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ABSTRACT

Various endogenous and exogenous factors have been reported to increase the risk of 
breast cancer. Many of those are related to prolonged lifetime exposure to estrogens. 
Furthermore, a positive family history of breast cancer and certain benign breast diseases 
(BBD) are known to increase the risk of breast cancer. The role of lifestyle factors, such as 
use of alcohol and smoking has been an area of intensive study. Alcohol has been found to 
increase the risk of breast cancer, whereas the role of smoking has remained obscure. 

A multitude of enzymes are involved in the metabolism of estrogens and xenobiotics 
including the carcinogens found in tobacco smoke. Many of the metabolic enzymes ex-
hibit genetic polymorphisms that can lead to inter-individual differences in their abilities 
to modify hazardous substrates. Therefore, in presence of a given chemical exposure, one 
subgroup of women may be more susceptible to breast carcinogenesis, since they carry un-
favourable forms of the polymorphic genes involved in the metabolism of the chemical.

In this work, polymorphic genes encoding for cytochrome P450 (CYP) 1A1 and 1B1, 
N-acetyl transferase 2 (NAT2), sulfotransferase 1A1 (SULT1A1), manganese superoxide 
dismutase (MnSOD) and vitamin D receptor (VDR) were investigated in relation to 
breast cancer susceptibility in a Finnish population. CYP1A1, CYP1B1 and SULT1A1 are 
involved in the metabolism of both estrogens and xenobiotics, whereas NAT2 is involved 
only in the latter. MnSOD is an antioxidant enzyme protecting cells from oxidative dam-
age. VDR, in turn, mediates the effects of the active form of vitamin D (1,25(OH)2D3, 
calcitriol) on maintenance of calcium homeostasis and it has anti-proliferative effects in 
many cancer cells.

A 1.3-fold (95% CI 1.01–1.73) increased risk of breast cancer was seen among 
women who carried the NAT2 slow acetylator genotype and a 1.5-fold (95% CI 1.1–2.0) 
risk was found in women with a MnSOD variant A allele containing genotypes compared 
to women with the NAT2 rapid acetylator genotype or to those with the MnSOD VV 
genotype, respectively. Instead, women with the VDR a allele containing genotypes were 
found to be at a decreased risk for breast cancer (OR 0.73; 95% CI 0.54–0.98) com-
pared to women with the AA genotype. No significant overall associations were found 
between SULT1A1 or CYP genotypes and breast cancer risk, whereas a combination of 
the CYP1B1 432Val allele containing genotypes with the NAT2 slow acetylator genotypes 
posed a 1.5-fold (95% CI 1.03–2.24) increased risk. Moreover, NAT2 slow acetylator 
genotype was found to be confined to women with an advanced stage of breast cancer 
(stages III and IV). 

Further evidence for the association of xenobiotic metabolising genes with breast 
cancer risk was found when active smoking was taken into account. Women who smoked 
less than 10 cigarettes/day and carried at least one CYP1B1 432Val variant allele, were at 
3.1-fold (95% CI 1.32–7.12) risk of breast cancer compared to women who smoked the 
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same amount but did not carry the variant allele. Furthermore, the risk was significantly 
increased with increasing number of the CYP1B1 432Val alleles (p for trend 0.005). In 
addition, women who smoked less than 5 pack-years and carried the NAT2 slow acetylator 
genotype were at a 2.6-fold (95% CI 1.01–6.48) increased risk of breast cancer compared 
to women who smoked the same amount but carried the NAT2 rapid acetylator geno-
type. Furthermore, the combination of the CYP1B1 432Val allele and the NAT2 slow 
acetylator genotype increased the risk of breast cancer by 2.5-fold (95% CI 1.11–5.45) 
among ever smokers. Instead, the MnSOD A allele was found to be a risk factor among 
postmenopausal long-term smokers (>15 years of smoking) (OR 5.1; 95% CI 1.4–18.4) 
or among postmenopausal women who had smoked more than 10 cigarettes/day 
(OR 5.5; 95% CI 1.3–23.4) compared to women who had similar smoking habits but 
carried the MnSOD V/V genotype. 

Similarly, within subgroups of postmenopausal women who were using oral contra-
ceptives, hormone replacement therapy (HRT) or alcohol, women carrying the MnSOD 
A allele genotypes seemed to be at increased risk of breast cancer compared to women 
with the MnSOD V/V genotype. A positive family history of breast cancer and high 
parity were shown to be inversely associated with breast cancer  risk among women 
carrying the VDR ApaI a allele or among premenopausal women carrying the SULT1A1*2 
allele, respectively.   
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INTRODUCTION

Breast cancer is the most frequent cancer affecting women in the developed countries. In 
Finland, breast cancer is also the most common cancer and the leading cause of cancer 
death [1]. The development of this malignancy is multifactorial and it is widely accepted 
that one of the major risk factors is prolonged lifetime exposure to estrogens. However, 
environmental and lifestyle factors have been estimated to explain a large proportion of 
breast carcinoma cases [2]. 

Inherited factors have been shown to account for 27% of all breast cancer cases ac-
cording to a study examining mono- and dizygotic twins from Finland, Sweden and 
Denmark [3]. Mutations in high penetrance genes, like BRCA1 or BRCA2 are rela-
tively rare and account for only 5–10% of breast cancer cases [4]. Polymorphisms in low 
penetrance genes, on the other hand, pose a low risk at the individual level, but these 
genetic changes are more common in the entire population. Therefore, these genes, some-
times called modifier genes, acting together with endogenous/lifestyle/environmental risk 
factors, are likely to explain a higher proportion of all breast cancer cases [5]. It is therefore 
important to direct future research at identifying potential genetic and environmental 
factors in different ethnic populations [6].   

Most environmental carcinogens, e.g., those found in tobacco smoke, are chemically 
inert and require metabolic activation in order to elicit their hazardous effects. Xenobiotic 
metabolising enzymes (XMEs) are involved in metabolism of carcinogens and estrogens 
as well as being needed in the biosynthesis of estrogens. During recent years, many poly-
morphic genes encoding for XMEs have been intensively studied in relation to breast 
cancer risk [7, 8]. 

The XMEs are divided into phase I and phase II enzymes. The most prevalent 
phase I enzymes are the cytochrome P450s (CYPs) [9]. Phase I enzymes introduce a 
functional group to the substrate (metabolic activation) which can then be conjugated 
by phase II enzymes, like N-acetyltransferases (NATs), glutathione-S-transferases (GSTs), 
sulfotransferases (SULTs) or catechol-O-methyltransferases (COMTs), usually resulting 
in metabolic detoxification [10]. In the case of an imbalance between phase I and phase II 
enzymes or excessive exposure, reactive intermediates may be formed, e.g., leading to the 
formation of DNA adducts. Unless DNA adducts are cleaved from DNA and the damage 
repaired by DNA repair enzymes, their presence may result in miscodings. In this way, 
permanent mutations in critical genes involved in cell growth control may ultimately lead 
to carcinogenesis [11] (Figure 1). 

In addition to XMEs, candidate polymorphic genes involved in breast cancer suscep-
tibility include those encoding for enzymes involved in DNA repair and detoxification 
of reactive oxygen species (ROS) [11]. Furthermore, polymorphisms in genes encoding 
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for different steroid hormone receptors, like vitamin D receptor (VDR), estrogen recep-
tor (ER) and progesterone receptor (PR) have been investigated during recent years [7]. 
Inherited polymorphisms in these genes may affect the stability, catalytic activity and/or 
expression levels of the resulting protein [12].

In this work, the potential role of some single nucleotide polymorphisms (SNPs) in 
relation to breast cancer risk was examined among Finnish study subjects. The studied 
polymorphic genes encode proteins involved in xenobiotic (CYP1A1, CYP1B1, NAT2, 
SULT1A1) and estrogen metabolism (CYP1A1, CYP1B1, SULT1A1) as well as in the 
detoxification of ROS (MnSOD). Furthermore, the association between polymorphic 
VDR gene and breast cancer risk was investigated. 

Figure 1. Schematic presentation of the association between environmental exposure (e.g., 
carcinogens in tobacco smoke), low penetrance genes and breast cancer risk. Numerous 
polymorphisms have been reported in genes which are involved in metabolic detoxification, activation 
and DNA repair pathways. Excessive exposure or high metabolic activation and/or deficient/low level 
of detoxification due to polymorphisms in low penetrance genes can result in the formation of 
DNA adducts and consequently to persistent mutations in critical genes. Unless cells with damaged 
DNA are removed by apoptosis, multiple events of this type may lead to carcinogenesis. Modified 
from [11, 13]. 



REVIEW OF THE LITERATURE

12

REVIEW OF THE LITERATURE

13

REVIEW OF THE LITERATURE

Prevalence, incidence, mortality and survival of 
breast cancer 

Due to the high incidence and the relatively good prognosis, breast cancer is the most 
prevalent cancer in the world [14]. It is the second most commonly diagnosed cancer 
after lung cancer if both sexes are considered together and the most commonly diagnosed 
cancer among women. In 2002, the estimated number of new breast cancer cases world-
wide was 1.15 million. Over half of the cases occur in the industrialized countries (around 
361,000 in Europe and 230,000 in North America). Breast tissue is a leading primary site 
of cancer also in Finnish women. In 2003, there were 3787 new breast cancer cases  [15] 
and the number of prevalent cases was 41,811 by January 1st in 2004 [15].  

The highest age-standardized incidence of breast cancer is reported in Northern 
America (99.4 per 100,000), and the lowest in China and Middle Africa (18.7 and 16.5 
per 100,000, respectively) [14]. The age-adjusted incidence of female breast cancer in 
Finland is also rather high (83.1 cases per 100,000, between the years 1999–2003) [15]. 

Even though there is effective therapy and early detection due to mammography 
screening, breast cancer is still the leading cause of cancer death among women in the 
developed countries. In 2002, 410,712 deaths were estimated worldwide due to breast 
cancer, representing 14% of all female cancer deaths [14]. The highest mortality rates are 
reported in Western and Northern Europe (22.3 and 22.6 per 100,000), while the lowest 
mortality rate is reported in China (5.5 per 100,000) [14]. A slight decrease in mortality 
rates has been seen in the United States and the United Kingdom [16]. Also in Finland, 
there has been a slight decrease in the age-adjusted mortality rate. The age-adjusted mor-
tality rates were 16.5 and 16.6 cases per 100,000 person-years during the time periods of 
1990–1994 and 1995–1999, respectively, while it was 15.9 during the years 2000 and 
2001 [1]. Nevertheless, it is also the most common cause of cancer deaths among women 
in Finland (16.1% of all deaths due to cancer). There were 822 deaths due to breast cancer 
in Finland in 2003 [15]. 

In general, age-adjusted survival from breast cancer is estimated to be worse in 
developing countries (57%) than in the developed countries (73%) [14]. In Finland, the 
estimated 5-year relative survival rate for a breast cancer patient is 85% [1]. 
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General risk factors for breast cancer

Age and gender 

The breast cancer incidence increases with age. The rate of increase is steep until around 
50–55 years of age. Among women who are under 30 years of age, breast cancer is quite 
rare [17]. However, female gender is the greatest risk factor for breast cancer; male breast 
cancer accounts for less than 1% of all breast cancers [18]. According to the Finnish Can-
cer Registry, there were only 15 new male breast cancer cases in 2003 [15].  

Reproductive and hormonal factors 

Endogenous hormones 

The etiological significance of estrogens in the pathogenesis of breast cancer is widely 
accepted. Early menarche, late menopause, nulliparity, and late age at first full-term 
pregnancy (FFTP) are well-established risk factors for this malignancy. These factors are 
thought to exert their effect via the longer periods of exposure to estrogens secreted by 
the ovaries [19, 20]. Three possible mechanisms have been proposed to explain the role of 
estrogen in breast carcinogenesis. One is receptor mediated hormonal activity, which 
results in cell proliferation and a greater chance of accumulation of DNA damage. The 
second mechanism is CYP mediated activation of estrogens, which may lead to genotoxic 
effects by increasing mutation rates. The third mechanism for estrogen-related carcino-
genesis is the induction of aneuploidy by estrogen [21].   

Older age at menarche (≥15 years) decreases the risk of breast malignancy by 
approximately 28% compared to women with a younger age at menarche (<12 years) 
according to pooled data from six studies [22]. Similarly, earlier age at menopause has 
been shown to be protective for breast cancer. Every one-year increase in age at meno-
pause is estimated to increase the overall risk for breast cancer by 2.8%, according to a 
collaborative study which reanalysed data from 51 epidemiological studies [23]. A meta-
analysis of eight Nordic studies showed that nulliparous women were at 30% increased 
risk of breast cancer compared to parous women. Moreover, later age at first child birth 
(≥35 years) was related to a 40% increase in the risk of breast cancer compared to women 
with their first child birth before the age of 20 years [24]. Similar results were found in 
subsequent pooled analysis from six studies [22]. Furthermore, the increased number of 
FTPs increased the protective effect for breast cancer. Women with seven or more FTPs 
had less than half the risk of breast cancer compared to women with one FTP [25] and 
women with at least three births were at 28% decreased risk of breast cancer compared to 
women with none births [22]. Similarly, according to the collaborative reanalysis of 47 
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epidemiological studies, each birth decreased the risk by 7.0%. Prolonged breastfeeding 
has been shown to be protective against breast cancer. Every 12 months of breastfeeding 
has been estimated to decrease the relative risk of breast cancer by 4.3% [26]. 

Alcohol consumption, postmenopausal obesity and physical activity have also been 
suggested to influence the levels of estrogen/the number of ovulatory cycles and thus the 
risk of breast cancer (these factors are described later in more detail).  

Exogenous hormones

According to the study by the Collaborative Group on Hormonal Factors in Breast 
Cancer, which reanalyzed 54 previous studies consisting on individual data on 53 297 
women with breast cancer and 100 239 women without breast cancer, ever-users of oral 
contraceptives (OCs) seem to be at slightly increased risk of breast cancer compared to 
never-users. Ever-users of OCs were reported to have less advanced breast cancer at clini-
cal diagnosis than never-users of OCs. Increased risk was seen among current users (rela-
tive risk 1.24; 95 % CI 1.15–1.33) and among those who had used OCs in the past 10 
years (relative risk for 1–4 years after stopping 1.16; 95% CI 1.08–1.23 and for 5–9 years 
after stopping 1.07; 95% CI 1.02–1.13). If cessation had occurred 10 years ago or earlier, 
the risk was non-significant [27].   

The effect of post-menopausal hormone replacement therapy (HRT) on breast cancer 
risk has been an area of intense study [23, 28]. Similarly to the constituents of OCs, the 
type of preparation used for HRT can vary. HRT preparations consist generally of estro-
gen alone or of estrogen-progestagen combinations. However, also other preparations, 
such as tibolone, which contains neither estrogen nor progestagen, are used. 

In a collaborative reanalysis of 51 studies of 52 705 breast cancer cases and 108 411 
women without breast cancer, the association between HRT and risk of breast cancer was 
analysed [23]. Of those women who reported information about the hormonal constitu-
ents of the preparations, most had used only estrogen (80%) or preparations consisting 
of estrogen-progestagen (12%). No significant variations in the risk of breast cancer were 
seen according to dose or type of HRT used [23]. For women who had used HRT for at 
least a five year period, the relative risk was 1.35. Furthermore, risks were increased with 
an increased time of total duration of HRT use. In contrast, the relative risk of breast 
cancer was no longer significant among past users who had ceased the use of HRT for 5 
years or more. 

A comprehensive recent study consisting of over one million UK women also showed 
an increased risk for breast cancer among current users of HRT [28]. The risks were 
increased among current users of all types of preparations (41% of study subjects used 
estrogen, 50% estrogen-progestagen and 6% tibolone), but the greatest relative risks (2.0) 
were seen for the users of estrogen-progestagen combinations [28]. Again, the risks were 
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increased with increased time of total use of HRT among users of all types of preparations. 
Similarly to ever-users of OCs, also breast cancer patients who were ever-users of HRT, 
were found to have more often less advanced breast cancer than those diagnosed in never-
users [23, 29]. Current users of HRT were found to have a smaller tumour size and a 
lower rate of cell proliferation, if their tumours were expressing estrogen receptors [29]. 

Lifestyle factors

Cigarette smoking  

Studies into the association between smoking and breast cancer risk have given contra-
dictory results (reviewed in [30]). Cigarette smoke could be expected to increase the risk 
of breast cancer as it is known to contain about 70 carcinogens (e.g., polycyclic aromatic 
hydrocarbons (PAHs), aromatic amines (AAs), heterocyclic aromatic amines (HAAs) and 
N-nitrosamines) out of about 4800 identified compounds [31]. Many of those carcino-
gens have been shown to induce mammary tumours in laboratory animals [13]. Nicotine 
and its major metabolite, cotinine, have been detected in breast fluid [32]. Furthermore, 
smoking related DNA adducts have been found in the breast tissue of smokers [33, 34]. 

Smoking has also been suggested to have antiestrogenic effects, e.g., due to earlier 
menopause among current tobacco smokers [35]. Cigarette smoke may decrease the levels 
of estrogens, increase circulating levels of androgens or/and alter metabolism of estrogen 
due to increased formation of the inactive catechol estrogens [35, 36]. An increased level 
of 2-hydroxyestradiol induced by smoking has also been suggested as one potential anti-
estrogenic mechanism of tobacco smoke [36]. 

One explanation for the inconsistentencies in the results may be that the first genera-
tion studies evaluated associations of smoking with breast cancer by comparing active 
smokers to non-active smokers, while the second generation studies separated passive 
smokers from the reference groups [37, 38]. The composition of sidestream smoke is dif-
ferent from mainstream smoke, e.g., containing higher levels of nitrosamines and PAHs, 
thus further emphasizing the importance of separating passive smokers from the reference 
group. A comprehensive review by Terry and Rohan [30] suggested that passive smoking 
could increase the risk of breast cancer. Therefore, the first generation studies may have 
given results of diluted effects of smoking in relation to breast cancer [37]. The most 
recent studies which have evaluated the association between active or passive smoking 
and breast cancer risk compared to never exposed women, have shown that active and 
passive smoking are both associated with breast cancer risk by approximately the same 
magnitude [37–39]. Moreover, a long duration of smoking and before FFTP have been 
suggested to increase the risk of breast cancer [30]. This latter proposal was, however, not 
confirmed by a meta-analysis consisting of 12 studies [40]. Furthermore, collaborative re-
analysis consisting of 53 investigations concluded that the relationship between smoking 
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and breast cancer was substantially confounded by the effect of alcohol, and active smok-
ing had little or no independent effect on the development of breast malignancy [41]. 
Moreover, it has been suggested that the association between smoking and breast cancer 
may be modified by genetic background [30, 37]. 

Alcohol intake 

Collaborative reanalysis of 53 epidemiological studies revealed that the relative risk of 
breast cancer increased with increasing consumption of alcohol; there was a 7.1% increase 
in the risk for each additional 10 g intake of alcohol per day [41]. Similarly, in a large 
meta-analysis, a slight increase in breast cancer risk was seen with alcohol consumption. 
However, the risk was not seen to differ according to menopausal status or type of beverage 
consumed (beer, wine or spirits) [42]. There are a few plausible mechanisms for the asso-
cation between alcohol consumption and breast cancer risk, e.g., the influence on the in-
creased levels of circulating estrogens and androgens, or the production of ROS (reviewed 
in [43, 44]). 

Diet

A recent comprehensive meta-analysis showed that increased consumption of total and 
saturated fat as well as meat intake is associated with a modest increase in the risk of breast 
cancer [45]. Studies on the association between dietary supplementation with omega-3 
fatty acids and breast cancer risk have given inconsistent results; one study found an in-
creased risk, three studies reported a decreased risk, whereas seven studies found nonsig-
nificant associations according to a recent systematic review [46]. In addition, the results 
concerning meat consumption and risk of breast cancer have been inconsistent. The 
discrepancy of the results between meat consumption and breast cancer risk may partly 
result from different levels of mutagens/carcinogens in meat due to the different tempera-
tures and durations of cooking. Furthermore, the inter-individual capacity to activate/
deactivate these carcinogens may further modify the risk of breast cancer [47–49].

