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ABSTRACT

Arylamines are known bladder carcinogens and are an important
constituent of tobacco smoke. The handling of arylamines in the body is
complex and includes metabolism by NATI and NAT2, enzymes that play
a role in both activation and detoxification of arylamines and their con
geners. Both NATI and NAT2are polymorphic, with alÃelesthat have been
shown to correlate with higher or lower enzyme activity. To explore the
combined role of these genes and exposure on bladder cancer risk, we
examined the NATI and NAT2genotype in a case-control study of bladder
cancer in which detailed exposure histories were available on all 230 cases
and 203 frequency-matched controls. Using PCR-RFLP genotyping, we
determined NAT2 genotype for the five most common alÃeles,NAT2*4,
NAT2*S, NAT2*6, NAT2*7, NAT2*14 (frequently referred to as WT, Ml,

M2, M3, and M4, respectively). Similarly, the NATI genotype was deter
mined for the four most common alÃelesNAT1*3,NAT1*4, and NAT1*11,
and the putative high-activity alÃele,NATI*IO. No association between
NA T2 genotype and bladder cancer risk was found whether genotype was
considered alone or in combination with smoking, in either stratified or
logistic regression analysis that adjusted for age, sex, and race. Stratified
and logistic regression analysis both demonstrated an increased risk for
individuals carrying the NATl*Â¡0alÃeleamong smokers. There was evi
dence of a gene-dosage effect, such that those who were homozygous for
the NAT1*10 alÃelehad the highest risks. There was also evidence of a
statistically significant gene-environment interaction, such that bladder
cancer risk depends on both VI77 genotype and smoking exposure.
Interestingly, although NAT2 genotype did not influence risk either alone
or in combination with smoking exposure, there was evidence of a statis
tically significant gene-gene-environment three-way interaction. Bladder
cancer risk from smoking exposure is particularly high in those who
inherit NAT2 slow alÃelesin combination with one or two copies of the
NATI* 10 alÃele.A biological mechanism for this finding is suggested.

INTRODUCTION

Bladder cancer is the fifth most common cancer in the United
States, with more than 52,000 new cases diagnosed per year (1).
Environmental exposures, including cigarette smoking and certain
occupational exposures, are the principal known determinants of
bladder cancer risk. Occupational exposure to arylamines in particular
can raise bladder cancer risk as much as 40-100-fold (2). Arylamines

are known carcinogenic constituents of tobacco smoke (3), and smok
ers have higher levels of arylamine DNA adducts than nonsmokers in
a variety of tissues, including bladder epithelium (4).

Human metabolism of arylamines is complex and involves com
peting pathways for activation and deactivation of different carcino
genic species. Both the liver and bladder epithelium are thought to
play important roles in these metabolic pathways (Fig. 1). In the liver,
arylamines may be /V-acetylated by NAT2, rendering them less reac-
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live, or alternatively may be /V-hydroxylated by CYP1A2. This hydroxy-

lated form can be subsequently metabolized by multiple different path
ways that include O-acetylation by NATI in the bladder epithelium to a

highly reactive species that can form DNA adducts (5).
Inherited polymorphisms in the NAT2 gene have been shown to

affect the phenotype of individuals carrying these polymorphisms (6).
Individuals with two slow-acetylator alÃeles(NAT2) have little or no

NAT2 enzyme activity, and this slow acetylator genotype occurs at a
frequency of approximately 55% in populations of European descent
and 45% in those of African descent (7).

The NATI enzyme can also catalyze N- or O- acetylation of

arylamine carcinogens, and recent studies have reported polymorphic
variation in both the NATI genotype and phenotype (8-10). The

NAT! gene is expressed in bladder epithelial cells (11, 12), and
several studies suggest that the NATI enzyme may have an important
role in metabolism of carcinogens in the bladder (13).

To explore the association between W-acetylation polymorphisms
and bladder cancer, we have tested for the presence of slow-A'-

acetylation (NAT2/NAT1) alÃelesin 230 bladder cancer patients and
203 frequency-matched controls.

