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ABSTRACT 
 
 
Cytochrome P450 (CYP) enzymes in extrahepatic tissues may play important roles in 
regulating the capacity of individual cells to metabolize environmental carcinogens and 
hormones. In this thesis, we characterized the cytochrome P450 profile of the human 
normal breast and investigated whether polymorphisms in the genes encoding the 
estrogen metabolizing enzymes CYP1B1 and Catechol-O-methyltransferase (COMT) 
were associated with breast or endometrial cancer risk. We also identified, cloned and 
characterized the novel extrahepatic cytochrome P450 2S1 (CYP2S1) enzyme with a 
possible role in metabolism of xenobiotics.  
 
Detected levels of CYP enzymes in extrahepatic tissues are generally lower than in the 
liver and thus difficult to measure. By partial purification of CYPs from breast 
reduction samples, we spectrally quantified the level in the human normal breast to be 
approximately 1000-fold lower than in the human liver. We characterized the CYP 
expression pattern by RT-PCR and Western blot in 15 samples and found enzymes 
involved in the metabolism of environmental carcinogens, steroid hormones and drugs. 
A large interindividual variation in the expression of CYP1A1, 2A6, 2B6, 2D6 and 3A 
were shown whereas CYP1B1, 2C, 2E1, 4A and 19 were present in most samples.  
 
Molecular epidemiological studies on the association between polymorphic variants of 
enzymes involved in estrogen biosynthesis and metabolism and hormonal cancer risk 
are published with rapidly increasing frequency. However, reported data are generally 
inconsistent, partly due to small sample sizes. We investigated the association between 
CYP1B1 and COMT genotypes, respectively, and breast and endometrial cancer (only 
CYP1B1) in a large population-based case-control study on Swedish postmenopausal 
women. We genotyped approximately 1 500 breast cancer cases, 690 endometrial 
cancer cases and 1 500 controls and calculated odds ratios and 95 percent confidence 
intervals from conditional logistic regression models. We found no overall association 
between CYP1B1 or COMT genotype and breast cancer risk. Stratified analyses 
indicated that the CYP1B1*3/*3 genotype may be of importance in conjunction with 
menopausal hormone use and that the low activity allele of COMT appeared associated 
with an increased risk for lobular breast cancer. CYP1B1 genotype had no effect on 
endometrial cancer risk, neither in overall nor in subgroup analyses. 
 
The CYP2S1 gene was identified through homology searches with known CYP 
sequences against the EST database and the high throughput genomic sequences 
database. The gene was found to be located together with the genes of subfamily 
CYP2A, CYP2B and CYP2F on chromosome 19. The predicted 504 amino acid 
sequence displayed 38-49 percent identity with other CYP2 family members and 
contained the typical structural CYP characteristics; the conserved cystein, the proline 
rich region and the N-terminal hydrophobic stretch. CYP2S1 mRNA was shown to be 
highly expressed in lung, trachea, and stomach. The transcript was detected in the liver 
but at lower levels. A rabbit peptide antiserum against the C-terminus of CYP2S1 
recognized a single band in human lung with an apparent molecular weight of 50 kD. 



 

 

Subcellular localization and immunocytochemistry revealed CYP2S1 to be a 
microsomal protein. High expression in respiratory and gastrointestinal tract indicates a 
role for this enzyme in extrahepatic xenobiotic metabolism. Unpublished observations 
from our lab show that small aromatic hydrocarbons appear to be substrates for 
CYP2S1. 
 
In summary, our work have contributed to the understanding of the presence of CYPs 
in extrahepatic tissues, particularly breast and lung, and evaluated a possible role for 
genetic polymorphisms in genes encoding estrogen metabolizing enzymes in relation to 
hormonal cancer susceptibility. 
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GENERAL INTRODUCTION 
 
 
Interindividual differences in cancer susceptibility have been proposed to be dependent 
on a combination of environmental exposures such as diet, tobacco smoke or 
exogenous hormones and genetically inherited variants of genes involved in carcinogen 
metabolism. Cytochrome P450 enzymes mainly found in the liver, but also in several 
other tissues throughout the human body (extrahepatic tissues), are capable of 
activating so called procarcinogens into metabolites, which may damage the cell and 
initiate cancer. Normally the cell is protected against reactive compounds by the 
presence of other enzymes, which deactivate them. However, if the balance between 
activating and deactivating enzymes is disturbed this may result in accumulation of 
dangerous compounds in the cell. The level of cytochrome P450s may be altered by 
compounds in for example tobacco smoke or fried food. Moreover, common mutations 
in the population, referred to as genetic polymorphisms, in genes of these carcinogen 
activating enzymes may affect their catalytic activity in a way that may lead to 
increased production of dangerous compounds. The overall aim of this thesis has been 
to increase the knowledge of how cytochrome P450 enzymes present in extrahepatic 
tissues may influence cancer susceptibility. Specifically, investigations have been 
performed on human breast tissue, in which we have characterized the presence of 
various CYP enzymes. Furthermore, we have investigated if certain polymorphisms in 
cytochrome P450 genes are found more often among women with breast or endometrial 
cancer than among women without these cancers. We have also identified and 
characterized a new cytochrome P450 enzyme in the respiratory and gastrointestinal 
tract that may be involved in metabolism of foreign compounds such as 
procarcinogens. 
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BACKGROUND 
 
 
BIOTRANSFORMATION 

 
Lipophilic xenobiotics are converted to more water soluble compounds and eliminated 
from the body through metabolism, predominantly in the liver, via a system known as 
biotransformation. In order for the system to detoxify the wide variety of structurally 
diverse compounds that enter the body through ingestion, inhalation or the skin, 
xenobiotic metabolizing enzymes have relatively broad substrate specificity compared 
to other metabolic enzymes. The biotransformation process is divided into two phases. 
Phase I reactions in which functional groups (e.g., -OH, -SH, -NH2, -COOH) are added 
or exposed, and phase II reactions where the foreign compound or a phase I-derived 
metabolite is covalently conjugated to an endogenous molecule.  
 
Phase I metabolism with oxidative, reductive or hydrolytic reactions are primarily 
performed by cytochrome P450 enzymes (CYPs). These enzymes constitute a 
superfamily of monooxygenases divided into families and subfamilies based on amino 
acid sequence similarities, according to a standardized nomenclature system developed 
by Nelson and colleges (http://drnelson.utmem.edu/CytochromeP450.html) (Nelson et 
al. 1996). CYPs within a family are = 40 percent homologous and CYPs within a 
subfamily are = 55 percent homologous. The first Arabic numeral indicates the family, 
the following letter indicates the subfamily and finally the individual enzyme is 
indicated by an Arabic numeral. For example, CYP1B1 is a member of family 1, 
subfamily B and enzyme number 1 in this subfamily. Gene names are written in italics 
(CYP1B1), mRNA and protein in regular capital letters (CYP1B1).  
 
Human CYPs can be functionally subdivided into those involved in biotransformation, 
metabolizing xenobiotic compounds such as therapeutic drugs, environmental 
pollutants, dietary components and solvents, and those involved in the biosynthesis and 
metabolism of endogenous compounds such as cholesterol and fatty acids. In Table 1 
human CYP families and their major metabolic reactions are listed. Data on human 
CYPs and their metabolic activities accumulated during the years have been 
extensively summarised by Rendic (Rendic 2002). In terms of evolution, early history 
of CYPs appears to be related to cholesterol biosynthesis and metabolism (Nelson and 
Strobel 1987). A further diversification of the xenobiotic metabolizing enzymes is 
thought to have occurred as a defence against plant toxicants when animals became 
terrestrial and began consuming plants (Gonzalez and Nebert 1990; Schuler 1996).  
 
In the course of detoxification by CYPs, intermediates that are more reactive than the 
parent compound may be produced. These can bind covalently to nucleic acids and 
cause mutations, or to proteins and in this way interfere with cell functions. CYPs have 
been shown to play an important role in chemical carcinogenesis by metabolic 
activation of compounds generally known as procarcinogens. Furthermore, to date an 
increasing number of genetic polymorphisms in CYP genes have been identified that 
may influence the function of the corresponding enzyme. A role for these genetic 
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variations in cancer susceptibility has been proposed. These issues are discussed further 
under the section Cytochrome P450s in relation to cancer.  
 
 
 
Table 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Modified from (http://drnelson.utmem.edu/human.P450.table.html) 
 
 
 
 

Human CYP family/subfamily and their function 
 

       

 CYP1  Xenobiotic metabolism    

 CYP2  Xenobiotic metabolism    

 CYP3  Xenobiotic metabolism    

 CYP4  Fatty acid and Arachidonic acid metabolism    

 CYP5A1  Thromboxane synthase    

 CYP7A1  Cholesterol 7a-hydroxylase    

 CYP7B1  Oxysterol 7a-hydroxylase    

 CYP8A1  Prostacyclin synthase    

 CYP8B1  Sterol 12a-hydroxylase    

 CYP11A1  Cholesterol side-chain cleavage    

 CYP11B1  Steroid 11ß-hydroxylase    

 CYP11B2  Aldosterone synthase    

 CYP17  Steroid 17a-hydroxylase, 17-20 lyase    

 CYP19  Aromatase    

 CYP21A2  Steroid 21-hydroxylase    

 CYP24  Vitamin D 24-hydroxylase    

 CYP26A1  Retinoic acid hydroxylase    

 CYP26B1  Retinoic acid hydroxylase    

 CYP27A1  Sterol 27-hydroxylase    

 CYP27B1  Vitamin D 1a-hydoxylase     

 CYP39A1  Oxysterol 7a-hydroxylase    

 CYP46  Cholesterol 24-hydroxylase    

 CYP51  Lanosterol 14a-demethylase    
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Phase II reactions are performed by different enzyme systems (reviewed by Sipes and 
Gandolfi, 1991). A central conjugation reaction is glucuronidation in which the sugar 
derivative UDP-glucuronic acid is added to the acceptor molecule. 
Glucuronosyltransferases are located in the endoplasmatic reticulum and accept a wide 
variety of substrates from endogenous compounds such as estrogens and bilirubin to 
hydroxylated metabolites of polycyclic aromatic hydrocarbons (PAHs). Hydroxylated 
metabolites are also conjugated through sulfation by sulfotransferases. These enzymes 
are soluble and numerous endogenous compounds such as hydroxylated steroids, 
catecholamines and bile acids undergo sulfation. Furthermore, phase II enzyme 
reactions are performed by the ubiquitously expressed glutathione-S-tranferases (GSTs) 
which conjugates glutathione to electrophilic compounds. The GSTs constitute the 
major defence system against electrophiles and detoxify oxygen radicals formed during 
oxidative stress or reactive intermediates such as those produced by CYPs.  
 
Methylation is not a quantitatively important pathway for xenobiotic biotransformation 
but a common biochemical reaction for the metabolism of endogenous compounds. 
Catechol-O-methyltransferase (COMT) catalyses the methylation of catechols through 
transfer of a methyl group from the cofactor S-adenosyl methionine (SAM) to a 
hydroxylgroup and has been considered to play a critical role in the regulation of levels 
of catecholestrogens and catecholamines. In addition, COMT also plays a protective 
role by blocking further oxidative metabolism of the catechols and preventing the 
formation of reactive electrophiles. COMT has been studied in this thesis and will be 
described in more detail later.  
 
 

EXTRAHEPATIC CYTOCHROME P450S 

 
Both the levels and expression pattern of CYP isozymes vary in different tissues. The 
highest level is found in the liver, the major xenobiotic metabolizing organ, which 
express members in family 1-3 (Forrester et al. 1992; Hakkola et al. 1994). In most 
other tissues the levels are significantly lower (100-1000 fold) and the isoform pattern 
is generally distinct from the hepatic CYP profile. In contrast to the liver, several 
extrahepatic tissues are composed of multiple cell types and CYPs in these organs are 
commonly expressed in a cell-specific manner. The distribution of CYPs, in both 
specific tissues and cells, may play important roles in the response to foreign 
compounds or result in cell-specific toxicity. Moreover, high concentrations of CYPs in 
subpopulations of cells in extrahepatic tissues may influence the in situ metabolism of 
endogenous compounds such as steroid hormones.  
 