A meta-analysis consisting of 26 published studies, suggested that high intake of 
vegetables might be a moderate protective factor [50]. This meta-analysis consisted mostly 
(n=21) of case-control studies. However, a recent re-analysis pooling eight prospective 
cohort studies showed that there were no differences between consumption of vegetables 
and fruits among cases and controls, thus resulting in non-significant associations [51]. This 
was confirmed by a recent large prospective study consisting of 285 526 women with 3659 
invasive breast cancer cases from eight European countries [52].
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Obesity

According to a recent pooled analysis consisting of seven prospective cohort studies, high 
body mass index (BMI) was found to slightly increase the risk of breast cancer among 
postmenopausal women, while it was protective among premenopausal women [53]. 
Postmenopausal obesity can increase the risk via increasing levels of estrogens associated 
with increasing BMI [54]. The principal source of estrogen in postmenopausal women is 
derived by aromatization of androgens to estrogens in adipose tissue [55, 56]. In contrast, 
premenopausal obesity in terms of BMI has been suggested to be most protective in the 
youngest age group (≤35 years) [57]. The protective effect may be due to greater degree 
of anovulation, resulting in lower levels of estradiol and progesterone [58]. Abdominal 
obesity, i.e., high waist-to-hip ratio (WHR) has also been explored in relation to breast 
cancer risk. According to a meta-analysis consisting of 19 studies, an increased risk of 
breast cancer was seen among women with large WHR irrespective of their menopausal 
status [59].  

Physical activity

Physical activity has been shown to be a protective factor for breast cancer according to 
most of the epidemiological studies (32 out of 44) [60]. The average risk reduction was es-
timated to range between 30 to 40%. Both recreational and occupational physical activity 
have been demonstrated to be protective, although there are some inconsistent results [61, 
62]. Whether the intensities or timing of physical activity are critical for decreasing the 
risk of breast cancer remain to be clarified. The biological explanation for the associa-
tion between physical activity and breast cancer is hypothesized to be hormonal, due to 
decreased lifetime exposure to estrogen among physically active women [60]. Physical 
activity may delay menarche and decrease the number of ovulatory cycles. There are other 
possible underlying mechanisms, e.g., decreased body fat and thus decreased level of fat-
produced estrogen. 

Other risk factors

Family history of breast cancer and benign breast disease

Pooled data from 52 epidemiological studies indicated that risk ratios increased with the 
increasing number of affected first-degree relatives compared to women with no known 
family history of breast cancer [63]. One out of nine women with breast cancer is esti-
mated to have an affected first-degree relative. Age-specific risk ratios for breast cancer 
among women with first-degree relatives were shown to be highest at the younger ages. 
Furthermore, the relative risk is higher if the first-degree relative with breast cancer was 
diagnosed at a young age [63].  
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A history of benign breast disease (BBD) is an important risk factor for breast can-
cer [64]. According to a cohort study, which followed 9087 women for a median of 15 
years, those women with a history of atypical hyperplasia were at the highest risk of breast 
cancer (relative risk 4.24). 

Radiation

Ionizing radiation increases the risk of breast cancer, particularly if the exposure occurs 
at an early age (<20 years) (reviewed in [65]). If exposure occurs after the age of 40, the 
relative risks are small. Both accidental and therapeutic radiation may increase the risk, 
especially if the exposure has occurred at an early age. Studies which have been perfomed 
among atomic bomb survivors and patients with repeated fluoroscopic examinations (e.g., 
pulmonary tuberculosis) and therapeutic radiation (e.g., BBD, enlarged thymus), have 
confirmed this possible association [66]. 

Sunlight has been suggested to be a protective factor for breast cancer, particularly in 
regions with the highest levels of solar radiation in the United States [67]. Mortality rates 
for breast cancer have also been suggested to decrease among women with a high expo-
sure to residential and occupational sunlight [68, 69]. The protective effect of sunlight 
can be hypothesized to result from the increased levels of vitamin D produced by skin 
under solar UV radiation. Vitamin D and its antiproliferative actions are described later 
in more detail.

Occupational risk factors

Women can be exposed to occupational agents that influence their risk for breast malig-
nancy. According to a Finnish study, postmenopausal women who had been exposed to 
occupational ionizing radiation were at moderately increased risk of developing a breast 
cancer [70]. This evidence was, however, limited based on a small number of cases, e.g., 
airline attendants and physicians. Similarly, an elevated incidence of breast cancer was 
found among female airline cabin attendants in a Finnish study [71]. However, a non-
significant increase in the risk was later found in Swedish women working as airline cabin 
crew [72]. Later, it was suggested that the increase in the breast cancer incidence among 
Finnish cabin attendants may have been related to well established risk factors of breast 
cancer, like a positive family history of breast cancer [73]. Exposure to medium/high 
levels of asbestos, synthetic vitreous fibers, aromatic hydrocarbons and chlorinated hydro-
carbon solvents have been associated with slightly increased breast cancer risk among 
postmenopausal Finnish women [70]. Employees of the pharmaceutical industry, as 
well as cosmetologists and beauticians have been found to be potential occupational risk 
groups [74] but the evidence is rather scanty.
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Occupational physical activity has been demonstrated to be protective for breast 
cancer although the results are inconsistent [61, 62]. Recent case-control study on the 
association between occupational physical activity and risk of breast cancer demonstrated 
a 53–60% decrease in the risk among older (≥55 years) women with higher occupational 
physical levels compared to women in sedentary occupations [75].  

Genetic predisposition

High penetrance genes and hereditary breast cancer 

It has been estimated, that around 5–10% of breast cancer cases are caused by germline 
mutations in breast cancer susceptibility genes [4]. Two major breast cancer susceptibility 
genes, BRCA1 and BRCA2 have been identified on chromosomes 17q and 13q, respec-
tively [76, 77]. BRCA1 and BRCA2 are so called high penetrance genes, leading to a high 
probability of developing breast cancer among carriers of the variant alleles of these genes. 
The proteins encoded by these genes, which are suggested to act as tumour suppressors, 
are involved in the maintenance of genomic integrity. They participate in repairing DNA 
damage by homologous recombination and are also proposed to regulate transcription 
(reviewed in [78, 79] ). 

It has been shown that carriers of the BRCA1 and BRCA2 at-risk alleles develop breast 
cancer at younger ages compared to noncarriers [80]. Cumulative breast cancer risks 
among BRCA1 and BRCA2 families were estimated to be equally high (87% and 84% 
by age 70 years, respectively) [81,82]. However, studies among Ashkenazi Jews have sug-
gested that the estimated BRCA1/2-associated breast cancer risks are lower (56% by age of 
70 years) [83]. Furthermore, risk estimates are lower among unselected patients for family 
history; 65% and 45% cumulative risk by age 70 years, for BRCA1 and BRCA2 variant 
allele carriers, respectively [84]. It is also possible that other factors, like genes at other 
loci, endogenous or exogenous factors can interact with BRCA1/2 mutations to modify 
this risk [85]. This might explain the interindividual variability in cancer risk. 

The frequency of risk alleles of BRCA1 and BRCA2 varies considerably in different 
populations. In Finland, there are unique founder mutations in BRCA1 and BRCA2 not 
reported in other populations [86–89]. Furthermore, the carriers of BRCA1 and BRCA2 
variant alleles in Finnish breast cancer families are reported to represent a much lower 
proportion of the total (alltogether 21%) [86] compared to other populations. The fre-
quencies of the mutations in these high penetrance genes have also been much lower in 
population-based study among unselected Finnish breast cancer cases (1.8%) than in 
founder mutations in, e.g., unselected Icelandic (10.4%) or Ashkenazi Jewish (11.7%) 
breast cancer patients [90, 91]. A recent Finnish study reported the absence of large ge-
nomic alterations in the BRCA1 gene among 128 breast cancer cases, although they were 
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selected from hereditary breast and ovarian cancer families to maximize the probability 
of detecting BRCA1 mutations [92]. Therefore, additional susceptibility genes for breast 
cancer have been suggested to exist.  

 The syndrome of Li-Fraumeni and Cowden disease are associated with an increased 
susceptibility of developing tumours (also in breast tissue). These hereditary cancer 
predisposition syndromes are caused by mutations in tumour suppressor genes p53 and 
PTEN, respectively [93–95]. However, these genes explain only a small proportion of all 
hereditary breast cancers (<1%) [96]. The ATM gene has also been suggested to be one 
possible candidate for the development of breast cancer in multiple-case breast cancer 
families [97]. 

Low penetrance genes and sporadic breast cancer

Heritable factors have been suggested to account for 27% of breast cancer cases accord-
ing to a large twin study consisting of 44 788 pairs of twins from Finland, Sweden and 
Denmark [3]. As high penetrance genes are believed to explain only a part of these genetic 
factors, polymorphisms in low penetrance breast cancer susceptibility genes, also known 
as modifier genes, are hypothesized to account for a higher proportion of breast cancer 
cases. 

SNPs are the most common sequence variations in the human genome in general as 
well as in low penetrance genes. They are single nucleotide changes in either coding or 
non-coding regions of DNA at a frequency of 1% or more in at least one population [98]. 
It has been estimated that around 90% of the sequence variants in the human genome are 
SNPs [99]. Coding SNPs can be further classified as non-synonymous or synonymous, 
the latter type are changes not leading to an amino acid substitution. Non-synonymous 
changes can lead either to non-conservative alterations or to conservative amino acid 
substitutions. Non-coding SNPs can be located either in the 5’ untranslated region 
(UTR), 3’ UTR or other non-coding regions [100]. 

The first genome-wide study by the International SNP Map Working Group reported 
1.42 million candidate SNPs distributed throughout the human genome [101]. By August 
2004, nearly 1.8 million SNPs had been reported [102]. Approximately 11 million SNPs 
exist in the human genome with a minor allele frequency of 1% and approximately 5 
million SNPs with a minor allele frequency of 10% [103]. However, it has been estimated 
that only a small number (50,000–250,000) of the SNPs are functionally important, re-
sulting in small/moderate alteration in the enzyme phenotypes [104]. 

The frequency of the variants in low penetrance genes is much higher in the general 
population than that of high penentrance genes. For example, it has been estimated that 
approximately 50% of Caucasians are carriers of the GSTM1 null genotype and/or the 
NAT2 slow acetylator genotype. The risk of breast cancer is however much lower for the 
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carriers of variant forms of low penetrance genes than the risk described above for carriers 
of BRCA1/2 mutations [5]. The variant forms of these genes may themselves be associated 
with an increased risk of breast cancer or be involved in interactions with environmental/
endogenous/lifestyle factors or other genes. 

Genetic polymorphic genes encoding for enzymes involved in the metabolism of 
carcinogens and metabolism/biosynthesis of steroid hormones have been intensively 
studied in relation to breast cancer risk in different ethnic populations (rewieved in [7, 
8]). Variations in these genes may lead to altered protein sequence and therefore to a 
change in biological function, e.g., the activity of an enzyme may be affected resulting 
in altered activation/detoxification of xenobiotics or induction of the corresponding en-
zyme [12]. These alterations may thus have an important role in individual susceptibility 
and development of cancer. Polymorphic low penetrance genes investigated in relation 
to breast cancer risk include, e.g., CYPs, NATs, GSTs, COMTs and SULTs (reviewed 
in [7, 8, 105, 106]). During recent years, associations between polymorphisms in 
DNA repair genes and risk of breast malignancy have also attracted considerable atten-
tion [107–112].  

Xenobiotic and/or estrogen metabolizing enzymes

XMEs mediate the metabolism of both endogenous and exogenous substrates. Xenobiotic 
compounds and estrogens are enzymatically altered in the biotransformation process, 
which can be divided into phase I and phase II reactions. In phase I reactions, CYPs 
introduce/modify functional groups (like a hydroxyl group) to xenobiotics or estrogens. 
The intermediates generated by phase I reactions are capable of binding to DNA and 
forming DNA adducts unless they are deactivated by conjugation by phase II enzymes. 
Conjugation of these compounds usually generates hydrophilic compounds that are 
more easily excreted from the body. However, phase II enzymes may also mediate geno-
toxic effects. NATs, SULTs, GSTs, methyltransferases and UDP-glucuronosyltransferases 
(UGTs) are examples of phase II enzymes (reviewed in [12, 113, 114]).

Metabolism of aromatic and heterocyclic amines 
and polycyclic aromatic hydrocarbons 

PAHs, AAs and HAAs abundant in cooked and fried meat at high temperatures as well as 
in tobacco smoke condensate [13, 115–118]. They all require metabolic activation and 
DNA-adduct formation in target tissue to become genotoxic. Active metabolites of HAAs 
and PAHs have been shown to bind to human mammary epithelial cells yielding DNA 
adducts and neoplastic transformation [119, 120]. 
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N-oxidation by CYPs is the initial activation step in the metabolism of HAAs and 
AAs [121, 122]. CYP1A2 acts in liver, whereas CYP1A1 and CYP1B1 carry out N-oxida-
tion in extrahepatic tissues, such as the mammary ducts [123]. Further bioactivation may 
occur by O-acetylation/N,O-transacetylation or O-sulfonation through NATs or SULTs, 
respectively [124-126] (Figure 2). The reactions by phase II enzymes, e.g., N-acetylation 
by NATs, are usually considered as detoxifying processes. For instance, arylamine carcino-
gens, such as 2-aminofluorene are detoxified by NATs [127]. GSTs, UGTs or SULTs can 
also detoxify the intermediates produced by CYPs in liver or extrahepatic tissues (reviewed 

Figure 2. A simplifid schematic representation of metabolic activation of suspected human 
carcinogens (modified from [136]). 2-amino-1-methyl-6-phenylimidazo[4.5-b]pyridine (PhlP) and 
2-amino-3-methylimidazo[4.5-f]quinoline (IQ) are common heterocyclic amines. 4-aminobiphenyl 
(4-ABP) is AA, whereas B[a]P is a well known PAH.
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in [114]). Consequently, the biological activity of these procarcinogens is dependent on 
the balance between the phase I and phase II enzymes involved in the metabolism of these 
compounds. 

PAHs, like benzo[a]pyrene (B[a]P) are metabolically activated by CYP1A1 and 
CYP1B1 enzymes in the mammary gland to epoxide intermediates [128, 129]. CYP1A2 
activates these compounds in liver. Epoxides are further converted by microsomal epoxide 
hydrolase (EPHX1) and CYP enzymes to ultimate carcinogens, diol-epoxides, which can 
be either deactivated by GSTs or react with DNA [130, 131]. Alternatively, myeloperox-
ides (MPO) may also activate B[a]P-7,8-diol to diol-epoxides which are capable of bind-
ing to DNA [132] (Figure 2).

Furthermore, the cyclooxygenase (COX) enzyme, which exists in at least two isoforms, 
COX-1 and COX-2, has been shown to be involved in the activation of carcinogenic 
aromatic and heterocyclic amines [133]. These enzymes are involved in the production 
of prostaglandins. However, at present, there have only been two studies investigating the 
association between COX polymorphisms and breast cancer [134, 135], this issue is not 
discussed more in detail in this context. 

Metabolism of estrogen    

There are two major metabolic pathways of estrogens, i.e., 2- or 4-hydroxylations [137]). 
The 2-hydroxylation reaction is mainly catalyzed by CYP1A1/1A2 and CYP3A4 of which 
CYP1A2 and CYP3A4 are acting in liver and CYP1A1 in extrahepatic tissues [113, 
138–140]. CYP1B1 is the key enzyme for the 4-hydroxylation [141]. 

Estrogens themselves can stimulate cell proliferation or they can act as a procar-
cinogen which induces genotoxicity and thus be carcinogenic [137]. 4-Hydroxyestra-
diol (4-OHE2)  has been demonstrated to be carcinogenic in Syrian hamsters, whereas 
2-hydroxyestradiol (2-OHE2) was not found to be carcinogenic, possibly due to its rapid 
metabolic clearance [142]. 2-OHE2 is faster methylated by COMT than 4-OHE2 thus 
producing less free racidals [137]. Furthermore, an elevated ratio of 4-OHE2/2-OHE2 
has been detected in neoplastic breast tumour tissue compared to normal breast tis-
sue [143]. The relative affinity of the 4-OHE2 to the ER has been shown to be 1.5-fold 
greater than that of E2 or 2-OHE2 [144]. Thus, 4-hydroxylation of estrogens may have 
an essential role in estrogen-induced tumourigenesis. 

 4-OHE2 metabolite can be further oxidized to reactive free superoxide radicals and 
(semi-)quinone estrogen intermediates (SQ, Q), which may bind to DNA, create critical 
mutations and lead to tumourigenesis. These catechol estrogen-3,4-quinones (E1-3,4-Q 
or E2-3,4-Q) have been suggested to initiate cancer by covalently binding to DNA and 
forming depurinating adducts which can easily be removed from DNA by cleavage of the 
glycosidic bond leaving apurinic sites. The noncarcinogenic metabolite, 2-OHE2,  may be 
oxidized to SQs and Qs, which in turn can bind DNA to form stable adducts [145, 146].  
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Catechol estrogens, 2-OHE2 and 4-OHE2 may be inactivated by methylation by the 
phase II enzyme COMT (Figure 3). Reactive superoxide anion radicals which are gener-
ated in the oxidation of SQs to Qs can be reduced to hydrogen peroxide (H2O2) sponta-
neously or by superoxide dismutases (SODs) like manganese SOD (MnSOD) [147]. One 
additional deactivating pathway has recently been proposed; methoxyestrogens produced 
by COMT from catechol estrogens have been claimed to inhibit the oxidative metabolism 
of estrogens catalyzed by CYP1A1 and CYP1B1 [148]. Moreover, the methylated form of 
2-OHE2 (2-MeOE2) is believed to have potential antiproliferative, antitumourigenic and 
antiangiogenic effects in breast carcinogenesis [149, 150].  

Furthermore, in addition to these major metabolic pathways of estogens, many minor 
metabolites of estrogens (6α-, 6β-, 7α-,  12β-, 15α-, 15β-, 16α-, and 16β-hydroxy-
estrogens) are also produced by several CYP isoforms (e.g., CYP1A1, CYP1A2, CYP1B1, 
CYP2A6, CYP2C8, CYP3A4, CYP3A5, and CYP3A7) (reviewed in [137]).

Figure 3. Metabolic pathways of estradiol. Estradiol is produced from estrone by 17β-hydroxysteroid 
dehydrogenase (17β-HSD). Modified from [137].
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Cytochrome P450s (CYPs)

CYP1A1

CYP1A1 is involved in the activation of PAHs into reactive epoxide metabolites and it 
also hydroxylates the two major estrogens, E2 and E1, predominantly at the C-2 posi-
tion [129, 138, 151]. 

The CYP1A1 gene located at 15q22 contains seven exons. The second exon starts the 
open reading frame, encoding a protein of 512 amino acids [152–154]. CYP1A1 mRNA 
is expressed in most human tissues, e.g., lung, esophagus, stomach, small intestine, colon, 
prostate and breast [151, 155] (reviewed in [156]). However, in breast tissue, the expres-
sion level of CYP1A1 mRNA has been shown to be much weaker than that of CYP1B1 
mRNA [157, 158]. Moreover, CYP1A1 protein expression has been reported in breast 
tissue [159, 160]. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and various PAHs have 
been shown to induce the expression of CYP1A1 mRNA in MCF-7 (breast carcinoma) 
cell lines as well as in many other human tissue-derived cell lines [161–163]. Induction 
of CYP1A1 gene is regulated by the aromatic (aryl) hydrocarbon receptors (AhR) and the 
AhR nuclear translocator (reviewed in [163]).  

Several polymorphic sites for the CYP1A1 have been reported [164]; the nomencla-
ture for the common CYP1A1 polymorphisms is presented in Table 1. The first reported 
CYP1A1 polymorphism (T3801C) was detected by the MspI restriction enzyme [165]. 
This polymorphic site is located in the 3’ noncoding region of CYP1A1 and results in 
CYP1A1*2A allele. In African-Americans, an additional MspI restriction site exists in 
the 3’ non-coding region (T3205C) resulting in CYP1A1*3 allele, but this has not been 
reported among Caucasians or Asians [166].

Table 1. Nomenclature for common CYP1A1 polymorphisms (modified from [174]). 

Allele Trivial name Nucleotide 
change

Amino acid 
change

Reference

CYP1A1*1A Wild-type None

CYP1A1*2A M1, MspI T3801C None  [165]

CYP1A1*2B T3801C and 
A2455G

None and 
Ile462Val

 [196]

CYP1A1*2C M2 A2455G Ile462Val  [196]

CYP1A1*3 M3 T3205C None  [166]

CYP1A1*4 M4 C2453A Thr461Asn  [168]
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Two polymorphisms in exon 7 result in amino acid changes at codons 461 (Thr→Asn) 
and 462 (Ile→Val), which are situated near the catalytic region of the CYP1A1 [167, 
168]. These alleles are named CYP1A1*4 and CYP1A1*2C, respectively. Even though 
they are situated in adjacent codons, they are not linked with each other [168]. Instead, 
strict linkage between the T3801C and Ile462Val polymorphisms has been observed 
among Caucasians [168–170]. The frequencies of the variant alleles differ among differ-
ent ethnicities (Table 2). 