MATERIALS AND METHODS

Patients. Bladder cancer case patients (n = 230) and control subjects
(n = 203) were enrolled from the Urology Clinics at Duke University Medical
Center and the University of North Carolina Hospitals and have been described
previously (14). Briefly, case patients were urology clinic patients with histo-
logically confirmed transitional cell carcinoma. Control subjects were urology
clinic patients who had no history of any cancer, other than nonmelanoma skin
cancer, and who were frequency matched to case patients based on race, sex,
and age (10-year intervals).The most common diagnoses among controls were
benign prostatic hypertrophy and impotence.Case patients and control subjects
were interviewed by trained nurse-interviewers using a structured question
naire that detailed their smoking, occupational, and other exposure histories.
After giving written informed consent, case patients and control subjects
provided blood samples collected under protocols approved by institutional
review boards of each participating institution.

Genotype Analysis by PCR-RFLP. DNA was extractedfrom peripheral
blood lymphocytes by standard methods, resuspended in TE buffer (10 mM
Tris, 1 mM EDTA), and frozen until used. We used a PCR-RFLP and an
allele-specific PCR method to detect the four common alÃelesof the NATI
gene (NATI*3, NATI*4, NATI*10, and NAT!*ll: see Ref. 15). The Mbo\\
digestion of the PCR product cuts the NAT*4alÃele,but not the NAT*10 or the
NAT*11 alÃeles,and genotype patterns were distinguished by electrophoresis

of the PCR products on a 4% Metaphor agarose gel (FMC Bioproducts,
Rockland, ME) as described previously (15). An allele-specific PCR method
was used to distinguish between the NATI*3 and NAT1*IOalÃeles.For each
subject with a NATI*IO alÃele,we also confirmed genotypes using direct

fluorescent sequencing (Applied Biosystems). The methods used do not detect
the recently discovered rare, low-activity alÃelesNATI*14, NATI*15, and
NATI*IS (8. 16). NAT2 genotypes were determined using a PCR-RFLP

method described previously (7). This method discriminates among the five
most common functional and low-activity alÃeles(NAT2*4,NAT2*5,NAT2*6,
NAT2*7. and NAT2*14, which are frequently referredto as WT, Ml, M2, M3,

and M4. respectively).
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tf-ACETYLATION POLYMORPHISMS IN BLADDER CANCER

Fig. 1. Arylamine metabolism pathway for blad
der carcinogenesis, adapted from Kadlubar and
Badawi (5). Arylamines may be W-acetylated by
NAT2, which is highly expressed in the liver, ren
dering them relatively nonreactive. Alternatively,
they may be W-hydroxylated in the liver by

CYPIA2, transported to the bladder, and taken up
by the bladder epithelium. There they may undergo
O-acetylation by NATI, which is highly expressed
in bladder epithelium, to form a highly reactive
species. AlÃelesthat lead to decreased NAT2 activ
ity, and alÃelesthat lead to increased NAT! activity,
would be expected to increase bladder cancer risk
from arylamine exposure.
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Statistical Analysis. For crude analyses of genotype and ever-smoking, we
calculated ORs2 and 95% CIs for 2 X 2 tables and used the Mantel-Haenszel

formula (17) to combine estimates across ethnic strata. For analyses that
explore genotype-exposure interactions after adjusting for age. sex. and race,

we used logistic regression methods and fit models using SAS software (SAS
Institute, Inc.. Cary, NC).

We adjusted for age. sex, and race using 10 strata: one age stratum each for
black females and black males, because we had so few black subjects, and four
age strata (25-54. 55-64, 65-74, and 75-94 years) each for white females and
white males. We used "years of smoking" as the smoking exposure variable
after finding that it provided a better tit to the data than "pack-years" and

several other candidate measures of smoking dose.
Our strategy for investigating genotype and gene-exposure interaction re

flects the idea that the NATI* 10 alÃelemay have higher activity relative to the
common or wild-type NATI*4 alÃele(7, 10). This would result in production

of a more active carcinogenic metabolite, greater accumulation of DNA
damage (13), and therefore higher cancer risk. At low exposure levels, the
difference between genotypes would not be observed, because there is little or
no procarcinogenic substrate present to be activated. However, at higher
exposure levels, these differences would be more pronounced, exerting ever
larger effects as more substrate is available. These a priori expectations led to
a modeling strategy that differs from the usual approach for testing interac
tions. Typically, assuming the dose response for a continuous exposure is
linear in the log-odds scale, separate straight lines are fitted for each genotype,