The low level of CYP expression generates difficulties in detection and determination 
of function. Indeed research into extrahepatic CYPs has progressed slowly compared to 
research into hepatic CYPs. The overall level of CYPs in for instance the brain is 
approximately 0.5-2 percent of that in the liver (Hedlund et al. 2001). A method to 
isolate CYPs from the brain and other extrahepatic tissues based on hydrophobic 
chromatography on total membrane preparations have been developed (Sundin et al. 
1987; Warner et al. 1988; Warner et al. 1991).  
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Pharmacological, toxicological and physiological implications 

 
Important xenobiotic metabolizing locations in the human body, other than the liver, 
are the respiratory and the gastrointestinal tract, both portals of entry for foreign 
compounds (reviewed by Ding and Kaminsky, 2003). Several CYPs in family 1-3 
found at high levels in the liver, are also detectable in these tissues, where they 
contribute to the overall clearance of exogenous compounds (McKinnon et al. 1995; 
Brittebo 1997; Raunio et al. 1999). CYP3A4, the major drug metabolising enzyme in 
human liver is also expressed in the gastrointestinal tract, predominantly in the small 
intestine where it is involved in first-pass metabolism of drugs (Paine et al. 1996). In 
contrast, CYP3A5 appears to be the major isoform in esophagus (Lechevrel et al. 
1999). 
 
In addition, some isozymes are selectively expressed in extrahepatic tissues where they 
may play toxicological or important physiological roles. Su and colleagues (Su et al. 
2000) have shown that CYP2A13 is expressed at remarkably higher levels in nasal 
mucosa, lung and trachea compared to the liver. They also showed that this enzyme is 
involved in the metabolic activation of the tobacco specific carcinogen 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and proposed that CYP2A13 
may play a role in cell-specific toxicity. CYP2J2, a recently identified arachidonic acid 
epoxygenase (Zeldin et al. 1995), was found in the whole gastrointestinal tract. 
Immunohistochemistry revealed higher expression levels in nerve cells of autonomic 
ganglia and smooth muscle cells, which proposed a role for this enzyme in the control 
of neuropeptide release and intestinal motility (Zeldin et al. 1997). Other CYPs with 
important physiological functions are expressed in human kidney; CYP24 and CYP27, 
involved in vitamin D metabolism and CYP4A11 and CYP4F2 involved in arachidonic 
acid metabolism (Schwartzman et al. 1990; Lasker et al. 2000; Gascon-Barre et al. 
2001). Moreover, CYPs involved in the biosynthetic pathway of steroid hormones are 
naturally expressed in adrenals and gonads (Stromstedt et al. 1996).  
 
Functions of CYPs in the brain are poorly defined; however, the expression pattern has 
been shown to be completely different from the liver. Studies on rat brain by Hedlund 
and colleges (Hedlund et al. 1998; Hedlund 2000) showed that the xenobiotic 
metabolizing hepatic isozymes CYP2B1/2 and CYP3A1/2 were not detectable by either 
RT-PCR or Western blot analysis. Furthermore, CYP1A and CYP2E1 protein could 
not be identified although the mRNA has been recognized by RT-PCR. On the 
contrary, a range of isozymes mainly in subfamilies 2C and 4F were identified by 
protein microsequencing. By immunohistochemistry, these studies also showed specific 
isozymes to be highly expressed in selected neurons.  
 
 
CYPs in breast, endometrium and lung 

 
When we initiated our study on CYPs in human normal breast not much was known 
about their presence or relevance in this tissue. However, a characterization of CYPs in 
rat breast had been performed by Hellmold and colleges (Hellmold et al. 1995) 
suggesting evidence for both physiological and endocrine functions of CYPs in the 
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breast. Data showed that CYP expression was dependent on age and endocrine status. 
The overall level was highest in pups, decreased in adult animals, and reached a 
transient peak again during pregnancy and lactation. By using a panel of antibodies, a 
large proportion of the total CYP content could be accounted for by Western blot 
analysis. CYP2D4 and 3A was highly expressed in pups and CYP2E1, 4A and 2D4 
were constitutively expressed. Moreover, CYP1A1 was induced during pregnancy and 
lactation, CYP2A was induced during pregnancy and not maintained during lactation, 
CYP19 was only expressed after nine weeks of age and CYP2A, 2B and 3A were 
induced three weeks after lactation.  
 
Several CYPs have been detected in human endometrium by RT-PCR; CYP2B6, 2C, 
2E1, 3A4, 3A5, 4B1 and 11A (Hukkanen et al. 1998). Also the expression of CYP1B1 
has been shown both as mRNA (Hakkola et al. 1997; Bulun et al. 2000) and protein 
(Bofinger et al. 2001), and in a study on the regiospecific expression it was shown that 
the level of CYP1B1 was significantly higher in the endometrium than in other parts of 
the uterus (Vadlamuri et al. 1998). In addition, CYP1A1 and surprisingly CYP1A2, 
which normally is not detectable in extrahepatic tissues, have been identified in the 
endometrium (Bulun et al. 2000). 
 
Low abundance of CYPs in the lung and the complex nature of this organ, with more 
than 40 different cell types, have complicated the identification of individual isozymes 
and their location. The expression and induction of CYPs in pulmonary tissue have 
been extensively characterized in rodents (Tornquist et al. 1988; Aida et al. 1992; Debri 
et al. 1995; Forkert 1995; Lee and Dinsdale 1995). However, the number of studies on 
human lung is less mainly due to difficulties in obtaining sufficient amount of tissue. 
CYP1A1 is the most well studied CYP in the lung because of its involvement in 
polycyclic aromatic hydrocarbon (PAH) metabolism, as discussed further later. 
CYP1A1 protein is only detected among smokers and has been localized to the 
epithelium of the peripheral airways (Anttila et al. 1991). Furthermore, metabolic 
activity of CYP1A1 appeared correlated with the expression (Anttila et al. 1992). Also, 
CYP1B1, 2A6, 2B6, 2E1, 2J2, 3A5 and 4B1 have been detected in human lung both as 
mRNA and protein (reviewed by Hukkanen, 2002).  
 
 
Novel isoforms 

 
The list of human CYPs is probably almost complete. Today 57 full length CYP genes 
have been identified in the human genome spread on 20 different chromosomes 
http://drnelson.utmem.edu/CytochromeP450.html (Nelson 2002) (Table 2). Most of the 
novel isoforms belong to family 2 and 4. Clusters of CYP genes containing several 
genes in tandem that belongs to the same family or subfamily are found localized at 
different chromosomal regions. For instance CYP genes from the CYP2A, CYP2B and 
CYP2F subfamilies form a cluster localized to chromosome 19 (Hoffman et al. 1995), 
members of family 2C (8, 9, 18 and 19) are clustered on chromosome 10 (Gray et al. 
1995) and CYP2D6 together with two CYP2D pseudogenes are clustered on 
chromosome 22 (Heim and Meyer 1992).  
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As a tool for identification of novel CYPs, homology searches with known CYP 
sequences against genomic sequences and expressed sequence tags (ESTs) have been 
used. ESTs (~200-500 nucleotides) are randomly sequenced cDNA clones that are 
assembled in the dbEST database, which is a division of GenBank (Boguski et al. 1993; 
Benson et al. 2003) (http://www.ncbi.nlm.nih.gov/dbEST/). Today approximately 17.5 
million EST sequences representing over 550 different organisms have been released 
which make them the major source of new sequence records. In addition to gene 
identification, EST sequences are useful tools in functional annotation of genes by 
providing evidence for the existence of gene expression products (Beisson et al. 2003). 
Moreover, these sequences are useful in exon mapping and determination of 
differential splicing (Rentero et al. 2003).  
 
 
Table 2. 
 
Chromosomal Location of Human Cytochrome P450sa  
 

   

  
1 

 
4B1b, 4A11, 4X1, 4Z1, 4A22, 2J2 

   

  
2 

 
1B1, 26B1, 27C1, 20, 27A1 

   

  
3 

 
8B1 

   

  
4 

 
2U1, 4V2 

   

  
6 

 
21A2, 39A1 

   

  
7 

 
2W1, 3A5, 3A7, 3A4, 3A43, 51, 5A1 

   

  
8 

 
7A1, 11B1, 11B2, 7B1 

   

  
10 

 
26A1, 26C1, 2C18, 2C19, 2C9, 2C8, 17, 2E1 

   

  
11 

 
2R1 

   

  
12 

 
27B1 

   

  
14 

 
46 

   

  
15 

 
19, 1A1, 1A2, 11A1 

   

  
19 

 
4F22, 4F8, 4F3, 4F12, 4F2, 4F11, 2A6, 2A7, 2B6, 2A13, 2F1, 2S1c 

   

  
20 

 
8A1, 24 

   

  
22 

 
2D6 

   

      
a From http://drnelson.utmem.edu/CytochromeP450.html 
b Genes are listed in the order they appear on the chromosome, starting from the end  
  of the short arm  
c CYP2S1 was identified by us and is described in detail in this thesis 
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Several of the newly identified CYPs listed on Nelsons homepage, such as 2U1, 2W1, 
4A22 (Bellamine et al. 2003), 4F11 (Cui et al. 2000), 4V2 and 4X1 (Bylund et al. 
2002) are known only through their sequences and no information is available on their 
function yet. Some of the genes are characterized and their expression pattern has been 
determined. Gene structure and tissue distribution, together with homology to other 
CYPs, may contribute in the functional characterization and substrate identification of 
the novel enzyme. CYP2R1, which also up to now was a member on the list of CYPs 
without a function, was recently identified through functional cloning and shown to be 
a microsomal vitamin D 25-hydroxylase (Cheng et al. 2003). 
 
 
CYTOCHROME P450 1B1 

 
Identification and regulation of the gene 

 
Cytochrome P450 1B1 (CYP1B1) is a relatively newly identified CYP. The cDNA was 
identified by Sutter and colleges in 1994 from a 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) treated human keratinocyte cell line (Sutter et al. 1994), and the gene was 
cloned by the same laboratory two years later (Tang et al. 1996). At that time 
orthologous forms of CYP1B1 from mouse and rat tissues were also identified and 
cloned (Shen et al. 1993; Savas et al. 1994; Bhattacharyya et al. 1995; Walker et al. 
1995). Comparison of the CYP1B1 gene with the other two members of the CYP1 
family, CYP1A1 and CYP1A2, revealed distinguished features. The CYP1B1 gene is 
located on human chromosome 2 and contains only three exons, whereas CYP1A1 and 
CYP1A2 both are located on human chromosome 15 and contain seven exons. In 
almost all CYPs, translation begins in exon 1, in contrast translation of the 5.2-kb 
CYP1B1 mRNA starts close to the 5’-end of exon 2. The CYP1B1 gene is 12 kb and 
the predicted protein is composed of 543 amino acids (Figure 1).  
 
Together with the other two family 1 members CYP1A1 and CYP1A2, the CYP1B1gene 
is transcriptionally activated through the Aryl hydrocarbon receptor (AhR) complex by 
TCDD and polycyclic aromatic hydrocarbons (PAH), such as benzo(a)pyrene (B(a)P) 
and 3-methylcholanthrene. The mechanism (here described shortly, reviewed by 
Whitlock, 1999, and Rowlands and Gustafsson, 1997) underlying this signalling 
pathway is one of the most well studied in gene regulation of CYPs. In its latent form in 
the cytoplasm, the AhR forms a complex with a dimer of the chaperone protein hsp90 
(Denis et al. 1988; Perdew 1988), the AhR interacting protein (AIP) (Ma and Whitlock 
1997) and the AhR associated protein 9 (ARA9) (Carver et al. 1998). Upon binding of 
the ligand, this protein complex is disrupted, and the AhR activated, translocated to the 
nucleus and heterodimerized with its partner the aryl hydrocarbon receptor nuclear 
transporter (ARNT) (Hoffman et al. 1991). The heterodimer binds to xenobiotic 
response elements (XREs) found upstream of the CYP1A/B genes and activates gene 
transcription. 
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Figure 1. The structure of the human CYP1B1 gene. Translation begins close to  
the 5’ end of exon 2 and continues into exon 3 to produce a predicted protein of  
543 amino acids. The locations of CYP1B1 SNPs m1-m5 are indicated with arrows. 
 