The functional significance of the different CYP1A1 genotypes in human lymphocytes 
has been extensively studied, but with somewhat inconclusive results [167, 171–173]. 
One study indicated that subjects with the variant CYP1A1 462Val allele had an increased 
inducibility of CYP1A1 mRNA and 3-fold increase in enzymatic activity [167]. Similarly, 
lymphocyte CYP1A1 enzyme activity was significantly increased among subjects with the 
variant CYP1A1 462Val allele according to two other studies [171, 173]. In contrast, the 
variant CYP1A1 3801C allele has been reported to be more readily inducible or to have 
higher activity than the wild type in human lymphocytes [172, 173], while in one study 
the T3801C polymorphism had no effect on the induction of CYP1A1 [167]. 

The CYP1A1 3801C and 462Val variant alleles are most common among Asians [174]. 
According to recent pooled analysis, the frequency of the CYP1A1 C/C genotype was 
13% in Asians, whereas it was only 1% in whites and 6% in African-Americans. Simi-
larly, the frequency of Val/Val genotype was 5% in Asians, 0.7% in whites and 0% in 
African-Americans. The African-American specific CYP1A1 3205C allele is found in a 
homozygous state only among African-Americans at the frequency of less than 1% of the 
population. The frequency of Asn/Asn (Thr461Asn) is also very rare. The pooled estimates 
of the Asn/Asn and Thr/Asn genotypes in whites were 0.2% and 8%, respectively. There is 
little data available on the Thr461Asn polymorphisms in different ethnic populations.

The associations between the CYP1A1 polymorphisms and breast cancer risk have 
been widely studied in the various ethnic populations with inconclusive results [170, 
175–192]. An overall increased breast cancer risk has been found among African-Ameri-
can, Indians and postmenopausal Chinese women carrying the CYP1A1 3801C variant 
allele [178, 180, 181, 193], whereas a decreased risk of breast cancer has been found 
among women with this allele in Japanese, Brazilian non-whites and in one Caucasian 
study population originating from Central Europe [185, 187, 189]. However, subsequent 
studies which included more study subjects among Chinese, Japanese and African-Ameri-
cans found no statistically significant associations between CYP1A1 genotypes and breast 
cancer [188, 190, 192]. 

An overall increased risk of breast cancer has been found for women with the variant 
CYP1A1 461Asn allele in Caucasians of French-Canadian origin [183] and for women 
with the CYP1A1 462Val variant allele in another recent Caucasian study [194]. However, 
a pooled data-analysis with >5000 Caucasian subjects found no association between the 
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Ile462Val polymorphism and breast cancer [182]. Similarly, recent meta-analysis found 
no significant associations between the T3801C, Ile462Val or Thr461Asn polymorphisms 
and breast cancer [174]. 

If environmental exposures like tobacco smoke have been taken into account, there is 
further evidence for some significance of the CYP1A1 genotypes in individual breast can-
cer risk (Table 2), but again the results are not totally consistent [175–178, 182, 183, 190, 
192]. At least four studies have demonstrated some association between higher levels of 
serum polychlorinated biphenyls and breast cancer risk among women with the CYP1A1 
462Val variant allele containing genotypes [179, 186, 194, 195]. 

CYP1B1

CYP1B1 has an important role in the activation of several environmental carcinogens 
such as PAHs and AAs as well as estrogen in producing active metabolites capable of 
causing DNA damage [141, 151]. CYP1B1 has therefore a potentially important role in 
tumourigenesis.

The CYP1B1 gene consisting of three exons and two introns is located at 2p21–22. 
The open reading frame starts in the second exon and encodes an enzyme with 543 
amino acids [197]. CYP1B1 is expressed in several extrahepatic tissues, including mam-
mary tissue, uterus, kidney, prostate and lung [151, 198]. CYP1B1 protein appears to be 
overexpressed in breast tumours  [199, 200] as well as in other tumour tissues, like lung, 
colon, skin, ovaries and testis [201–203]. The expression of CYP1B1 mRNA is induced 
by PAHs and polyhalogenetad hydrocarbons, such as TCDD in various human tissue-
derived cells [129, 162]. Recently, E2 in ER-positive MCF-7 cells was shown to induce 
the expression of the CYP1B1 mRNA [204].   

Several different CYP1B1 alleles have been reported, of which the seven most common 
are described in Table 3 [205]. There are several rare mutations, but six common SNPs 
have been reported in Caucasians, of which four result in an amino acid change. Two of 
these, namely Arg48Gly and Ala119Ser are located in exon 2 and are reported to be in 
linkage disequilibrium [206, 207]. The other SNPs resulting in amino acid substitutions 
Leu432Val and Asn453Ser are located in exon 3, which encodes a catalytically important 
heme-binding domain [206]. Recently, eight novel SNPs have been characterized in the 
promoter region of the CYP1B1 in Caucasians [208]. In addition, three rare allele variants 
(CYP1B1*5, *6 and *7) have been reported among Ethiopians (Table 3) [209]. 

 Functional assays of CYP1B1 Leu432Val polymorphisms in bacterial expression sys-
tems have shown that the CYP1B1 432Val  allele encodes an enzyme with higher activity 
towards E2 than the enzyme encoded by the 432Leu allele [210, 211]. However, one 
study performed in a bacterial expression system suggested that all variant enzymes (with 
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amino acid substitutions at codon 48, 119, 432 or 453) were associated with increased 
catalytic efficiency for the 4-hydroxylation of E2 [212]. Instead, the CYP1B1*2 (48Gly 
and 119Ser) variant has not been shown to alter catalytic activity towards E2 [207, 209]. 
One study using (-)-trans-(7R,8R)-benzo[a]pyrene 7,8-dihydrodiol as a substrate in 
bacterial system found no major differences in catalytical properties for studied CYP1B1 
variants [210]. 

Studies into the association between CYP1B1 polymorphisms and breast cancer risk 
have given discrepant results (Table 4) [106, 213–222]. The frequencies of the CYP1B1 
polymorphisms among different ethnic populations vary extensively. The frequency of 
the CYP1B1 432Val allele, the most common studied variant allele in relation to breast 
cancer, ranges from 27 to 44% among Caucasians [206, 213, 217, 219]. Higher frequen-
cies of the CYP1B1 432Val allele have been reported among Chinese (54%) and African-
Americans (70%)  [213, 214] and appear to be lower among Koreans (11%) and Japanese 
(15%) [215, 218]. A significant overall association between CYP1B1 polymorphisms and 
breast cancer has been shown among Chinese, Japanese and Turkish women [214, 215, 
217]. If exposures, like tobacco smoking and long-term use of HRT are taken into ac-
count, there is further evidence for increased breast cancer risk among women with the 
CYP1B1 432Val alleles [106, 219]. 

Table 3. CYP1B1 allele nomenclature for most common alleles.

Allele Nucleotide change Amino acid change Reference

CYP1B1*1 None None (wild-type)

CYP1B1*2 C142G and G355T Arg48Gly and Ala119Ser  [206, 207]

CYP1B1*3 C4326G Leu432Val  [206]

CYP1B1*4 A4390G Asn453Ser  [206]

CYP1B1*5 C142G and C4326G Arg48Gly and  Leu432Val  [209]

CYP1B1*6 C142G and G355T and C4326G Arg48Gly and Ala119Ser and Leu432Val  [209]

CYP1B1*7 C142G and G355T and C4326G 
and C4360G

Arg48Gly and Ala119Ser and  
Leu432Val and Ala443Gly

 [209]
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N-acetyltransferases (NATs)

NATs are phase II enzymes encoded by two intronless genes (NAT1 and NAT2) located 
on chromosome 8p21.3-23.1. Both of the NATs consist of 290 amino acids and they 
are 81% identical; the nucleotide identity is 87% between the NATs. Furthermore, a 
genomic pseudogene NATP, which does not encode a functional protein, has been de-
tected [225–227]. 

Both NAT1 and NAT2 are involved in N-acetylation, O-acetylation and N,O-acetyla-
tion by transferring an acetyl group from acetyl-CoA to different but partially overlapping 
substrates. These acetylation reactions can lead either to the activation (O-acetylation) or 
deactivation (N-acetylation) of aromatic and heterocyclic amine carcinogens [125, 127, 
228]. Both NAT1 and NAT2 have been reported to exhibit genetic polymorphisms [229, 
230].  

NAT1

The expression of NAT1 mRNA has been detected in human tissues, like breast, liver, 
lung, bladder and gastrointestinal tract [124, 231]. Heterocyclic amines found in cook 
meat have been reported to be metabolically activated by NAT1 in human mammary 
gland [124]. Invasive breast carcinomas were recently reported to exhibit over-expression 
of NAT1 compared to the situation in normal breast tissue [232].  

A great number of different NAT1 alleles have been published [229]. The best char-
acterized NAT1 alleles are described in Table 5. In the NAT1*10 allele, thymine and 
cytosine nucleotides are changed to adenines at positions 1088 and 1095, respectively. In 
the NAT1*14 allele, in addition to these two changes, also guanine is replaced by adenine 
at nucleotide position 560. The NAT1*5 and NAT1*11 alleles both contain several 
nucleotide changes, whereas NAT1*15 has only one nucleotide change in position 559. 
The NAT1*4 allele has traditionally been called the wild type allele, as it is usually the 
most frequent allele (e.g., in Caucasians). This is not, however, the case in all ethnic groups 
(e.g., in African-Americans) [229, 233]. 

The relationship between NAT1 genotypes and acetylator phenotype has remained 
obscure. The NAT1*10 allele, with a polymorphism in the putative poly-adenylation 
signal of NAT1, has been suggested to produce a more stable mRNA and thus a higher 
activity of the respective enzyme [234]. However, in subsequent studies the activity was 
not found to be different from that encoded by the NAT1*4 allele [235, 236]. Compari-
son between phenotype and NAT1 protein encoded by a NAT1*11 allele has similarly 
resulted in contrasting outcomes [235, 237]. The NAT1*14 and NAT1*15 alleles have 
been proposed to encode proteins with low and no activity, respectively. All three variant 
alleles (NAT1*11, *14 and *15) are very rare (<3%) in Caucasian population [235].  
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To date, there are six published case-control studies on the association between NAT1 
genotypes and breast cancer risk [183, 233, 238–241]. However, as the NAT1 gene 
was not investigated in this thesis, the results on the previous studies are not shown in 
detail in a table. An overall association between the NAT1*11 allele and risk of breast 
cancer was found only in one study among postmenopausal US (Iowa) women (OR 3.9, 
95% CI 1.5–10.5) [238]. In contrast, no overall associations between NAT1 genotypes 
and breast cancer have been reported in studies among US whites, African-Americans, 
French-Canadians or Korean women [183, 233, 239, 240]. When stratified by smoking 
habits or well-done meat intake, further associations were found between NAT1 and breast 
cancer in these studies. For example, postmenopausal women who had stopped smoking 
three years ago were at increased risk of breast cancer if they were concurrently carrying at 
least one NAT1*10 allele (OR 9.0; 95% CI 1.9–41.8) [233]. Similarly, postmenopausal 
ever-smokers had increased risk of breast malignancy, if they had at least one NAT1*11 
allele (OR 13.2; 95% CI 1.5–116.0) [238]. Furthermore, a borderline significant in-
creased risk of breast cancer was found for women who consumed well-done meat and 
concurrently carried at least one NAT1*10 allele (OR 4.4; 95% CI 1.0–18.9) [183]. 

Table 5. Allele nomenclature of NAT1 and nucleotide positions. Modified from [242].

Allele Nucleotide position Amino acid 
change

-344 -40 445 459 559 560 640 1075 1088 1091 1095

*4 C A G G C G T T C Wild type

*3      C A G G C G T T A None

*5    Many 1 Many 1

*10      C A G G C G T A A None

*11     T T A A C G G ∆92 T A Val149Ile

*14    C A G G C A T A A Arg187Gln

*15 C A G G T G T T C Arg187Stop

*16   C A G G C G T T +[AAA]3 A None

1  Many nucleotide changes in the NAT2*5 allele at nucleotide positions 350, 351, 497–499, 884, 976 and 
1105 resulting in three amino acid changes in codons 117, 166, and 167.

2  Nine nucleotides are deleted in the NAT1*11 allele between nucleotides 1065–1090.
3 Three adenines are introduced in the NAT1*16 allele immediately after 1091 nucleotide position.

NAT2

N-aceltyltransferase 2 (NAT2) is involved in the metabolism of various xenobiotics in-
cluding the aromatic and heterocyclic amines present in tobacco smoke and the diet [125, 
127, 243]. NAT2 mRNA expression is found in tissues like liver, mammary gland, lung, 



REVIEW OF THE LITERATURE

32

REVIEW OF THE LITERATURE

33

gastrointestinal tract tissues and bladder [124, 231, 244]. In mammary tissue, the NAT2 
expression is believed to be mainly derived from the epithelial cells and it is found to be 
lower than that of the NAT1 enzyme [126].

Numerous NAT2 variant alleles in addition to the wild-type allele (NAT2*4) have 
been reported; different combinations of SNPs result in different alleles [230]. For predic-
tion of the acetylator phenotype (rapid vs. slow) among Caucasian population it has been 
shown to be sufficient to genotype C282T and T341C SNPs in NAT2 [245]. The C282T 
change comprises the slow acetylator alleles NAT2*6A, *7B and *14B whereas the T341C 
change is due to the slow acetylator alleles*5A, *5B and *5C (Table 6). In an African 
population, a G191A change (in NAT2*14A and *14B) is also common (9%) and should 
therefore be genotyped while in Caucasians its prevalence is very low (<0.1%) [245, 246]. 
The NAT2*5 allele, on the other hand, is common among Caucasians (>40%), whereas 
it is very rare among Orientals (1–6%) [247]. This difference also explains for a large part 
the known difference in the frequency of the acetylator status in different ethnic groups. 
Individuals with at least one NAT2*4 allele are classified as rapid acetylators whereas sub-
jects with two variant alleles are slow acetylators. The NAT2 slow acetylator genotypes are 
very frequent among Caucasians (50–60%), but less common in other populations, e.g., 
Koreans (16%) and Taiwanese (21%) [240, 246, 248].  

A recent study proposed a plausible mechanism by which the T341C change could 
cause the slow acetylator phenotype; protein degradation of NAT2 in vivo was shown to 
be faster due to T341C change. Instead, the protein encoded by the wild type NAT2*4 
allele was shown to be more stable [249].       

Numerous studies have been evaluated on the association between NAT2 genotypes 
and breast cancer risk, but with inconclusive results [48, 49, 183, 233, 240, 241, 248, 
250–260]. A borderline significant overall association has been found only among 
Chinese women [248]. Further evidence has been seen when smoking has been taken into 
account (listed on Table 7). A recent pooled data  [259] of nine studies  [233, 241, 248, 
250–253, 258, 259] showed that ever-smokers with slow acetylator genotype were at 
increased risk of breast cancer (OR 1.37; 95% CI 1.19–1.58) compared to never-smokers 
with the same genotype. Same study pooling six previous studies  [233, 241, 248, 253, 258, 
259] showed that the association between ever-cigarette smoking and breast cancer was 
confined to postmenopausal women with the NAT2 slow acetylator genotype 
(OR 1.6; 95% CI 1.3–2.0) [259]. Moreover, few studies on the associations between NAT2 
genotypes and breast cancer risk in relation to meat consumption have been 
reported [48, 49, 255, 256]. Only one of them found a significant increase in the risk 
of breast cancer among women who had consumed well-done meat and carried the 
rapid/intermediate NAT2 genotype [255]. Moreover, NAT2 slow acetylator genotype has 
been reported to elevate the risk of breast cancer among postmenopausal women who were 
non-users of HRT or had low BMI [248].  
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The NAT2 acetylator genotype has also been investigated in relation to DNA adducts in 
human breast tissue [261–263]. In two of the studies, the NAT2 slow acetylators were shown 
to have higher levels of aromatic DNA adducts in human breast tissue than those observed 
in rapid acetylators [261, 262]. Another study reported a non-significant association between 
NAT2 acetylator genotype and the level of DNA adducts [263]. Furthermore, one study 
showed that at low exposure levels of nicotine-cotinine, the level of 4-aminobiphenyl adducts 
was higher among the NAT2 slow acetylators than in NAT2 rapid acetylators, whereas at 
increasing nicotine-cotinine exposure levels the effect became less evident [264].  

Table 6. Allele nomenclature of NAT2 and nucleotide positions. Modified from [245].

Allele and 
phenotype

Nucleotide position frequency1 

(%)191 282 341 481 590 803 857

*4 (wt) rapid G C T C G A G 23.4

*5A      slow G C C T G A G 2.5

*5B      slow G C C T G G G 40.9

*5C      slow G C C C G G G 2.6

*6A      slow G T T C A A G 28.4

*7B      slow G T T C G A A 2.1

*12A    rapid G C T C G G G 0.1

*14A    slow A C T C G A G –

*14B    slow A T T C G A G 0.1

*6B         – G C T C A A G –

*7A         – G C T C G A A –

*13         – G T T C G A G –

Amino acid 
change

Arg/Gln None Ile/Thr None Arg/Gln Lys/Arg Gly/Glu

1 Allele frequencies obtained in 1088 unrelated Caucasian study subjects in Germany [245]

For 
prediction 
of NAT2 
phenotype: 
C282T and 
T341C are 
enough in 
a Caucasian 
population

1
4

4
2

4
4

3
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Sulfotransferases (SULTs)

Soluble cytosolic SULTs are a superfamily consisting of at least eleven distinct proteins, 
consisting of SULT1 (seven isoforms), SULT2 (three isoforms) and SULT4 (one iso-
form) families in humans (reviewed in [265]). The substrate specificities of the SULTs are 
different but partly overlapping. SULTs are involved in the conjugation of the sulfonyl 
moiety from 5’-phosphoadenosine-3’-phosphosulphate to carcinogens, xenobiotics 
and/or drugs. SULTs are also involved in the metabolism of many hormones [266]. 
Sulfation of estrogens has been suggested to result in the inactivation of these hormones 
(reviewed in [267]). Usually sulfonation results in inactivation as the water solubility of 
the conjugated compounds is increased and the biological activity decreased, resulting in 
excretion. However, sometimes sulfonation can lead to activation (due to O-sulfonation). 
In that case, the sulfate group in the sulfate conjugates acts as a leaving group, resulting 
in the formation of strong electrophilic species, which may in turn bind to DNA and 
proteins and thus result in mutagenic or carcinogenic effects [265, 267, 268]. 

SULT1A1 

SULT1A1 is the major SULT involved in the inactivation or bioactivation of a wide va-
riety of substrates including many phenolic compounds and HAs. It is also involved in 
the sulfonation of estrogens and catecholestrogens [265, 267, 269, 270]. Furthermore, 
SULT1A1 has been claimed to sulfonate 2-MeOE2 in breast cancer cell lines [271]. This 
endogenous estradiol metabolite which is formed by the O-methylation of 2-OHE2 
by COMT, has been suggested to have anti-proliferative, anti-tumourigenic and anti-
angiogenic effects in the development of breast cancer [149, 150]. The anti-proliferative 
effect has been seen both in the estrogen receptor positive and negative breast cancer 
cells [150]. It also has the ability to inhibit growth and angiogenesis in a wide range of 
cancer cells and tumours in vitro (reviewed in [272]). 

The SULT1A1 and SULT1A2 genes are located on human chromosome 16p12.1–p11.2. 
The SULT1A1 consists of seven exons, which encode a protein of 295 amino acids [273]. 
SULT1A1 is expressed in liver, adrenal gland, placenta, platelets and breast tissue [126, 
274]. Expression studies in breast cancer cell lines have indicated that SULT1A1 is the most 
highly expressed SULT in this tissue [275, 276]. 

Three variant alleles of SULT1A1 have been found. They exist in different frequen-
cies in different ethnic populations. The frequency of SULT1A1*2 allele, associated with 
Arg213His change, varies from 0.31 to 0.37 among Caucasians. Among African-Ameri-
cans it is almost as frequent (frequency 0.23) as in Caucasians, while among Chinese it 
is quite rare (0.006) [277–279]. Another variant allele, SULT1A1*4, is associated with 
an Arg37Gln change. The frequency of the SULT1A1*4 among Caucasians is very low 
(0.003). Similarly, the frequency of the SULT1A1*3 allele, associated with a Met223Val 
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change, is low in a Caucasian population (0.01), whereas in African-Americans, it is con-
siderably more frequent (0.229) [277, 279].   

Several promutagens have been reported to be more efficiently activated by the wild-
type enzyme (encoded by the SULT1A1*1 allele), than by the enzyme encoded by the 
SULT1A1*2 allele [280]. Subjects homozygous for the SULT1A1*2 allele have also been 
reported to have consistently lower SULT activity and thermal stability compared to 
those homozygous for the SULT1A1*1 alleles according to functional assays performed in 
human platelets [277, 281]. 