and lack of parallelism is tested between lines to examine interaction. How
ever, the expectations were that each genotype should have similar risk at low
exposure, i.e.. that all genotypes should have a common intercept, and that
gene-exposure interaction would manifest itself through different slopes with

respect to exposure for different genotypes (after fitting the common intercept).
Our modeling strategy was to start with a model allowing separate slopes and
intercepts with respect to "years of smoking" for each genotype and to reduce

the model to a common intercept and separate slopes for each genotype
(diverging-lines model). If the data contradicted the common intercept, we
could examine interaction in the usual way: however, if the diverging-lines

model fit the data well, testing for interaction could be based on slope
differences in that model.

In addition, for NATI, we anticipated that subjects homozygous for the
NATI* 10 alÃelewould tend to be at higher risk than subjects heterozygous for

that alÃele,who would, in turn, be at higher risk than subjects with no copies

2The abbreviations used are: OR. odds ratio; CI, confidence interval: df, degrees of
freedom: NAT1*IO*. heterozygous or homozygous for NATI*10 alÃele;NAT*10~, with
out NATl'10 alÃele.

of the NATI*IO alÃele.This a priori expectation suggested that these groups,
defined by the number of copies of NATI *10 alÃeles,be considered as ordered

categories. Consequently, we tested for trend among these categories; in
particular, a single degree-of-freedom test of gene-exposure interaction can be
formulated as a test of trend among slopes in the diverging-lines model. The

test of trend among slopes can be incorporated into a logistic regression model
easily by regarding the number of copies ofNATl*lO alÃelesas a "continuous"
variable and including the variable "years of smoking" along with an interac
tion term for the variables "years of smoking" and "copies of NATI* 10"

alÃeles.The interaction coefficient assesses the trend among slopes. We applied
extensions of this strategy when jointly modeling NATI. NAT2. and smoking.

The Ps and CIs that we report from logistic regression modeling are based
on likelihood ratio tests: all />s are for two-tailed tests.

RESULTS

Distribution of cases and controls by frequency-matched demo

graphic variables (sex, race, and age) and by smoking history are
presented in Table 1. Although the number of black control subjects
was small, we found a statistically significant difference in NATI
genotype distribution between white controls (NATI*IO. 33%) and
black controls (NAT1*10, 67%; Fisher's exact test; P = 0.04). We

found no statistically significant differences between cases and con
trols for the frequency-matched characteristics of sex, race, and age

class, although controls were, on average, 2 years younger than cases.
Cases and controls differed in smoking history, with cases signifi
cantly more likely to have ever smoked than controls (unadjusted OR,
2.8; 95% CI, 1.8-4.4; P < 0.0001). On average, cases smoked for an
additional 12.9 years or an additional 16.4 pack-years than did con

trols. The distribution of cases and controls by relevant NAT2 and
NAT! genotypes and by demographic and smoking status are pre
sented in Table 1. Distribution of NAT2 and NATI alÃelefrequencies
for cases and controls are presented in Table 2 for whites and blacks
separately.

NAT2 Analysis. Stratified analysis of smoking (ever versus never)
and NAT2 genotype (rapid versus slow) is presented in Table 3. We
present ORs for whites only and for whites and blacks combined, but
too few blacks were in the study for meaningful calculation of ORs
among blacks only. Never-smokers with a NAT2 rapid genotype were

the referent group for all comparisons. Smoking was associated with
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Table 1 Demographics ami smoking

All genotypes NAT2 slow" NATI'IO1'

Case (n = 230) Conirol (n = 203) Case (n = 121) Control (n = 109) Case (n = 110)

" NAT2 slow, any combination of NAT2*5. NAT2*6. NAT2*7. and NAT2*14. but no copy of the NAT*4 wild-type alÃele.
* NATI*IO. heterozygous or homozygous for the NATI*IO alÃele.

