single carcinogen exposures 
(4). Indeed, an effect of several polymorphisms was observed on the exposure-effect 
relationships in Chapter 5, showing a stronger effect in individuals carrying a certain at-
risk genotype in response to specific (carcinogenic) exposures. However, the levels of 
these effects are still relatively low (in most cases only between 1 and 1.5 times differ-
ence between the respective genotypes). It is suggested that the effects of these poly-
morphisms on the dose response relationships will be higher when focusing on the ef-
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feet in response to different (low dose) exposures simultaneously, as these represent 
more accurately the daily life situation (with the exception of occupational exposures to 
high doses of particular (carcinogenic) single exposures). 

Another important difference is, that the cigarette smoke exposures in Chapter 
3 and 4 are relatively high, whereas all environmental exposures in Chapter 5 are very 
low. Therefore, health effects induced by these environmental compounds may be diffi-
cult to detect, although the exposure-effect relationships that were still observed despite 
of these low levels were highly significant. In all relationships a relatively small R-
square was observed (data not shown), indicating large variations around the regression 
line. The hypothesis that at least part of the inter-individual variation in the observed 
exposure-effect relationships could be explained by the genotype was confirmed. In 
addition, it has been postulated that genetic susceptibility may be more important at low 
exposure doses (4). From a metabolic point of view, this effect of the genotype at low 
levels of exposure may be explained by saturation of the relevant enzymes at high 

A J 

doses. This was clearly shown in Chapter 4, in which the impact of the CYP1B1 L V 
polymorphism was diminished at a high level of exposure. 

One limitation of the research presented in the current thesis is the selection of 
polymorphisms. It was aimed to select the most important genes in the most common 
toxicologically relevant pathways based on literature data. Obviously, this is somewhat 
arbitrary. As high-throughput genotyping assays are still rapidly evolving, eventually 
whole genome scans will become feasible. A major tool in this is the publication of the 
haplotype map, which reduces the number of common SNPs for the investigation of the 
entire genome dramatically (5). However, investigating the complete genome also leads 
to large amounts of data, the majority of which may be biologically irrelevant. It is 
postulated, that with respect to the study field of toxica genetics, genes participating in 
the most common pathways involved in chemical carcinogenesis have been investigated 
in this thesis. In addition, the results of the current thesis confirm that xenobiotic me-
tabolizing enzymes play an important role in environmental health risk susceptibility (6, 
7), as they were involved in almost every investigated exposure-effect relationship in 
the studies described in this thesis. Nonetheless, with respect to carcinogenesis, poly-
morphisms in genes involved in cell cycle control and apoptosis, and those involved in 
the development and regulation of the immune system may be additionally included in 
future studies (8). Moreover, it may be useful for future studies to assess the effect of 
haplotypes of the selected genes rather than single SNPs, to fully characterize the func-
tional effects of the combined variants. 

Besides the selection of SNPs, the number of samples to be analyzed in bio-
monitoring studies is an important issue. Although the study populations in the current 
thesis were overall sufficiently large with respect to the number of investigated vari-
ables, a larger sample size will definitely increase the statistical power of the conducted 
analyses. 
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With respect to the policy-supporting relevance of the research presented in 
this thesis, it is important to consider differences in safety assessment procedures be-
tween carcinogenic and non-carcinogenic compounds. Regarding non-carcinogens and 
also non-genotoxic carcinogens, the concept of a so called "zero tolerance risk model" 
is crucial. In this model, a threshold dose (the dose at and below which no toxic effect is 
detected) is used to compute the Acceptable Daily Intake (ADI). Within this ADI, a 
safety factor 10 is always included to account for the possible inter-individual variations 
in susceptibility (9). However, all investigated biomarkers described in this thesis repre-
sent exposures which are classified as (possible) carcinogenic to humans by the IARC. 
These exposures are regulated in a more stringent way. The extremely conservative 
approach of a linear non-threshold high-to-low dose extrapolation is applied. In this 
case a threshold dose is not applicable, based on the theory that each single carcinogenic 
molecule can cause cancer and every individual is exposed to some level. In this per-
spective, no correction factor for inter-individual variation is applied, because of the 
default assumption that the conventional model is conservative enough and thus, limits 
exposure levels to (genotoxic) carcinogens are set sufficiently low. However, this linear 
high-to-low dose extrapolation has been questioned, based on evidence from epidemi-
ologic studies suggesting an interaction between polymorphisms involved in carcino-
genesis and environmental factors, discriminating certain subpopulations at higher risk 
for cancer (4). The results of the current thesis show that in all investigated exposure-
effect relationships more susceptible subgroups could be identified, showing an in-
creased response in levels of biomarkers for genotoxic damage and thus, having a 
higher risk for developing health effects in response to environmental genotoxic expo-
sures. Although results presented in this study should be interpreted carefully as they 
comprise biomarkers instead of actual cancer incidence, nonetheless, it is concluded that 
it is of social importance to continue the debate about the relevance of inter-individual 
differences in susceptibility with regard to environmental cancer risk assessment. 