 The studies on the association between SULT1A1*2 allele and risk of breast cancer 
reported so far have produced inconsistent results (Table 8). One study found a border-
line significant overall association between this allele and the risk of breast cancer among 
postmenopausal women [282]. Another study found a statistically significant increased 
risk of breast malignancy among Chinese women who carried one or two SULT1A1*2 
alleles [283]. If factors related to endogenous exposure to estrogens are taken into ac-
count, there is further evidence for increased risk among women with  the SULT1A1*2 
allele [282, 284]. Furthermore, one recent study reported that SULT1A1*1 was an im-
portant risk factor among passive smokers who were simultaneously carrying NAT2 rapid 
acetylator genotypes [285]. 

Oxidative stress 

Under normal metabolic conditions, ROS are continuously produced and neutralized by 
antioxidant system. Oxidative stress is defined as an imbalance between the generation of 
ROS and the antioxidant defence, resulting in excess production of ROS. These molecules 
include superoxide anion (O2

–), hydroxyl radical (.OH), and hydroxen peroxide (H2O2) 
which are unstable, very reactive, and capable of attacking cellular macromolecules like 
DNA, proteins, and lipids. The DNA damage may involve damaged bases or breaks in 
DNA strands, and can result in mutations unless repaired (reviewed in [291]). 

ROS are generated in the human body by multiple sources such as by activated phago-
cytes as well as during electron-transfer in mitochondrial respiration. ROS are generated 
in estrogen metabolism when SQs are oxidized to Qs [292]. These can in turn cause oxi-
dative DNA damage. Furthermore, carcinogenic substances in tobacco, ionizing radiation 
and metabolism of alcohol may produce ROS [44, 293–295].  

Oxidative stress may be involved in the generation of breast malignancy [296]. De-
fence against ROS is mediated by antioxidant enzymes, namely SOD, glutathione peroxi-
dase (GPX) and catalase (CAT) (Figure 4) [297]. SODs convert two superoxide radicals 
to hydrogen peroxide, which can be further eliminated and converted to water by GPXs 
or CATs. In the presence of transition metal ions, such as iron, hydrogen peroxide can be 
converted to reactive hydroxyl radicals. Moreover, if hydrogen peroxide is not eliminated, 
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it may result in the generation of ROS by myeloperoxidase (MPO) enzyme [298]. SODs, 
especially MnSOD, are described in the next chapter. Other antioxidant systems include 
antioxidant vitamins, like vitamin C and α-tocopherol (vitamin E), which are abundant 
in fruits and vegetables (reviewed in [296]). 

Superoxide dismutases  

The superoxide dismutase (SOD) multigene family consists of three distinct isoforms in 
mammals, namely CuZn SOD (CuZnSOD), MnSOD and extracellular SOD (EC-SOD), 
which are also known as SOD1, SOD2, and SOD3, respectively. CuZnSOD is expressed 
in intracellular cytosolic compartments, whereas EC-SOD is present in extracellular spaces, 
and MnSOD is localized to mitochondria. They provide important first line defence against 
ROS (reviewed in [299]). 

MnSOD

The MnSOD gene consists of five exons and four introns localized to chromosome 
6q25 [300, 301]. The MnSOD preprotein is synthesized in the cytoplasm after which 
the leader peptide, also known as mitochondrial targeting sequence (MTS), drives the 
precursor MnSOD protein into mitochondria through inner and outer membrane. Inside 
the mitochondrial matrix, this 24 amino acid long MTS is proteolytically cleaved [302]. 

Expression of MnSOD protein has been found to be lower in invasive breast cancer 
carcinomas than in in situ carcinoma and in benign hyperplasia [303]. On the other 
hand, expression of MnSOD was found to be retained in the majority of neoplastic 
breast cancer cells [304]. However, overexpression of MnSOD was also found to inhibit 
tumour growth in mice and it was concluded that overexpression of MnSOD can result in 
slower cell division. Consequently, this gene was proposed to potentially act as a tumour 

Figure 4. Enzymes involved in generation and reduction of ROS. (Modified from [297])
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suppressor gene [305]. H2O2 induces the expression of MnSOD mRNA [306]. Cigarette 
smoke contains high levels of active oxygen species and it has been shown to transiently 
induce the expression of MnSOD protein [295, 307]. Similarly, ethanol has been shown 
to induce the expression of MnSOD [308]. 

An amino acid change from Ala to Val at position -9 in the MTS of MnSOD gene has 
been reported [309]. This polymorphism was predicted to lead to a conformational change 
in the secondary structure of the protein and thus to have an effect on mitochondrial target-
ing. The MnSOD Ala allele is predicted to encode a protein which forms an amphiphilic 
helix structure. This structure is believed to be essential for its transfer into mitochondria. 
In contrast, the MnSOD Val allele is predicted to encode a protein with a single β-sheet 
structure resulting in destabilisation of the amphiphilic structure, slowing down the trans-
portation to mitochondria [309]. This was later confirmed in a study, where in vitro import 
of human precursor proteins encoded by MnSOD Ala or Val alleles was tested in rat liver 
mitochondria. The MnSOD precursor with the β-sheet structure (Val allele) had difficulties 
to cross the mitochondrial inner membrane. After transport into isolated mitochondria in 
vitro, the Val-MnSOD precursor exhibited 40% lower activity compared to Ala-MnSOD 
precursor [310]. Later, experiments performed in human hepatoma cells showed parallel, 
but much larger differences in MnSOD activities [311]. In the light of these data, MnSOD 
Ala allele could be viewed as a beneficial form of the MnSOD. On the other hand, the higher 
activity of this allele could lead to higher production levels of hydrogen peroxide and oxidat-
ive stress since hydrogen peroxide may be harmful unless it is quickly removed by other 
antioxidant enzymes. Consequently, the functional significance of MnSOD polymorphism 
is not entirely clear.

Studies on the associations between MnSOD genotypes and breast cancer are de-
scribed in Table 9. However, the majority of the studies have detected no overall as-
sociation between MnSOD genotypes and breast cancer risk (Table 9). Meta-analysis of 
the previous studies, including one of the studies in this thesis [312–314] pointed to a 
30–50% increased risk of breast cancer among women with the MnSOD Ala/Ala geno-
type. Further evidence favouring the involvement of the MnSOD Ala allele in relation to 
risk of breast cancer has been collected if exposures to pro-oxidant factors like high-dose 
radiation, alcohol and tobacco, or antioxidant factors like those found in dietary sources 
have been taken into account. These findings are very difficult to understand in the light 
of the data indicating that the MnSOD Ala allele has normal activity and that the MnSOD 
Val allele leads to impaired transport to mitochondria and reduced activity within the 
mitochondrial matrix. However, these results have not been consistent (Table 9). It seems 
that the entire story of the MnSOD genotype is rather complex.  

Another polymorphism in MnSOD has also been found to disrupt the conformation 
of MnSOD. This polymorphism results to an amino acid change from Ile to Thr at codon 
58 and it has also been suggested to lead to lower activity [315]. However, this polymor-
phism has not been found in Caucasians [316].
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Vitamin D 

Vitamin D can be obtained either by synthesis in the skin or absorbtion from diet in the 
gastrointestinal tract. Vitamin D is activated into dihydroxyvitamin D3, 1,25(OH)2D3, 
(calcitriol) mainly in liver and kidney (Figure 5). Extrarenal activation of vitamin D to 
active form has also been shown in a variety of tissues like breast, prostate, and colon epi-
thelial cells, where the activated vitamin D may act locally (reviewed in [324]). 

Calcitriol exerts its effects, such as the transcription of hormone-responsive genes, 
by binding to VDR with high affinity [325]. Many genes are transcriptionally regulated 
by calcitriol in a variety of cell types (including breast cancer cells), including genes as-
sociated with cell differentiation, proliferation and apoptosis [326]. Calcitriol has also an 
important classical role in calcium and phosphate homeostasis (reviewed in [327]).  

Vitamin D and its analogues have been reported to have significant antiprolifera-
tive effects on breast cancer cell lines and inhibitory effects on tumour progression in 
rats [328-332]. Calcitriol has been shown to partially mediate the antiproliferative effects 
by down-regulating the abundance of ER in breast cancer cell line [333]. One study re-
ported that calcitriol mediates the anti-proliferative effects by induction of the BRCA1 
protein [334]. 

VDR

The VDR gene located on chromosome 12cen-q12, is comprised of 14 exons [335, 336]. 
The noncoding 5’-end of the gene consists of six exons (exons 1A-1F), whereas exons 2–9 
encode a structural portion of the protein composed of 427 amino acids. Transcription 
of VDR is controlled by multiple promoters generating tissue-specific transcripts [325, 
336]. 

VDRs are expressed in several normal human tissues (e.g., liver, kidney, thyroid, 
gastrointestinal tract, breast and skin) as well as in cancer cells (e.g., breast carcinoma, 
melanoma, osteosarcoma, etc.) ( [337], reviewed in [327]). The majority of breast tu-
mours have been shown to express VDR [338–340]. 

 To date, several VDR polymorphisms have been reported. The BsmI, ApaI and TaqI 
polymorphisms, and the recently found Tru9I polymorphisms located in the 3’ end of 
the gene and FokI in the 5’ end of the gene, are all detected by the respective restriction 
endonucleases. Alleles, which contain the respective restriction sites are denoted with 
small letters (b, a, t and f), whereas alleles lacking those are denoted with capital letters 
(B, A, T and F). 

The ApaI, BsmI and Tru9I polymorphisms are located in intron 8 and the TaqI 
polymorphism is located in exon 9 in codon 352 resulting in a silent mutation [341–344]. 
The restriction site for FokI creates a new start codon resulting in a VDR protein with 
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Figure 5. Schematic presentation of biosynthesis of the active form of vitamin D (modified from 
[363, 364]). The level of generated previtamin D is dependent on the amount of melanin in the 
skin. Melanin competes with 7-dehydrocholesterol for the UV-irradiation by absorbing it. Thus, less 
previtamin D is produced in the skin with high levels of melanin, unless the exposure time for UV-
irradiation is longer. In contrast, among white women with less melanin in their skin, the levels of 
previtamin D are higher. However, excessive irradiation results in the further conversion to inactive 
lumisterol and tachysterol, which are not precursors for vitamin D3 [363, 364].
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three additional amino acids [345]. Furthermore, one polymorphism known as variable 
length poly(A) sequence is located in the 3’UTR. The alleles are divided according to 
length of poly(A) sequence to short (S, A13–A17) or long (L, A18–A24) [346]. This 
polymorphism has been shown to be linked with the BsmI, ApaI and TaqI polymorphisms 
in Caucasians, resulting in two common haplotypes baTL and BAtS [346–349]. Fur-
thermore, one polymorphism in the promoter region of VDR was found later. This cdx2 
polymorphism creates a nucleotide change from G to A, which is located in a binding site 
for an intestinal specific transcription factor (Cdx2). It was found to be independent on 
FokI and BsmI polymorphism [350]. Cdx2 polymorphism was recently reported among 
Caucasians, albeit at a low frequency [351]. 

The functional effects of VDR polymorphisms are largely unknown. Most of the 
polymorphisms are synonymous and it is hypothesized that the effects between VDR 
polymorphisms and cancer risk could be due to linkage of these polymorphisms to one 
or more truly functional polymorphism(s) elsewhere in the VDR gene or to some other 
unknown gene or genes (reviewed in [352]). In a recent study reviewing the investigations 
on functional effects of VDR polymorphisms, the BAt haplotype compared to baT haplo-
type exhibited a slightly higher tendency for increased levels of VDR mRNA expression, 
although contrasting results also exist. In contrast, FokI and Cdx2 polymorphisms would 
seem to possess functional effects on binding efficiency to transcription factors TFIIB and 
Cdx2, respectively (reviewed in [352]). 

The observed associations between VDR genotypes and breast cancer risk have var-
ied in different ethnic groups [347, 349, 353–362] (Table 10). An overall association 
between the presence of VDR a allele (aa and Aa genotypes) and the TT genotype and 
sporadic breast cancer risk has been seen in an Australian population [355]. In contrast, 
the VDR AA genotype has been suggested to pose an increased risk of sporadic breast can-
cer among Taiwanese [359]. Moreover, no associations between TaqI polymorphism and 
breast cancer have been found in Swedish, Turkish, Taiwanese or UK Caucasians [354, 
356, 358–360]. 

The presence of the BsmI restriction site and long poly(A) alleles has been associated 
with increased risk of breast cancer among UK Caucasians [347, 349, 362], while the 
effects were opposite among US latinos [357]. In contrast, FokI polymorphism has not 
shown an overall association with breast cancer risk in any of the studies [347, 349, 355, 
357] except in conjunction with poly(A) polymorphism [349]. Further evidence for an 
association between breast cancer risk and VDR polymorphisms has been revealed in sub-
group analyses stratified, e.g., by the use of HRT or metastatic breast cancer [353, 356, 
358]. However, contrasting results have also been reported [347, 349]. 
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Table 10. Case-control studies on associations between VDR polymorphisms and breast cancer 
risk.

1 Pre-premenopausal women, post = postmenopausal women, BC = breast cancer
2 The alleles lacking the restriction sites for Apal, Bsml, Taql and Fokl are denoted as A, B, T and F and the alleles 
with the restriction sites are a, b, t and f, respectively. Alleles for poly-A polymorphism are categorized as short 
(S ; A = 13–17) and long (L ; A = 18–24).
3 N = lymph node involvement
4 tumour grade, ymph node involvement, ER status
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AIMS OF THE STUDY

Carcinogenic substances, hormones and oxidative stress are factors favouring cancer 
development. Furthermore, polymorphisms in genes encoding for enzymes involved 
in metabolism of carcinogens, estrogens and ROS have been suggested to be important 
modifiers of individual susceptibility to cancer. The main aim in this thesis was to increase 
knowledge about the association between polymorphisms of low penetrance genes and 
susceptibility to breast cancer in a Finnish study population.

More specifically, the objectives were: 
•  to assess whether the genetic polymorphisms of the XME and/or polymorphic 

estrogen metabolizing enzymes, CYP1A1, CYP1B1 and SULT1A1, are associated 
with the risk of breast cancer. A particular focus was on women who had active/
passive smoking history or who were exposed to estrogens.

•  to examine the potential association between the polymorphic XME gene, NAT2, 
alone or together with the CYP1B1 genotypes and breast cancer risk especially 
among women who have been exposed to active/passive tobacco smoke.

•  to investigate if the polymorphic MnSOD gene, involved in antioxidant system, 
modifies individual susceptibility to breast cancer especially among women who are 
exposed to high levels of reactive oxygen species. 

•  to study whether polymorphisms in the VDR gene, which encodes a protein 
involved in mediating the effects of the active form of vitamin D, could influence 
breast cancer susceptibility.



AIMS OF THE STUDY

46

MATERIALS AND METHODS

47

MATERIALS AND METHODS

Study subjects

This case-control study is an extension of the Kuopio Breast Cancer study. It was origi-
nally conducted by different departments of the University of Kuopio, Kuopio University 
Hospital, and the Department of Nutrition of the National Public Health Institute in 
Helsinki. The Joint Ethics Committee of Kuopio University and Kuopio University hos-
pital approved the study. Participation in the study was based on written consent. 

Cases

Between April 1990 and December 1995 all women who had any suspected breast 
lump/symptom and were living in the study catchment area, were referred to Kuopio 
University Hospital for further examination and were invited to participate in the study. 
Interview was conducted during the first hospital visit in a total of 1919 women before 
any diagnostic procedures. In all 516 women out of these 1919 were later diagnosed with 
histologically confirmed breast cancer. 

A total of 51 women were private patients who had not entered the hospital by the 
standard procedure and therefore the recruitment protocol missed them within the hos-
pital. Due to a one month strike by nurses in 1995, an additional eleven breast cancer 
cases were missed. 

When the completeness of patient catchment was evaluated, the confirmed breast 
cancer cases (n=516+51+11=578) were compared to those in the Finnish Cancer Registry 
(n=604). Thus, out of those breast cancer patients living in the catchment area of Kuopio 
University Hospital, 96% had been referred to the hospital, only 26 had been treated 
elsewhere. 

Only twelve women with a confirmed breast cancer diagnosis refused to participate 
in the study. The contact rate for the cases was 86% [(516+12)/516+12+51+11+26)]. 
Since all the interviewed women were willing to give a blood sample, the coopera-
tion rate was 98% [516/(516+12)], and thus the overall response rate was 84% 
[516/(516+12+51+11+26)]. Contact, cooperation and response rates are calculated as 
described by Slattery et al. [365]. 

Lymphocyte DNA was available for 483 women (age range 44.3-91.6 years, mean 
age 58.9 years).  

The malignant tumors were categorized on the basis of the UICC Tumor-Node-
Metastasis classification [366]. 
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Controls

Healthy population control subjects living in the same catchment area with the cases were 
drawn from the Finnish National Population register. They were originally matched with 
cases by age (± 5 years and long-term place of residence), but ultimately it was decided to 
include also some over 77 years old cases without age-matched controls in the study, even 
though no matched controls could be found for them. 

Interview for the controls (n=514) was done in parallel with the cases, and was per-
formed by a trained study nurse. The exact contact rate is not available, but as the indi-
vidual social security number system used in Finland is very precise, the majority of the 
competent controls have most likely been contacted. 

The cooperation rate for the controls was 72%. Refusal was the main reason for not 
participating in the study. 

In all, 492 DNA samples were available for the controls. However, ten subjects 
out of these had to be excluded (four samples due to earlier diagnosis of breast cancer, 
four samples because of bad quality of DNA and two samples since they were of non-
Finnish origin). Thus, the final control population consisted of 482 healthy subjects (age 
37.5–77.2 years, mean age 53.3 years).                                                            

Methods

Somewhat different methods were used for genotyping analyses depending on the stud-
ied gene  (Table 11). Allelic discrimination based on TaqMan technology was used for 
detecting the polymorphisms in NAT2 and CYP1B1 genes, since this method is simple 
and faster than the previously used PCR-RFLP based methods. As no allelic discrimina-
tion assays using TaqMan MGB probes had been published for NAT2 and CYP1B1, we 
developed our own methods for these analyses. Furthermore, despite the great number 
of different SNPs in NAT2, this method determines the NAT2 C282T and T341C 
genotypes, which have been shown to be sufficient to interpret the NAT2 phenotypes in 
Caucasians [245]. As required when setting up new methods based on TaqMan, part of 
the results were confirmed by PCR-RFLP and/or sequencing methods. 

At the time of MnSOD and VDR genotyping, the TaqMan technology was not 
available. Therefore, the previously published PCR-RFLP methods were used for these 
analyses [312, 348, 367]. For CYP1A1 a simple PCR-RFLP method had been previously 
published [168], in which only one PCR-reaction was performed to detect two common 
polymorphic sites using two different restriction enzymes after PCR. Since the CYP1A1 
T3801C and CYP1A1 Ile462Val polymorphisms are closely linked in Caucasian popula-
tions [168–170], only the Ile462Val and Thr461Asn polymorphisms were determined in 
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our study. For SULT1A1, we also decided to utilize a previously published PCR-RFLP 
method [278]. The outline of the methods used is shown in Figure 6. 

All samples were genotyped blinded to the case-control status. Moreover, all genotyp-
ing analyses included internal control samples with known genotypes to ensure the proper 
functioning of PCR-reaction, and restriction enzyme digestion, or allelic discrimination. 
Ambiguous results were always reanalysed. Two independent researchers interpreted all 
the genotyping results and a random sample of 10% of the analyses was repeated.

Table 11. Polymorphic sites and the methods used for genotyping the studied genes in Papers 
I–V.  