Control (n = 72)

SexMaleFemaleRaceWhiteBlackMean

age(SD)Age
range(years)<6060-70>70Smoking

historyMean
pack-years(SD)Nonsmoker1-35

pack-years>35
pack-yearsMean

years smoked(SD)Nonsmoker1-35

years>35

years178522151565.3(10.7)53W7839.8

(34.7)397611529.6(19.8)3988103167361911263.3(10.3)58935223.4(29.7)74775216.7(16.8)7489409724118364.7(10.8)31513941.0(34.9)22346530.8

(20.2)2239608920104563.9

(9.2)27Ml2222.7(31.0)44392615.4(16.5)4445208426991165.2(10.4)29443740.7

(32.0)18345829.6(19.2)184250601264863.7

(9.6)22282220.1

(26.5)29281515.8(17.2)293013

approximately a 2.5-3-fold increase in the OR. However, within the

two smoking strata, we found little difference in the ORs between
those with a NAT2 rapid genotype and those with the slow genotype.
Thus, these data provide little evidence to support the hypothesis that
the NAT2 slow genotype group is at higher risk.

The effect of NAT2 genotype and years of smoking on risk after
adjusting for age, sex, and race did not change the conclusions
reached from the simple stratified analysis. Intercepts of rapid and
slow genotypes were similar (P = 0.30), as were slopes of rapid and
slow genotypes (P = 0.36) if a common intercept was assumed.

However, the expected strong evidence of increasing risk with dura
tion of smoking was evident (P < 0.0001). An OR of 1.5 (95% CI,
1.4-1.7) was associated with a 10-year lengthening of smoking habit.

These analyses provided no evidence of differences in bladder cancer
risk between subjects with rapid or slow NAT2 genotypes but clear
evidence of smoking risk.

NATI Analysis. Stratified analysis of smoking and NATI geno
type is presented in Table 4. Although we found no evidence of an
effect of genotype among never-smokers (OR = 1.1 for NAT1*IO+
compared to NATI*IO~ in the combined analysis), among smokers

we did see evidence of a higher risk in those with the NATI*10+
genotypes (OR = 3.8) compared to those with the NAT1*IO~ geno

type (OR = 2.4). Subdividing smokers by either pack-years or by
years smoked, with never-smokers with NAT1*10~ genotype still

used as the referent group, consistently showed higher OR estimates
for those with the NATl*IO+ genotype than for people who smoked
similar amounts but carried the NAT1*IO~ genotype. Similarly, sub-

classifying people by genotype to distinguish those who lacked the
NAT] *10 alÃele(designated â€”¿�/- ) from those who were heterozygous
for the NATI* 10 alÃele(-/+) or homozygous for the NATI* 10 alÃele

(+/+) provided evidence of a gene dosage effect among smokers. In
the combined analysis, smokers who were NATJ*IO genotype â€”¿�/â€”

had OR estimates of 2.4, which increased to 3.6 among hÃ©tÃ©rozygotes
and increased still further to 5.9 among those with NATI *IO genotype

Examining the joint effects of years of smoking and of NATI
genotype in three categories (zero, one, or two copies of the NATI *10

alÃele)on bladder cancer risk after adjusting for age, sex, and race via
logistic regression reinforced conclusions from the limited stratified
analysis. We first fit a comprehensive model that allowed three

Table 2 NAT2 ami NATI alÃelefrequency

NAT2 NATI

*4 *7 â€¢¿�14 MO

WhiteCase
(n=Control

(nBlackCase

(n=Control

(n430)=

382)30)=

24)Smoking"

NAT2h_â€”++RSRS25%

42%25%
42%50%

20%42%
29%WhiteCase

(n = 215) Control (n=14

2922
4183
5896

6329%31%20%17%Table

3191)

Case (n=30933%

073%2%
076%3%

7%57%4%
8%54%NATI

andsmokingBlack

White=

15) Control (n = 12) OR 95%Cl1

1'3

1.10.5-2.56
3.01.4-6.12
3.2 1.5-6.41%

23%3%
18%3%

40%4%
42%CombinedP

OR 95%CI1'0.8

0.880.4-1.90.003
2.51.3-5.00.002
2.7 1.4-5.33%3%00P0.80.0070.004

a â€”¿�,never: +, ever.
'' R. rapid; S. slow. Rapid was defined as having one or more copies of the NAT*4 wild-type alÃele.Slow was defined as having any combination of NAT2*5, NAT2*6, NAT2*7.

and NAT2*14. but no copy of the NAT*4 wild-type alÃele.
' Reference.
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N-ACETYLATION POLYMORPHISMS IN BLADDER CANCER