Conlusion 

The research presented in this thesis provides a rapid, accurate and thoroughly validated 
method for genotyping multiple SNPs in large populations, easily applicable as a new 
biomarker for genetic susceptibility in molecular epidemiology studies. A strong aspect 
of the research presented in this thesis is the large number of genotypes, in pathways of 
interest, that can be assessed (ranging from 684 in Chapter 4 to 24,986 in Chapter 5), in 
contrast to the relatively low number that was feasible using conventional methodolo-
gies such as RFLP. A second aspect is that the impact of multiple polymorphisms is 
simultaneously investigated on the relationship between exposure- and effect markers, 
where conventional methods focus on the effect of a single polymorphism on a specific 
biomarker. This was shown by the results obtained from the developed multivariate 
statistical methodology, which provided additional information as compared to the out-
come of conventional univariate analyses. For future studies, it is therefore recom-
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mended to emphasize integrative effects of multiple polymorphisms on gene-
environment interactions. 
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Mensen worden in hun dagelijks leven continu blootgesteld aan stoffen die mogelijk 
schadelijke zijn voor hun gezondheid, aanwezig in het milieu of als gevolg van riskante 
individuele leefgewoonten, roken is hiervan het meest bekende voorbeeld. Een deel van 
deze lichaamsvreemde stoffen zijn geclassificeerd als carcinogeen door het 'Internatio-
nal Agency of Research on Cancer' (IARC). Echter, niet iedereen reageert op dezelfde 
manier op deze blootstellingen, waardoor sommige mensen een verhoogd risico hebben 
op het krijgen van kanker. Dit verschil in gevoeligheid kan, in ieder geval deels, worden 
verklaard door inter-individuele verschillen tussen mensen in genetische achtergrond. 
Uit moleculair epidemiologische studies blijkt, dat "Single Nucleotide Polymorphisms" 
(SNPs) in genen die betrokken zijn bij de biotransformatie van carcinogenen, DNA 
repair en oxidatieve stress, iedere stap vanaf carcinogene blootstelling tot en met de 
uiteindelijke ontwikkeling van de ziekte kunnen beïnvloeden (Hoofdstuk 1, Figuur 2). 
Het genotyperen van SNPs kan daarom waardevolle kennis opleveren met betrekking 
tot de mechanistische achtergrond van het carcinogene proces en daarnaast belangrijke 
inzichten verschaffen in de individuele gevoeligheid voor het ontwikkelen van milieu-
gerelateerde gezondheidseffecten. Omdat de blootstelling aan deze stoffen vaak erg 
complex is en gezien de vele pathways en enzymen die betrokken zijn in de biologische 
respons, is het onwaarschijnlijk dat één enkele SNP in één bepaald gen doorslaggevend 
is in deze processen. Daarom zullen studies die de associatie onderzoeken tussen poly-
morfismen en het ontstaan van ziekte, en die zich daarbij richten op de analyse van 
individuele polymorfismen, de rol van genetische variatie in de individuele gevoelig-
heid voor het ontwikkelen van gezondheidseffecten nooit volledig in kaart kunnen 
brengen. Het is dus van belang om een relatief groot aantal polymorfismen in verschil-
lende biologische pathways tegelijkertijd te onderzoeken in grote populaties, om meer 
inzicht te krijgen in de verschillen tussen mensen met betrekking tot het ontwikkelen 
van gezondheidseffecten na blootstelling aan schadelijke stoffen. Dit onderstreept de 
vraag voor nieuwe, kost-effectieve 'high throughput' genotyperings-methoden in com-
binatie met innovatieve statische benaderingen. De hypothese van het onderzoek be-
schreven in dit proefschrift is, dat de interactie tussen een veelvoud van genen, die de 
gevoeligheid voor schadelijke stoffen uit het milieu kunnen beinvloeden, met biomar-
kers van blootstellings en vroeg biologisch effect, de verschillen tussen mensen in hun 
respons op blootstelling aan schadelijke stoffen kan verklaren en daarbij nieuwe inzich-
ten kan verschaffen voor milieugerelateerde gezondheidsrisico schatting. 

De ontwikkeling en validatie van een snelle, rendabele methode voor de geno-
typering van multipele SNPs in grote populaties wordt beschreven in Hoofdstuk 2. 
Deze techniek, die is gebaseerd op 'Single Base Extension1 (SBE) door middel van de 
SNaPShot techniek, werd allereerst opgezet voor het genotyperen van 9 SNPs in 5 bio-
transformatie enzymen. Ter validatie werden 67 DNA samples van gezonde vrijwilli-
gers gegenotypeerd door middel van de beschreven assay, wat resulteerde in accurate en 
complete genotypes met frequenties die verwacht werden op basis van de literatuur. 
Twintig DNA samples werden in duplo gegenotypeerd om te testen voor inter-assay 
variatie, wat zeer consistente resultaten opleverde. Verdere validatie werd gedaan door 
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op z'n minst 10 samples te genotyperen met conventionele methoden ('Restriction 
Fragment Length Polymorphism' (RFLP) en Sequencing) wat resulteerde in 100% 
overeenstemming tussen de SBE assay in de conventionele methoden. Daarnaast blijkt 
uit de data dat de SBE assay voor NAT2*5 genotypering nauwkeuriger is dan de traditi-
onele RFLP analyse. Verder kan deze assay ook gebruikt worden voor de genotypering 
van GSTM1 en GSTT1 gen deleties, alhoewel er geen verschil gemaakt kan worden 
tussen heterozygote deleties en homozygoot positieve genotypes. Voor een optimaal 
gebruik van de high-throughput mogelijkheden van de SNaPShot techniek, werd een 
multiplex PCR amplificatie van, in eerste instantie, 9 SNPs in 5 verschillende genen 
ontwikkeld. Zowel genotype en fenotype informatie, in eerste instantie voor deze 9 
SNPs, samen met PCR en SBE primer sequenties, werden verzameld in een SNP data-
base. Deze database is inmiddels verder aangevuld tot 93 SNPs in 53 genen verdeeld 
over 10 series, welke makkelijk toepasbaar zijn in de multiplex genotyperings-assay 
(met een multiplex capaciteit tot 13 SNPs in 96 samples tegelijkertijd in één enkel expe-
riment). Alle SNPs werden geselecteerd op hun effect op enzym activiteit en gezond-
heidseffecten, met de nadruk op carcinogenese (Hoofdstuk 1, Figuur 2). 