Gene Nucleotide (nt) changes Effect Genotyping method1 References
(PCR-RFLP)

CYP1A1 C→A in exon 7 Thr→Asn PCR-RFLP: BsaI  [168]

   T→C in exon 7 Ile→Val PCR-RFLP: BseMI  [168]

CYP1B1 2 C→T in exon 3 Leu→Val TaqMan/
PCR-RFLP:Eco57I

 [213]

MnSOD T→C at -9 position 
of the mitocondrial
targeting sequence

Val→Ala PCR-RFLP: NgoMIV  [312]

NAT2 2 C→T at nt position 282 None (silent) TaqMan/
PCR-RFLP: FokI/ sequencing

 [368]

T→C at nt position 341 Ile→Thr TaqMan/sequencing

C→T at nt position 481 None (silent) PCR-RFLP: KpnI  [246]

G→A at nt position 590 Arg→Gln PCR-RFLP: TaqI  [246]

G→A at nt position 857 Gly→Glu PCR-RFLP: BamHI  [246]

SULT1A1 G→A in exon 7 Arg→His PCR-RFLP: Bsp143II  [278]

VDR C→T in exon 9 None (silent) PCR-RFLP: TaqI  [367]

intron 8 PCR-RFLP: ApaI  [367]

intron 8  PCR-RFLP: BsmI  [348]

1 For the PCR-RFLP method, the respective restriction endonuclease is mentioned. 2 For determi-
nation of the CYP1B1 Leu432Val polymorphism and the NAT2 C282T and T341C polymorphism, 
mainly TaqMan analysis was used. PCR-RFLP and/or sequencing were used to confirm the results 
obtained by TaqMan analysis. 
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Figure 6. Summary of the used genotyping methods.
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Allelic discrimination with fluorogenic probe hybridisation 
(TaqMan)

New genotyping methods based on the allelic discrimination assays (TaqMan) were devel-
oped for determination of CYP1B1 and NAT2 genotypes (Paper I and II). In this method, 
after a PCR reaction, the fluorescence is measured in an ABI 7000 or 7700 machine (PE, 
Applied Biosystems, Foster City, CA) and the processed data based on the fluorescent 
values, is automatically plotted by the software. PCR reactions and the detection of 
variant alleles can thus be carried out in a single well. TaqMan® universal master mix (PE, 
Applied Biosystems, Foster City, CA) contains all the components for the assay, except 
primers and probes. This single-step allelic discrimination method is thus very fast and 
effective for genotyping a large number of samples [369].  

The method utilizes specific fluorogenic probes for each allele with a different reporter 
dye at the 5’ end (e.g., FAMTM dye in wild type probe and VICTM dye in variant probe). 
Each reporter dye emits a characteristic fluorescence. The probes also carry another dye, 
which is a quencher located at the 3’ end. When the probe is intact, the quencher at the 
3’ end absorbs the fluorescence from the reporter dye at its 5’ end [369]. 

MGB probes (Applied Biosystems, Foster City, CA) possess an additional element 
minor groove binder (MGB) residue, which is attached to the 3’ end of the probe. The 
conjugation of MGB to the probe stabilizes nucleic acid complexes and increases the 
melting temperature [370, 371], which enables the use of short probes. During the reac-
tion, the specific probes are complementary annealed to the amplification product. The 
reaction mix contains DNA polymerase (AmpliTaqGold® DNA polymerase, PE, Applied 
Biosystems, Foster City, CA), which possess not only polymerase activity but also 5’–3’ 
nuclease activity. Due to this latter property, polymerase can cleave the specific probe 
in front of the site, which has perfectly annealed to the complementary sequence of the 
allele during each extension cycle. The cleavage results in an increase in the intensity of 
fluorescence as the reported dye is released from the 5’ end of the probe and from the 
proximity of the nonfluorescent quencher. Depending on the increase of the fluorescence 
signal of specific reporter dye, the allele(s) present in the sample is visualised (Figure 7). 
Thus, as the probes (each with a different reporter dye) are present in a single well at the 
same time, it is possible to detect both alleles simultaneously. 

CYP1B1

For CYP1B1 genotyping, 50 ng of DNA was amplified by AmpliTaq Gold® DNA 
polymerase, which is included in TaqMan Universal Master mix (Applied Biosystems, 
Foster City, CA). The detection of alleles was based on fluorogenic TaqMan MGB probes 
using the ABI PRISM 7000 Sequence Detection Systems (Applied Biosystems, Foster 
City, CA). Primer ExpressTM Version 2.0 software (Applied Biosystems, Foster City, CA) 
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was used for designing short amplicons for detecting the CYP1B1 432Val allele. A 108 
base pair (bp) PCR product was amplified using specific primers (Table 12). Allele spe-
cific TaqMan MGB-probes (Applied Biosystems, Cheshire, UK) were used for detecting 
the CYP1B1 432Leu and 432Val  alleles (Table 13). The PCR reaction was performed in 
a total volume of 20 µl containing 1x TaqMan Universal Master mix, 900 nM of each 
primer and 200 nM of each probe. Two initial hold steps of 2 minutes at 50°C and 10 
minutes at 94°C were followed by 40 cycles of two-step PCR with denaturation at 94°C 
for 15 s and annealing and extension at 60°C for 1 min.

Figure 7. Principle of allelic discrimination assay which was used for determination of CYP1B1 
and NAT2 genotypes. Fluorescent reporter dye at 5‘ end of the probe is cleaved when the probe is 
matched with the complementary sequence of an allele. In contrast, the mismatch between probe 
and the allele results in destabilized binding and the probe is displaced rather than cleaved. (Modi-
fied from [369]).
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NAT2

For NAT2 C282T and T341C genotyping, a new method based on the fluorogenic 
TaqMan MGB probes and ABI PRISM 7000 and 7700 Sequence Detection Systems 
(Applied Biosystems, Foster City, CA, US) was used. Briefly, Primer ExpressTM Version 1.5 
software was used for designing forward and reverse primers (Sigma-Genosys, Cambridge, 
UK), which were used to amplify 122 bp and 66 bp fragments for the C282T and T341C 
sites, respectively (Table 12). SNP-specific MGB probes labeled with FAM or VIC (Applied 
Biosystems, Cheshire, UK) were used to determine the NAT2 alleles (Table 13). 

30 ng of lymphocyte DNA was used as the template in the PCR reaction catalyzed by 
AmpliTaq Gold® DNA polymerase included in TaqMan Universal Master mix (Applied 
Biosystems, Foster City, CA, US). The C282T genotyping analysis was performed in a 
total volume of 20 µl containing 1xTaqMan Universal Master mix, 900 nM of forward 
primer, 300 nM of reverse primer, and 200 nM of each probe. In the T341C genotyping 
analysis, the reaction conditions were otherwise the same as in the C282T genotyping 
analysis, except that 900 nM of each primer was used. Two initial hold steps (2 minutes 
at 50°C and 10 minutes at 95°C) were followed by 40 cycles of two-step PCR (95°C for 
15 s and 60°C for 1 min). 

Table 12. Primers used for analyzing the Leu432Val polymorphism of CYP1B1 gene and the C282T 
and T341C polymorphisms of NAT2 gene.

Site Primer Amplicon length (bp) Sequence (5‘–3‘)

CYP1B1 Leu432Val Forward 108 ACC TCT GTC TTG GGC TAC CAC AT

CYP1B1 Leu432 Val Reverse TG ATC AAA GTT CTC CGG GTT A

NAT2 C282T Forwarrd 122 GGT GTC TCC AGG TCA ATC AAAC TTC

NAT2 C282T Reverse GTG AAC CAT GCC AGT GCT GTA TT

NAT2 T341C Forward 66 CAC TGG CAT GGT TCA CCT TCT

NAT2 T341C Reverse CCA GCA TCG ACA ATG TAA TTC CT

Table 13. TaqMan MGB probes used for the allele specific discrimination of Leu432Val polymor-
phism of CYP1B1 gene and C282T and T341C polymorphisms of NAT2 gene.

Site Taqman MGB Probe Sequence (5‘–3‘)

CYP1B1 Leu432Val Leu432 (VIC) AT CAT GAC CCA CTG AA

CYP1B1 Leu432Val 432Val (FAM) AAT CAT GAC CCA GTG AA

NAT2 C282T C282 (FAM) AGG GTA TTT TTA CAT CCC T

NAT2 C282T 282T (VIC) AGG GTA TTT TTA TAT CCC TC

NAT2 T341C T341 (FAM) CCG TCA ATG GTC ACC

NAT2 T341C 341C (VIC) CG TCA GTG GTC ACC T
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PCR-RFLP analysis

CYP1A1

The determination of the CYP1A1 Thr461Asn and Ile462Val genotypes was based on 
previously published PCR-based RFLP method [168]. Briefly, an amplification product 
of 204 bp was digested with BsaI (New England Biolabs, Inc., Beverly, MA) or BseMI 
(Fermentas, Amherst, NY) restriction enzymes to study the respective above mentioned 
polymorphic sites. The absence of the restriction site indicated the alleles containing 
amino acid changes (alleles CYP1A1 461Asn and CYP1A1 462Val), whereas the alleles 
with the presence of restriction sites were evidence of the presence of wild-type alleles 
(CYP1A1 461Thr and CYP1A1 462Ile). 

CYP1B1

The determination of CYP1B1 Leu432Val genotypes was mainly performed by a method 
based on TaqMan MGB probes. To confirm the results achieved by TaqMan technology, 
a total of 144 samples were re-analysed based on earlier described PCR-RFLP method 
[213]. The presence of the restriction site for Eco57I enzyme (Fermentas, Amherst, NY) 
indicated the presence of the wild type form of the allele (CYP1B1 432Leu), whereas the 
absence of the restriction site confirmed the presence of an amino acid change in the allele 
(CYP1B1 432Val). 

NAT2

The NAT2 alleles were mainly determined with the new method based on TaqMan MGB 
probes, which was developed for analysing the C282T and T341C polymorphisms. When 
setting up the new method, 62 samples were also analysed according to the PCR-RFLP 
method described earlier [368] to confirm the TaqMan genotyping results for the C282T 
polymorphic site. 

In order to evaluate the comparability of the two different methods (TaqMan versus 
PCR-RFLP) for predicting the NAT2 acetylator status, 281 samples were also genotyped 
for the C481T, G590A and G857A polymorphism using a previously published PCR-
RFLP method [246]. The corresponding restriction enzymes used for the detection of 
these sites were KpnI (Fermentas, Amherst, NY), TaqI (Roche, Basel, Switzerland), and 
BamHI (Fermentas, Amherst, NY). The absence of the restriction sites indicated the de-
fective alleles with the presence of a base change. Slow acetylators were those individuals 
who had two defective alleles of the NAT2. 
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SULT1A1

In the SULT1A1 genotyping analysis, the determination of the Arg213His genoypes was 
performed according to a previously published method [278] in which the PCR product 
was digested with Bsp143II restriction enzyme (Fermentas, Amherst, NY). The presence 
of restriction site indicated the wild type allele (SULT1A1*1), whereas the absence of the 
restriction site indicated the defective allele with the presence of an amino acid change 
(SULT1A1*2). 

MnSOD

In the MnSOD genotyping method previously published, specific primers [312] were 
used to amplify a product of 107 bp. The forward primer created a restriction site for the 
NgoMIV restriction enzyme in the Ala codon, while Val allele remained undigested.

VDR

The VDR ApaI and TaqI genotypes were determined by PCR-RFLP method as previously 
described [367]. The alleles with the presence of restriction sites were denoted as a and 
t, whereas alleles with the absence of these sites were denoted as A and T, respectively. 
Furthermore, 60 samples were genotyped for the BsmI polymorphism [348] to measure 
the linkage between these different polymorphic sites. 

Sequencing

NAT2

Sequencing method was used to confirm the NAT2 genotype results obtained with Taq-
Man technology. Specific primers described by Bell et al. [246] were used to amplify NAT2 
fragments. 30-180 ng of the products, purified using a PCR Purification Kit (Qiagen, 
UK), were sequenced with a Big DyeTM Terminator cycle sequencing v2.0 kit (PE, Applied 
Biosystems, Foster City, CA, US) using 1.6 pmol of primer 5’-GGT GTC TCC AGG 
TCA ATC AAC TTC-3’ or primer 5’-CCA GCA TCG ACA ATG TAA TTC CT-3’. The 
products were precipitated with ethanol/sodium acetate  before analyzing the fragments 
with an ABI Prism 310 Genetic analyzer (PE, Applied Biosystems, Foster City, CA, US). 

Statistical analyses

Unconditional logistic regression analysis was used to estimate adjusted odds ratios (ORs) 
and 95% confidence intervals (CIs). All analyses were conducted using SPSS-program 
(Statistical Package for Social Sciences, version 9.0)(SPSS Inc., Chicago, Illinois). Known 
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or suspected risk factors for breast cancer were included as adjusting variables in all analy-
ses. These factors included age, age at menarche (≤12, 13–14, ≥15 years), age at FFTP 
(nulliparous, <25, 25–30, >30 years), number of full-term pregnancies (continuous), 
first-degree (mother, sister, daughter) family history of breast cancer (no/yes), and his-
tory of BBD (no/yes). Additionally, smoking (never/ever), use of alcohol (never/ever) and 
BMI (weight divided by the square of height)(<25.4, ≥25.4 kg/m2) were also included in 
the model, whenever indicated. In Paper IV only age was used for adjusting. If any of the 
adjusting variables was missing, the subjects were excluded from the logistic regression 
model. 

The malignant breast tumours were categorized on the basis of the UICC Tumour-
Node-Metastasis classification [366]. Estrogen receptor (ER+/ER–) and progesterone 
receptor (PR+/PR-) status at the time of diagnosis was also recorded.  

The median age for menopause in Finland is 51 years. Women who were hysterec-
tomized with intact ovaries (ovary) (40 cases and 41 controls) or for whom details of the 
operations were unknown (six cases and two controls) were classified as postmenopausal 
if they were no longer menstruating and were older than 51 years. Women who reported 
natural menopause, or had gone through bilateral oophorectomy were classified as post-
menopausal. All the rest were classified as premenopausal. 

The effect of smoking on breast cancer risk was evaluated in Papers I-IV. Women 
were considered ever-smokers if they had smoked daily for at least three months, and 
current smokers if they reported that they were smoking at the reference date. The fac-
tors of interest included smoking status (never-active/passive, only passive, ex-active and 
current smoking), number of cigarettes smoked per day, duration of smoking (in years), 
and pack-years of cigarettes. Pack-years were calculated as numbers of packs (20 cigarettes 
per pack) smoked per day multiplied by approximate number of years of smoking. The 
dichotomisation of smoking variables was done using the median values for population 
controls (10 cigarettes/day, 15 years of smoking and 5 pack-years of cigarettes). 

BMI and WHR were dichotomised based on the median values for the control popu-
lation (25.4 kg/m2 and 0.91, respectively). Use of OCs and postmenopausal hormones 
were also recorded, but the type of hormones used was not registered. However, the 
most common types of hormone products used in Finland at the time of the study were 
estrogen-progestin products [29]. With respect to the use of vitamin supplements, 
women were considered to be users if they reported taking vitamin supplements (A, C or 
E vitamins) at least three times per week for 6 months or longer (Paper IV). 

In all articles, the observed genotype frequencies in control population were com-
pared to the expected ones and p-values for Hardy-Weinberg equilibrium (HWE) were 
calculated. 

All tests for statistical significance were two-sided (p<0.05 was considered statistically 
significant). Tests for interactions were assessed by the likelihood ratio tests to compare 
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goodness of fit of the model with the interaction term, to the reduced model including 
the main effect variable (genotype) and the main adjusting variables. 

Based on the data from previous studies, individuals carrying the CYP1A1 Ile/Ile, 
CYP1A1 Thr/Thr, CYP1B1 Leu/Leu, MnSOD Val/Val, SULT1A1*1/*1, VDR AA, VDR 
tt and NAT2 rapid acetylator allele carriers, were chosen to serve as the referent category 
in all separate analyses. For the combined analyses of NAT2 and CYP1B1, GSTM1, or 
GSTT1 genes, the NAT2 rapid acetylator genotypes were grouped with the CYP1B1 
Leu/Leu genotypes, GSTM1 or GSTT1 genes (previously genotyped [372]), respectively, 
to serve as a reference group in the combined analyses.  

Ethical issues

Ethical committee approves studies concerning human research. The Joint Ethics Com-
mittee of Kuopio University and Kuopio University Hospital approved this study. Par-
ticipation in the study was based on written consent and privacy was protected by using 
anonymous DNA samples. Furthermore, name and/or social security number was not 
included in the files/database. Linkable individual information was therefore not available 
in our laboratory. 

The samples were coded by one of the senior scientists. The link from the code to the 
study subject was kept in a separate file under a username and password known only to 
this individual. The study subjects were informed that the samples would only be used 
for research purposes and no data would be linked to their person and that under no cir-
cumstances would the individuals be contacted with respect to their personal data. The 
patients have consented to this procedure with a signed form.
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Characteristics of study subjects

Cases [58.9 years, standard deviation (SD) 14.3 years] were somewhat older compared 
to controls (53.5 years, SD 10.9 years) (p<0.001). Among controls, the frequency of 
premenopausal women (55%) was slightly higher than among cases (45%). Some clinico-
pathological data of the patients is shown in Table 14. These parameters are common 
prognostic parameters for breast cancer.

The associations between selected characteristics and breast cancer risk in our study 
population are presented in Table 15. Briefly, ever-users of OCs and parous women 
were found to have a decreased risk of breast cancer compared to never-users of OCs or 
nulliparous women, respectively. The proportion of OC users among premenopausal 
women (70%) was higher than among postmenopausal women (25%). Furthermore, 
younger age at FFTP was found to be a protective factor for breast cancer. 

Increased risk of breast cancer was seen among women with high WHR, positive his-
tory of BBD and first-degree family history of breast cancer compared to women with low 
WHR or no history of BBD or first degree family history of breast cancer, respectively. 
Breast cancer risk associated with high WHR and positive first-degree family history of 
breast cancer was restricted to premenopausal women, whereas the breast cancer risk as-
sociated with positive history of BBD did not differ between the subgroups defined by 
menopausal status. High BMI was a borderline significant risk factor for breast cancer 
among postmenopausal women. 

Lifestyle factors such as use of alcohol, smoking habits or postmenopausal HRT 
were not associated with increased risk of breast cancer either among all women or when 
stratified by menopausal status. However, the mean duration of postmenopausal HRT 
(in months) was significantly (p=0.005) higher among cases (61.4, SD 62.8) than among 
controls (45.7, SD 51.3). The proportions of current smokers (22%) and weekly/daily 
users of alcohol (26%) were more common among premenopausal than among post-
menopausal women (8% and 12%, respectively). Moreover, the mean amount of daily 
tobacco consumption (mean 11.2, SD 9.2, and mean 9.5, SD 7.0 for cases and controls, 
respectively, p=0.11), duration of smoking in years (mean 16.1, SD 10.8, and mean 14.5, 
SD 10.8 for cases and controls, respectively, p=0.25) or pack-years of smoking (mean 
10.4, SD 12.6, and mean 8.1, SD 9.74 for cases and controls, respectively p=0.11) were 
not significantly different between all cases and controls. 
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Table 14. Selected clinicopathological characteristics of the patients (n=483).

Characteristics n (%)

ER-status

 Positive 349 (72)

 Negative 107 (22)

 Data not available 27 (6)

PR-status

 Positive 284 (59)

 Negative 170 (35)

 Data not available 29 (6)

Lymph node status

 Positive 178 (37)

 Negative 295 (61)

 Unknown 10 (2)

Stage

 In situ (stage 0) 40 (9)

 I 168 (36)

 II 214 (45)

 III 35 (7)

 IV 16 (3)

 Unknown 10 (2)

Histological type

 DCIS1 32 (7)

 LCIS2 5 (1)

 Ductal invasive 286 (59)

 Lobular invasive 81 (17)

 Special histologic type 79 (16)

Grade

 0 37 (8)

 I 117 (24)

 II 206 (43)

 III 120 (25)

 Not defined 3 (0.3)

Menopausal status

 Premenopausal 164 (34)

 Postmenopausal 319 (66)

1 Ductal carcinoma in situ
2 Lobular carcinoma in situ
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Table 15. Association between selected characteristics and risk of breast cancer among all women1 
and stratified by menopausal status.

1 Total number of cases and controls does not correspond because of missing values.
2 Adjusted for age. 3 pre = premenosausal women, 4 post = postmenopausal women
5 Reference group is never-active or passive smokers.
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CYP1A1 and CYP1B1 and breast cancer risk (Paper I)

The CYP1A1 Ile462Val, CYP1A1 Thr461Asn and CYP1B1 Leu432Val genotypes 
were distributed according to HWE in the control population (p=0.327, p=0.909 and 
p=0.321, respectively).  

 When the whole study population was examined, none of the studied CYP1A1 
variant alleles was significantly differently distributed between cases and controls (Table 
16) and neither did stratification by menopausal status reveal any significant association 
between the CYP1A1 genotypes and breast cancer (data not shown). However, a tendency 
towards decreased risk was seen among premenopausal women who carried at least one 
CYP1A1 462Val allele compared to premenopausal women without this allele (OR 0.51; 
95% CI 0.25–1.05). Since the frequency of the CYP1A1 461Asn and 462Val allele con-
taining genotypes was low among cases (1.5% and 11%) and controls (1% and 14%), we 
were unable to properly assess the potential association between these polymorphisms and 
breast cancer in our study population. 

The frequency of the CYP1B1 432Val allele among control population was 34%. The 
proportion of CYP1B1 432Val allele containing genotypes was not significantly different 
between cases (60%) and controls (55%)(p=0.154)(Table 16) and neither had stratifica-
tion by menopausal status any effect on the association between the CYP1B1 genotypes 
and breast cancer (data not shown). 

