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Abstract The past four decades of epidemiological research have yielded valuable information on the risks of 
populations to environmental exposures such as tobacco, asbestos, and dietary components. Prevention efiorts have 
been focused on large-scale population-based interventions to minimize exposure to such external carcinogens. While 
some cancers are beginning to show a decline from changing environmental exposures, hormone-related canc.ers, such 
as breast and prostate, are becoming more prevalent. The development of these cancers appears to be closely related to 
endogenous exposures to circulating steroid hormones. Although prevention trials using antihormone agents ate proving 
successful in some instances, the long-term control of these cancers necessitates a clearer understanding of the 
metabolism and transport of the relevant hormone in vivo. 

The revolution in molecular biology has provided powerful genetic tools for evaluating mechanisms of cancer 
causation as well as the potential to better define individual susceptibility. Using tobacco exposure as an example, we 
and others have demonstrated that polymorphisms in genes controlling aromatic amine metabolism provide at least a 
partial explanation for ethnic and individual susceptibility to bladder cancer. Similar studies have examined genetic 
polymorphisms in the metabolism of tobacco smoke and lung cancer risk, red meat and colorectal cancer, and aflatoxin 
and liver cancer. 

Our current studies have pursued a similar paradigm of genetic polymorphism and individual cancer susceptibility in 
prostate and breast carcinogenesis. We are evaluating polymorphisms in the steroid 5a-reductase type II and ,mdrogen 
receptor genes in relation to prostate cancer based on the evidence that intracellular dihydrotestosterone is tlie critical 
“carcinogen.” We are pursuing genetic polymorphisms affecting estradiol metabolism, including those in the 1 7P- 
hydroxysteroid dehydrogenase 2 and estrogen receptor genes as they relate to susceptibility to breast cancer. The 
potential role of a polymorphism in the cytochrome P450cl701 gene in both breast and prostate cancers i s  also being 
examined. J. Cell. Biochem. 25S:15-22. o 1997 ~ i l e y - ~ i s s ,  Inc 
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risk factors include fat, certain preserved foods 
(such as “Cantonese” salted fish), and food con- 
taminants (such as aflatoxin). While some can- 
cers, such as lung and stomach cancers, are 
beginning to show a decline in incidence from 
changing environmental exposures, hormone- 
related cancers, such as breast and prostate 
cancers, are becoming more prevalent. The de- 
velopment of this latter group of cancers ap- 
pears to  be closely related to endogenous expo- 
sure to  circulating steroid hormones: estrogen, 
and perhaps progesterone, in the case c~f breast 
cancer, and testosterone and its metabolites in 
the case of prostate cancer 121. Although pri- 
mary and secondary prevention trials using 
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antihormonal agents are underway for both of 
these cancers, their long-term control requires 
a clearer understanding of the metabolism and 
transport of the relevant hormones in vivo [31. 

The revolution in molecular technology over 
the past decade has provided powerful genetic 
tools for evaluating mechanisms of cancer cau- 
sation as well as the potential to better define 
individual susceptibility. Using tobacco expo- 
sure as an example, we and others have demon- 
strated that polymorphisms in genes control- 
ling aromatic amine metabolism provide at least 
a partial explanation for ethnic and individual 
susceptibility to bladder cancer [4-71. Similar 
methodology has been employed to study ge- 
netic polymorphisms in metabolic pathways for 
cigarette smoking and lung cancer [81, red meat 
and colorectal cancer 191, and aflatoxin and 
liver cancer [lo]. 