Table 4 NATI and smoking, stratified analysis

White-Smoking"Ever/never_â€”++Pack-years1-351-35>35>35Years

smoked1-341-34235Â£35Ever/neverâ€”â€”_+++NATI*l(f

Case (n =215)22+

14103+

7641+

2462+

5247+

3556+

41-/-

22-/+
14+/+
0-/-
103-/+
66+/+

10Control

(n =191)4426833846253713572726114424283353BlackCase(n =15)124847013315120462Control(n =12)133533(i32312121341ORIe1.12.54.11.81.93.48.01.62.64.37.5Ie1.2ND1*2.53.86.7White95%CI0.5-2.51.4-4.52.1-7.60.9-3.50.9-4.11.7-6.43.6-17.70.9-3.11.3-5.32.2-8.63.2-17.30.5-2.7ND1.4-4.52.0-7.31.7-26.7CombinedP0.90.0020.00010.090.090.00030.0001O.I0.0090.00010.00010.7ND0.0020.00010.007ORIe1.12.43.81.82.23.36.91.72.54.16.9Ie1.2ND2.43.65.995%CI0.5-2.414-4.32.1-7.10.9-3.41.1-441.7-6.33.2-14.80.9-3.11.2-5.02.1-8.23.1-15.30.5-2.7ND1.4-4.31.9-6.81.7-20.2P0.90.0030.00010.080.030.00030.00010.10.010.00010.00010.6ND0.0030.00010.005

-, never; +. ever.
â€”¿�,does not carry *10 alÃele;+. carries one or more *IO alÃeles;â€”¿�/â€”,does not carry *10 alÃele;â€”¿�/+.heterozygous for *10 alÃele;+/+, homozygous for *10 alÃele.

' Reference.
ll ND, not defined because of zero counts in one cell.

distinct lines with different intercepts and different slopes for each
genotype (Fig. 2/1). We tested whether this model fit significantly
better than a simplified version, in which lines had a common inter
cept (Fig. 2fi), and found no difference between the two models
(X2 = 0.40; df = 2; P = 0.82), prompting us to use the simpler

version. Under this diverging-lines model, subjects with no copies of
NATI*10 had the lowest bladder cancer risks at each level of smok
ing, whereas hÃ©tÃ©rozygotesand homozygotes for NATI*10 had pro

gressively higher risks. For example, after 35 years of smoking,
persons without the NAT1*10 alÃelehave an OR of 3.9 (95% CI,
2.5-6.2) whereas hÃ©tÃ©rozygoteshave an OR of 5.8 (95% CI, 3.5-9.7)
and homozygotes for NATI *10 have an OR of 8.5 (95% CI, 3.6-20).

As a test for gene-environment interaction, we tested for trend in
slope magnitude across genotypes in the diverging-lines model. We
found evidence for such an interaction (x2 = 2.89; df = 1; P = 0.09),

so that the rate at which bladder cancer risk increased with years of
smoking was ordered according to the number of copies of NAT1*10

an individual carried. Routine examination of regression diagnostics
associated with the model assessing a trend in slopes across genotypes
identified a single individual (74-year-old, white, male, control, 55-
year smoker, homozygous for NAT! *10), who strongly influenced the

fit. Refitting the sequence of models with that individual omitted gave
the same results, except that the evidence for a trend in the slopes was
somewhat stronger (P = 0.03). These findings support a statistically

significant interaction between NATI genotype and smoking such that
the rate at which risk increased with years of smoking depended on
genotype, increasing with additional copies of NAT1*10.

Combined NAT2 and NATI Analysis. Simple stratified analysis
of NAT2. NATI, and smoking, unadjusted for age and sex, is shown in
Table 5. As expected, NAT2 and NATI genotypes did not substantially
affect OR estimates among never-smokers. When each gene was

considered without reference to the other, NAT2 genotype had little
effect on OR estimates among smokers (Table 3), whereas NATI
genotype had such effects (Table 4). In the combined analysis, how-

100
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NATI '10/-10
NATI "10/WT