When breast cancer risk was assessed in relation to smoking-related factors, ever-smok-
ers carrying the CYP1B1 432Val allele were found to be at borderline increased risk of 
breast cancer compared to ever-smokers without the allele (OR 1.68; 95% CI 0.95–2.96). 
Furthermore, a significant 3-fold increase (OR 3.06; 95% CI 1.32–7.12) in the risk of 
breast cancer was seen among CYP1B1 432Val allele carrying women who smoked 1–9 
cigarettes daily compared to similarly smoking women without the allele. Within this 
subgroup, the risk was increased  from 2.6-fold (95% CI 1.07–6.46) in heterozygotes for 
the 432Val allele to 5.1-fold (95% CI 1.30–19.89) in homozygotes for this allele (p for 
trend=0.005). Similar associations were seen according to duration of smoking and pack-
years of smoking. Women with at least one CYP1B1 432Val allele were at 2.73-fold (95% 
CI 1.09–6.83) risk of breast cancer if they had smoked <5 pack-years, and at 2.62-fold 
risk (95% CI 1.06-6.49) if they had smoked less than 15 years, compared to women who 
had similar smoking habits and did not carry the allele.  

Among ever-users of OCs, women who were carriers of at least one CYP1B1 432Val  
allele were at a borderline increased risk of breast cancer compared to women without 
the allele (OR 1.50; 95% CI 0.98–2.30). In contrast, among women who had ever used 
postmenopausal HRT, no significant genotype effects were seen.

No interaction was found between the studied CYP1A1 or CYP1B1 polymorphisms 
and ER or PR status. 
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Table 16. Association between CYP1A1 and CYP1B1 genotypes1 and breast cancer.

CYP1 polymorphisms and genotypes Cases n (%) Controls n (%) OR (95 % CI)2

CYP1A1 Ile462Val

Ile/Ile 426 (88.6) 412 (86.0) 1.00  (ref.)

Ile/Val 53 (11.0) 66 (13.8)

Val/Val 2 (0.4) 1 (0.2)

Ile/Val + Val/Val 55 (11.4) 67 (14.0) 0.76 (0.50–1.14)

CYP1A1 Thr461Asn

Thr/Thr 474 (98.5) 474 (99.0) 1.00  (ref.)

Thr/Asn 7 (1.5) 5 (1) 1.67 (0.50–5.48)

Asn/Asn – – – –

CYP1B1 Leu432Val

Leu/Leu 193 (40.1) 214 (44.7) 1.00  (ref.)

Leu/Val 226 (47.0) 205 (42.8) 1.19 (0.89–1.59)

Val/Val 62 (12.9) 60 (12.5) 1.17 (0.77–1.78)

Leu/Val + Val/Val 288 (59.9) 265 (55.3) 1.19 (0.91–1.56)

1 Genotype data is missing for two cases and three controls.
2  Adjusted for age, age at menarche, number of pregnancies, age at FFTP, history of BBD, 

first-degree family history of breast cancer, smoking, use of alcohol and BMI.

NAT2 and breast cancer risk (Paper II)

The comparison between previously published PCR-RFLP method  [246] and our newly 
developed TaqMan method, revealed that the latter method was more precise in detecting 
the slow acetylator genotypes; an approximately 2% (6/281) higher proportion of slow 
acetylator genotypes was detected with the new TaqMan method. 

The frequencies of the genotypes determined using TaqMan method determining the 
C282T and T341C genotypes were both found to be in HWE in the control population 
(p=0.198 and p=0.562, respectively). The frequency of NAT2 slow acetylator genotypes 
was slightly higher in cases (57%) than in controls (51%) resulting in a borderline signifi-
cant increase in the risk of breast cancer among women with the slow acetylator genotypes 
compared to women with the rapid acetylator genotypes (p=0.064) (Table 17). Menopau-
sal status had no significant effect in overall association between the inferred NAT2 status 
and breast cancer risk (data not shown). 

Smoking status was a significant modifier of breast cancer risk among women with 
the NAT2 slow acetylator genotypes. Within the subgroup of current smokers, a tendency 
towards an over 2-fold (95% CI 0.93–4.95) elevated risk of breast cancer was seen among 
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women who carried the NAT2 slow acetylator genotypes compared to current smokers 
who were carriers of the NAT2 rapid acetylator genotypes. Furthermore, women who had 
smoked <5 pack-years and were carriers of the NAT2 slow acetylator genotypes were at a 
2.6-fold (95% CI 1.01–6.48) risk of breast cancer compared to women who had smoked 
the same amount and possessed the NAT2 rapid acetylator genotypes. 

 Within a subgroup of advanced stage of breast cancer (stages III and IV), NAT2 slow 
acetylator genotypes were found to be more prevalent than the NAT2 rapid acetylator 
genotypes (OR 2.6; 95% CI 1.29–5.24). Similarly, women with NAT2 slow acetylator 
genotypes and low BMI (25.4 kg/m2) were at increased risk of breast cancer compared 
to NAT2 rapid acetylators with low BMI (OR 1.60; 95% CI 1.07–2.39). No significant 
associations were found when the data was stratified by ER status (data not shown). 

SULT1A1 and breast cancer risk (Paper III)

The SULT1A1 genotype frequencies were in HWE (p=0.12) in controls and did not sig-
nificantly differ between cases and controls (Table 18). Menopausal status did not have 
any significant effect in this context, nor were any significant differences in the SULT1A1 
genotype frequencies found between cases and controls when stratified by smoking 
history (never/ever or never active/passive, only passive, ex-active smokers and current 
smokers), use of alcohol (never/ever), ER status, BMI, use of postmenopausal use of HRT 
(never/ever) or age at menarche or at FFTP (data not shown). 

Table 17. Association between NAT2 genotypes1 and risk of breast cancer. 

NAT2 genotype Cases (%) Controls (%) OR (95% CI)3

Rapid acetylator 207 (43) 236 (49) 1.00 (ref.)

   WT/WT 2 25 32

   WT/282T 66 75

   WT/341C 116 129

Slow acetylator 271 (57) 243 (51) 1.32 (1.01–1.73)

   282T/282T 42 40

   341C/341C 100 101

   282T/341C 129 102

1 NAT2 genotype data is missing for five cases and three controls.
2  Wild-type allele. Rapid acetylator genotypes involve at least one WT-allele. 
3 Adjusted for age, age at menarche, age at FFTP, number of pregnancies, first-degree family history 
of breast cancer, history of BBD, smoking and use of alcohol. 



RESULTS

64

RESULTS

65

Table 18. Association between SULT1A1 genotypes1 and risk of breast cancer.

SULT1A1 Cases n (%) Controls n (%) OR2 (95 % Cl)

*1/*1 145 (30.2) 147 (30.8) 1.00 (ref.)

*1/*2 229 (47.7) 221 (46.2) 0.99 (0.73–1.35)

*2/*2 106 (22.1) 110 (23.0) 0.97 (0.67–1.40)

*1/*2+*2/*2 335 (69.8) 331 (69.2) 0.98 (0.74–1.31)

1 SULT1A1 genotype data is missing for four controls and three cases.
2  Adjusted for age, age at menarche, age at FFTP, number of pregnancies, first-degree family history 

of breast cancer, and history of BBD. 

Higher parity was found to be a potential protective factor among premenopausal women 
with at least one SULT1A1*2 allele; if they had experienced at least three FTPs they were 
found to have a decreased risk of breast cancer compared to premenopausal women who 
had the SULT1A1*1/*1 genotype (OR 0.23; 95% CI 0.09–0.63) and had experienced 
at least three FTPs. This protective effect was increased (p for trend 0.008) with increas-
ing number of SULT1A1*2 alleles; the ORs (95% CIs) were 0.25 (0.09–0.73) and 0.20 
(0.06–0.70) for SULT1A1*1/*2 and SULT1A1*2/*2 genotypes, respectively. This ob-
served effect is not considered to be a consequence of only number of FTPs for at least 
two reasons. Firstly, the association between SULT1A1 genotype and breast cancer in 
relation to number of FTPs was evaluated within the exposure group and not between 
exposure groups (i.e., genotype effect among women with at least 3 FTPs and not for 
example between 3 FTPs and 1 FTP). Secondly, when the genotype was not taken into 
account, premenopausal women who had experienced at least 3 FTPs were not found 
to be at a statistically significant decreased risk of breast cancer compared to nulliparous 
women (OR 0.53; 95% CI 0.26–1.06).

MnSOD and breast cancer risk (Paper IV)

The MnSOD genotypes were in HWE (p=0.652) in controls. Women who carried the 
MnSOD Ala allele containing genotypes were at a borderline increased risk of breast 
cancer compared to women with the Val/Val genotypes (multivariate adjusted OR 1.34; 
95% CI 0.99–1.80). This association was mainly confined to postmenopausal women 
(multivariate adjusted OR 1.46; 95% CI 0.99–2.16) (Table 19). After adjustment 
only for age, the ORs for women carrying the MnSOD Ala allele containing genotypes 
among all, pre- and postmenopausal women were 1.45 (95% CI 1.08–1.95), 1.15 (95% 
CI 0.73–1.83) and 1.71 (95% CI 1.17–2.49), respectively. Further stratifications by 
smoking, use of alcohol, OCs or postmenopausal use of HRT revealed, again, that all the 
risk associations found in this study were mainly confined to postmenopausal women.    
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Table 19. Association between MnSOD genotypes 1 and breast cancer among all women and strati-
fied by menopausal status. 

MnSOD Genotype Cases n (%) Controls n (%) OR2 (95% CI)

All

    Va/lVal 124 (25.9) 153 (31.7) 1.00 (ref.)

    Val/Ala 255 (53.2) 231 (47.9) 1.36 (1.00–1.87)

    Ala/Ala 100 (20.9)  98 (20.3) 1.27 (0.87–1.87)

    Val/Ala +Ala/Ala 355 (74.1) 329 (68.1) 1.34 (0.99–1.80)

Premenopausal

    Val/Val  46 (28.0)  62 (30.4) 1.00 (ref.)

    Val/Ala  82 (50.0) 106 (52.0) 1.08 (0.65–1.79)

    Ala/Ala  36 (22.0)  36 (17.6) 1.39 (0.74–2.63)

    Val/Ala +Ala/Ala 118 (72.0) 142 (69.6) 1.16 (0.72–1.87)

Postmenopausal

    Val/Val  78 (24.8)  91 (32.7) 1.00 (ref.)

    Val/Ala 173 (54.9) 125 (45.0) 1.62 (1.08–2.46)

    Ala/Ala  64 (22.3)  62 (22.3) 1.17 (0.71–1.91)

    Val/Ala +Ala/Ala 237 (75.2) 187 (67.3) 1.46 (0.99–2.16)

1 Genotype data missing for four cases.
2  Adjusted for age, age at menarche, age at FFTP, number of pregnancies, first-degree family history 

of breast cancer, history of BBD, smoking and use of alcohol.

Postmenopausal women carrying the MnSOD Ala allele containing genotypes and having 
ever been smokers or users of alcohol were at significantly increased risk of breast cancer 
(multivariate adjusted ORs 3.28; 95% CI 1.13–9.52 and OR 2.56; 95% CI 1.16–4.37, 
respectively) compared to ever-smoking or drinking women with the MnSOD Val/Val 
genotype. An increased risk of breast cancer was found among postmenopausal heavy 
smokers (≥10 cigarettes/day)(unadjusted OR 5.12; 95% CI 1.42–18.41) and long-term 
smokers (≥15 years of smoking)(unadjusted OR 5.48; 95% CI 1.28–23.37) compared 
with postmenopausal women with similar smoking dose/duration and carrying the 
MnSOD Val/Val genotype. The frequency of the MnSOD genotypes was not significantly 
different between cases and controls within subgroups of passive, ex-active or current 
smokers (data not shown).

 Postmenopausal women who were carriers of the MnSOD Ala allele containing geno-
types and had reported to have ever-used OCs or HRT were at increased risk (multivariate 
adjusted ORs 3.2; 95% CI 1.31–7.79 and OR 2.5; 95% CI 1.24–5.08, respectively) of 
breast cancer compared to postmenopausal women ever having used OCs or HRT with 
the MnSOD Val/Val genotype. Among postmenopausal women ever-using HRT, the risk 
was increased with the increasing number of MnSOD Ala alleles (p for trend 0.01). Fur-
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thermore, a significant interaction was observed between postmenopausal HRT use and 
MnSOD (p=0.02). In contrast, postmenopausal ever-users of antioxidant supplements 
with MnSOD Ala allele containing genotypes were not associated with increased risk of 
breast cancer compared to ever-users of antioxidant supplements who concurrently lacked 
this allele (multivariate adjusted OR 1.58; 95% CI 0.57–4.39). 

No associations between MnSOD genotypes and breast cancer were seen when the 
subjects stratified by stage of the disease or ER status (data not shown).    

VDR and breast cancer risk (Paper V)

The frequency of the VDR ApaI genotype in the control population was confirmed to 
be in HWE (p=0.20) but the frequency of TaqI genotype was not in HWE (p=0.01). 
There was a 59% correlation between the ApaI and TaqI genotypes and a 98% correlation 
between BsmI (n=60 controls) and TaqI. Due to the tight linkage between the BsmI and 
TaqI genotypes, only the latter data was analysed. 

Decreased risk of breast cancer was found among women with ApaI a allele con-
taining genotypes compared to women with the AA genotype (OR 0.73; 95% CI 
0.54–0.98)(Table 20). The menopausal status had no significant modifying effect in 
this context (data not shown). Further stratification revealed that women with a posi-
tive first degree family history of breast cancer and carrying the ApaI a allele contain-
ing genotypes were associated with a decreased risk of breast cancer (p for interaction 
0.03). This protective effect increased (p for trend 0.0007) with the number of ApaI a 
alleles; the ORs and 95% CIs for the Aa and aa genotypes in subgroup of women with 
a positive first degree of family history of breast cancer were 0.22 (0.04–1.22) and 0.03 
(0.003-0.31), respectively. Stratification by menopausal status, ER status, lymph node 
involvement, stage of the disease or postmenopausal HRT use (never/ever) revealed no 
statistically significant associations between ApaI genotypes and breast cancer (data not 
shown). 

Although a tendency of decreased risk of breast cancer was found among women with 
the TaqI T allele compared to women with the tt genotype (Table 20), we did not assess 
this polymorphism further since the TaqI genotypes were not distributed according to 
HWE in the control population. 
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Table 20. Association between VDR ApaI and TaqI polymorphisms 1 and breast cancer risk. 

Genotype Cases n (%) Controls n (%) OR2 (95% CI)

ApaI

    AA 161 (33.8%) 135 (28.2%) 1.00 (ref.)

    Aa 227 (47.6%) 251 (52.5%) 0.70 (0.51–0.95)

    aa  89 (18.7%)  92 (19.2%) 0.80 (0.54–1.19)

    Aa + aa 316 (66.2%) 343 (71.8%) 0.73 (0.54–0.98)

TaqI

     tt  47  (9.8%)  34  (7.2%) 1.00 (ref.)

    Tt 214 (44.7%) 226 (47.9%) 0.64 (0.38–1.09)

    TT 218 (45.5%) 212 (44.9%) 0.71 (0.42–1.19)

    Tt + TT 432 (90.2%) 438 (92.8%) 0.68 (0.41–1.12)

1  ApaI genotype data missing for four controls and six cases. TaqI genotype data missing for ten 
controls and four cases.

2  Adjusted for age, age at menarche, age at FFTP, number of pregnancies, first-degree family history 
of breast cancer, and history of BBD. 

 

Combined effect of studied genes on breast cancer 
risk (Paper I and II) 

When the combined genotype effects were examined, women with the concurrent pres-
ence of the NAT2 slow acetylator genotype and at least one CYP1B1 432Val allele were at 
a 1.5-fold (95% CI 1.03–2.24) risk of breast cancer compared to women with the NAT2 
rapid acetylator genotypes and the CYP1B1 Leu/Leu genotype (Table 21). This risk was 
confined to premenopausal women (OR 1.90; 95% CI 1.02–3.56)(p for trend 0.024). 
Moreover, women who had ever-smoked and carried the combination of the NAT2 and 
CYP1B1 at-risk genotypes were at a 2.5-fold (95% CI 1.11–5.45) risk of breast cancer 
compared to women who were ever-smokers and had the NAT2 rapid acetylator and the 
CYP1B1 Leu/Leu genotype. In women smoking 1–9 cigarettes/day or smoking for 1–14 
years the risk increased to about 4-fold with ORs of 4.41 (95% CI 1.29–15.06) and 3.83 
(95% CI 1.01–14.67), respectively.  

A significant 1.53-fold (95% CI 1.04–2.24) increase in the risk of breast cancer was 
seen among women with the NAT2 slow acetylator and GSTM1 null genotype combina-
tion compared to women concurrently carrying the NAT2 rapid acetylator genotype and 
the GSTM1 gene (Table 22); this risk was restricted to postmenopausal women (OR 1.72; 
95% CI 1.09–2.74). In contrast, the combination of NAT2 slow acetylator genotype 
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and GSTT1 null genotype posed an elevated risk (OR 2.90; 95% CI 1.09–7.71) among 
premenopausal women compared to women who simultaneously carried the GSTT1 gene 
and the NAT2 rapid acetylator genotype. Furthermore, a significant association was seen 
among passive smokers if they had the NAT2 slow acetylator genotype and lacked the 
GSTM1 gene compared to passive smokers with the NAT2 rapid acetylator genotypes and 
the GSTM1 gene (OR 2.05; 95% CI 1.04–4.05). 

Table 21. Association between combined CYP1B1 and NAT2 genotypes1 and risk of breast can-
cer.  

NAT2

Rapid acetylator Slow acetylator

CYP1B1

   Leu/Leu

      Cases/controls 88/105 103/108

      OR (95% CI)2 1.00 (ref.) 1.15 (0.76–1.74)

   Leu/Val+Val/Val

      Cases/controls 119/130 168/135

      OR (95% CI)2 1.04 (0.70–1.55) 1.52 (1.03–2.24)

p for interaction 0.384

1Genotype data missing for four controls and five cases.
2 Adjusted for age, age at menarche, number of pregnancies, age at FFTP, history of BBD, first-
degree family history of breast cancer, smoking, use of alcohol and BMI.

Table 22. Association between combined NAT2 and GSTM1 or GSTT1 genotypes1 and risk of 
breast cancer.

GSTM1 GSTT1

   NAT2 Present Null Present Null

   Rapid acetylator

     Cases/controls 194/225 13/10 175/205 32/30

     OR (95% CI)2 1.00 (ref.) 1.06 (0.71–1.58) 1.00 (ref.) 1.41 (0.80–2.48)

   Slow acetylator

     Cases/controls 146/137 124/104 232/208 38/33

     OR (95% CI)2 1.23 (0.86–1.76) 1.53 (1.04–2.24) 1.40 (1.04-1.87) 1.34 (0.78–2.32)

     p for interaction 0.575 0.335

1 Genotype data missing for six cases and six controls.
2  Adjusted for age, age at menarche, number of pregnancies, age at FFTP, history of BBD, first-

degree family history of breast cancer, smoking and use of alcohol. 
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DISCUSSION

General considerations of the study design  

Case-control studies are effective and the most commonly used approach to study the as-
sociation between genetic polymorphisms and environmentally-induced cancer. In these 
study settings, the representative groups of cases (with the disease) and controls (without 
disease) were compared to evaluate whether any differences in the past exposure to puta-
tive risk factors could be found [373]. 

Aside the strengths of case-control studies, this approach also has some weaknesses. 
For instance, selection bias may possibly occur if participation rates are low or if the 
ethnicity distribution is substantially different between cases and controls [374, 375]. 
Population stratification is not considered to have caused any bias in our studies, as the 
Finnish population used to be very homogenous [376]. This makes the Finnish popula-
tion an ideal source for genetic association studies. Moreover, our control population 
represented healthy women who were living in the same study area as the cases and were 
about the same age as the cases (± 5 years). 

The cooperation rate of the cases was 98%. Thus, the cases can be viewed as represent-
ing unselected typical breast cancer patients from Kuopio University Hospital catchment 
area. Although the cooperation rate among controls was considerably less (72%) than that 
of cases, it can still be considered as being sufficient. It should, however, be kept in mind 
that people who want to participate in a study tend to be different from the remaining 
population in relation to demographic and lifestyle factors. For example, they can have 
a healthier way of life or be better educated [373]. In this study, the lifestyle factors like 
the use of alcohol, smoking habits and education were not significantly different between 
cases and controls. However, in contrast to current knowledge, a tendency of decreased 
risk of breast cancer was found among ever-users of OCs in this study population. This 
might at least partly be due to the somewhat younger women in control population since 
use of OCs is more common among young women.