 
 
Expression 

 
CYP1B1 is an extrahepatic P450. Several studies have shown mRNA expression in 
various tissues (Hakkola et al. 1997; Vadlamuri et al. 1998; Raunio et al. 1999; Spivack 
et al. 2001). In the literature there are conflicting data concerning the expression of 
CYP1B1 protein. Some investigators have localised CYP1B1 protein in normal adult 
tissues by immunohistochemistry (Muskhelishvili et al. 2001; Gibson et al. 2003), 
while others could not detect the CYP1B1 protein by the same method in any normal 
adult tissue investigated (Murray et al. 1997; McFadyen et al. 1999; Maecker et al. 
2003). These discrepancies may be due to differences in antibody specificity or 
suggests that the constitutive level of CYP1B1 protein in normal tissue is absent or 
extremely low and on the boarder of detection. Although the levels are low, local 
expression of CYP1B1 in specific cell types may still be important in cell-specific 
toxicity or in situ metabolism of endogenous hormones.  
 
In contrast to normal tissue, CYP1B1 is highly expressed in several tumor types, 
including breast, colon, lung, esophagus, skin, brain, testes, small intestine and uterus 
(Murray et al. 1997). Mechanisms underlying this overexpression are not well 
understood. Speculations of AhR involvement have been done. Upregulation of AhR in 
lung tumors compared to normal cells has been demonstrated by 
immunohistochemistry (Lin et al. 2003) and elevated AhR activation has been shown to 
be associated with mitogenic responses (Vaziri et al. 1996). Moreover, Trombino and 
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colleges show upregulation of both AhR and CYP1B1 in DMBA induced breast tumors 
in rats. They imply that AhR and CYP1B1 expression represent molecular biomarkers 
for neoplastic transformation and suggests a mechanism through which the AhR may 
contribute to carcinogenesis after elimination of exogenous AhR ligands (Trombino et 
al. 2000). 
 
 
Function 

 
Native human CYP1B1 enzyme has not yet been purified and most studies on its 
metabolic activity have been performed on recombinant protein expressed in either 
yeast (Saccharomyces cerevisiae) or E.coli (Hayes et al. 1996; Shimada et al. 1996; 
Shimada et al. 1997; Shimada et al. 1998). A lymphoblastoid cell line constitutively 
expressing CYP1B1 and insect cells have also been used (Crespi et al. 1997; Spink et 
al. 2000).  
 
Several CYPs are involved in the metabolism of estrogen and evidence for a role of 
CYP1B1 as the major 4-hydroxylase was provided by Hayes and colleges (Hayes et al. 
1996). They showed that CYP1B1, expressed in yeast, performed 4-hydroxylation at a 
rate five-fold higher than 2-hydroxylation. This was further supported by the 
observation of increased estradiol 4-hydroxylase activity in microsomes prepared from 
breast and benign uterine tumors (Liehr et al. 1995; Liehr and Ricci 1996) where 
CYP1B1 has been shown to be overexpressed (Murray et al. 1997). Ever since it was 
shown that 4-hydroxyestradiol induced tumors in animals as effectively as 17ß-
estradiol itself (Liehr et al. 1986; Li and Li 1987) a role for estrogen metabolism in 
hormonal carcinogenesis has been proposed. The role for CYP1B1 in the etiology of 
hormonal cancers has been studied by us (presented in this thesis) and by several other 
groups and is discussed further in later sections.  
 
In addition to estrogen metabolism, CYP1B1 is capable of bioactivating a range of 
procarcinogens (Shimada et al. 1996; Shimada et al. 2001) such as B(a)P and DMBA. 
Implications for CYP1B1 in chemical carcinogenesis have been illustrated by CYP1B1 
knock out mice, which were resistant to DMBA-mediated toxicity (Buters et al. 1999). 
 
 
Gene polymorphisms and haplotypes 

 
The autosomal recessive eye disorder primary congenital glaucoma is linked to locus 
2p21 (Sarfarazi et al. 1995) where the CYP1B1 gene is located, and in glaucoma 
patients seventeen different truncating or missense mutations were identified in the 
CYP1B1 gene (Stoilov et al. 1997; Stoilov et al. 1998; Kakiuchi et al. 1999). Moreover, 
several single nucleotide polymorphisms (SNPs) in the coding region of the CYP1B1 
gene were also identified by the same group. In Caucasians four SNPs named m1, m2, 
m3 and m4 causing the amino acid changes Arg48Gly, Ala119Ser, Leu432Val and 
Asn453Ser respectively, were detected (Stoilov et al. 1998). Furthermore, a SNP 
named m5 causing the amino acid change Ala443Gly has been found in Ethiopians 
(Aklillu et al. 2002). Molecular haplotyping for CYP1B1 alleles have been performed 
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(Aklillu et al. 2002) and CYP1B1 haplotypes and corresponding enzyme variants are 
described in Table 3, see also the human cytochrome P450 (CYP) allele nomenclature 
homepage (http://www.imm.ki.se/CYPalleles/).  
 
 
Table 3. CYP1B1 haplotypes in Caucasians and Ethiopians 
 

 
Haplotype 

  
Allele 

  
Protein 

  
Nucleotide 
Change(s) 

  
Amino Acid 

substitution(s) 

 

          
Reference   CYP1B1*1  CYP1B1.2  None  None 

 
 

m1+m2  CYP1B1*2  CYP1B1.2  142C>G; 
355G>T 

 Arg48Gly; 
Ala119Ser 
 

 

m3  CYP1B1*3  CYP1B1.3  4326C>G  Leu432Val 
 

 

m4  CYP1B1*4  CYP1B1.4  4390A>G  Asn453Ser 
 

 

m1+m3a  CYP1B1*5  CYP1B1.5  142C>G; 
4326C>G 

 Arg48Gly; 
Leu432Val 
 

 

m1+m2+m3  CYP1B1*6  CYP1B1.6  142C>G; 
355G>T; 
4326C>G 

 Arg48Gly; 
Ala119Ser; 
Leu432Val 
 

 

m1+m2+m3+m5a  CYP1B1*7  CYP1B1.7  142C>G; 
355G>T; 
4326C>G; 
4360>G 
 

 Arg48Gly; 
Ala119Ser; 
Leu432Val; 
Ala443Gly 
 

 

aDetected in Ethiopians (Aklillu, 2002) 
 
 
 
The functional significance of the CYP1B1 variants has been thoroughly evaluated. 
The metabolism by heterologously expressed CYP1B1 variants towards a variety of 
CYP substrates, including diverse procarcinogens and steroid hormones have been 
studied (Hanna et al. 2000; Li et al. 2000; McLellan et al. 2000; Aklillu et al. 2002, 
Shimada et al. 1999; Spink et al. 2000; Tang et al. 2000; Watanabe et al. 2000; 
Shimada et al. 2001). From these experiments, it can be concluded that CYP1B1.2 and 
CYP1B1.4 most likely exhibit no altered enzyme activity, however, regarding the 
CYP1B1.3 enzyme there are inconsistent results. There are indications of an altered 
enzyme activity of CYP1B1.3 towards 17ß-estradiol. An increased Vmax and (Vmax4-

OH/Km4-OH)/(Vmax2-OH/Km2-OH) ratio for CYP1B1.3 compared to CYP1B1.1 have been 
reported (Shimada et al. 2001). Moreover, an increased Vmax 4-OH/2-OH ratio 
(Shimada et al. 1999; Watanabe et al. 2000) and an increased intrinsic clearance (Li et 
al. 2000) by CYP1B1.3 compared to CYP1B1.1 have been demonstrated. All these 
investigators used bacterial expression systems. However, one group who examined the 
properties of purified CYP1B1 enzyme, described a decreased  
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(Vmax4-OH/Km4-OH)/(Vmax2-OH/Km2-OH) ratio for CYP1B1.3 compared to CYP1B1.1 
(Hanna et al. 2000), and another group who expressed CYP1B1 in yeast, reported no 
altered kinetic properties of CYP1B1.3 as compared to CYP1B1.1 (Aklillu et al. 2002). 
Recently, it was also reported that the CYP1B1.3 variant possessed a lower stability in 
comparison with CYP1B1.1 when expressed in mammalian COS-1 cells (Bendiera and 
Friedberg 2003). 
 
 
HORMONAL CANCERS 

 
Sporadic cancers of the breast, endometrium, ovary and prostate, all considered as 
hormone-related (Henderson et al. 1982; Henderson and Feigelson 2000; Persson 2000; 
Brawley 2003), are proposed to share a distinct mechanism of carcinogenesis. In 
contrast to chemicals or viruses as tumor initiators and promotors, the general idea is 
that hormones such as estrogen, progesterone or androgens, affect cell proliferation, 
and thus the risk for the accumulation of random genetic errors. A series of somatic 
mutations that occur in proto-oncogenes and tumor suppressor genes during cell 
division are believed to eventually lead to the development of a malignant phenotype 
(reviewed by Balmain and Ponder, 2003). In terms of genetic determinants, inherited 
mutations in proto-oncogenes and tumor suppressor genes have also been associated to 
hormonal cancers, however, these mutations are rare and do not appear to be involved 
in the majority of sporadic cancers. Moreover, polymorphisms in genes related to 
steroid hormone biosynthesis, hormone action and hormone metabolism are postulated 
to play a role in the regulation of endogenous hormone levels, thereby influencing 
hormonal carcinogenesis (Feigelson et al. 1998; Ross et al. 1998). Since 
polymorphisms are by definition common, such genetic variants may potentially 
contribute to a large proportion of sporadic hormone-related cancers. In addition to the 
“proliferative hypothesis”, a complimentary mechanistic pathway for the carcinogenic 
role of estrogen involving genotoxic estrogen metabolites has been suggested.  
 
 
Estrogen 

 
Estrogen has been established as a key risk factor in the etiology of cancers in the 
breast, endometrium and ovary (reviewed by Persson, 2000), however, the exact 
mechanism behind its carcinogenic action is not known. Mechanistic studies of tumor 
induction by estrogens have been carried out in the hamster kidney tumor model ever 
since the 60th when Kirkman first observed that estrogens induced renal tumors in this 
species with an incidence approaching 100 percent, six to eight months after initial 
administration (Kirkman 1959; Li et al. 1983; Li and Li 1984). 
 
The naturally occurring estrogens 17ß-estradiol (E2), estrone (E1) and estriol (E3) 
belong to the group of steroid hormones. 17ß-estradiol is primarily produced by the 
ovary, and acts on the breast to stimulate ductal growth, on the endometrium to 
stimulate and regulate its growth and cyclic changes, and on the ovarian follicles to 
promote granulosa cell differentiation. Moreover, estrogens promote linear growth of 
the bone and acts on the hypothalamic-pituitary system to regulate the secretion of 
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gonadotropins and prolactin. The biological effects of estrogens are mediated via two 
intracellular proteins, the estrogen receptors a and ß (ERa and ERß) that belong to a 
large group of ligand-inducible transcription factors known as the nuclear receptor 
superfamily. The estrogen receptors regulate transcription through direct interaction 
with specific DNA binding sites present in promoter regions of target genes (reviewed 
by Enmark anf Gustafsson, 1999, Nilsson, 2001, DeMayo, 2002).  
 
In serum, 17ß-estradiol reversibly binds to sex-hormone binding globulin and albumin 
and about two percent is in its free form (Anderson 1974). Estrogens are metabolized 
by sulfation, glucuronidation or hydroxylation followed by methylation, and the 
conjugates are excreted into the bile or urine (Gruber et al. 2002). Hydroxylation of 
estrogens is performed by CYP enzymes and yields 2-hydroxyestrogens, 4-
hydroxyestrogens and 16a-hydroxyestrogens also referred to as catechol estrogens. In 
human liver 2-hydroxylation is the primary metabolic route performed mainly by 
CYP1A2 and to lesser extent by CYP3A4 and CYP2C9 (Yamazaki et al. 1998). As 
mentioned, CYP1B1 is the major 4-hydroxylase (Hayes et al. 1996), and COMT is the 
phase II enzyme methylating catechol estrogens (Figure 2). 
 