NATI WT/WT

10 20 30 40 50

100

10

B â€”¿�NATI'iono
NATI '10/WT

NATI WT/WT

10 20 30 40 50

Years of Smoking

Fig. 2. A. plot of ORs for three NATI genotypes by years of smoking in a full model, in which slope and intercept are independently fit for each line. B. simplified final model,
in which lines are constrained to a common intercept, shows no loss in goodness of fit compared to the full model (see text). Bladder cancer risk increases with years of smoking. Among
never-smokers. there is no difference in risk afforded by NATI genotype. However, among smokers, risk is dependent on NATI genotype and shows the expected ordering of increased
risk with additional copies of the NATI*10 alÃeles.WT. any wild-type alÃele.NATI*}. NATI*4. or NATI'II. A formal test of gene-environment interaction, assuming a multiplicative

model, is afforded by testing whether the three lines have a common slope (see text).
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Table 5 NAT2 und NATI and smoking, stratified analysis

WhiteSmoking"

NAT2hRDSS+

R+
R+
S+

SNATl*l(f

Case (n =215)6+

816+

642+

4161+

35Control

(n =191)1316M1032265112BlackCase(n =15)12003612Control(n =12)01121Ã®20OR\d1.11.11.32.83.42.66.3White95%Cl0.3-3.90.4-3.50.3-5.31.0-8.31.2-10.10.9-7.32.0-20.3P0.90.80.70.060.030.070.002OR\J1.10.90.92.52.82.25.7Combined95%CI0.3-3.60.3-2.80.2-3.60.9-7.01.0-7.80.8-5.81.9-17.7P0.90.90.90.080.050.10.002

0 â€”¿�,never; +, ever.
* R, rapid; S, slow.
c -. does not carry *10 alÃele;+, carries "10 alÃele.
' Reference.

ever, we found evidence of a gene-gene-environment three-way in

teraction. Surprisingly, among smokers who are NAT2 rapid, we saw
little difference in OR estimates between NAT1*10~ (OR, 2.5) and

NATI*10+ (OR, 2.8) genotypes. Among smokers who are NAT2

slow, however, we saw an effect of NAT1*10 genotype (OR, 2.2 and
5.7 for NAT1*10~ and NAT1*10+ genotypes, respectively).

Again, we used logistic regression to adjust for age, sex, and race
while investigating the joint effects of NAT2, NATI, and smoking
duration on bladder cancer risk. Together, NAT2 (rapid versus slow
genotypes) and NATI (zero, one, or two copies of NAT1*10) provide

six distinct genotype categories. However, we present results from
analyses using four genotype categories based on the NAT1*10~

versus NAT1*10+ dichotomy, because subdividing the NAT1*IO ho

mozygotes by their NAT2 genotype left few individuals in those two
groups. We fit a series of models, as before, starting with a full model
in which both the intercept and slope of each of the four genotypes
lines were free to vary (Fig. 3A). The simplified model, in which all
genotypes have a common intercept but each genotype has a different,
freely estimated slope (Fig. 3B), was not statistically significantly
different from the full model Or = 1.10: df = 3; P = 0.86), leading

us to use the simpler version in subsequent analyses. A possible
NATI X NAT2 X smoking interaction is apparent in Fig. 3ÃŸ,in which
the difference in slopes between the NATl*10~ and NATl*10+

genotypes appears much larger for NAT2 slow genotypes than for
NAT2 rapid genotypes. Without a three-way interaction, the change in

slope between NATI genotypes would be of the same magnitude for

each NAT2 genotype. The statistical significance of this three-way
interaction is examined by comparing two models, the diverging-lines

model, with four freely estimated slopes (Fig. 3ÃŸ),and a second
diverging-lines model, also with four slopes but in which the slopes
are restricted so that no three-way interaction exists (not shown). In
this restricted model, the change in slope between NATI*10~ and

NATI*10+ genotypes is forced to be the same whether NAT2 geno

type is rapid or slow. This second model did not fit the data as well
as the model with four freely estimated slopes (x2 = 4.87; df = 1;