Een eerste toepassingsstudie werd gedaan met 3 van deze sets polymorfismen. 
In deze studie, beschreven in Hoofdstuk 3, werden 63 gezonde Kaukasische rokende 
vrijwilligers gegenotypeerd voor 19 SNPs in 12 genen betrokken in carcinogeen meta-
bolisme, 'DNA repair' en 'oxidatieve stress defence'. Hierbij werd de hypothese getest 
dat de analyse van multipele SNPs tot een betere voorspelling leidt van de inter-
individuele variaties in DNA adduct niveaus als gevolg van blootstelling aan sigaretten-
rook. De totale som van risico allelen binnen deze selectie van SNPs was positief gecor-
releerd met DNA adduct niveaus. Deze relatie werd nog beter wanneer werd gekeken 
naar de som van risico allelen voor de GSTM1 null, mEH Y1UH en GPX PmL genoty-
pes, die als meest belangrijke polymorfismen voor de modulatie van bulky DNA adduc-
ten in respons op sigarettenrook waren geïdentificeerd. Rokers met deze zogenaamde 'at 
risk' genotypen zijn gevoeliger voor het ontwikkelen van DNA adducten als gevolg van 
blootstelling aan schadelijke stoffen in sigarettenrook, wat overeenkomt met de fenoty-
pische effecten van de polymorfismen. Omdat de conventionele statische analyses, 
waarin het effect van één enkele SNP op de variaties in DNA adduct niveaus wordt 
onderzocht, slechts één significant polymorfisme (GSTM null) opleverde, impliceren 
deze resultaten dat de simultane analyse van multipele polymorfismen belangrijk is om 
betere inzichten te verschaffen in biomonitoring studies die de inter-individuele varia-
ties in blootstelling-effect relaties onderzoeken. Voor deze laatsgenoemde toepassing in 
biomonitoring studies, werd een nieuwe statistische benadering ontwikkeld die geba-
seerd is op de formatie van subgroepen om de regressie lijn. In deze benadering wordt 
de geobserveerde waarde van het effect gedeeld door de verwachte waarde -berekend 
aan de hand van de regressie lijn. Een ratio boven de 1 (boven de regressie lijn) corres-
pondeert met de personen die een hogere gevoeligheid hebben, ofwel de 'high respon-
ders\ en een waarde beneden de 1 impliceert een meer beschermend effect en verwijst 
naar de low responders. Door middel van deze ratio wordt de studie populatie in 
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subgroupen verdeeld, waarbij het aantal gemaakte subgroepen de statistische methode 
bepaald voor discriminatie van de personen naar een van deze groepen, gebaseerd op 
hun verschillende genotypes. In deze studie werden 3 subgroepen gevormd ( ' low\ 'me-
dium' en 'high responders') waardoor classificatie van ieder individu naar een van deze 
groepen werd uitgevoerd door middel van discriminant analyse, met geslacht, leeftijd, 
het aantal sigaretten gerookt per dag en het genotype als onafhankelijke variabelen. Dit 
protocol kan makkelijk aangepast worden, bijvoorbeeld voor classificatie naar 2 groe-
pen door middel van binaire logistische regressie, wat werd toegepast in de studies 
beschreven in Hoofdstuk 4 en 5. 

Naast DNA adduct levels uit lymfocyten, worden eiwit adducten zoals 4-
AminoBiPhenyl-hemoglobine (4-ABP-Hb) adducten ook regelmatig gebruikt als biolo-
gische (effect) marker voor roken. In de literatuur zijn goede correlaties beschreven 
tussen blootstelling aan sigarettenrook en 4-ABP-Hb adduct niveaus, met een saturatie 
effect bij hoge doses. Binnen deze relaties zijn grote inter-individuele variaties aanwe-
zig. Het werd gesuggereerd dat beide observaties te verklaren zouden kunnen zijn aan 
de hand van genetische verschillen tussen personen in enzymen die betrokken zijn bij 
het metabolisme van 4-ABP. De grootste rol binnen de metabole transformatie van 4-
ABP is weggelegd voor cytochroom P450 (CYP450) enzymen in de lever. Men is er 
altijd vanuit gegaan dat CYP1A2 het primaire enzym is voor deze oxidatie van 4-ABP, 
maar in meer recente studies is de rol van dit enzym in twijfel getrokken en wordt ge-
suggereerd dat andere enzymen betrokken zijn. Daarom hebben we een studie uitge-
voerd om de belangrijkste genetische mediatoren te vinden in het metabolisme van 4-
ABP en daarnaast hun mogelijk effect op de blootstelling-effect relatie tussen cigaret-
tenrook en 4-ABP-Hb adduct niveaus aan het licht te brengen (Hoofdstuk 4). Hiervoor 
werd de statische benadering, beschreven in hoofdstuk 3, toegepast, ditmaal met 2 groe-
pen voor classificatie: boven (meer gevoelig) en beneden (beschermend) de gevonden 
regressie lijn tussen sigarettenrook dosis en 4-ABP-Hb adduct niveaus. Het CYP1B1 
L432V polymorfisme had een cruciaal effect op de blootstelling-effect relatie, leidend tot 
een saturatie effect bij mensen die het polymorfisme dragen wat codeerd voor een hoge-
re activiteit van het enzym (de homozygoot wild-typen en heterzygoten). In het geval 
van homozygote dragers van 

de CYP1B1 VV variant, leidend tot een enzym met een 
lagere activiteit, werd er geen plateau gevonden en waren de adduct levels in het alge-
meen lager dan bij de homozygoot wild-typen en heterozygoten. Deze resultaten beves-
tigen de eerdere hypothese dat het geobserveerde saturatie effect in de regressie lijn 
tussen sigarettenrook blootstelling en 4-ABP-Hb adduct niveaus, verklaard kan worden 
door verschillende metabole routes. Verder werd er ook in deze studie geen effect ge-
vonden van CYP1A2 en fase 2 enzymen van de Glutathione-S-Transferase (GST) en N~ 
AcetylTransferase (NAT) families, welke al eerder onderzocht zijn in dit verband, resul-
terend in tegenstrijdige bevindingen. Concluderend blijkt uit deze data dat CYP1B1 een 
belangrijke rol speelt in 4-ABP metabolisme. Daarnaast kan het simultaan analyseren 
van multipele polymorfismen belangrijke informatie opleveren over bepaalde enzymen 
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in toxicologisch relevante pathways en is het toe te passen als een biomarker voor ge-
voeligheid in biomonitoring studies. 