Estrogen stimulates growth of breast and endometrium, and excess receptor-mediated 
proliferation by estrogen is postulated to generate spontaneous replication errors that 
may lead to the progression from normal growth to hyperplasia to neoplasia (Feigelson 
and Henderson 1996; Feigelson et al. 1998). Furthermore, a genotoxic mechanism for 
estrogen carcinogenesis has been proposed (reviewed by Liehr, 2000). Estrogen itself 
does not induce mutations, which has been shown both in bacterial and mammalian 
mutation assays (Lang and Redmann 1979; Drevon et al. 1981). However, catechol 
estrogens are capable of continuous metabolic redox cycling, a process that yields 
reactive semiquinones and quinones (Figure 2). Both animal and cell culture studies 
show the formation of DNA-adducts by these intermediates and 4-hydroxyestradiol 
appears to be most reactive (Liehr et al. 1993; Hayashi et al. 1996). By 32P-postlabeling 
DNA adduct formation was measured in Syrian hamster embryo cells treated with 17ß-
estradiol, 2-hydroxyestradiol (2-OH E2) and 4-hydroxystradiol (4-OH E2). The rank 
order of DNA adduct formation was 4-OH E2>2-OH E2>E2. In addition, both the 
catechol E2-3,4-quinone and E1-3,4-quinone have been shown to bind covalently to 
DNA (Nutter et al. 1991; Cavalieri et al. 1997). DNA damage, protein oxidation and 
lipid peroxidation by free radicals generated by redox cycling of estrogen have also 
been detected (Nutter et al. 1991; Winter and Liehr 1991; Liehr et al. 1993; Nutter et al. 
1994; Wang and Liehr 1995; Wang et al. 1996). Implications for estrogen metabolism 
in hormonal carcinogenesis was postulated already when it was found that the estrogen 
metabolite 4-hydroxyestradiol induced tumors in the hamster kidney as effectively as 
17ß-estradiol itself (Liehr et al. 1986; Li and Li 1987). 
 
The role of catechol metabolites in estrogen related human cancers is controversial. It is 
questioned whether the concentrations of estrogen in the serum or tissue are high 
enough to result in significant amounts of genotoxic metabolites. In addition, the 
estrogen concentrations used in many in vitro assays for the determination of catechol 
estrogen formation and DNA adduct levels exceeds physiological concentrations. 
Estradiol levels in normal serum in adult women range from 40 to 350 pg/ml, which is 
approximately 0.1-1.0 nM. In a recent study (Mobley et al. 1999) varied concentrations 
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of metabolically stable catechol estrogen analogues were used to determine the lowest 
concentration at which DNA damage was induced in calf thymus DNA. They found the 
minimal concentration needed to be approximately 10 µM. A local production of 
estrogen by aromatase in postmenopausal women has been suggested to play a role 
(Jefcoate et al. 2000). It has been shown that estrogen levels are 10-fold to 50-fold 
higher in breast cancer tissue from postmenopausal women than predicted from plasma 
levels (van Landeghem et al. 1985), however, these levels would also be too low to 
induce DNA damage according to the study of Mobley and colleges. 
 
 
 
 
 

 
 
 
 
Figure 2. Estrogen metabolism by CYP1B1 and COMT. 
 
 
 
 

OH

OH OH

OH

OH

OH

OH

2-OH E2

17β-estradiol
(E2)

OH

OH

4-OH E2

semiquinones quinones

OH

OH

O•

OH

OH

O•

O

O

OH

O
O

CYP1A2 3A4 2C9 1B1

CYP1B1

02 02-•

02 02-•

Reactive Metabolites-
Covalent Binding to 

DNA and Protein

OH

OH

OH

OH

2/4 methoxy E2

COMT

OCH3

OCH3

Inactive Metabolites

Oxygen radicals-
DNA damage

OH

OH

OHOH

OH OH

OH

OH

OHOH

OH

OH

OH

2-OH E2

17β-estradiol
(E2)

OHOH

OH

4-OH E2

semiquinones quinones

OH

OH

O•

OH

OH

O•
OH

OH

O•
OH

OH

OHOH

OH

O•

O

O

O

OO

OH

O
O

OH

O
O

OO
O

CYP1A2 3A4 2C9 1B1

CYP1B1

02 02-•02 02-•

02 02-•02 02-•

Reactive Metabolites-
Covalent Binding to 

DNA and Protein

OH

OH

OH

OH

2/4 methoxy E2

COMT

OCH3

OCH3

Inactive Metabolites

Oxygen radicals-
DNA damage



 

 15

Breast cancer 

 
Every year approximately 6500 Swedish women receive a breast cancer diagnosis 
(Cancer Incidence, 2001) (National Board of Health and Welfare:Cancer incidence in 
2001) and despite improved diagnostic methods, better surgery and thorough follow-
ups, breast cancer is still the cancer disease that causes most deaths among women. The 
disease is prevalent in industrialized countries but not as common among women in 
developing countries (Parkin et al. 2001). The geographical differences in incidence 
indicate that environmental exposure by western lifestyle may play an important role in 
breast cancer etiology. Asians moving to the US will double their risk in the first 
decade after migration (Ziegler et al. 1993). Tumors are classified with regard to 
several prognostic characteristics such as histological type, tumor diameter, stage and 
receptor status. The majority of invasive cancers is ductal and accounts for 80-85 
percent of all cases. The second most common type is the lobular carcinoma, 
accounting for 5-10 percent, and this form has been shown to be more hormonally 
dependent than the ductal carcinoma (Newcomer et al. 2003). Several risk factors have 
been identified – ionization radiation and high-penetrance hereditary factors are two 
direct etiological factors that are strongly associated with breast cancer risk, however, 
they explain only a minor part of the cases. Most cancers are sporadic and only about 
seven percent of the general population is predicted to carry inherited mutations in 
breast cancer susceptibility genes (also referred to as high-penetrance genes) such as 
BRCA1, BRCA2 and TP53 (Easton et al. 1993; Claus et al. 1996; Weber 1998). 
 
Several established risk factors are related to hormonal exposure and include menstrual 
and reproductive history, use of exogenous hormones and body size (reviewed by Key, 
2001). Early menarche increases risk while early menopause is protective (Kelsey et al. 
1993; Lipworth 1995; Magnusson et al. 1999). Overall, pregnancy is protective and 
consequently nulliparous women are at higher risk. Full-term pregnancy induces 
terminal differentiation of the breast epithelium (Russo and Russo 1980; Russo et al. 
1994) which is believed to result in less sensitive cells. However, pregnancy has also 
been shown to induce a short-term transient increased risk of breast cancer. The 
augmented growth of the breast epithelium is proposed to stimulate the growth of 
“occult” latent cancer cells (Lambe et al. 1994). Furthermore, the number of children a 
woman gives birth to is essential. Increased parity is protective (Magnusson et al. 1999) 
and every new birth was shown to confer a ten percent decreased risk (Lambe et al. 
1996). It has also become evident that menopausal hormone use affects breast cancer 
risk. In a collaborative reanalysis of available data it was shown that current users of 
hormone replacement therapy or those who ceased use 1-4 years previously, the 
relative risk of having breast cancer diagnosed increased by a factor 1.023 (95 percent 
CI 1.011-1.036) for each year of use, the relative risk was 1.35 (95 percent CI 1.21-
1.49) (Collaborative, 1997). A duration-dependent increased risk of breast cancer 
among Swedish menopausal hormone users has also been found (Magnusson et al. 
1999). Recently a study performed by the Million Women Study Collaborators (Beral 
2003) was published which confirmed previous findings. Moreover, several studies 
have shown that use of combined estrogen and progestin hormone replacement therapy 
is more strongly associated with the risk of invasive lobular carcinoma than that of 
invasive ductal carcinoma (Li et al. 2000; Chen et al. 2002; Newcomb et al. 2002; 
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Newcomer et al. 2003). Interestingly, an increase in the incidence of invasive lobular 
breast carcinoma have been seen in the US during 1987 through 1999, during which 
time the use of combined menopausal hormones increased (Li et al. 2003). Body size at 
different age-periods is proposed to influence risk. Adult obesity has been associated 
with increased risk of postmenopausal breast cancer while a heavy body build in 
childhood was shown to be protective (Magnusson et al. 1998). The association 
between smoking and breast cancer risk has been extensively investigated, and recently 
on a worldwide collaborative basis, all available data were collected and reanalyzed. In 
this study, it was shown that smoking does not increase breast cancer risk (Hamajima et 
al. 2002). Physical activity has been associated with a decreased risk for breast cancer 
(Moradi et al. 2000).  
 
The relative importance of hereditary versus environmental factors in the causation of 
sporadic breast cancer is unknown. Lichtenstein and colleges (Lichtenstein et al. 2000) 
have analyzed twin cohorts from Sweden, Denmark and Finland and estimated the 
genetic component to account for 27 percent (95 percent confidence interval, 4 to 41 
percent) of the breast cancer risk. However, this estimate only considers the hereditary 
component of the total risk and do not reflect the genetic contribution in the individual 
case i.e. it does not rule out the theoretical possibility that genetic causes are involved 
in every case of breast cancer. Furthermore, such a quantitative genetic model does not 
take into account possible interactions between genes and environmental exposures. 
Molecular epidemiological studies investigating common inherited genetic variants in 
association to breast cancer risk are reported with rapidly increasing frequency. Genes 
that have been studied are steroid hormone biosynthesis, steroid hormone metabolism 
and carcinogen metabolism genes, other hormone related genes, and common alleles of 
genes identified through family studies. The field has been extensively reviewed 
(Dunning et al. 1999; Thompson and Ambrosone 2000; Mitrunen and Hirvonen 2003) 
and a list of investigated genes is shown in Table 4.  
 
 
Endometrial cancer 

 
The wall of the uterus consists of two layers; the inner lining is termed endometrium 
and the outer muscle layer myometrium. The most frequent cancer of the uterus is 
endometrial and it is classified into several histological types. Tumors associated with 
endometrial hyperplasia, an abnormal increase in number of epithelial cells, leading to 
heavy bleedings, account for about 80 percent of all endometrial cancers and are termed 
endometroid adenocarcinoma. Other tumor types, termed non-endometroid, are not 
associated with hyperplasia. Endometrial cancer occurs predominantly among 
postmenopausal women and is the most frequent gynecologic malignancy. Inherited 
forms of endometrial cancer also exist but arise most commonly among young women 
(<50 years). A family history of heriditary non-polyposis colorectal cancer (HNPCC), 
in which a number of germline mutations of the mismatch repair genes MSH2 and 
MLH1 have been demonstrated (Nystrom-Lahti et al. 1994), is associated with 
endometrial cancer risk. 
 



 

 17

Over the years, it has become clear that estrogen unopposed by progestins is the main 
factor influencing endometrial cancer risk. The theory known as the unopposed 
estrogen hypothesis originated from the observation that proliferation of the 
endometrium during the menstrual cycle is increased during the follicular phase when 
progestins are low and estrogen levels still are normal (Ferenczy et al. 1979; Key and 
Pike 1988). Another important observation was that the increased use of menopausal 
estrogen treatment coincided with the increased incidence of endometrial cancer among 
postmenopausal women during the 1970s in the US (Austin and Roe 1979; Austin and 
Roe 1982). Progestins are believed to act by down regulating the estrogen receptors 
(ER), and in that way interfere with transcription of ER-mediated genes (Graham and 
Clarke 1997). 
 
 
 
Table 4.  
 