In this report, we use the paradigms that 
have been developed from studies of bladder 
cancer to propose models for individual suscep- 
tibility to prostate and breast cancers. We have 
assumed that within and between ethnic groups 
there exist genetic differences that affect ste- 
roid hormone metabolism and transport. Mark- 
ers (i.e., genetic polymorphisms) of these differ- 
ences are likely to provide a more precise 
measure of risk than circulating levels of ste- 
roid hormones. The latter measurements are 
subject to  variation by many factors, for ex- 
ample, time of day, age, disease status, and 
laboratory imprecision. The multigenic models 
that we have developed for the hormone-re- 
lated cancers assume that there are function- 
ally important polymorphisms in genes that 
encode enzymes involved in steroid hormone 
biosynthesis and metabolism that lead to differ- 
ences in individual susceptibility to breast and 
prostate cancers. We have selected candidate 
genes based on two criteria, 1) the gene has 
known polymorphisms that may be function- 
ally relevant and, more importantly, 2) the en- 
zyme product of the gene acts in a pathway that 
is physiologically relevant based on our under- 
standing of the etiology of the cancer in ques- 
tion. In the case of bladder cancer, cigarette 
smoking is an established risk factor [ll].  We 
have hypothesized that individual variation in 
the ability to detoxify or activate the putative 
bladder carcinogens in cigarette smoke ulti- 
mately influences the lifetime risk of develop- 
ing bladder cancer. Thus, the candidate genes 
we proposed were either known or suspected to 

be involved in the metabolism of carcinogens in 
cigarette smoke. In the case of prostate cancer, 
there is strong evidence that circulating levels 
of testosterone and its metabolites play impor- 
tant roles in causation [23. Thus, the candidate 
genes proposed were known to be involved in 
the metabolism or transport of testosterone. 
Similarly, the primary risk factors for breast 
cancer can be understood as measures of the 
cumulative exposure of the breast to estrogen 
and, perhaps, progesterone [2], and the candi- 
date genes under study are those known to be 
involved in the metabolism and transport of 
estrogen. In the following sections, we first de- 
scribe our proposed model of bladder carcinogen- 
esis and provide some recent data that support 
this model, then outline parallel approaches to  
studying individual susceptibility to prostate 
and breast cancers. 

BLADDER CANCER M O D E L  

While it is widely recognized that cigarette 
smoking is by far the most important contribu- 
tor to  bladder cancer risk on a population basis 
[ l l] ,  a number of epidemiological observations 
have suggested that additional factors must 
play a role in modifying this risk. For example, 
in Los Angeles, California, non-Hispanic white, 
African-American, and Asian men have compa- 
rable smoking habits, yet dramatically differ- 
ent risks of bladder cancer. Annual incidence of 
bladder cancer is highest among whites (31/ 
100,000), intermediate in African-Americans 
(16/100,000), and lowest among Chinese and 
Japanese (13/100,000). These seemingly dispar- 
ate observations have led to the hypothesis that 
differences in the metabolism of smoking-re- 
lated carcinogens, e.g., arylamines, may exist 
across different ethnic groups. 

At least three types of metabolic enzymes 
(and probably others) are involved in bladder 
carcinogenesis resulting from exposure to  aryl- 
amines: the hepatic cytochrome P4501A2 isoen- 
zyme (P4501A21, N-acetyltransferases (NAT-1 
and NAT-2), and glutathione S-transferase M1 
(GSTM 1). 

Metabolic activation is required to biotrans- 
form the arylamines into their carcinogenic 
forms. N-hydroxylation, which takes place pri- 
marily in the liver and is catalyzed by P4501A2, 
is generally viewed as the first critical step [12]. 
The enzyme is inducible by a number of environ- 
mental factors, including cigarette smoke, so 
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considerable individual and population variabil- 
ity in the activity of P4501A2 exists [131. 

The metabolically active form of the aryl- 
amines (the hydroxylamines) are electrophilic 
and can form adducts with hemoglobin or can 
circulate and be excreted through the kidney 
[141. In the acidic environment of the bladder 
lumen, these hydroxylamines, with or without 
further bioactivation from highly electrophilic 
N-acetoxy derivatives, can form adducts with 
mucosal DNA [61. Misrepair of the damage to 
DNA induced by these adducts is hypothesized 
to lead to mutations in oncogenes and tumor 
suppressor genes. 