Het genotyperen van SNPs toegepast in grootschalige biomonitoringstudies, 
met de ontwikkelde technieken en verkregen kennis uit de studies in de vorige hoofd-
stukken, wordt beschreven in hoofdstuk 5. Deze biomonitoring studie werd uitgevoerd 
binnen het framework van de Flanders Environment and Health Study (FLEHS), in 
opdracht van het Vlaams ministerie, met als doel betere inzichten te krijgen in de ge-
zondheidsrisico's die gerelateerd zijn aan de blootstelling aan schadelijke stoffen in 
verschillende regio's in Vlaanderen. Omdat er grote verschillen bestaan in gevoeligheid 
voor een specifieke dosis van een toxische stof tussen personen binnen een bepaalde 
populatie, vragen beleidsmakers meer informatie over deze inter-individuele verschillen 
in humane repons op milieublootstellingen. Het doel van de studie beschreven in dit 
hoofdstuk was om deze verschillen in kaart te brengen, op basis van genetische gevoe-
ligheid, Binnen de geobserveerde blootstelling-effect relaties waren 3 opmerkelijke 
resultaten, voor de eerste keer beschreven in deze studie. ïn de adolescenten populatie, 
werd een positieve relatie gevonden tussen blootstelling aan ethylbenzeen en oxidatieve 
DNA schade (8-OHdG). Meer gevoelige groepen binnen deze relatie konden worden 

TA 1 

gedefinieerd op basis van de GSTT1 null en CAT T genotypes, die geassocieerd 
waren met respectievelijk 1.2 en 1.4 keer verhoogde niveaus van DNA schade vergele-
ken met de wild-types. In de volwassen werd een positief verband gevonden tussen 
blootstelling aan Cadmium en serum levels van de tumor marker p53. De hoogste serum 
p53 niveaus werden gevonden in personen met het GSTM1 wild-type (1.1 keer zo hoog 
dan in personen met de GSTM1 null variant) en het BRCA2 NmH genotype (personen 
met dit genotype hadden respectievelijk 1.3 en 1.4 keer hogere niveaus dan wild-types 
en heterozygoten). Tenslotte werd er een relatie gevonden tussen lood blootstelling en 
een verhoging van een andere tumor merker, CEA. Groepen met een verhoogde gevoe-
ligheid werden binnen deze relatie gevonden op basis van het BRCA2 NmH genotype 
en sigaretten rokers; respectievelijk bijna 2 en 3 keer hogere CEA levels in relatie met 
lood blootstelling. Concluderend kan worden gesteld dat het onderzoek gepresenteerd in 
dit hoofdstuk heeft geresulteerd in een innovatieve studie naar biomarkers voor geno-
toxisch risico, wat nieuwe inzichten verschaft in blootstelling-effect relaties in adoles-
centen en volwassenen blootgesteld aan verschillende schadelijke milieu polluenten. 
Daarnaast blijkt uit de resultaten dat er een belangrijke rol is voor verschillende genoty-
pes binnen deze relaties, wat de identificatie van meer gevoelige subgroepen mogelijk 
maakt. 

Bijkomend bewijs voor de invloed van een 'at risk' genotype op een verhoogde 
gevoeligheid voor gezondheidsrisico's door milieublootstellingen wordt gepresenteerd 
in Hoofdstuk 6. Hier werd de hypothese getest dat, als een onvoordelige combinatie 
van milieu (carcinogene) blootstellingen en een 'at risk' genotype, coderend voor en-
zymen betrokken bij chemische carcinogenese, daadwerkelijk een risico factor is voor 
het ontwikkelen van kanker en zelfs sterfte, dan zal het de levensverwachting van men-
sen beïnvloeden en kan worden gesteld dat de prevalentie van een carcinogenese gerela-
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teerd 'at risk' genotype verminderd met de leeftijd in een willekeurige selectie van ge-
zonde personen. De totale som van risico allelen voor enzymen betrokken in biotrans-
formatie, oxidatieve stress en DNA repair, was inderdaad significant lager in een wille-
keurige selectie ouderen (boven de 50 jaar) ten opzichte van een populatie jongere per-
sonen (tussen 14 en 16 jaar). Biotransformatie enzymen , en met name de enzymen die 
betrokken zijn in fase 2 detoxificatie reacties, droegen het meeste bij aan deze afname in 
de som van risico allelen. Gezien de hoge statistische power van de studie, wat de kans 
op vals positieven minimaliseert, en het feit dat de studiepopulatie geselecteerd was uit 
een identieke 'gene pool' (géén effect van geslacht en ras) binnen dezelfde regio's in 
Vlaanderen, kan worden geconcludeerd dat de resultaten van deze studie nieuw bewijs 
leveren dat een carcinogenese-gereiateerd 'at-risk' genotype een invloed heeft op een 
verhoogd risico voor chemische carcinogenese en een selectief nadeel heeft op de hu-
mane levensverwachting. 