Polymorphic genes investigated in relation to breast cancer 
 
    
 Steroid hormone biosynthesis   
  CYP17  
  CYP19  
  17ß-HSD  
    
 Steroid hormone metabolism   
  CYP1A1  
  CYP1B1a  
  COMTa  
    
 Xenobiotic metabolism   
  CYP2E1  
  CYP2D6  
  GSTM1  
  GSTM3  
  GSTP1  
  GSTT1  
  NAT1  
  NAT2  
 Other genes   
  MnSOD  
  ER  
  PR  
  BRCA1  
  TNFa  
  TP53  
    
a Genes investigated in this thesis. 
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The majority of factors known to influence endometrial cancer risk are related to 
reproductive hormones, in particular estrogens. Epidemiological data show that early 
menarche, late age at menopause and nulliparity are associated with increased risk 
(reviewed by Purdie and Green, 2001). In addition, the use of only estrogen as 
menopausal hormone therapy has consistently been associated with endometrial cancer 
risk (Hulka et al. 1980; Paganini-Hill et al. 1989; Persson et al. 1989; Weiderpass et al. 
1999). A summary relative risk of 2.3 (95 percent confidence interval 2.1-2.5) among 
ever users of estrogen compared with never-users was found in a meta-analysis which 
combined both case-control and cohort studies (Grady et al. 1995). Duration of 
treatment was also shown to be important, in the same meta-analysis the relative risk 
for more than 10 years of use was 9.5 (95 percent confidence interval 7.4-12.3). 
Weiderpass and colleges (Weiderpass et al. 1999) found an increased risk of 
endometrial cancer among Swedish women after two years use of medium potency 
estrogens without progestins. The risk was reduced among users of combined regimens, 
especially after addition of progestins continuously. An increased risk among users of 
low potency estrogens after five years of use was also found among Swedish women 
(Weiderpass et al. 1999). Adult obesity has been associated with endometrial cancer 
risk; in postmenopausal women excess weight has been shown to increase the pool of 
total and bioavailable estradiol (Kaaks et al. 2002). A body mass index (BMI) 
dependent increase of endometrial cancer risk, with a threshold effect above a recent 
BMI of 28 kg/m2 among postmenopausal women has been reported (Weiderpass et al. 
2000). The protective effect of smoking on endometrial cancer risk (Weiderpass and 
Baron 2001; Terry et al. 2002) has been postulated to involve an antiestrogenic 
mechanism, whereby estrogen metabolism in the liver may be induced. Indeed, tobacco 
smoke related compounds such as B(a)P have been shown to induce enzymes such as 
CYP1A1 involved in estrogen degradation in human endometrial cells (Bao et al. 2002) 
and in human liver (Michnovicz et al. 1986). Combined oral contraceptives (COCs) 
and physical activity are also associated with a decreased risk for endometrial cancer 
(Weiderpass et al. 1999; Moradi et al. 2000). The continuous addition of progestins 
during three out of four weeks during the menstrual cycle is believed to be responsible 
for the beneficial effect of COCs. Physical activity is postulated to affect body size and 
sex hormone levels (Friedenreich and Orenstein 2002). 
 
 
CYTOCHROME P450s IN RELATION TO CANCER 

 
Compounds referred to as procarcinogens are not reactive outside the body; however, 
in the course of biotransformation they become metabolically activated by CYPs. The 
presence of specific CYPs in specific tissues has been proposed to be important in the 
development of cancer. CYPs are transcriptionally regulated via environmental 
pollutants, certain drugs and components in the diet. Exposure to such compounds 
affects the individual level and pattern of CYP expression in target tissues, which may 
be one explanation to the interindividual differences in cancer susceptibility. For 
instance, smokers may possess higher levels of CYP1A1 in the lung since it is induced 
by tobacco related compounds. Interindividual differences in cancer susceptibility may 
also be determined by gene polymorphism. Several of the CYP genes encoding 
enzymes involved in xenobiotic metabolism, as well as steroid hormone biosynthesis 



 

 19

and metabolism, have been shown to contain various single nucleotide polymorphisms 
(SNPs). These are located either in regulatory regions or in the coding regions, and may 
influence gene regulation or catalytic activity of the enzyme.  
 
The first published description of an occupational cancer was the scrotum cancer 
among chimney sweeps in London in 1775. Skin cancer was also reported in the 1880s 
among workers in coal tar plants in Germany and England. The association between 
these cancers and the exposure to soot or coal tar was evident and in order to identify 
the cancer causing component a tremendous amount of research using animal studies 
and organic chemistry started. In 1933, a polycyclic aromatic hydrocarbon (PAH) was 
discovered which induced tumors in mice. The component, was termed benzo(a)pyrene 
(B(a)P) and was later shown to be the most important carcinogen in coal tar and soot.  
 
The process of transforming a normal cell into a cancerous cell known as 
carcinogenesis involves several steps. In chemical carcinogenesis a reactive molecule 
initiate the process by binding covalently to DNA. During DNA replication, this 
promutagenic lesion will either be removed by the DNA repair system or fixed as a 
permanent alteration of the DNA sequence. DNA adducts formed by reactive 
intermediates of procarcinogens, such as PAHs and heterocyclic amines, have been 
identified (Koreeda et al. 1978; Ashurst and Cohen 1982; Ashurst et al. 1983; 
Snyderwine et al. 1994; Schut et al. 1997). PAH intermediates show a strong 
preference for reaction with purine residues in the DNA, particularly guanosine. A 
common mutation resulting from such adduct is the G? T transversion, which has been 
detected both by the lacI mutation assay (Eisenstadt et al. 1982), and exposed Chinese 
hamster ovary cells (Mazur and Glickman 1988) as well as in tumors from B(a)P 
treated mice (Ruggeri et al. 1993).  
 
 
CYP1A1 

 
CYP1A1 has been proposed to play a role in chemical carcinogenesis. The enzyme has 
been shown to activate B(a)P to reactive intermediates (Schmalix et al. 1993) that form 
DNA adducts (Stowers and Anderson 1984; Stowers and Anderson 1985). As 
mentioned, the CYP1A1 gene is also inducible by the same group of compounds, 
which are found in tobacco smoke. Indeed an induced CYP1A1 level has been shown 
in the lungs of smokers (Jacquet et al. 1996; Anttila et al. 2001; Smith et al. 2001).  
 
In addition, CYP1A1 gene polymorphism in relation to lung cancer risk has been 
extensively investigated, however, the data are inconsistent (reviewed by Bartsch, 
2000). Several CYP1A1 alleles have been reported. The alleles CYP1A1*2B and 
CYP1A1*2C, originally described by Hayashi (Hayashi et al. 1991), 
(http://www.imm.ki.se/CYPalleles/cyp1a1.htm) contains a point mutation in exon 
seven which causes a Ile462 ?  Val amino acid substitution. Additionally, the 
CYP1A1*2B contains a point mutation in the 3’-flanking region, generally referred to 
as the MspI. Several investigators report no associations between these alleles and lung 
cancer among Caucasians (Tefre et al. 1991; Hirvonen et al. 1992; Alexandrie et al. 
1994; Drakoulis et al. 1994), however, evidence for an overrepresentation among lung 
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cancer cases in Japan has been provided (Kawajiri et al. 1990). Persson and colleges 
(Persson et al. 1997) performed functional analysis of the two CYP1A1*2C allelic 
variants, but found no kinetic differences. A role for CYP1A1 in urinary tract cancer 
has also been evaluated. No associations between polymorphisms and risk was found 
(Katoh et al. 1995; Brockmoller et al. 1996), however, CYP1A1 expression, as 
determined by immunohistochemistry, correlated with the grade of urinary bladder 
tumor (Murray et al. 1995). Several studies have also been performed on CYP1A1 in 
association to head and neck cancer and esophagus cancer (reviewed by Bartsch, 2000). 
Basham and colleges (Basham et al. 2001) reported a relatively large association study 
on CYP1A1 polymorphisms in relation to breast cancer. They found no evidence for an 
effect of CYP1A1 genotype on breast cancer risk; neither did they find any effect 
among smokers. 
 
 
CYP1B1 

 
CYP1B1 metabolizes estrogens and procarcinogens and has been proposed to be 
involved in the etiology of hormonal cancers as well as head-neck, lung and colon 
cancers. Molecular epidemiological studies performed on CYP1B1 SNPs / alleles and 
cancer risk are summarized in Table 5. Most studies have investigated the CYP1B1*3 
allele, which has been proposed to possess an altered activity or lower stability 
(Shimada et al. 1999; Shimada et al. 2001; Bendiera and Friedberg 2003). Also the 
SNP m2 is suggested by two groups to be important, however, functional data on m2 
provide no evidence for altered enzyme kinetics (McLellan et al. 2000). Three groups 
have investigated CYP1B1 genotype in association with breast cancer risk among 
Caucasians. Two groups (Bailey et al. 1998; De Vivo et al. 2002) demonstrated no 
overall association while Kocabas and colleges (Kocabas et al. 2002) reported the 
CYP1B1*3 allele to be significantly associated with breast cancer risk in a study on 84 
cases and 103 controls. Associations between receptor status and CYP1B1 genotype 
were reported by both groups of Bailey and De Vivo. Results provided from studies on 
breast cancer risk among Asians are also inconsistent. Among Koreans no association 
was found, while a negative association between CYP1B1*3 allele and breast cancer 
risk was detected among Chinese, and a positive association between the SNP m2 and 
breast cancer risk among Japanese. Two studies on prostate cancer showed conflicting 
results. In general, these studies are small which may explain contradictory results. 
Moreover, allele distribution among ethnic groups differ, for instance CYP1B1*3 allele 
are found in approximately 18 percent among Japanese (Inoue et al. 2000; Watanabe et 
al. 2000; Tanaka et al. 2002) compared to 44 percent among Caucasians. One study that 
did not consider smoking, investigated CYP1B1 expression in association with lung 
cancer (Willey et al. 1997). They showed CYP1B1 mRNA to be expressed at higher 
levels in bronchial epithelial cells of smokers compared with nonsmokers, however, 
this was not confirmed by Spivack and colleges, who showed no differences in 
CYP1B1 expression among smokers and non-smokers (Spivack et al. 2001). In a small 
study on a Japanese population a positive association between CYP1B1*3/*3 genotype 
and endometrial cancer risk was recently shown. To summarize, so far no firm 
conclusions can be drawn from previous studies about any association between 
CYP1B1 genotype and cancer risk  
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Table 5. Studies on the association between CYP1B1 genotypes and different cancers. 
Cancer 
 

Allele(s)/SNPs Population 
(cases/controls) 

Association Reference  

Breast  *3  Caucasians – 
Turkish (84/103) 

Positive overall  and 
among women with 
BMI>24kg/m2 for 
*3/*3 genotype  

 

(Kocabas et 
al. 2002) 
 

 

Breast  *3 and *4 Caucasians - Nurses 
Health study 
(453/456) 

No overall but *3/*3 
genotype positively  
associated with ER 
positive tumors 
 

(De Vivo et 
al. 2002) 

 

Breast  *3 and *4 Caucasians 
(164/164) 
African-American 
(59/59) 

No overall but *3/*3 
genotype positively 
associated with 
ER/PR pos tumors 
 

(Bailey et 
al. 1998) 

 

Breast  *3 Korean (389/346) No  (Lee et al. 
2003) 
 

 

Breast  *3 and m2 Japanese (m2: 
339/361) 
(*3: 336/324)  
 

Positive overall for 
m2/m1 genotype 
 

(Watanabe 
et al. 2000) 

 

Breast  *3 Shanghai (186/200) Negative overall for 
*3/*3 genotype 
 

(Zheng et 
al. 2000) 

 

Endometrial *3 and m2 Japanese (113/202) Positive overall for 
*3/*3 and m2/m2 
genotype 
 

(Sasaki et 
al. 2003) 

 

Ovarian  *1 
*3 

Hawaiian mix of 
Caucasian, Asian 
and ”other” 
(129/144) 
 

Positive overall for 
*3/*3 genotype 

(Goodman 
et al. 2001) 

 

Prostate  *3 Caucasians (50/50) 
 

Positive overall for 
*3/*3 genotype 
 

(Tang et al. 
2000) 

 

Prostate *3 and m2 Japanese (117/200) Positive overall for 
m2/m1 and m2/m2 
genotypes 
 

(Tanaka et 
al. 2002) 

 

Head-neck *3 German (312/300) Negative overall for 
*3/*3 genotype and 
among smokers 
 

(Ko et al. 
2001) 

 

Lung m2 and *3 Japanese (326/361) No overall but m2/m2 
genotype positively 
associated with 
squamous cell 
carcinoma 
 

(Watanabe 
et al. 2000) 

 

Colon *3 German (187/101) Positive overall for 
*3/*3 genotype 

(Fritsche et 
al. 1999) 
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CYP1B1, which is overexpressed in tumors (Murray et al. 1997), has been proposed to 
decrease the sensitivity of the cytotoxic effects of anti-cancer drugs through 
metabolism (McFadyen et al. 2001; Rochat et al. 2001). On the contrary, CYP1B1 has 
also been shown to convert resveratrol into the antileukaemic agent piceatannol (Potter 
et al. 2002). A recent study has investigated CYP1B1 as a target in cancer 
immunotherapeutics and identified an epitope capable of inducing specific cytotoxic T 
lymphocytes (Maecker et al. 2003). 
 