Alternatively, arylamines can be catalyzed by 
competing detoxification pathways. The best 
established of these is the N-acetylation path- 
way which is regulated by N-acetyltransferase 
activity in the liver. N-acetyltransferase is coded 
by two distinct genes, NAT-1 and NAT-2. NAT-2 
has long been known to exhibit polymorphism, 
and the NAT-2 phenotype (slow or rapid acety- 
lators) primarily reflects enzyme activity in the 
liver. Recently, it was demonstrated that the 
NAT-2 polymorphisms are due to single base- 
pair changes in the coding region of the gene; 
individuals homozygous for mutant alleles pos- 
sess the slow acetylator phenotype [15]. A num- 
ber of case-control studies of bladder cancer 
have investigated the relationship between 
NAT-2 phenotype and/or genotype and bladder 
cancer risk. In general, these studies consis- 
tently observed a 1.5-2.0-fold excess risk for 
bladder cancer in slow versus rapid acetylators 
[XI. 

It was only recently that NAT-1 was shown to 
be polymorphic [17,18]. Badawi et al. 161 have 
demonstrated that a NAT-1 polyadenylation 
polymorphism is associated with differences in 
tissue NAT-1 activity and suggested that NAT-1 
activity in bladder mucosa represents a major 
bioactivation step in the carcinogenic process. 
NAT- 1 converts urinary N-hydroxyl arylamines 
to reactive N-acetoxy esters that can form cova- 
lent DNA adducts. Thus, available evidence 
suggests that individuals who inherit the slow 
NAT-2 and rapid NAT-1 genotypes would be at  
increased risk for bladder cancer. 

GSTMl is part of a family of enzymes that 
detoxify reactive chemical entities by promot- 
ing their conjugation to glutathione 1191. The 
GSTMl gene is polymorphic in humans; about 
one-half of the U.S. white population lack both 
copies of the gene and hence exhibit no GSTMl 

enzymatic activity (GSTM1 null). Metabolites 
of several polycyclic aromatic hydrocarbons that 
are present in cigarette smoke are known sub- 
strates of GSTM1. Metabolites of other carcino- 
genic compounds in cigarette smoke, including 
the arylamines and nitrosamines, are potential 
substrates [19,201. There is some evidence that 
the GSTMl null genotype is associated with an 
excess risk of bladder cancer [7,20]. 

We have assessed 133 male residents of Los 
Angeles County who were either non-Hispanic 
white, African-American, or Asian (Chinese, 
Japanese) and over the age of 35 years for their 
acetylator phenotype and levels of 3- and 4-ami- 
nobiphenyl (ABP) hemoglobin adducts [5]. We 
confirmed that mean 3- and 4-ABP hemoglobin 
adduct levels were significantly higher in ciga- 
rette smokers relative to nonsmokers, and that 
the level increased with increasing number of 
cigarettes smoked per day. More importantly, 
we observed varying rates of slow acetylators 
between the races that were in agreement with 
the populations’ varying incidence of bladder 
cancer (54% in whites, 34% in African-Ameri- 
cans, and 14% inAsians), and that slow acetyla- 
tors consistently exhibited higher mean levels 
of ABP-hemoglobin adducts relative t o  rapid 
acetylators regardless of race or level of ciga- 
rette smoking. 

We recently expanded the above study to 
include GSTMl genotype and showed that the 
presence of the null genotype enhances the 
differences in prevalence of high and low risk 
profiles for bladder cancer among the three 
populations under study [71. There was a 10- 
fold difference in prevalence of the h tgh-risk 
profile (slow NAT-2, null GSTM1) between high- 
risk whites and low-risk Asians (27% versus 
2.7%), and whites had less than one-half the 
prevalence of the “protective” profile (rapid 
NAT-2, non-null GSTM1) relative to African- 
Americans and Asians (23% versus 57% 1. More- 
over, mean levels of ABP-hemoglobin adducts 
were significantly higher in GSTMl-null ver- 
sus non-null subjects independent of their acety- 
lator phenotype. 