Discussie 

Moleculair epidemiologische studies over de laatste 2 decennia hebben uitgewezen dat 
ziektes zoals kanker voortkomen uit een interactie tussen grotendeels te voorkomen 
schadelijke milieublootstellingen en genetische factoren. Daarom is het onderzoek naar 
kanker deels verschoven naar kanker preventie (1). Twee niveaus van preventie zijn 
voorgesteld, namelijk (i) het aanpassen van schadelijke leefgewoonten van mensen en 
(ii) de reductie van onvrijwillige blootstelling aan carcinogenen op een populatie ni-
veau, door middel van beleidsvorming. Omdat niet alle mensen hetzelfde reageren op 
deze blootstellingen, bekijken beleidsmakers de mogelijkheden om rekening te houden 
voor deze inter-individuele variaties in gevoeligheid. In dit proefschrift werd de inter-
individuele gevoeligheid bepaald, door het effect van genetische verschillen tussen 
personen te onderzoeken op verschillende blootstelling-effect relaties. Het schadelijke 
effect van roken, de meest bekende vorm van een gezondheidsbedreigende individuele 
leefgewoonte, werd onderzocht in hoofdstuk 3 en 4. In beide hoofdstukken werden 
goede positieve correlaties gevonden tussen blootstelling aan sigarettenrook en DNA 
(hoofdstuk 3) en eiwit (hoofdstuk 4) schade. Bovendien bleek het genotype een effect te 
hebben op beide relaties, zodat meer-gevoelige subgroepen konden worden geïdentifi-
ceerd. Meer gevoelige groepen met een hoger risico op nadelige gezondheidseffecten 
konden ook worden geïdentificeerd in milieublootstelling-effect relaties op populatie 
niveau, wat werd beschreven in hoofdstuk 5. Deze relaties waren echter niet zo sterk als 
de relaties met blootstelling aan sigarettenrook. 

Een belangrijk verschil tussen beide resultaten is, dat de blootstelling-effect re-
laties die gepresenteerd werden in hoofdstuk 5 zich richtten op individuele carcinogene 
blootstellingen, terwijl de nadruk in hoofdstuk 3 en 4 lag op een mix van verschillende 
(lage dosis) carcinogenen, die voorkomen in sigarettenrook (2,3). Gekeken naar de 
carcinogene of genotoxische capaciteiten van deze blootstellingen, is gesuggereerd dat 
de interactie tussen verschillende lage dosis-carcinogenen, bijvoorbeeld het gezamelijke 

148 



Sumvnvaiiing vn aiï>i mem' disvussiv 

effect van genotoxische stoffen in sigarettenrook, sterker is dan individuele blootstellin-
gen (4). Dit zou een verklaring kunnen zijn voor de sterkere stijging in effect gezien bij 
blootstelling aan sigarettenrook, in vergelijking met individuele stoffen. Een alternatie-
ve verklaring is ook voorgesteld, waarbij de hypothese was dat genetische verschillen 
tussen mensen het lagere effect kunnen verklaren bij individuele carcinogeen blootstel-
lingen (4). Er werd inderdaad een effect van verschillende polymorfismen gevonden op 
de blootstelling-effect relaties in hoofdstuk 5, waarbij een sterker effect werd gevonden 
bij personen met een "at risk" genotype in respons op blootstelling aan carcinogenen. 
De niveaus van deze effecten waren alleen nog steeds vrij laag (in de meeste gevallen 
slechts tussen 1 en 1.5 maal verschillend tussen de specifieke genotypes). Daarom word 
gesuggereerd dat het effect van deze polymorfismen groter zal zijn als men kijkt naar de 
response na blootstelling aan een mix van verschillende (lage doses) carcinogenen tege-
lijk. Dit komt ook dichter in de buurt van de alledaagse milieublootstellingen (met de 
uitzondering van beroepsgebonden blootstelling aan specifieke hoge-doses carcinoge-
nen). 

Een ander belangrijk verschil is, dat de blootstelling aan sigarettenrook in 
hoofdstuk 3 en 4 relatief hoog is, terwijl de milieublootstellingen in hoofdstuk 5 vrij 
laag zijn. Daarom kunnen effecten op de gezondheid bij de laatste moeilijk te detecteren 
zijn, alhoewel de relaties die gevonden werden allemaal sterk statistisch significant zijn. 
In alle relaties werd een relatief lage R-kwadraat gevonden (data niet gepresenteerd), 
wat een grote variatie rondom de regressielijn suggereert. De hypothese dat in ieder 
geval een deel van deze variatie verklaard zou kunnen worden door het genotype werd 
bevestigd. Bovendien werd eerder gesuggereerd dat genetische gevoeligheid van een 
groter belang is bij lage doses van een bepaalde bloostelling (4). Vanuit een metabool 
oogpunt, kan het effect van het genotype op lage dosis niveau verklaard worden door de 
saturatie van de relevante enzymen bij hoge doses. Dit effect werd duidelijk geobser-
veerd in hoofdstuk 4, waar de impact van het CYP1B1 LmV polymorfisme teniet ge-
daan werd bij een hoge dosis. 

Een beperking van het onderzoek beschreven in dit proefschrift is de selectie 
van polymorfismen. Het doel was om de meest belangrijke genen in de meest relevante 
toxicologische pathways te selecteren, gebaseerd op literatuur data. Het mag duidelijk 
zijn dat dit wat arbitrair is. High-throughput genotyperingsmethoden zijn nog steeds 
volop in ontwikkeling, wat uiteindelijk complete genoom scans mogelijk zal maken. 
Een belangrijk hulpmiddel hierbij is de publicatie van de haplotype map, welke het 
aantal SNPs dat nodig is om het hele genoom te onderzoeken drastisch reduceerd (5). 
Aan de andere kant, leidt dit tot een grote berg data, waarvan een groot deel biologisch 
irrelevant zal zijn. Het wordt gesteld dat, voor toxico-genetisch onderzoek, de meest 
relevante genen betrokken in de belangrijkste pathways voor chemische carcinogenese 
zijn geselecteerd voor het onderzoek in dit proefschrift. Bovendien bevestigen de resul-
taten van dit onderzoek, dat enzymen betrokken in het metabolisme van xenobiotica een 
belangrijke rol spelen in de gevoeligheid voor het schadelijke effect van milieublootstel-
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lingen (6,7), omdat ze betrokken waren in bijna elke onderzochte blootstelling-effect 
relatie in de studies beschreven in dit proefschrift. Desalniettemin kan worden aanbevo-
len voor toekomstige studies, om polymorfismen in genen betrokken bij cel-cyclus en 
apoptose en genen betrokken bij de ontwikkeling en regulatie van het immuun systeem 
mee te nemen (8). Daarnaast zou men kunnen kijken naar haplotypes in plaats van indi-
viduele SNPs, om een beter beeld te krijgen van de functionele effecten van de gecom-
bineerde varianten. 