 The number of smokers was quite low in our study population; the frequency of 
current smokers was 13% for both cases and for controls, and the frequency of former 
smokers was 11% and 14%, for cases and controls, respectively. The frequency of smokers 
was, however, in line with the previously reported frequency of female smokers living in 
Kuopio Province [377]. The frequencies of smokers and ex-smokers among 30–59 years 
old women living in Kuopio Province were reported to be 19% and 14%, respectively, 
in 1992 [377]. In our study population, the respective frequencies among smokers and 
ex-active smokers (30–59 years old) during 1990–1995 were 19% and 15%, i.e., in good 
agreement with the previously reported values [377]. 
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The frequency of HRT users was 35% in our study, which is similar to the average 
among postmenopausal Finnish women [29]. Thus, the study subjects of this research can 
be considered to form a truly representative sample of Finnish women.

 Another source of possible bias in case-control studies is the information bias. This 
may occur if the study subjects are misclassified with respect to disease or exposure status. 
Information bias is reduced in cohort studies as the data on exposure history is gathered 
before diagnosis [378]. In our study, interviews were performed before any diagnostic 
procedures. Furthermore, as the same trained study nurse did the interviews for cases and 
controls, the possibility of information bias can be considered to be very low. 

Women who came to hospital and had a suspect breast lump or breast symptoms, 
most probably were more motivated to recall possible risk factors than the population 
controls who were not at any threat of a disease. This certainly could lead to a recall bias. 
Recall bias may also occur if study subjects are familiar with the study hypothesis. How-
ever, as genotype is not affected by recall, information or selection bias, these potential 
causes of bias are not anticipated to have had any significant effect in the outcomes of the 
present studies.

Genetic polymorphisms and overall breast cancer 
risk

CYP1A1 

Most of the studies investigating the association between CYP1A1 polymorphisms and 
breast cancer risk have included relatively small numbers of study subjects; out of 19 
studies  [170, 175–191] only four [177, 182, 190, 192] comprised more than 400 cases 
and 400 controls. Three out of these four studies were conducted among Caucasian 
or white women and one among Chinese. None of them found an overall association 
between the CYP1A1 polymorphisms and breast cancer risk. This is in agreement with 
a recent meta-analysis which found no significant associations between the CYP1A1 
T3801C, Ile462Val and Thr461Asn polymorphisms and breast cancer risk [174]. In our 
study, the frequencies of CYP1A1 Ile462Val polymorphism did not vary significantly 
between cases and controls. With respect to the CYP1A1 Thr461Asn polymorphism, 
the power of our study was far too low to permit any reliable interpretations of this 
polymorphism and breast cancer risk.

The frequency of the CYP1A1 462Val allele in our control population (7.1%) is well in 
accordance with the frequencies found in other Caucasian populations (4-9%) [169, 182]. 
In contrast, the frequency of the CYP1A1 461Asn allele was lower in our study population 
(0.5%), compared to previous studies in other Caucasian populations (2.0–5.7%) [379]. 
Historical and demographic reasons could partly explain this difference [376, 380]. 
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CYP1B1

Only two previous studies, one of them examining Turkish and the other with Chinese 
women, have found a significant overall association between CYP1B1 Leu432Val poly-
morphism and breast cancer. Both of these studies were, however, quite small consisting 
of only 84 and 186 breast cancer cases, respectively [214, 217]. In our study, no overall 
association between CYP1B1 Leu432Val polymorphism and breast cancer was found, 
which is in agreement with the three largest studies conducted to date, each of them con-
sisting of over 1000 breast cancer cases [219, 223, 224]. These findings were further sup-
ported by a recent meta-analysis combining the results obtained on the overall association 
between CYP1B1 polymorphism and breast cancer conducted by that time [224]. No 
overall association was found between the CYP1B1 Ala119Ser, Leu432Val and Asn453Ser 
polymorphisms and breast cancer risk [224].

Even though CYP1B1 polymorphism did not seem to have an overall association with 
breast cancer risk, potentially important associations were found if smoking or the use of 
OCs was taken into account, as will be discussed later.  

NAT2

For prediction of the acetylator phenotype (rapid vs. slow) among Caucasian population, 
it has been shown to be sufficient to determine the NAT2 C282T and T341C polymor-
phisms [245]. In many of the previous studies done in Caucasian [251, 252, 258] or US 
white women  [233, 253, 259] the NAT2 C481T, G590A and G857A polymorphisms 
have been examined. In such cases, the NAT2*5C is not detected, resulting in an errone-
ous classification as a rapid acetylator. The frequency of the NAT2*5C allele has been 
estimated to differ between 1–6% depending on population [245]. In our study, we 
compared the prevalence of interpreted NAT2 slow acetylator phenotypes in 281 subjects 
by determining the C481T, G590A and G857A polymorphisms versus the C282T and 
T341C polymorphisms. A slightly (2%) higher prevalence was obtained with the latter 
methodology, thus yielding a more accurate prediction of the NAT2 slow acetylator sta-
tus.   

We found a borderline significant overall association between the NAT2 slow acetyla-
tor genotype and breast cancer risk (OR 1.32; 95% CI 1.01–1.73). This agrees with the 
findings from Taiwanese women (OR 1.81; 95% CI 1.01–3.31) [248]. However, in the 
Taiwanese study, the association was confined to postmenopausal women, whereas our 
results were independent of menopausal status. 

Only one previous study [258] consisting mainly of US Caucasians (98%), has in-
cluded more breast cancer cases (n=791) than our study. In the US study, a non-signifi-
cant increase in the risk of breast cancer was seen among women with NAT2 slow acetyla-
tor genotype (OR 1.11, 95% CI 0.90–1.36). However, there were two disadvantages 
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compared to our study. One was the relatively low response rate both for for cases (60%) 
and controls (50%) possibly causing selection bias. Another disadvantage was that as the 
NAT2*5C allele was not analyzed in that study, and this  may have resulted in a lower 
frequency of the NAT2 slow acetylator alleles. 

In our study, the NAT2 slow acetylator genotype was associated with a more advanced 
type of breast cancer (stage III and IV). Similar associations between NAT2 slow acetyla-
tor genotype and advanced stage or high grade tumour have previously been reported for 
bladder cancer and prostate cancer [381, 382]. 

SULT1A1

At least nine case-control studies have reported the association between the SULT1A1*2 
allele and breast cancer of which the five latest included more than 400 cases and 400 
controls (Table 8). Only one case-control study among postmenopausal US (Iowa) women 
has found a borderline significant overall association between homozygous SULT1A1*2/*2 
genotype and breast cancer risk compared to women with the SULT1A1*1/*1 geno-
type [282]. Another study found a statistically significant increased risk of breast malig-
nancy among Chinese women who carried one or two SULT1A1*2 alleles [283]. All other 
studies, including this study, failed to show any overall association between the SULT1A1 
polymorphism and breast cancer risk (Table 8). 

The role of well-done meat consumption could not be assessed in relation to risk of 
breast cancer and SULT1A1 genotypes, as the dietary data was unavailable. SULT1A1 
can activate many carcinogenic compounds present in charred meat. One previous study 
found a positive association between well-done meat and breast cancer only among 
women with the higher phenol SULT activity (women with the Arg/Arg or Arg/His geno-
type) [282]. 

MnSOD 

To date the association between MnSOD MTS polymorphism and breast cancer risk has 
been studied in at least ten case-control studies (Table 9), only one of which was available 
before our report. A recent meta-analysis suggested that women with the MnSOD A/A 
genotype tend to have an increased risk of breast cancer compared to women with the V/V 
genotype both among pre- and postmenopausal women (OR 1.53; 95% CI 1.05–2.24 
and OR 1.30; 95% CI 0.97–1.73, respectively) [314]. In our study, most statistically 
significant associations were seen among postmenopausal women with the heterozygous 
MnSOD V/A genotype, whereas no trend of increasing risk was seen among subjects car-
rying the homozygous MnSOD A/A genotype. This might be at least partly be explained 
by the fact that all analyses stratified by menopausal status were based on substantially 
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lower numbers within each strata and thus the statistical power of the analyses were lower. 
Therefore, studies with larger sample sizes are needed to provide sufficient power also for 
the subgroup analyses. 

 It has been speculated that the MnSOD V allele encodes for a more harmful form of 
the MnSOD, since the enzyme encounters difficulties in crossing the mitochondrial in-
ner membrane, resulting in improper targeting of the enzyme [309, 310]. However, most 
of the previous studies including our study, have indicated that the MnSOD A allele is 
a risk factor for breast cancer (Table 9). One explanation for this could be an imbalance 
between the antioxidant enzymes. The simultaneous elevation of MnSOD activity in the 
absence or low expression level of other antioxidant enzymes such as GPX or CAT, could 
lead to an accumulation of H2O2. Potent free radicals may be produced from H2O2 in 
the presence of transition metals, which in turn can result in DNA damage. Furthermore, 
a recent study reported that individuals with the MnSOD A allele and the MPO G allele 
were more susceptible to oxidative injury caused by PAH exposure [383]. It would be of 
great interest to study also these other genes involved in the antioxidant system to eluci-
date potential gene-gene and gene-environment interactions in modifying the association 
between MnSOD and breast cancer. 

VDR

To date, at least eleven case-control studies have been published on the association be-
tween the VDR polymorphisms and breast cancer risk (Table 10). The number of breast 
cancer cases has varied between 34 and 181 in most of the studies (8 out of 11). Only 
three studies have examined more than 400 cases and 400 controls, which is more com-
parable to our study size. One of these three larger studies, which was published after our 
study, found an overall association between the VDR bb and poly-A LL genotypes and 
breast cancer among UK Caucasians. None of the published studies has found an overall 
association with FokI genotypes (Table 10). 

In our study, we found that women with the VDR a allele containing genotypes (aa 
or aA) or T-allele containing genotypes (TT or Tt) were at decreased risk of breast cancer 
(OR 0.73; 95% CI 0.54–0.98 and 0.68; 95% CI 0.41–1.12, respectively) compared to 
the AA and tt genotypes. The association between the ApaI genotypes and breast cancer 
risk has been assessed in only two studies, both consisting of a small number of study 
subjects (135 cases and 110 controls, 34 cases and 169 controls, respectively) [355, 359]. 
One of the studies reported that Australian women with at least one VDR a allele or at 
least one T allele were at about a 1.5-fold risk of breast cancer compared to women with 
the AA or tt genotypes [355]. Exposure to solar radiation and dietary vitamin D would be 
anticipated to differ between Austaralian and Finnish women, which may have influenced 
the results. A recent study showed that teenage girls and elderly women in northern Eu-
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rope have hypovitaminosis D during winter months when the UV radiation is practically 
absent [384]. Similar results have been previously reported in Finnish adolescent females 
and in Finnish medical in- and outpatients [385, 386]. Unfortunately, exposure levels of 
vitamin D derived from diet or sun were not reported in our study or in the Australian 
study. This is one example of how the gene-environment interactions may differ between 
different study populations and may require a relevant exposure to be detectable.  

As the TaqI genotypes were not in HWE in our study, we examined only the main 
effect of this polymorphism. A similar deviation from HWE has previously been reported 
in other Finnish, as well as in Belgian, British and Hungarian populations with respect to 
the TaqI genotypes [387, 388]. 

One explanation for the divergent findings of studies on VDR genotypes and breast 
cancer risk is that the truly functional polymorphisms of VDR still remain to be found. A 
truly functional polymorphism located elsewhere in the same gene or in another closely 
linked gene(s) appears to be linked to this non-functional polymorphism. The extent and 
strength of this linkage disequilibrium may differ in different populations and this can 
account for the different associations [352]. 

The VDR FokI polymorphism was thought to be one potential modifier of the VDR 
function, and it has not been shown to be in linkage disequilibrium with ApaI, BsmI, 
TaqI and poly-A polymorphisms [347, 357]. However, none of the previous studies have 
found an overall association between FokI genotypes and breast cancer risk [347, 349, 
355, 357].  

Combined genotype effects 

As CYP1B1 and NAT2 are both involved in the metabolism of carcinogens, it seemed rea-
sonable to investigate their possible combined effects in relation to the risk of breast cancer. 
An elevated activity of CYP1B1 may produce higher levels of intermediates which subse-
quently are more slowly deactivated by the enzyme encoded by the NAT2 slow acetylator 
genotype, e.g., leading to a higher prevalence of DNA adducts. It has been postulated 
that a hazardous environmental exposure may lead to increased toxicity/possibly higher 
level of adducts or cancer in individuals with high phase I and low phase II metabolism 
than in individuals with low phase I and high phase II metabolisms [389]. GSTM1 and 
GSTT1 are also phase II enzymes involved in the deactivation of reactive intermediates. 
The combination of NAT2 slow and GSTM1/GSTT1 null genotypes can be presumed to 
lead to impaired detoxification of intermediates produced by phase I enzymes. 

No significant gene-gene interactions between CYP1B1 and NAT2 genotypes or 
NAT2 and GSTM1/GSTT1 genotypes were seen in our study. However, significantly 
increased risks (1.5-fold) were seen for women carrying the NAT2 slow acetylator geno-
type together with either the GSTM1 null genotype or at least one CYP1B1 432Val 



DISCUSSION

74

DISCUSSION

75

allele among all women. These risks were confined to post- and premenopausal women, 
respectively. In contrast, the concurrent presence of NAT2 slow acetylator genotype 
and GSTT1 null genotype was associated with a 3-fold increased breast cancer risk 
among premenopausal women. However, as none of the previous studies has examined 
the combined effects of CYP1B1 and NAT2 genotypes, the findings on this genotype 
combination need to be interpreted with caution. In contrast, at least three studies have 
examined the association between combined genotypes of NAT2, GSTM1 and GSTT1 
and breast cancer risk [240, 241, 390]. One of them found no overall association for 
breast cancer for the concurrent presence of NAT2 slow acetylator genotype and GSTM1 
null genotype. However, an increased risk of breast cancer was seen in those women who 
had smoked for more than 20 years and carried the combined at-risk genotypes [241]. 
Another study reported that Korean women carrying the combination of NAT2 rapid 
acetylator and both the GSTM1 and GSTT1 null genotypes were found to be at in-
creased risk of breast cancer [240]. Since only 6% of these Korean women were smokers, 
no associations in relation to smoking habits could be studied due to insufficient power.  
Recently, one Dutch case-cohort study reported that the presence of at least three puta-
tive at-risk genotypes of NAT1, NAT2, GSTM1 and GSTT1 genotypes significantly 
increased breast cancer risk [390]. Again, the numbers were too low to examine any 
interaction with smoking.  

Genetic polymorphisms and breast cancer risk in 
relation to lifestyle factors

Cigarette smoking

The association between tobacco smoking and breast cancer risk has remained obscure 
and smoking is not considered as a major risk factor for breast cancer. However, certain 
subgroups of smoking women may be more susceptible to breast carcinogenesis due to 
putatively unfavourable forms of the polymorphic genes that they possess. Polymorphic 
enzymes like CYP1A1, CYP1B1, NAT2 and SULT1A1 are involved in the metabolism 
of tobacco smoke carcinogens (reviewed in [114]). Polymorphic MnSOD, on the other 
hand, is an antioxidant enzyme involved in defence against ROS which emerge at high 
concentrations, e.g., in cigarette combustion [295].  

Due to the low frequency of CYP1A1 variant alleles, their association with breast 
cancer risk in relation to smoking habits could not be properly assessed in our study. 
Although the CYP1A1 Ile462Val and/or T3801C polymorphisms have been reported to 
modify individual breast cancer risk among smokers (Table 2), these results have mostly 
been based on very low numbers of study subjects in subgroup analyses resulting in wide 
CIs. Therefore, further studies with larger sample sizes are definitely needed. 
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For SULT1A1*2, no significant associations for breast cancer risk have been found in 
relation to level of PAH-DNA adducts or smoking habits according to case-control stud-
ies [285, 287]. In agreement, we found no association between the SULT1A1*2 allele and 
breast cancer risk in relation to smoking. Thus, the SULT1A1 polymorphism seems to 
have a more significant role in breast cancer risk if exposure to endogenous hormones is 
taken into account, as discussed in more detail later.  

For CYP1B1, a tendency of increased risk of breast cancer was found among ever 
smokers; women with at least one CYP1B1 432Val allele were found to have a 1.7-fold 
(95% CI 0.95–2.96) risk of breast cancer compared to carriers of the CYP1B1 Leu/Leu 
genotype. This risk was confined to women who smoked less than 10 cigarettes per day. 
Within this subgroup, the risk increased with the number of CYP1B1 432Val alleles 
(p for trend 0.009). One case-only study reported a significant interaction between cur-
rent smokers and the CYP1B1 Leu432Val polymorphism; current smokers with at least 
one CYP1B1 432Val allele were at a higher risk of breast cancer compared to never-
smokers with the CYP1B1 Leu/Leu genotype [106]. In contrast, two other case-control 
studies found no association between breast cancer risk and the CYP1B1 Leu432Val 
polymorphisms in relation to smoking habits [217, 219]. One of these studies was small 
consisting of only 84 Turkish cases and 103 Turkish controls [217]. The other study was 
large, but consisted only of postmenopausal women [219].  

With respect to the NAT2 polymorphisms, there are at least eleven previous studies 
which have examined  the association between inherited differences in NAT2-related 
acetylator capacity and breast cancer risk in relation to smoking habits (Table 7). All but 
two of these studies (both including a low number of study subjects) found an association 
between the NAT2 acetylator genotype and breast cancer in relation to smoking [254, 
260]. The largest study to date found an association between the NAT2 slow acetylator 
genotype and the risk of breast cancer among ever-smokers compared to never-smokers 
with NAT2 rapid acetylator genotype (OR 1.50; 95% CI 1.11–2.02) [258]. A recent 
study pooling data of nine earlier studies showed that ever-smokers with the NAT2 slow 
acetylator genotype were at increased risk of breast cancer compared to never-smokers 
with the NAT2 rapid acetylator genotype (OR 1.37; 95% CI 1.19–1.58). This association 
was suggested to be stronger among current smokers than among former smokers [259]. 
In our study, a tendency towards an increased risk of breast cancer was seen among current 
smokers with the NAT2 slow acetylator genotype compared to current smokers with the 
rapid acetylator genotype (OR 2.14; 95% CI 0.93–4.95), which is in agreement with the 
pooled data. The highest risk in our study was seen among women who had smoked <5 
pack-years and had the NAT2 slow acetylator genotype (OR 2.55; 95% CI 1.01-6.48), 
however the risk was not increased with smoking-dose. 

The combination of the CYP1B1 432Val allele and NAT2 slow acetylator genotypes 
has not been studied in previous studies. In our study, this combination was found to be 
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a significant risk factor for breast cancer among ever-smokers as well as among women 
who were light smokers (<10 cigarettes/day). If CYP1B1 432Val allele possess higher cata-
lytic activity compared to the enzyme encoded by the CYP1B1 432Leu allele, one could 
speculate that smokers with the high activity form of CYP1B1 together with NAT2 slow 
acetylator capacity would increase the level of reactive intermediates, e.g., tobacco-derived 
carcinogens. This in turn could further lead to increased formation of DNA adducts and 
to an increase in the risk of breast cancer.  

There are few plausible explanations for the above associations found at a lower dose 
of smoking. One is that inter-individual susceptibility to carcinogens has been suggested 
to be more important at low exposure levels than at high exposure levels. As a result of de-
creased clearance of low-dose carcinogens among NAT2 slow acetylators, the level of DNA 
adducts was found to be significantly higher than among NAT2 rapid acetylators [391]. 
In contrast, at higher levels no significant differences were seen between different acetyla-
tor phenotypes [264]. At a lower level of smoking, the NAT2 slow acetylator genotype 
has in fact been associated with increased risk of other malignancies like lung and oral/
pharyngeal cancer, with increased adduct formation or mutant frequency [392–394]. 
One of the studies found an increased risk of adduct formation, gene mutation and lung 
cancer at a low dose level of smoking among individuals simultaneously carrying the 
NAT2 slow acetylator genotype and the GSTM1 null genotype [392]. Many carcinogens 
present in tobacco smoke can induce expression of the enzymes involved in metabolism 
of these xenobiotics. Therefore, another plausible explanation is that at higher exposure 
levels of tobacco smoke, other enzymes involved in detoxification of carcinogens may 
be more extensively expressed, leading to an improvement in detoxification capabilities. 
However, due to the multiple comparisons performed, the possibility of a chance finding 
should also be considered. 