 
CYP2 family  

 
Procarcinogens such as tobacco-smoke related nitrosamines and food mutagens are 
metabolically activated by CYP2 family members (CYP2A6, CYP2D6 and CYP2E1) 
(McManus et al. 1989; Crespi et al. 1991; Yun et al. 1991; Yamazaki et al. 1992; 
Gonzalez and Gelboin 1994). Genetic polymorphisms of these genes in relation to 
particularly lung cancer but also to esophagus, bladder and colon cancer have been 
investigated (reviewed by Kaminsky and Spivack, 1999) (Kamataki et al. 1999; 
Laforest et al. 2000; Tan et al. 2001; Nowell et al. 2002, Choi et al. 2003). 
 
A panel of CYPs activates the prodrugs cyclophosphamide and ifosfamide. CYP2B6 
has been identified as the major cyclophosphamide 4-hydroxylase (Roy et al. 1999) and 
is a candidate in a CYP based gene-directed enzyme prodrug therapy under 
development. The enzyme is delivered to the target through a retroviral vector and 
preclinical studies show that this technique is safe and efficacious (Kan et al. 2001; Kan 
et al. 2002). Furthermore, the antiestrogenic drug tamoxifen, which is used in breast 
cancer treatment, is metabolized by CYP2B6, CYP2D6 and CYP3A4. Some of the 
metabolites have been shown to bind covalently to DNA (Styles et al. 1994; Dehal and 
Kupfer 1997; Dehal and Kupfer 1999; Boocock et al. 2002; Sridar et al. 2002). 
 
 
CYP17 and CYP19 

 
CYP17 and CYP19 are involved in steroid hormone biosynthesis and polymorphisms 
in the corresponding genes have been studied in association to breast cancer risk. 
CYP17 performs both 17a-hydroxylation and 17,20-lyase activities, and CYP19 
(aromatase) converts C-19 androgens to C-18 estrogens. The 5’-untranslated region of 
CYP17 contains a SNP that creates an additional Sp-1 type promoter site. This variant 
is referred to as A2. The polymorphism has been proposed to result in enhanced 
promoter activity followed by increased hormone levels. Serum estrogen and 
progesterone levels have been found higher in premenopausal women homozygous for 
the variant allele (Feigelson et al. 1998). However, in vitro data could not show binding 
of the transcription factor Sp-1 to the site (Nedelcheva Kristensen et al. 1999). Reported 
data on the relation between CYP17 and breast cancer risk are contradictory. Several 
studies report no associations (Dunning et al. 1998; Helzlsouer et al. 1998; Weston et 
al. 1998; Huang et al. 1999; Kuligina et al. 2000), other show the high risk allele A2 to 
be significantly associated with advanced breast cancer (Feigelson et al. 1997), early-
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onset breast cancer (Bergman-Jungestrom et al. 1999; Spurdle et al. 2000) or 
postmenopausal breast cancer (Miyoshi et al. 2000). 
 
In the gene of CYP19 a tetranucleotide repeat [TTTA]n resulting in seven different 
alleles with 7-13 repeats have been found in intron 5. The repeat is located near the 
boarder to exon 4 and postulated to play a role in the determination of splicing sites. 
Furthermore, a deletion upstream of the repeat has been shown to be in strong 
disequilibrium with the [TTTA]7 allele. In Caucasians the most common alleles are 
[TTTA]7 + TCT deletion and [TTTA]11, both with allele frequencies around 30 percent. 
The [TTTA]7 allele and the [TTTA]8 allele are found in approximately 10-15 percent, 
respectively and the rest of the alleles are rare with frequencies on 1-2 percent 
(Kristensen et al. 1998; Siegelmann-Danieli and Buetow 1999; Healey et al. 2000). 
Again, data from association studies on the relation between these repeats and breast 
cancer risk are generally inconsistent. Significantly increased breast cancer risk have 
been shown for carriers with 7 repeats (Siegelmann-Danieli and Buetow 1999), 8 
repeats (Baxter et al. 2001), 10 repeats (Haiman et al. 2000; Baxter et al. 2001) and 12 
repeats (Kristensen et al. 1998). Dunning and colleges recently combined data of 
individual studies in a meta-analysis and showed association between 10 repeats and 
breast cancer risk (Dunning et al. 1999).  
 
 
CATECHOL-O-METHYLTRANSFERASE 

 
The phase II enzyme COMT inactivates catechol estrogens through methylation 
(Figure 2). A single gene on chromosome 22 codes for two enzymes, the membrane 
bound form (M-COMT), which contains additionally 50 amino acids encompassing a 
hydrophobic anchor, and the soluble form (S-COMT). COMT has been found in 
practically all tissues investigated, with highest levels in the liver, kidney and 
gastrointestinal tract. COMT expression in the breast have been shown biochemically 
and by immunohistochemistry (Hoffman et al. 1979; Amin et al. 1983). Recently 
nuclear focal distribution of COMT was shown in both normal and tumor breast tissue, 
indicating that the enzyme may be induced in reponse to an excess catechol load and 
consequently does not serve a housekeeping function (Weisz et al. 2000). 
 
A G? A transition in COMT, exchanging valine to methionine at codon 108/158 in the 
membrane-bound/soluble protein, results in an enzyme with nearly fourfold decreased 
enzyme activity (Lachman et al. 1996). Low COMT activity is associated with enzyme 
thermolability (Scanlon et al. 1979) and among Caucasians 25 percent are homozygous 
for the low activity allele (Syvanen et al. 1997; McLeod et al. 1998). Molecular 
epidemiological studies have investigated this polymorphism in association with breast 
cancer risk among both premenopausal and postmenopausal women. Subgroups have 
been defined by factors such as menopausal status, body mass index, stage of disease, 
micronutrients in the folate metabolic pathway and physical activity. Generally, these 
data are conflicting (Table 6).  
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Table 6. Studies on the association between COMT genotypes and breast cancer risk. 
Population  Cases/ 

controls 
Association Reference 

    
Finnish  
premenopausal  
 
postmenopausal 

 
164/201 
 
319/278 

 
No overall but HL+LL genotype negatively 
associated with advanced stage of disease  
No overall but LL genotype negatively 
associated with local disease  
Negative for women with BMI=25 carrying 
LL genotype  

(Mitrunen 
et al. 2001) 

    
Swedish  
premenopausal 

 
126/117 

 
No overall 

(Bergman-
Jungestrom 
and 
Wingren 
2001) 

    
American-Caucasian  
premenopausal 
 
postmenopausal 

 
141/134 
 
140/155 

 
Positive overall and for women with 
BMI>27 for HL+LL genotype  
Negative overall and for women with 
BMI=23 for HL+LL genotype 

(Thompson 
et al. 1998) 

    
American-Caucasian  
premenopausal 
postmenopausal 

 
24/25 
89/89 

 
No overall  
No overall but positive for women with 
BMI>24.5 for LL genotype 

(Lavigne et 
al. 1997) 

    
American-Caucasian  
premenopausal  + 
postmenopausal 

 
112/113 

 
Positive for women with = median levels of 
folate or > median levels of homocysteine 
for LL genotype 

(Goodman 
et al. 2001) 

    
American-Whites + 
African-American 

  (Millikan 
et al. 1998) 

premenopausal 331/297 No overall but negative among women 
physically inactive for LL genotype 

 

postmenopausal 323/344 No overall but negative among women 
physically inactive for LL genotype 

 

    
Japanese  
 premenopausal 
postmenopausal 

 
82/78 
68/87 

 
No overall  
No overall 

(Hamajima 
et al. 2001) 

    
Korean   (Yim et al. 

2001) 
premenopausal 91/91 Positive overall for HL but negative overall 

for LL genotype 
 

postmenopausal 72/72 Positive overall for HL but negative overall 
for LL genotype 

 

Taiwanese  
premenopausal 
postmenopausal 

 
48/52 
65/72 

 
No overall  
Positive overall for LL genotype 

(Huang et 
al. 1999) 

HL genotype = heterozygous for the low activity COMT allele 
LL genotype = homozygous for the low activity COMT allele 
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AIMS 
 
 
Cytochrome P450 enzymes may influence hormone metabolism and xenobiotic toxicity 
in other tissues than the liver. The main objective of this thesis has been to study the 
presence of these enzymes in extrahepatic tissues and to investigate possible effects that 
genetic polymorphisms in genes encoding these enzymes may have on cancer 
susceptibility in breast and endometrium. 
 
 
The specific aims were: 
 
• To investigate the level and expression pattern of cytochrome P450 in the normal 

human breast.  
 
• To study association between genetic polymorphisms in estrogen metabolism 

genes and breast cancer risk. 
 
• To study association between genetic polymorphisms in estrogen metabolism 

genes and endometrial cancer risk. 
 
• To identify and characterize novel extrahepatic cytochrome P450 enzymes. 
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COMMENTS ON METHODOLOGY 
 
 
P450 PURIFICATION 

 
In tissues such as liver, the CYP content can easily be detected and quantified from the 
CO-difference spectra of reduced CYPs in microsomes. In tissues where P450 levels 
are low, this is difficult since high amounts of other chromophores present in the tissue 
may disturb the spectra. In order to detect and quantify the low level of CYPs in the 
breast we isolated the P450 from a total membrane preparation. By using detergents to 
remove the CYPs from the membranes and partial purification by chromatography on 
p-chloroamphetamine-coupled Sepharose, CYPs could be quantitated by its reduced 
CO difference spectrum. This method has previously been shown to give high and 
accurate yields of P450 from brain (Sundin et al. 1987; Warner et al. 1988). 
 
 
MOLECULAR EPIDEMIOLOGY 

 
Studies conducted on polymorphic estrogen metabolism genes and breast cancer risk 
have yielded contrasting results and it is evident that large sample sizes are needed to 
be able to draw firm conclusions on possible roles for low-penetrance genetic variants 
in the etiology of sporadic breast cancer. In order to effectively genotype a large 
amount of DNA samples high throughput techniques are required. We used two 
methods that were considered high-throughput at the time when we set them up, 
however, today the speed with which genotyping is performed has increased 
tremendously. When studying genetic polymorphisms in association with cancer risk 
based on previous functional characterization of the different allelic variants, it is of 
importance to define the haplotypes present in the population. Aklillu and colleges 
(Aklillu et al. 2002) have developed a PCR method for molecular haplotyping of 
CYP1B1 alleles. However, due to cost and time consumption, we did not perform 
molecular haplotyping but reconstructed haplotypes through the EM-algorithm. Today 
high throughput molecular haplotyping methods are available (Tost et al. 2002). 
 
It is desirable to use one single method when genotyping a material to avoid differences 
in error rates. We used two genotyping methods; fluorescent solid-phase 
minisequencing based on a multiplex PCR and dynamic allele specific hybridization 
(DASH). The multiplex PCR turned out to be sensitive to DNA quality and in order to 
include suboptimal DNA samples we switched to the DASH technique, which is not 
dependent on a multiplex PCR. Results from the two methods were compared and the 
genotypes obtained were identical. Both these methods have been thoroughly validated 
and are considered highly accurate (Syvanen 1999; Prince et al. 2001). 
 