Naast de selectie van SNPs, is ook het aantal geanalyseerde samples in de bio-
monitoring studies een aandachtspunt. Alhoewel de studie populaties in de studies be-
schreven in dit proefschrift groot genoeg waren gelet op het aantal onderzochte variabe-
len, zal een groter aantal samples de power van de analyses verhogen. 

Wat betreft de beleidsondersteunende relevantie van het gepresenteerde onder-
zoek in dit proefschrift, is het belangrijk een verschil te maken tussen blootstelling aan 
carcinogene- en niet- carcinogene blootstellingen. Gelet op niet-carcinogene en niet-
genotoxische blootstellingen is het concept van een zogeheten "zero-tolerance risk" 
model cruciaal. In dit model, wordt een treshold dosis (de dosis waaronder geen toxisch 
effect meer wordt gedetecteerd) gebruikt om de zogenaamde "Acceptable Daily Intake" 
(ADI) te berekenen. Binnen deze ADI, wordt rekening gehouden met een veiligheids 
marge van 10 om te corrigeren voor iner-individuele verschillen in gevoeligheid (9). 
Echter, alle blootstellingen beschreven in dit proefschrift zijn geclassificeerd als carci-
nogeen voor mensen door het IARC. Deze blootstellingen worden iets strikter geregu-
leerd. De extreem conservatieve benadering van een non-treshold hoog naar lage dosis 
extrapolatie wordt gehanteerd. In dit geval kan een treshold dosis niet worden toegepast, 
omdat elk individueel carcinogeen molecuul kanker kan veroorzaken en iedereen op een 
bepaald niveau is blootgesteld. Er wordt geen correctiefactor voor gevoeligheid toege-
past, vanwege de algemene opvatting dat het model conservatief genoeg is en de limie-
ten voor (genotoxische) carcinogenen laag genoeg zijn. Echter, deze benadering is in 
twijfel getrokken gebaseerd op resultaten van moleculair-epidemiologische studies die 
een interactie suggereren tussen polymorfismen, betrokken in chemische carcinogenese, 
met omgevingsfactoren, en daarbij mogelijk populaties identificeren met een hoger 
risico op het krijgen van kanker (4). De resultaten van het onderzoek beschreven in dit 
proefschrift laten in alle geobserveerde blootstelling-effect relaties meer gevoelige sub-
groepen zien met hogere respons niveaus van biomarkers voor genotoxische schade, en 
dus een hoger risico op het ontwikkelen van schadelijke effecten op de gezondheid naar 
aanleiding van genotoxische omgevingsblootstellingen. Alhoewel enige voorzichtigheid 
gebaat is bij de interpretatie van de resultaten in deze studie omdat biomarkers onder-
zocht zijn in plaats van de incidentie van kanker, wordt geconcludeerd dat het van soci-
aal belang is om het debat over inter-individuele verschillen in gevoeligheid voor om-
gevingsgerelateerd kankerrisico te continueren. 
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Conclusie 

Het onderzoek gepresenteerd in dit proefschrift beschrijft een snelle, accurate en gron-
dig gevalideerde methodologie voor het genotyperen van multipele SNPs in grote popu-
laties, welke makkelijk toe te passen is als een biomarker voor genetische gevoeligheid 
in moleculair-epidemiologische studies. Een sterk punt van het gepresenteerde onder-
zoek is de grote aantallen genotypes, in vooraf geselecteerde pathways van interesse, die 
kunnen worden onderzocht (variërend van 684 in hoofdstuk 4 tot 24,986 in hoofdstuk 
5), in tegenstelling tot de relatief lage capaciteit van conventionele methodes zoals 
RFLP. Een tweede aspect is dat de impact van multipele SNPs als geheel wordt onder-
zocht op de relatie tussen blootstelling- en effect markers, waar conventionele methoden 
zich richten op het effect van een enkel polymorfisme op een specifieke biomarker. Dit 
bleek uit de resultaten van de ontwikkelde multivariaat statistische methodologie, die 
meer informatie gaf dan de conventionele univariaat methoden. Voor toekomstige stu-
dies wordt aanbevolen, om de totale effecten van multipele polymorfismen op gen-
omgevings interacties te benadrukken. 
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L'ha pi er ? 

Juli 2007, Rowwen Hèze is tourartiest geworden bij 'radio tour' en "Vechte, Valle en 
Opstaon" klinkt de kamer in. Toeval bestaat niet. Muziek gelukkig wel, en blijkt weder-
om een makkelijk middel om iets te zeggen. Want terugkijkend op 4,5 jaar AiO-schap 
lijken de woorden van Jack Poels precies op de plaats te vallen, juist op het moment dat 
ik eindelijk mijn dankwoord mag schrijven, voor de mensen die mij het 'vechten' en het 
'opstaan' een stuk makkelijker hebben gemaakt. 