PROSTATE CANCER MODEL 

Increased cell division is the hallmark of the 
response of prostate epithelial cells to andro- 
gens. Specifically, cell division in the prostate is 
controlled by testosterone (TI, following its in- 
tracellular conversion to dihydrotestosterone 
(DHT) as shown in Figure 1. This convchrsion is 
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catalyzed by the enzyme steroid 5a-reductase. 
DHT, and much less efficiently, T, bind to the 
androgen receptor (AR) in the cytoplasm, and 
the AlUligand complexes are translocated to  
the nucleus for DNA binding and transactiva- 
tion of target genes, including those that con- 
trol cell division and death. 

As in the case of bladder cancer, race-ethnic- 
ity is an important determinant of prostate 
cancer risk. African-Americans have higher 
rates than whites who, in turn, have higher 
rates than U.S. born Asians [211. Differences 
among ethnic groups with respect to  serum 
testosterone levels [22] and steroid 5a-reduc- 
tase activities [231 have been suggested to ex- 
plain, at least in part, the large ethnic variabil- 
ity in the incidence of prostate cancer. The 
genes of interest to  us currently are the steroid 
5a-reductase gene type I1 (SRD5A2), the cyto- 
chrome P450c17a gene (CYP17), and the andro- 
gen receptor gene (AR). 

The Steroid 5a-Reductase Type II Gene (SRD5A2) 

There are two distinct steroid 5a-reductase 
enzymes encoded for by different genes; the 
type I1 enzyme is active primarily in the pros- 
tate and in genital skin. Germline mutations of 
the type I1 gene (SRD5A2) have been identified, 
most notably in a sizable kindred in the Domini- 
can Republic [24]. Boys with this mutated gene 
are phenotypically female with a persistent 
vagmal pouch until puberty, at  which time there 
is some phallic enlargement and development 
of some secondary sex characteristics, but the 
prostate remains underdeveloped. 

Dihydrotestosterone (DHT) 

SRD5A.2 T 
Testosterone (T) 

Fig. 1 .  Schematic presentation of steroid 5a-reductase 
(SRD5AZ) and androgen receptor (AR) activity in testosterone 
metabolism in the prostate epithelial cell. 

Davis and Russell [251 have described a poly- 
morphism (TArepeat number) in the 3’ untrans- 
lated region of the SRD5A2 gene. We have 
confirmed this polymorphism, but find the 
prevalence of variant alleles using this polymor- 
phic marker to  be substantially higher than 
reported by Davis and Russell [251. We noted a 
series of novel alleles (which cluster around the 
TAls allele described by Davis and Russell) in 
African-Americans, who are at high risk for 
prostate cancer. A preliminary analysis of 54 
African-American and 59 white prostate cancer 
cases and an equal number of age- and race- 
matched controls revealed a statistically non- 
significant excess in variant alleles among cases 
relative to  controls within each ethnic group 
WI. 

The Cytochrome P 4 5 0 c l 7 a  Gene (CYP17) 

CYP17 codes for the cytochrome P450c17a 
enzyme that mediates both steroid 17a-hydroxy- 
lase and 17-20-lyase activities and functions at 
key branch points in human steroidogenesis 
[271. 17a-hydroxylase activity converts steroids 
to  precursors of the glucocorticoid cortisol. and 
17-20-lyase activity yields precursors to  estra- 
diol and testosterone. 

One polymorphism in CYP17 has been re- 
ported 1281. The 5’ promoter region contains a 
single base pair polymorphism that creates an 
Spl-type (CCACC box) promoter site (desig- 
nated as the A2 allele) 34 bp upstream from the 
initiation of translation. Carey et al. [281 used 
this polymorphism to analyze the segregation 
of CYP17 in pedigrees with polycystic ovary 
disease and male pattern baldness (believed to 
be caused by a common underlying disorder of 
androgen biosynthesis or metabolism). They 
found an association between the affected state 
and the A2 allele. Since it is thought that the 
number of 5’ promoter elements correlates with 
promoter activity [29], this association with the 
A2 allele may reflect an increase in the rate of 
transcription of the gene. We are currently 
evaluating this polymorphism in studies of both 
breast and prostate cancers. 