For more details on subjects, materials and methods used in this work see paper I-V. 
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RESULTS  
 
 
EXPRESSION, LOCALISATION AND ACTIVITY OF CYTOCHROME 

P450s IN HUMAN BREAST (PAPER I) 

 
We quantified levels of total P450 in the human breast spectrally after partial 
purification by chromatography. Furthermore, we investigated both mRNA and protein 
expression of CYPs in human breast. We used Western blot to detect CYP proteins in 
breast tissue obtained from reduction mammaplasties. All antibodies used were 
checked for their specificity and cross-reactivity against other P450s by using 
heterologously expressed CYPs. By using the CYP2A6 specific coumarin 7-
hydroxylase assay, we also measured catalytic activity in breast microsomes. 
 
Levels of P450 in the human breast varied between 0.5 and 7.8 pmol per gram of tissue.  
By RT-PCR CYP 1B1, 2C, 2D6, 2E1, 4A and 19 mRNA were shown to be expressed 
in almost all of the 15 breast samples investigated. There were correlation between 
mRNA and protein for CYP 2D6, 2E1, 4A and 19. Unfortunately we were unable to 
obtain a good antibody for CYP1B1 and could not identify the CYP1B1 protein, 
however, other investigators have identified the protein by immunoblotting of the 
microsomal fraction of cultured breast epithelial and stromal cells (Eltom et al. 1998; 
Larsen et al. 1998). The CYP2C antibody used did not recognize any protein of the 
correct size in the breast samples. CYP 1A1, 2A6, 2B6 and 3A mRNA were variably 
expressed in the breast samples and correlation with protein was observed for CYP1A1 
and CYP2A6. CYP2B6 protein was only detected in one sample and the CYP3A4 
antibody could not detect any protein in the breast samples. The lack of correlation 
between mRNA and protein may be indicative of posttranscriptional regulation or 
reflect differences in sensitivity between RT-PCR and Western blot analysis. CYP2A6-
specific 7-hydroxylation of coumarin, measured in four breast samples, varied between 
1.6 and 4 pmol/mg·min. In human liver microsomes the catalytic activity was 
approximately 24 nmol/mg·min. This yields a CYP2A6 activity in the breast of 0.01 
percent of that in the liver. 
 
We were not able to assess the amount of fat versus epithelium in the reduction 
mammaplasty samples, which mostly were composed of fat. We analysed one 
epithelium-enriched sample and four ductal carcinoma samples in parallel with the 
reduction samples, in order to address the question whether the P450 pattern in 
reduction samples reflected the overall P450 pattern in breast. We concluded that all of 
the CYPs studied, except CYP4A11, were expressed in the reduction samples, tumors 
and normal epithelium, which indicates that CYP4A11 may be localised in the fat. 
However, in order to establish localisation of CYPs in the breast 
immunohistochemistry is the method of choice.  
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ASSOCIATION BETWEEN POLYMORPHISMS IN ESTROGEN 

METBOLISM GENES AND BREAST CANCER (PAPER II, IV) 

 
In a large population based case-control study on postmenopausal Swedish women, we 
investigated the association between CYP1B1 (paper II) and COMT (paper IV) 
genotypes and breast cancer risk. Approximately 1 500 cases and 1 500 controls were 
genotyped for the CYP1B1 SNPs m2, m3 and m4 (Table 3), and the COMT Val/Met 
polymorphism. We performed stratified analyses in order to study gene-environment 
interactions with the a priori hypothesis that an affect of genotype would be more 
pronounced among those highly exposed to female sex hormones, i.e. long-term users 
of menopausal hormones. In order to increase the power in subgroup analyses, long-
term users were over-sampled. 
 
From genotype data, we reconstructed CYP1B1 haplotypes by using the Expectation-
Maximization (EM) algorithm (Dempster et al. 1977). The frequencies of CYP1B1*1, 
CYP1B1*2, CYP1B1*3 and CYP1B1*4 alleles among controls were estimated to be 
0.087, 0.293, 0.444 and 0.175 respectively. We concluded that very few haplotypes 
contained combinations of SNPs at two or three loci and that the genotype data 
represented haplotypes. CYP1B1 allele frequencies among Caucasians differed from 
allele frequencies among Ethiopians, in particular CYP1B1*4, which was found only in 
two percent among Ethiopians (Aklillu et al. 2002) compared to 17.5 percent among 
Caucasians. ORs and 95 percent confidence intervals were calculated from logistic 
regression models. We found no overall association between any of the studied 
CYP1B1 genotypes and breast cancer risk. Furthermore, we found no association 
between COMT genotype and breast cancer risk in overall analysis. 
 
Stratified analyses indicated an association between CYP1B1 genotype and breast 
cancer risk among users of menopausal hormones. Women homozygous for the 
CYP1B1*3 allele who had taken menopausal hormones for four years or longer were at 
increased risk for developing breast cancer, OR 2.0 (95 percent CI 1.1-3.5) compared to 
long-term users who did not carry this allele. P for interaction was 0.07. However, we 
found no evidence for an association between COMT genotype and breast cancer risk 
among menopausal hormone users. The low activity COMT allele appeared associated 
with an increased risk for lobular breast cancer. ORs were for heterozygous for the low 
activity allele 2.0 (95 percent CI 1.2-3.5) and for homozygous for the low activity allele 
1.7 (95 percent CI 0.9-3.0), compared to women with lobular cancer without the low 
activity COMT allele. 
 
In secondary analyses, we explored possible effects of CYP1B1 and COMT genotype 
on breast cancer risk in subgroups defined by other important risk factors, such as 
family history, body mass index and diabetes mellitus. We also explored whether there 
was any gene-gene interaction between CYP1B1 and COMT. Generally, no clear dose-
response relations were found, however, data indicated that COMT genotype was 
associated breast cancer risk among women with diabetes mellitus. 
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ASSOCIATION BETWEEN POLYMORPHISMS IN ONE ESTROGEN 

METBOLISM GENE AND ENDOMETRIAL CANCER (PAPER III) 

 
We also investigated whether CYP1B1 genotype had any effect on endometrial cancer 
risk among Swedish postmenopausal women. We genotyped 689 endometrial cancer 
cases and 1 549 controls. To the group of endometrial cancer free controls, women 
selected for the breast cancer study who fulfilled the inclusion criteria were also added. 
As in paper II and IV, we defined haplotypes. As expected, CYP1B1 allele frequencies 
among endometrial cancer free controls were similar to allele frequencies among breast 
cancer free controls. We calculated ORs and 95 percent confidence intervals from 
logistic regression models to measure the effect of CYP1B1 genotype on endometrial 
cancer risk, overall and in stratified analyses by primarily menopausal estrogen use. 
Subgroups were defined by type of regimen – use of only low-potency estrogens and 
only medium-potency estrogens, respectively, and by duration of use - 0, < 5 years and 
= 5 years for low potency estrogens and 0, < 2 years and = 2 years for medium potency 
estrogens. Furthermore, we explored whether CYP1B1 genotype had any effect among 
obese women, smokers and those taking combined oral contraceptives. In addition, we 
investigated a possible gene-gene interaction between CYP1B1 and COMT. We found 
no evidence for an association between CYP1B1 genotype and endometrial cancer risk, 
neither in the overall analyses nor in stratified analyses. 
 
 
IDENTIFICATION AND CHARACTERIZATION OF A NOVEL 

EXTRAHEPATIC CYP ISOFORM (PAPER V) 

 
The genes of subfamily CYP2A, CYP2B and CYP2F forms a cluster located on 
chromosome 19 (Hoffman et al. 1995). Through homology searches with these CYP 
sequences against ESTs and genomic sequences found in the dbEST database and the 
high throughput genomic sequences (htgs) database, respectively, we identified a novel 
CYP gene. We amplified the entire coding region from a reverse transcribed human 
liver mRNA using a nested PCR method. Based on amino acid sequence homology the 
novel CYP was designated CYP2S1 by the P450 nomenclature committee (Nelson et 
al. 1996). The corresponding gene identified in the htgs database was more than 13 kb 
long and had the typical CYP2 family gene structure of nine exons. The open reading 
frame was 1515 nucleotides long and the 3’-untranslated region 730 nucleotides. The 
deduced amino acid sequence comprised 504 amino acids with a derived molecular 
mass of 55.8 kD. Furthermore, the amino acid sequence contained the typical structural 
CYP characteristics; the conserved cystein, the proline rich region and the N-terminal 
hydrophobic stretch (Negishi et al. 1996). CYP2S1 showed 48.6, 48.3 and 47.2 percent 
identity with CYP2B6, CYP2A6/CYP2A13 and CYP2F1, respectively. The other 
subfamilies in family 2 (2C, 2D, 2E and 2J) exhibited 38-45 percent identity.  
 
CYP2S1 mRNA was found by dot-blot analysis at relatively high levels in trachea and 
lung. Moreover, stomach, small intestine and spleen showed high levels compared to 
liver. Northern blot analysis confirmed high expression in lung, small intestine and 
spleen. It also showed the presence of one single transcript of approximately 2.4 kb. 
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For Western blot analysis an antiserum produced in rabbits by injecting a peptide, 
corresponding to the C-terminus of the enzyme, was used. In human lung, we detected 
a protein with the same mobility as recombinant CYP2S1. No signals were shown 
when the same blot was probed with preimmune serum. By subcellular fractionation of 
lung homogenates followed by Western blot, the CYP2S1 immunoreactive protein co-
migrated with the endoplasmic reticulum marker ERp29, indicating localisation in the 
endoplasmic reticulum. Intracellular localisation of CYP2S1 was further studied by 
immunocytochemistry of recombinant CYP2S1 in the mammalian cell line H2.35. 
These data also indicated localisation of CYP2S1 in the endoplasmic reticulum. 
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DISCUSSION 
 
 
CYTOCHROME P450s IN HUMAN BREAST  

Regulation of CYPs occurs at several levels in the cell; transcriptional initiation, 
mRNA stabilisation, protein stabilisation and inhibition of protein degradation, thus 
mRNA expression does not always represent protein expression. When these studies 
were initiated mRNA of CYP 1A1, 1B1, 2C, 3A and 2D6 had been detected in the 
human breast (Huang et al. 1996), however, it was not known whether these transcripts 
were translated into proteins. We investigated both mRNA and protein expression of 
CYPs in human breast and lung and found isozymes potentially important in cell 
specific toxicity or xenobiotic metabolism. In addition, enzymes involved in 
metabolism or biosynthesis of estrogen were detected in the breast. Levels of P450 in 
the breast among investigated individuals varied, the women with the highest levels had 
approximately 15 times more compared with the women with the lowest levels. With 
the information on age, smoking and hormone use, we investigated a possible 
relationship between P450 levels and these factors. There was no evident correlation, 
however, it was difficult to draw any conclusions based on 15 individuals. Moreover, 
we emphasized the question whether CYPs in the breast are catalytically active by 
showing that CYP2A6 7-hydroxylated coumarin.  
 
 
TISSUE SENSITIVITY TO HORMONES AND DRUGS  

Estrogen is involved in regulation of reproductive functions and a key component in the 
etiology of breast cancer. Sensitivity of the breast or endometrium to estrogen is 
determined by the presence of estrogen receptors and receptor-active ligands. Ligand 
availability is determined by the equilibrium between systemic estrogen levels, local 
estrogen biosynthesis and metabolism.  
 