Allereerst mijn begeleider en co-promotor, Dr. Joost van Delft. Beste Joost. Ik 
was natuurlijk een klein beetje een vreemde eend in de bijt, als enige van je AIOs die 
eigenlijk niets met micro-array's te maken had. Dat neemt niet weg dat je me altijd heel 
enthousiast begeleid hebt, met veel interesse in alles waar ik mee bezig was (ook de 
"minder" wetenschappelijke zaken!). Ook het feit dat ik ten alle tijden bij je terecht kon 
met vragen, frustraties ('t "AIO-dipje") of gewoon even "bijpraten" waardeer ik enorm. 
Daarnaast natuurlijk mijn promotor, Prof. Jos Kleinjans. Beste Jos, ik vind het echt 
ongelofelijk dat je altijd precies op de juiste momenten de juiste woorden of adviezen 
hebt, die me telkens weer een stap verder brachten (zodat ik die 2-stappen die je voor je 
gevoel terug maakt, weer makkelijk inhaalde), ook al week ik een enkele keer iets af 
van de voorgestelde route (overleving van de meest eigenwijze?). Jos en Joost, heel erg 
bedankt voor de goede samenwerking! 

Alle collega's van de vakgroep gezondheidsrisico analyse en toxicologie 
(GRAT), bedankt voor alle hulp en de leuke tijd! Een paar wil ik er graag speciaal noe-
men. Dit is in de eerste plaats Ralph. "Willi", bedankt voor de grote hoeveelheden werk 
die je verzet hebt, de leuke tijd op (en buiten!) het lab en je eeuwige geduld als ik weer 
eens aan kwam zetten om vanalles van je te vragen. Zonder jou was dit proefschrift er 
niet (zo snel) geweest! Daarnaast Roger ("Dur Rodger"). Heel erg bedankt voor de vele, 
leuke discussies, en met name voor al je hulp bij het "statistisch geplaar" (door jou ben 
ik statistiek zelfs leuk gaan vinden!) en het schrijven. Ik heb veel van je geleerd! (Sim-
pelvelds rules!). Ook Ad, "the dude", bedankt voor alle hulp! (En natuurlijk voor het 
samen organiseren van een van de meest memorabele GRAT-uitstapjes ooit). Bukske, 
d'n Dulle, d'n Duffe, d'n Vette (Sodemieter op nao Venlo man), Luus, Willi bedankt 
voor de super gezellige tijd bij GRAT; de analisten (P*K) brengen leven in de brouwe-
rij! (wat ik in die jaren een aantal keer letterlijk heb mee mogen maken, met Val Dieu 
dit jaar als hoogtepunt). Natuurlijk mijn mede AIO's, bedankt voor de gezelligheid en 
het delen van alle AIO hoogte- en dieptepunten! Danitsja, heel erg bedankt voor alle 
layout-tips! Tenslotte 'n "ex-collega", onze Ludwig-drummer, Harald, bedankt voor de 
gezellige jaren bij GRAT! (iek find mooi, puuh). 

Gudrun en Elly van het Vlaams Instituut voor Technologisch Onderzoek (VI-
TO), heel erg bedankt voor alle hulp! 

Leden van de beoordelingscommissie, bedankt voor jullie tijd en de snelle be-
oordeling van mijn proefschrift. 

Ook wil ik graag Antje bedanken voor de hulp bij het kaftontwerp, evenals de 
heer en mevrouw Van den Broek en Duco Straatman voor jullie steun! 
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(Schoon-)familie en vrienden, bedankt voor de nodige ontspanning en interes-
se: dit heb ik dus 4 jaar uitgevoerd op het lab! De mafste vriendengroep van Venlo en 
omstreken, de Brandbeerkes, wil ik uiteraard even met name noemen. "Ouk al zuus-se 
mekaar jaore neet, de bis in 5 min weer beejgelölt, as of-se mekaar gister nog zoogs". 
Funske, te gek dat je mijn paranimf wilt zijn! Highke (Storm in miène kop), ook al zien 
we mekaar niet veel meer, bedankt voor 'n te gekke vriendschap! ("Those were days of 
roses, poetry en proza"). 

En net zoals een band z'n beste nummers tot het laatst bewaard, rest mij nog 4 
personen te bedanken. Allereerst pap & mam en Immy. Heel erg bedankt voor de moge-
lijkheden die jullie me gegeven hebben, het vertrouwen en meeleven, en het feit dat 
jullie altijd voor me klaarstaan! P.S. Mam, de "samenvatting veur minse wie weej" zit 
achterin! 

Leeve KiEkske, bedankt voor je onvoorwaardelijke steun, je interesse in alles 
wat ik doe en de onuitputtelijke bron van positieve energie die je hebt en op de juiste 
momenten op mij over weet te brengen! De woorden van Jack Poels hadden door jou 
geschreven kunnen zijn... 

"neet zeure, begin, ut haet gènne zin, de wachs tevergaefs op ein wonder!" 

.. .Samen kunnen we de wereld aan! 

155 



Curriculum vitae 

157 
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I was born on December 15th, 1978, in Leunen as Hans Bernardus Ketelslegers, and 
raised in Venlo. I have attended pre-university education from 1991-1997 at the "Col-
legium Marianum" in Venlo. 

I started the study program "Biomedical Engineering" at the technical univer-
sity of Eindhoven, and after 1,5 years I left Eindhoven to study "Biological Health Sci-
ences" at Maastricht University. During this period, I did two internships, one at the 
Leiden University Medial Centre (LUMC) at the department of human genetics, on the 
subject "Reversed Transfection using cDNA Microarrays", and one at the department of 
health risk analysis and toxicology (GRAT) at Maastricht University, on "Genotyping 
Single Nucleotide Polymorphisms in Biotransformation enzymes using Arrayed Primer 
Extension". 

In December 2002 I obtained my MSc in biological health sciences, and in 
January 2003 I started the PhD research as described in this thesis, 

I am currently working as a post-doc at the department of health risk analysis 
and toxicology at Maastricht University, 

Op 15 december 1978 ben ik als Hans Bernardus Ketelslegers geboren te Leunen, en 
daarna opgegroeid in Venlo. In 1997 heb ik mijn VWO diploma gehaald, aan het "Col-
legium Marianum" in deze stad. 