The Androgen Receptor Gene (AR) 

It is likely that the AR also is involved in the 
racial-ethnic variation in prostate cancer inci- 
dence. The AR gene, on the long arm of the X 
chromosome, belongs to the superfamily of li- 
gand-dependent transactivation factors and, 
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like others in this family, contains a C-terminal 
hormone binding domain, a central DNA bind- 
ing domain, and an N-terminal transcriptional 
modulatory domain which, for the AR gene, is 
encoded entirely by exon 1 [30]. 

Within exon 1 there are two highly polymor- 
phic microsatellites: one of these is a trinucleo- 
tide (CAG) repeat sequence of unknown func- 
tion. Abnormal expansion of this satellite is 
associated with X-linked spinal and bulbar mus- 
cular atrophy (Kennedy’s disease) [3 13. The nor- 
mal size varies from 9 to 31 repeats, whereas 
the mutant range associated with Kennedy’s 
disease varies from 40 to 62. It was demon- 
strated that these mutant receptors have nor- 
mal androgen binding, but in transfection as- 
says they transactivate an androgen responsive 
reporter gene subnormally [32]. We and others 
have noted that African-Americans, U S .  whites 
and Asian-Americans show population differ- 
ences in the CAG repeat polymorphism of the 
AR locus, with the allele frequency distribution 
shifted toward shorter alleles in the case of 
African-Americans and longer alleles in the 
case of Asians relative to whites [33,341. We 
have hypothesized that this size polymorphism 
might correlate with, or cause changes in, AFt 
function (smaller size, greater transactivity) 
and, therefore, possibly also be associated with 
prostate cancer risk [341. We are currently 
evaluating this hypothesis in a multiethnic case- 
control study. 

Ovarian Synthesis 

I Cholesterol 

1 
Pregnenolone 
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$. 

1 p450c17 (CYP17) 
Androstenedione 

I 1  
[st[ne(~l) 1 

17HSD 1 (EDH 17B2) 

Estradiol (E2) 

BREAST CANCER MODEL 

Attempts to understand and quantify the role 
of estrogens in breast cancer have been limited 
to some extent by our ability to  accurately and 
reproducibly measure steroid hormones in cir- 
culating blood. Despite the difficulty of conduct- 
ing such studies, there is evidence from our 
group [35-371 and others 1381 of significant 
elevations in circulating estradiol in breast can- 
cer patients compared to controls in popula- 
tions at high and low risks of breast cancer. In 
addition, there are reproducible differt bnces in 
plasma and urine estrogen levels hetween 
healthy high-risk U.S. and low-rish Asian 
women [36,371. In one such study in which cycle 
length was controlled, estradiol levels were 20% 
higher in Los Angeles compared to Shanghai 
premenopausal women [361; in a companion 
study of postmenopausal women, estradiol lev- 
els were 36% higher in Los Angeles than in 
their matched Japanese counterparts [37]. Rea- 
sons for these differences remain poorly de- 
fined, but part of the explanation may be that 
there are genetic differences that affect metabo- 
lism or intracellular binding and transport of 
estradiol. 

Based on the schematic presentation of estro- 
gen metabolism in the ovaries and breast epithe- 
lium shown in Figure 2, we describe bcblow the 
function of each of three candidate genes and 
their possible roles in breast cancer r:tiology. 
The genes of interest are the 17P-hydroxyster- 

Breast Epithelial Cell 

DNA 

Fig. 2. 
and estrogen receptor (ER) genes in estrogen metabolism in the ovaries and breast epithelium. 

Schematic presentation of 17p-hydroxysteroid dehydrogenase 2 (EDH17B2), cytochrome P450cl7a (CYPI 7, 
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oid dehydrogenase 2 (EDH17B2) gene, the cyto- 
chrome P450c17a (CYP17) gene, and the estro- 
gen receptor (ER) gene. 