In our study, a higher level of smoking dose was associated with breast cancer risk 
among postmenopausal women with MnSOD variant genotypes. In agreement with our 
findings, two studies with a very large number of study subjects found that the MnSOD 
genotype could modify breast cancer risk among smokers [317, 318]. Long-term smok-
ing (>20 years) was reported to be a risk factor for breast cancer among women with 
two MnSOD A alleles compared to never-smokers, who had not been exposed to passive 
smoke and carried at least one V allele (OR 1.5; 95% CI 1.0-2.2) [318]. We similarly 
found an increased risk for breast cancer among long-term smokers (≥15 years) and those 
carrying a MnSOD A allele containing genotype compared to women with similar smok-
ing duration and who were homozygous for the V allele (OR 5.5; 95% CI 1.3–23.4). 
However, in our study this finding was restricted to postmenopausal women. Another 
study found that women homozygous for the MnSOD A allele were at increased risk of 
breast cancer if they had been current smokers (<15 cigarettes/day) 10 years prior diagno-
sis compared to women who had been never-smokers for that period and carried the V/V 
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genotype (OR 2.08; 1.01–4.28) [317]. We found increased risk of breast cancer among 
postmenopausal women who smoked ≥10 cigarettes/day and carried MnSOD A allele 
containing genotypes compared to women who smoked the same amount and had the 
V/V genotype (OR 5.1; 95% CI 1.4–18.4). In addition to these two studies, there are at 
least two previous studies which have failed to report any significant association between 
the MnSOD A allele in relation to smoking habits [314, 321], though one of these studies 
examined a very low number of study subjects (84 cases and 103 controls) [321]. 

Variation in genetic susceptibility has been shown to be an important modifier of 
breast cancer risk also among passive smokers. In one study, the NAT2 rapid acetylator 
genotype was associated with increased risk among premenopausal passive smokers [250], 
whereas in another recent study the passive smokers were found to have an increased risk 
of breast cancer if they were simultaneously carrying the NAT2 rapid acetylator genotype 
and the SULT1A1*1 allele [285]. In our study, women who carried simultaneously the 
NAT2 slow acetylator genotype and the GSTM1 null genotype were found to be at a 
2-fold increased risk of breast cancer if they were passive smokers. 

Alcohol 

The risk of breast cancer has been shown to increase with the consumption of alcohol [41, 
42]. Alcohol is known to induce the expression of MnSOD  [308] and to decrease the 
activity of GPX and CAT, thus resulting in an imbalance between these antioxidant en-
zymes and thereby to higher levels of H2O2 [395]. As the MnSOD A allele is reported 
to result in higher levels of MnSOD protein and higher activity than the V allele [311], 
the imbalance between high activity of MnSOD and low activities of GPX or CAT may 
be more harmful among subjects with the A allele than among carriers of the MnSOD V 
allele. In our study, postmenopausal users of alcohol were found to be at increased risk of 
breast cancer if they had MnSOD A allele containing genotypes compared to ever-users 
of alcohol with the V/V genotype (OR 2.2; 95% CI 1.2–4.1). 

Although our finding is biologically plausible, none of the subsequent studies has been 
able to confirm these speculative results [314, 317, 318, 321, 323]. Therefore, our find-
ing may be a false positive finding due to multiple testing. Furthermore, the role of other 
polymorphisms in genes related to oxidative stress like MPO and CAT, should be exam-
ined in this context. According to studies investigating the role of polymorphic genes, 
the enzymes involved in metabolism of alcohol, like alcohol dehydrogenase and aldehyde 
dehydrogenase, may have a more significant role in susceptibility to breast cancer among 
women who consume alcohol [396–398]. 
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Genetic polymorphisms and breast cancer risk in 
relation to reproductive and hormonal factors 

Exogenous hormones, oral contraceptives and hormone 
replacement therapy

Polymorphic genes leading to alterations in the activities of enzymes involved in estrogen 
metabolism or in detoxification of ROS may further affect the risk of breast cancer. 

In a large study consisting of Swedish postmenopausal women (1521 cases/1498 
controls), women who had used HRT for four years or longer and carried two CYP1B1 
432Val alleles were found to be at a 2-fold risk of breast cancer [219]. Potential associa-
tions between CYP1B1 genotypes and breast cancer risk in relation to use of OCs were 
not examined. In our study, no associations were found for HRT use, whereas OC users 
exhibited a tendency towards increased risk of breast cancer if they carried at least one 
CYP1B1 432Val allele. Functional assays of CYP1B1 Leu432Val polymorphisms in bac-
terial expression systems have shown that the 432Val variants encode an enzyme with 
higher activity towards E2 than the 432Leu variants [210, 211]. Thus, women carrying 
the CYP1B1 432Val allele might have an elevated activity of CYP1B1 and thereby could 
produce higher levels of the carcinogenic metabolite, 4-OHE2. This in turn might result 
in DNA damage and ultimately lead to carcinogenesis. 

The use of OCs and HRT is an interesting aspect also in the context of ROS; when the 
SQs are oxidized to Qs, ROS are generated [292]. The ROS can subsequently be reduced 
to H2O2, either spontaneously or by SODs like MnSOD [147]. In our study, postmeno-
pausal women who were ever-users of OCs or HRT were at increased risk of breast cancer 
if they had MnSOD A allele containing genotypes compared to ever-users with the V/V 
genotype (OR 3.0, 95% CI 1.3–6.8 and OR 2.5; 95% CI 1.3–4.8, respectively). The 
MnSOD A allele was later suggested to modify the risk of breast cancer also in another 
Caucasian study among ever-users of OCs; women who used OCs and carried MnSOD 
A allele were found to be at increased risk of breast cancer compared to ever-users of OCs 
with the V/V genotype (OR 1.74; 95% CI 1.07–2.83) [314]. In two other studies, no as-
sociations were found among the OC users [318, 321]. Again, however, one of these stud-
ies examined a very low number of study subjects (84 cases and 103 controls) [321]. 

A slight tendency towards increased risk of breast cancer has been seen among ever-
users of HRT, who carried at least one MnSOD A allele compared to ever-users of HRT 
carrying the V/V genotype (OR 1.52; 95% CI 0.90–2.58) [314]. Women who have an 
unfavourable genotype and use exogenous hormones may thus be more susceptible to 
breast cancer than those who do not have such a genotype. However, failures to detect any 
associations between MnSOD genotype and breast cancer risk in relation to HRT use have 
also been reported [317, 318]. This issue is important and requires further examination.  
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Endogenous hormones and parity

It is well known that increased or prolonged exposure to estrogens is a risk factor for breast 
cancer [19, 20]. Similarly, it could be proposed that increased or prolonged exposure to 
antiproliferative agents, like 2-MeOE2, might be a protective factor for breast cancer. 
Polymorphisms of the genes involved in estrogen metabolism may further modify suscep-
tibility to this malignancy (reviewed in [399]). 

In the only study finding an overall association between SULT1A1*2 allele and breast 
cancer risk, the risk was confined to women who had properties/life style factors related to 
high endogenous exposure to estrogen like early age at menarche, late age at menopause, 
and a high BMI [282]. However, it should be noted that overall response rates for cases 
and controls in that study were only 57% and 50%, respectively. The subsequent studies, 
including our study, have not been able to confirm these findings [285, 287, 288]. 

 A substantial amount of 2-MeOE2 has been suggested to be formed from 2-methoxy-
estrogens, which has been shown to be present at higher levels during pregnancy compared 
to women with a menstrual cycle or at the postmenopausal stage [400]. Therefore, indi-
viduals with the lower activity associated SULT1A1*2/*2 genotype could be hypothesised 
to be at increased risk of breast cancer if they are exposed to high levels of estrogens since 
estrogen will be metabolized more slowly. Similarly, women who are exposed to high levels 
of antiproliferative agents could be hypothesized to be at decreased risk of breast cancer if 
they were carrying homozygous SULT1A1*2/*2 genotype due to delayed metabolism of this 
antiproliferative agent. Therefore, it could be speculated that women with high parity and 
low sulfonation activity would be at decreased risk compared to women with high parity 
and high sulfonation activity. 

Among women who have experienced several pregnancies, exposure to 2-MeOE2 
could indeed be speculated to be higher than among women with fewer/zero pregnan-
cies. In our study, a decreased risk of breast cancer was found among premenopausal 
women having experienced at least three pregnancies and carrying the SULT1A1*2 al-
lele (OR 0.23, 95% CI 0.09–0.63). In contrast, among postmenopausal women this 
association was not found. In the previous study by Zheng et al. [282], an association 
between SULT1A1*2 and breast cancer in relation to parity was observed; an increased 
risk of breast cancer was seen within a subgroup of postmenopausal women with lower 
parity (≤2) and SULT1A1*2/*2 genotype, compared to postmenopausal women with 
SULT1A1*1/*1 genotype (OR 2.4, 95% CI 1.0–6.1). As the study by Zheng et al. [282] 
solely consisted of postmenopausal women they could not explore the possible inter-
action between SULT1A1 genotypes and number of children among premenopausal 
women. 

Since our results are based on a very small subgroup of women with at least three 
full-term pregnancies among the premenopausal women (50 breast cancer cases and 57 
controls) and due to the multiple comparisons perfomed, the possibility of a chance find-
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ing should be kept in mind. Therefore, our results remain speculative, until confirmed in 
further studies. 

Genetic polymorphisms and breast cancer risk in 
relation to other risk factors

A positive family history of breast cancer is a well-known risk factor for breast cancer [63]. 
However, the majority of women with a positive family history of breast cancer will never 
develop this malignancy. Although based on the low number of study subjects in the sub-
group analysis, the women with the VDR a allele containing genotypes as well as a positive 
family history of breast cancer in our study were at a significantly reduced risk of breast 
cancer. The protective effect increased with the number of the a alleles. Antiproliferative 
effects of calcitriol have been suggested to be associated with induction of BRCA1 gene 
expression on breast cancer cells through signalling pathways of VDR [334]. Only two 
other previous studies have examined the association between VDR ApaI genotypes and 
breast cancer [355, 359]. However, as neither of these studies included any cases with a 
known family history of breast cancer [355, 359] and as we do not have any molecular 
data on BRCA1, our findings must be considered as very preliminary and will have to 
be verified in future studies with larger sample sizes. In this context, it would be of great 
interest to investigate the VDR ApaI polymorphism among women with and without 
BRCA1 mutations.  

Interpretation of the results and possible 
explanations for inconsistent results

A large number of association studies have been performed for a myriad of polymorphic 
genes and all common cancer sites [401] with largely inconsistent outcomes. There are 
several possible reasons for the divergent findings. As was discussed previously, one im-
portant issue certainly is improper study design, e.g., resulting in selection or information 
bias. Another essential issue is too low study power [401]; it is estimated that at least 400 
cases and 400 controls are needed to have an 80% power to detect small genetic effects 
(OR ≥1.5) [402]. As was discussed earlier, many of the previous studies have included 
smaller numbers of study subjects. This may well have resulted in unreliable interpreta-
tions. In our studies, the study power appeared to be too weak for proper evaluation for 
the association between genotypes and breast cancer risk only for the CYP1A1 gene. For 
all other genes, we had over 80% power to detect a moderate to large main effect for the 
variant genotype. In many subgroup analyses, however, the numbers were too small also 
in our study, resulting in unstable estimates.    
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 Another crucial issue is differences in ethnic backgrounds, environmental factors, 
and exposure levels. The gene-environment interactions may differ between different 
study populations and to be detectable they require a relevant exposure. Therefore, data 
on level of relevant exposures are important in assessing the association between certain 
polymorphic genes and cancer [403]. Furthermore, other factors such as definitions of 
smoking vary extensively in the different studies due to lack of uniform methods of smok-
ing categorization. Although the ethnic background of our study population was very 
homogenous, exposure level to solar radiation, vitamin D or the information on dietary 
habits, such as their consumption of fruits or vegetables was not collected or available. 
These factors might have an effect in influencing the impact of polymorphisms of VDR 
and MnSOD, respectively. None of the previous studies have recorded exposure to solar 
radiation or vitamin D.      

An issue that also needs to be considered is multiple comparisons, which increase the 
possibility of chance findings. Any unexpected associations need therefore to be investi-
gated in future studies with a larger sample size. Other issues to be considered in case-con-
trol studies are biological plausibility, dose-responses, and strength of the findings [373]. 
If the strength of the association is high, it more likely reflects a causal relationship than 
a weak association. In our studies, the analyses were performed mainly based on a priori 
hypothesis from previous results. The causality and consistency of results should also be 
considered before drawing conclusions. 

The genotyping methods used in different laboratories may also differ with respect to 
the sensitivity and specificity of the technique and this may therefore result in different 
levels of misclassification in genotype data [401]. In our studies, we always duplicated a 
random selection of 10% of all samples to ensure laboratory quality control and all geno-
typing results were interpreted by two independent investigators. Furthermore, when new 
genotyping methods were being introduced, the reliability of the new method was verified 
by comparing to the corresponding results from a different method published previously. 
For predicting the phenotype of a particular enzyme, it is important to genotype all pos-
sible polymorphisms which may affect the phenotype. As was discussed in the context of 
NAT2, the methods used in many of the studies did not analyze the NAT2*5C allele. How-
ever, determination of this allele appears to be important in the Caucasian population.

Previously, passive smokers have been included in the referent group, which may 
partly explain the inconsistent results obtained on the association between active smok-
ing and breast cancer risk. In our study, the reference group included women who had 
never been active or passive smokers. Furthermore, statistical analyses were done within 
exposure groups and not between them resulting in an even further reduced possibility 
of a biased estimate.    

Finally, it should be remembered that the metabolism of xenobiotics and estrogens 
involves many pathways and polymorphic enzymes including also, e.g., DNA repair en-
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zymes making these studies more complicated. Gene-gene and gene-environment interac-
tions have been hypothesized to have a significant impact on characterizing the genetic 
architecture of common complex multifactorial diseases [404]. It was hypothesized that 
these multipathway interactions may explain why results on the impact of a single allele 
on the risk of disease have been inconsistent. Again, the importance of sufficient study 
power and study size is emphasized to overcome these problems. 

Ethical issues and future directions  

Ethical aspects require special attention in studies where individual samples are used for 
genetic analysis or genetic testing/screening [405, 406]. We performed genetic analyses in 
order to evaluate associations between polymorphisms in low penetrance genes and breast 
cancer at the population level, whereas genetic testing aims at drawing conclusions at the 
individual level. These two types of genetic assessments have different ethical require-
ments [407]. Only genetic analysis will be discussed here.

 Genetic analyses are useful in assessing whether putative factors are associated with 
carcinogenesis at the population level, but not at the level of the individual [408]. Par-
ticipation in these kinds of studies should never result in discrimination, e.g., in health 
insurance policies or recruitment for employment. Withdrawal from the study should 
also be acceptable at any stage [407]. 

 Our study provided information on genes coding for enzymes involved in the me-
tabolism of xenobiotics and estrogens as well as in the defence against oxidative damage. 
Individual testing for genetic traits in relation to polymorphic xenobiotic genes is prob-
lematic in many ways.  Although, the variant forms of these genes do not directly confer 
a risk to suffer any cancer or other disease, some of the study subjects may carry a greater 
risk if they also are exposed to certain factors. It is clear that no one single gene, instead 
it is multiple genes, which are involved in the interactions between a given exposure and 
susceptibility to cancer. The effects of these interactions may further be modified by the 
different levels of exposures, age, ethnicity, etc. [409]. Consequently, it would be difficult, 
if not impossible to devise reliable low-penetrance gene tests for determining an individu-
al’s susceptibility in relation to cancer. However, at the population level, the molecular 
epidemiologic studies may well provide important data on environmental risk factors 
and specific susceptible subgroups can be identified. Moreover, complex associations be-
tween genetic factors, different exposures and lifestyle factors can be better understood 
and revealed. This information can be useful, e.g., in developing regulations and health 
education [409].  

 The use of novel technologies with high throughput analyses for handling large 
number of samples will accelerate the amount of data obtained from the genotyping 
analyses. Hopefully, a clearer picture of the low penetrance genes acting together with 
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endogenous or exogenous factors could then be gained in future studies. If it was possible 
to identify those women who are at the highest risk of developing breast cancer at some 
day in the future, this would have substantial public health implications. For instance, 
those smoking women who are carriers of at-risk genotypes, could be targeted for the 
most intensive smoking cessation interventions or a more aggressive breast-cancer screen-
ing programme [410]. However, before that scenario could ever come to pass, a huge 
amount of additional data on this issue needs to be reported and evaluated. Moreover, 
testing should be voluntary and should never result in discrimination. In any case, these 
studies on individual susceptibility and breast cancer risk in relation to different exposures 
are important for providing further insight into the development of malignancy.  

Another foreseen application area for genetic profiling in the near future is individu-
alized drug therapy. There are inter-individual differences in drug response due to poly-
morphisms in the genes encoding for the drug metabolizing enzymes [411]. For example, 
individuals can be categorized as fast or slow metabolizers depending on their ability to 
metabolize certain drugs [412]. Subjects may not respond to therapy due to a lower than 
expected concentration of an active metabolite or they may suffer from adverse drug reac-
tions due to high concentrations. Inherited deficiencies can be associated with increased 
pharmacologic effects for medications that are primarily inactivated by these enzymes, 
e.g., warfarin by CYP2C9, or several tricyclic antidepressants by CYP2D6 [411]. How-
ever, the consequences of polymorphisms for drug effects have not yet been elucidated, 
e.g., for the CYP1A1, CYP1B1, or SULTs. It has been speculated that ultimately a 
genome-wide scan for polymorphisms in drug metabolizing enzymes could be performed 
for each individual. This database should be stored in a secured online database, which 
could be available to authorized clinicians [411].
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SUMMARY AND CONCLUSIONS

According to the results in this thesis, the SNPs in low penetrance genes may be important 
modifiers of the susceptibility to breast cancer in the Finnish population. Our findings 
also support the role of polymorphic XMEs and antioxidant enzymes in the development 
of breast cancer among smokers. This is of great concern in Finland, as during recent years 
the frequency of smoking has especially increased in young female adolescents. Further-
more, some of the studied SNPs in the low penetrance genes were found to be risk factors 
in women who were users of OCs, postmenopausal HRT or alcohol. All these common 
polymorphisms acting together with lifestyle factors may thus account for a large propor-
tion of the population susceptible to breast cancer. 

The main findings were:
•  CYP1A1 and CYP1B1 genotypes alone were not associated with breast cancer 

risk. The risk associated with the CYP1B1 432Val allele was restricted to smoking 
women. However, a trend of increasing risk was also seen among OC users with the 
CYP1B1 432Val allele.  

•  A somewhat increased overall breast cancer risk was seen among women with the 
NAT2 slow acetylator genotype. The risk was confined to the advanced stage (III or 
IV) of breast cancer and to women who smoked less than 5 pack-years. 

•  The women carrying the NAT2 slow acetylator genotype and at least one CYP1B1 
432Val allele were at a somewhat increased risk of breast cancer. The association was 
confined to ever-smokers. Furthermore, the combination of the NAT2 slow acetyla-
tor genotype and the GSTM1 null genotype was associated with increased breast 
cancer risk. This association was confined to passive smokers and to postmenopau-
sal women. Instead, among premenopausal women, the concurrent presence of the 
NAT2 slow acetylator genotype and the GSTT1 null genotype was a risk factor for 
breast cancer. 

•  The SULT1A1 genotype alone was not associated with an overall risk of breast can-
cer nor could any risk to be detected in stratified subgroup analyses, e.g., according 
to smoking habits. However, a protective effect for breast cancer was seen among 
premenopausal women with the SULT1A1*2 allele containing genotypes and at 
least three pregnancies.  

•  The MnSOD Ala allele containing genotype was associated with increased risk of 
breast cancer. This association was restricted to postmenopausal women who were 
ever-users of OCs or HRT or consumers of tobacco or alcohol. 

•  The VDR TaqI polymorphism was not associated with breast cancer risk, whereas 
women with the VDR ApaI variant a allele were found to have a decreased risk of 
breast cancer. This inverse association was especially strong among women with a 
positive family history of breast cancer. 
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The role of NAT2 and MnSOD polymorphism in breast cancer risk among smoking 
women seems to be somewhat convincing according to our current and previous stud-
ies, whereas the role of CYP1B1 polymorphism and breast cancer in relation to smoking 
habits needs to be confirmed in future studies. The results on the associations between 
CYP1B1 and MnSOD genotypes and breast cancer risk in relation to use of exogenous 
hormones (OCs and HRT) have been somewhat conflicting and further studies are defi-
nitely needed.

Our finding of an association between MnSOD Ala containing genotype and in-
creased risk of breast cancer among women who use alcohol remains questionable. As 
none of the subsequent studies have been able to confirm our results, they remain highly 
speculative. Similarly, our novel findings of associations between the VDR a allele and 
decreased breast cancer risk among women with positive family history of breast cancer 
and the SULT1A1*2 allele among premenopausal women with high parity need to be 
confirmed in well-designed, larger studies. Therefore, these results remain speculative and 
should be interpreted with caution. 
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