Na 1,5 jaar "Bio-Medische Technologie" aan de Technische Universiteit van 
Eindhoven, heb ik van 1998-2002 Biologische Gezondheidskunde gestudeerd aan de 
Universiteit Maastricht. Tijdens deze studie heb ik 2 stages gevolgd, de eerst in het 
Leids Universitair Medisch Centrum (LUMC) bij de vakgroep humane genetica, met als 
onderwerp "Reversed Transfection using cDNA Microarrays", de tweede aan de vak-
groep GezondheidsRisico Analyse en Toxicologie (GRAT) van de Universiteit Maas-
tricht, over "Genotyping Single Nucleotide Polymorphisms in Biotransformation enzy-
mes using Arrayed Primer Extension". 

In december 2002 heb ik mijn Doctorandus diploma gehaald, en ben ik in ja-
nuari 2003 bij GRAT begonnen als promovendus aan het onderzoek dat beschreven is 
in dit proefschrift. 

Vanaf april 2007 ben ik werkzaam als post-doc bij de vakgroep GRAT aan de 
Universiteit Maastricht. 
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Rokers sterven jonger. Hoewel, iedereen kent wel een roker die het levende bewijs 
is van het verhaal over iemand die zijn leven lang een pakje per dag heeft gerookt 
en nog steeds kerngezond is. Het is bekend dat mensen verschillend kunnen reage-
ren op dezelfde blootstelling aan schadelijke stoffen. Een groot deel hiervan kan 
verklaard worden door genetische verschillen. We krijgen bij de geboorte een 
persoonlijk genetisch paspoort mee, bestaande uit 'varianten van genen': geneti-
sche polymorfismen. 

De vraag is hoe bijzonder dit nu eigenlijk is, want bij het lezen van de genetische infor-
matie van verschillende individuen lezen we voor 99.9% hetzelfde. Dan lijkt de conclu-
sie dat niemand echt bijzonder is gauw getrokken. Maar als we die luttele 0.1% die het 
verschil maakt tussen mensen wat beter bestuderen, komen we er al gauw achter dat dit 
wat kortzichtig is. 

Snips: Genetische polymoifismen 

Dit minieme verschil in de genetische informatie tussen individuen wordt bepaald door 
genetische polymorfismen. De genetische informatie, het DNA, is opgebouwd uit 4 
basen: Adenine (A), Guanine (G), Thymine (T) en Cytosine (C). Een lange reeks van 
deze basen achterelkaar is een gen, een code die als blauwdruk staat voor het maken van 
eiwitten. Er bestaan aangeboren afwijkingen in een gen, waarbij het DNA op één base 
verschilt. Deze 'één base veranderingen' heten Single Nucleotide Polymorphisms 
(SNPs, uitgesproken als 'Snips'). 

De invloed van één letter 

De eiwitten waar een gen voor codeert kunnen functioneren als enzymen, kleine 'kataly-
satoren1 die helpen bij het goede verloop van allerlei biologische reacties in het mense-
lijk lichaam. Voorbeeld van zo'n biologisch proces is de opname en het onschadelijk 
maken van giftige stoffen van buitenaf. Is een gen op één base afwijkend van de 'nor-
male' code, dan kan het zijn dat het enzym waar dit gen voor codeert een veranderde, of 
zelfs helemaal geen functie meer heeft. In het bovengenoemde biologisch proces zou dit 
betekenen dat toxische stoffen (langer) in het lichaam blijven en zo hun schadelijke 
werking kunnen uitoefenen op bijvoorbeeld het DNA. Zo kunnen veranderingen van 
één enkele letter in de genetische code, SNPs, een cruciale rol spelen in het ontstaan van 
ziekten, zoals kanker. 

Geno typering 

Het in kaart brengen van deze SNPs, heet genotypering. Vroeger was het mogelijk om 
met eenvoudige technieken één of meerdere variant(en) in een gen op te sporen. Maar 
de laatste jaren is de kennis op dit gebied sterk toegenomen, in het bijzonder door het 
afronden van het humaan genoom project. Dit werd in 1989 gestart onder de naam 
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'Human Genome Organisation' (HUGO). Wetenschappers over de hele wereld werkten 
hieraan mee met als doel de ontrafeling van het menselijk genoom: het totaal aan gene-
tische informatie in een individu. Vijfjaar eerder dan verwacht, wordt in 2001 de eerste 
ruwe versie van de blauwdruk van het leven bekend: 3,5 biljoen letters, de basen, waar-
van in 98% géén genen verborgen liggen. Één op de 1200 tot 1500 basen verschillen 
van elkaar, dit komt neer op zo'n 3 miljoen verschillen tussen het ene genoom en het 
andere. Door deze enorme groei in kennis, is het noodzakelijk veel meer varianten in 
meerdere genen tegelijkertijd te onderzoeken. Hiervoor zijn genotyperings-technieken 
nodig met een grotere capaciteit dan de klassieke methoden. Het ontwikkelen en toepas-
sen hiervan is de doelstelling van het onderzoek dat werd uitgevoerd op de capaciteits-
groep 'GezondheidsRisico Analyse en Toxicologie' van de Universiteit Maastricht, en 
beschreven in dit proefschrift. 

Een genetisch paspoort maakt iedereen bijzonder 

Door het toepassen van technieken die onze genetische informatie kunnen lezen, wor-
den steeds meer functies van (varianten van) genen bekend en krijgen we steeds meer 
inzicht in het ontstaan van ziektes zoals kanker. Ondanks, nee, eigenlijk juist doordat we 
genetisch maar heel weinig verschillend zijn, reageert iedereen anders op schadelijke 
stoffen van buitenaf. Daarom maakt het persoonlijke genotype, het genetisch paspoort 
verkregen bij de geboorte, ieder mens bijzonder! 

167 


	Contents
	Abbreviations
	Chapter 1 - General introduction
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7 - Summary and general discussion
	Samenvatting en algemene discussie
	Dankwoord
	Curriculum vitae
	List of publications