The 17p-Hydroxysteroid Dehydrogenase 2 Gene 
(EDH17B2) 

The EDH17B2 gene codes for the enzyme 
17p-hydroxysteroid dehydrogenase type 1 
(17HSD1) which catalyzes the final step of estra- 
diol biosynthesis, namely the interconversion 
of estrone (El)  into the more biologically active 
estrogen fraction, estradiol (E2). 17HSD1 acts 
in the theca cells of the ovary and is expressed 
in both normal and malignant breast epithe- 
lium 1391. 

Several polymorphisms have been identified 
in the EDH17B2 gene [40,411. Normand et al. 
[40] described 11 polymorphisms, two of which 
are located in the coding region and result in 
amino acid changes. Neither polymorphism ap- 
pears to  affect the catalytic or the immunologi- 
cal properties of the enzyme [421, but one (a 
serine to  glycine change at  position 312) has 
been shown to be associated with a marginally 
statistically significant increased risk for breast 
cancer [41]. We are currently evaluating this 
polymorphism in a case-control study of breast 
cancer. In addition, we are evaluating a re- 
cently identified point mutation in the TATA 
box in the promoter region of EDH17B2 I431. 
This mutation results in an average 80% reduc- 
tion of promoter activity in COS and JAR chorio- 
carcinoma cell lines compared to cells contain- 
ing the wild type EDH17B2 promoter. 

The Cytochrome P450cl7a Gene (CYP17) 

As described in the prostate cancer model, 
the cytochrome P450c17a enzyme yields precur- 
sors to estradiol and testosterone and may ulti- 
mately play a role in breast cancer etiology. 
Figure 2 shows where P45Oc17a acts in the 
synthesis of estrone and, ultimately, estradiol 
in the granulosa cells of the ovary. 

Estrogen Receptor Gene (ER) 

Several polymorphisms in the ER gene have 
been reported [44-471. The most promising evi- 
dence for an association between ER gene poly- 
morphisms and breast cancer risk was reported 
by Andersen et al. I461, who examined 3 RFLPs 
and found that alleles having an XbaI restric- 
tion site were significantly more frequent in 
breast cancer patients than controls (odds 

ratio = 2.0). This association was limited to 
postmenopausal patients. del Senno et al. [471 
reported a highly polymorphic (TA), repeat up- 
stream from the region of the ER gene origi- 
nally described as exon 1 in the transactivation 
domain. This is a potentially interesting region 
since an earlier study suggested that, like other 
receptors, the ER may have multiple promoter 
regions [48]. This region is not yet well charac- 
terized, but could provide important clues for 
understanding the role of the ER gene in breast 
cancer. We have initiated studies of the XbaI 
polymorphism and the (TA), repeat in breast 
cancer. 

CONCLUSIONS 

A growing body of work has contributed to a 
better understanding of bladder cancer etiology 
and how individual susceptibility, coded by mul- 
tiple susceptibility genes, can explain observed 
population differences in risk across different 
ethnic groups. Hormone-related cancers also 
exhibit substantial unexplained differences in 
risk across ethnic groups. In examining these 
associations in multiple ethnic groups we can 
verify associations in even nonfunctional poly- 
morphisms. However, such associations must 
be viewed with caution; ethnic differences in 
nonfunctional polymorphisms are not necessar- 
ily meaningful. Metabolic genes and their role 
in carcinogenesis is a relatively new area of 
research with scant information at present. Ex- 
panded knowledge in this area should lead to  
more refined definitions of “high-risk individu- 
als for specific cancers, and, hopefully, lead us 
to  be able to better define who may benefit from 
specific interventions based on underlying ge- 
netic susceptibility. The multigenic susceptibil- 
ity models we have proposed for breast and 
prostate cancers not only could further our un- 
derstanding regarding the etiology of these im- 
portant cancers, but could also provide impor- 
tant targets for prevention and control. 
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