Estrogen action on the endometrium during the menstrual cycle is regulated partially on 
the receptor level. Throughout the follicular phase, estrogen stimulates proliferation of 
the endometrium, while during the luteal phase, arrest of estrogen action is essential for 
differentiation of the secretory epithelium. Estrogen levels are relatively high also 
during the luteal phase and estrogen action is controlled by down-regulation of estrogen 
receptors by progesterone. On the contrary, estrogen up-regulates progesterone 
receptors in the breast and endometrium. This was shown by the increased levels of 
progesterone receptors in the breast and uterus of treated ovariectomized virgin and 
pregnant rats. However, the breast of lactating rats and mice were shown to be 
insensitive to estrogen. 17ß-estradiol did not stimulate production of progesterone 
receptors despite the presence of estrogen receptors (Mohla et al. 1981; Shyamala and 
Ferenczy 1982). The inability of the lactating breast to respond to estrogen appears to 
reside in the lactating tissue itself and does not seem to be related to the hormonal 
milieu of lactation. A possible explanation for this estrogen insensitivity could be 
inactivation of estrogen through metabolism. CYP1A1 that metabolises estrogen, has 
been shown to be up regulated during pregnancy and maintained during lactation in rats 
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(Hellmold et al. 1995). We have shown that CYP1A1 and CYP1B1 are present in the 
human breast and thus may influence estrogen sensitivity. Moreover, CYP19 that 
converts androgens to estrogens, was shown to be present in almost all investigated 
human breast samples, including the epithelial sample. 
 
We showed that CYP2A6 and CYP2E1 enzymes are found in the normal human breast, 
and that CYP1B1, CYP2B6 and CYP2D6 are overexpressed in tumors. The 
antiestrogen tamoxifen is used in the treatment of estrogen receptor positive breast 
cancer, however, frequent occurrence of relapse due to tamoxifen resistance have been 
reported. The mechanism behind this resistance is not well-known, experimental and 
clinical evidence suggests that after prolonged treatment the tumour cells are stimulated 
rather than inhibited by the drug, additionally loss of or mutated estrogen receptors 
have been proposed (Osborne 1993). Several CYPs such as 2A6, 2B6, 2D6 and 2E1 
have been shown to metabolise tamoxifen (Styles et al. 1994; Crewe et al. 1997; Dehal 
and Kupfer 1997), also liver induction of CYPs by tamoxifen has been shown in rats 
[White, 1993 #207]. An additional mechanism for tamoxifen insensitivity may involve 
tissue specific CYP induction by tamoxifen followed by increased metabolism of the 
same drug. Furthermore, overexpression of CYPs in breast tumors may have potential 
therapeutic implications in the activation and/or deactivation of anti-cancer drugs 
(Kivisto et al. 1995).  
 
 
CANCER SUSCEPTIBILITY OF HUMAN BREAST AND 

ENDOMETRIUM 

 
We showed that bioactivating CYPs such as CYP1A1, CYP2E1 and CYP2A6 are 
expressed in human breast. Previously it was suggested that reactive compounds 
causing DNA adducts in the breast originally were metabolically activated in the liver 
and transported via blood to the breast (Snyderwine et al. 1994). However, based on 
our finding, local bioactivation of procarcinogens is plausible. We found interindividual 
variability of the expression of these CYPs among individuals. The level of CYP 
expression in the breast may vary from person-to-person due to different environmental 
exposures. With information on smoking status we evaluated a possible role for 
induction of CYPs among smokers, in particular CYP1A1 and CYP1B1, which are 
induced by tobacco smoke related compounds. We could not correlate either the total 
CYP level or individual isozyme levels with smoking. CYP1A1 was induced both 
among smokers and among some non-smokers, while CYP1B1 was shown in almost 
all samples. Thus, our results could suggest additionally regulatory mechanisms for 
CYP1A1 and CYP1B1. It should, however, be emphasised that we investigated a very 
small number of subjects.  
 
Interindividual differences in breast cancer susceptibility are proposed to depend on 
genetic polymorphisms in genes involved in estrogen biosynthesis and metabolism. 
Genetic alterations in regulatory or coding regions may affect levels or metabolic 
activity of the corresponding enzymes. Subsequently, these enzymes may affect the 
circulating or local level of estrogen, or the rate of formation of proposed genotoxic 
catechol estrogens. Polymorphisms in the biosynthesis genes CYP17 and CYP19, the 
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metabolism genes CYP1A1, CYP1B1 and CYP3A4, and phase II genes such as GSTs, 
COMT and MnSOD have been studied. Generally, reported data are inconsistent.  
 
We and others (for references see Table 5 and 6) have investigated the associations 
between polymorphisms in the CYP1B1 and COMT genes, respectively, and breast 
cancer risk. We found no evidence for overall associations, however, several other 
investigators showed positive as well as negative overall associations. Our study on 
1 500 cases and 1 500 controls is the largest published to date. None of the earlier 
studies on COMT encompassed more than 400 cases and controls, respectively. Studies 
performed on CYP1B1 are also smaller than ours. Previous inconsistent results may be 
due to a lower precision and an increased risk for random errors in small samples. 
Inconsistencies could also be due to variability in allele frequencies between ethnic 
groups. A lower allele frequency of the “high risk” allele would result in less statistical 
power. The frequencies of the low-activity allele of COMT were reported to be lower 
among Orientals and Africans than among Caucasians (McLeod et al. 1998; Ameyaw 
et al. 2000). Furthermore, individuals may have been selected from two genetically 
different populations in different proportions in cases and controls. Thus, the cases and 
controls are not matched for their genetic background. This phenomenon, usually 
referred to as population stratification, may cause false associations, or it may mask 
true associations (Cardon and Palmer 2003). 
 
Even though we did not find any overall effect of CYP1B1 or COMT genotype on 
breast cancer risk, possible effects may be detectable in subgroups of women subjected 
to specific exposures. We performed a number of stratified analyses. When testing 
several hypotheses simultaneously the risk of detecting false positive associations 
increases. However, since all tests performed were based on preconceptions about 
whether an association/interaction is biologically plausible we did not correct for 
multiple testing. We presented data as they were and emphasized the importance of 
these positive findings to be confirmed in other studies. In line with the “genotox” 
hypothesis, a biological explanation for the finding of an increased breast cancer risk 
among menopausal hormone users, carrying the CYP1B1*3/*3 genotype, may be that 
these women are more exposed to reactive catechol estrogens. As mentioned earlier, the 
CYP1B1.3 enzyme encoded by the CYP1B1*3 allele has been reported by some 
investigators to possess increased activity towards estrogens, which in conjunction with 
the increased level of substrate, as in menopausal hormone users, may result in an 
increased formation of catechols. On the contrary, the CYP1B1.3 enzyme has also been 
reported to be instable when expressed in mammalian COS-1 cells. This would result in 
a decreased estrogen metabolism in women with the CYP1B1*3/*3 genotype, which 
may influence the overall estrogen level and subsequently the estrogen exposure of the 
breast. Furthermore, the increased risk of lobular cancer among women carrying the 
low-activity COMT allele is consistent with the proposal that lobular tumors are more 
hormone dependent than ductal tumors. A COMT enzyme with low activity would 
result in relatively higher levels of estrogen. 
 
The evident link between endogenous or exogenous estrogen exposure and endometrial 
cancer makes this disease a suitable model system for studying a possible effect of 
genetic variation of estrogen metabolism. Our results on CYP1B1 genotype in relation 
to endometrial cancer risk showed lack of such an association.  
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In order to clearly elucidate the basis of hormonally regulated cancers and to identify 
etiological factors and susceptible populations in relation to estrogen metabolism, well-
designed molecular epidemiological population-based studies in addition to functional 
characterization of the alleles is a prerequisite. Large sample sizes are necessary for 
sufficient power and to be able to study gene-environment interactions. Furthermore, 
extensive information on environmental exposures is needed. 
 
 
FUNCTION OF CYP2S1  

 
Identification of substrates for CYP2S1 is of considerable interest in the functionally 
characterization of this enzyme. As a continuation of the initial study (paper V) we 
have expressed CYP2S1 in yeast and mammalian cell lines and measured CO 
difference spectra of the recombinant protein as an indication of a catalytically active 
enzyme (unpublished observations). Moreover, we have screened through a wide range 
of compounds of potential importance. Tissue distribution of CYP2S1 suggests a 
xenobiotic role for this enzyme, with its expression in the respiratory and digestive tract 
and localisation in the endoplasmic reticulum. Recently the mouse homolog of CYP2S1 
was cloned and shown to be inducible by dioxin (Rivera et al. 2002). The 
corresponding cDNA was isolated from a dioxin treated mouse Hepa-1 cell line. 
Characterization of the mCYP2S1 induction by dioxin using Hepa-1 mutant cell lines 
indicated that both AhR and ARNT were required for transcriptional activation. In 
addition, the same investigators showed selectively higher induction by dioxin in 
mouse lung compared to mouse liver, kidney and heart. Interestingly, this is the first 
dioxin-inducible gene in family 2. Other well-characterized dioxin inducible genes all 
belong to family 1 (1A1, 1A2 and 1B1). The CYP2S1 promoter has additionally been 
shown to contain XREs identical to those in CYP1A1, CYP1A2 and CYP1B1 (Smith 
et al. 2003). It can be speculated that like the other known dioxin-inducible CYPs, 
CYP2S1 is capable metabolizing procarcinogens such as PAH. We have found 
(unpublished observations) that small aromatic hydrocarbons constitute substrates for 
CYP2S1, which further strengthen the proposal of a role for CYP2S1 in carcinogen 
metabolism, in particular in the lung. Subsequently sequence variations of CYP2S1 may 
influence interindividual variability of lung cancer. SNPs affecting the open reading 
frame of CYP2S1 may change catalytic activity of the enzyme in target tissues, which 
may influence cancer susceptibility. Two SNPs resulting in amino acid changes have 
been identified in the human CYP2S1 gene (Saarikoski 2003). Further evaluation of the 
frequencies of these alleles in different populations and functional characterization of 
the corresponding variants are desirable.  
 
Our results on the tissue distribution of CYP2S1 mRNA were in general confirmed by 
Smith and colleges (Smith et al. 2003). Interestingly, they detected relatively high 
expression in normal breast tissue, which we could not see from our dot-blot analysis. 
Furthermore, CYP2S1 was shown to be inducible in the skin by ultraviolet radiation, 
coal-tar (an abundant source of PAH) and all-trans retinoic acid. The fact that CYP 
inducers often are substrates for the same enzymes lead the investigators to explore 
retinoic acid as a substrate for CYP2S1. By using recombinant CYP2S1 expressed in E 
coli they identified two metabolites; 4-hydroxyretinoic acid and 5,6-epoxyretinoic acid. 
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However, CYP2S1 did not produce the 4-oxo retinoic acid, which was produced by 
human liver microsomes.  
 
In conclusion, we have identified and characterized the novel CYP2S1. The presence of 
this enzyme in respiratory and gastrointestinal tract, its homology to other xenobiotic 
metabolizing CYPs in family 2, its transcriptional regulation through the AhR and its 
possible function in the metabolism of carcinogens, emphasizes the need for further 
studies to evaluate a potential role for CYP2S1 in relation to cancer susceptibility. 
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CONCLUSIONS 
 
 

• Total levels of CYP in human breast appear to be approximately 1000-fold 
lower than in the human liver. 

 
• Several cytochrome P450 enzymes of importance in cancer susceptibility and 

estrogen and drug sensitivity are detectable in the human normal breast, both as 
mRNA and protein.  

 
• Genetic polymorphisms in the estrogen metabolism genes CYP1B1 and COMT 

do not seem to have an overall effect on breast cancer risk among 
postmenopausal women. 

 
• Long-term use of menopausal hormones may increase the risk for women with 

the CYP1B1*3/*3 genotype. 
 

• The COMT low activity allele appeared associated with an increased risk for 
lobular breast cancer. 

 
• Genetic polymorphisms in the estrogen metabolism gene CYP1B1 do not seem 

to have an overall effect on endometrial cancer risk among postmenopausal 
women. 

 
• CYP1B1 genotype appears not to influence endometrial cancer risk among 

menopausal estrogen users, obese women, COCs users or those carrying the 
COMT low activity allele. 

 
• The CYP2S1 gene is a new member of the CYP2 gene cluster on chromosome 

19 and displays 48 percent homology with the other members on this 
chromosome; CYP2A6/13, CYP2B6 and CYP2F1. 

 
• The novel CYP2S1 appears to be a microsomal protein with high mRNA 

expression in human respiratory and gastrointestinal tract compared to the liver. 
The CYP2S1 protein appears to be expressed in the lung.  
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