P = 0.03), providing statistically significant evidence for a gene-
gene-environment interaction. As is clear from Fig. 3ÃŸ,the four-line

model that best described the data in the previous analysis can be
simplified to a two-line model. In this parsimonious model that
encompasses gene-gene-environment interaction, all genotypes have a

common intercept, all NAT2 rapid individuals and those who are
NAT2 slow with no copies of NATI *10 have one slope, and all NAT2
slow individuals with at least one copy of NAT1*10 have a second

slope. Point estimates of bladder cancer risk at 35 years of smoking
are OR of 4.0 (95% CI, 2.6-6.2) for the NAT2 rapid individuals and
OR of 12.7 (95% CI, 4.9-33) for those who are NAT2 slow and have
one or more copies of the NAT1*10 alÃele.Presumably, individuals
who were NAT2 slow and homozygous for the NAT]*JO alÃelewould

have higher risks than those who were NAT2 slow and heterozygous
for NAT1*IO, but small sample sizes prevented us from estimating

these risks separately.
The individual who strongly influenced estimation of the

100
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A - . â€”¿�NAT2SLOW, NATI "10
â€¢¿�- NAT2 RAPID. NAT1-10

â€”¿� NAT2 SLOW, NAT1 WT/WT

NAT2 RAPID, NAT1 WT/WT

10 30 40 SO

100
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R â€”¿�- â€”¿� NAT2SLOW, NAT1-10
- - - NAT2 RAPID, NAT!'10
â€”¿� â€”¿� NAT2 SLOW, NATI WTAVT

NAT2 RAPID, NAT1 WT/WT

10 20 30 40 50

Years of Smoking

Fig. 3. A, plot of ORs for four combinations of NAT2 and NATI genotypes by years of smoking in a full model, in which slope and intercept are independently fit for each line.
NATI *IO homozygotes and hÃ©tÃ©rozygotesare combined rather than shown separately because of smaller numbers following stratification by NAT2 genotype. B. simplified final model,

in which lines are constrained to a common intercept, shows no loss in goodness of fit compared to the full model (see text). Bladder cancer risk increases with years of smoking and
is dependent on genotype. Increased genetic risk of bladder cancer is confined to individuals inheriting the combined NAT2 siow and NATÃŒ*ÃŒQ(hÃ©tÃ©rozygotesor homozygotes)
genotypes. There is no evidence of increased genetic bladder cancer risk from exposure among those who inherit NAT2 rapid and NATI*IO genotypes (see text). A statistically

significant test of NAT! x NAT2 x smoking interaction is afforded by examining whether the difference in slopes between NATI subgroups is the same for NAT2 rapid subjects as
for NAT2 slow subjects.
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/V-ACETYLATION POLYMORPHISMS IN BLADDER CANCER

Table 6 Occupation and adjusted" bladder cancer risk

CaseOccupationFurniture

manufacture orrepairPest
exterminationPaper,

pulp, or sawmillTextile
or clothingmanufactureDry

cleaningFuneral
director oremhalmerBeautician

orbarberChemical
manufacturingRubber
industryAutomobile
mechanicGasoline

stationattendantPetroleum
industryElectronics
industryPlastics
manufacturingPrinting
industryNuclear
powerElectricianFanningPainting

or paintmanufacturingArtistic
paintingPhotography

orsculptureDye
manufacturingLandscaping

orgardeningLeather,
shoe, or shoerepairMunitions/explosivesAutomobile

or heavy equipmentmanufacturingLeather
tanningMetal
industryMachinery

manufacturing orrepairElectric
cable manufacturing orinstallationTruck,

bus. or taxidriverNursingX-ray

technicianLaboratory

technicianPharmaceutical
workerHealth

care workerEmployed16219567(I171(121369121311219M13234929g0281993333319Not

employed212226209172221228227221218207192219216215217226209164215226225224219226219220228200208219195225225225227219ControlEmployed144g393113421254Ig6631559133501051341173012264413gNotemployed18919919516420020220220019918217g199185197197200188144190200198203193198190199202186173191177199199202200195OR.0.0.8.3.3ND*0.13.11.90.91.23.5O.g2.71.71.01.40.91.30.30.5ND0.60.3O.g2.4ND1.70.61.01.20.40.82.60.41.195%CI0.5-2.30.1-5.40.7-5.00.8-2.20.3-7.00.01-6.40.8-150.6-7.50.4-1.90.6-2.31.0-140.4-1.81.0-8.40.6-5.40.1-6.60.7-3.10.6-1.50.5-3.00.02-2.50.1-2.30.2-1.60.04-1.60.3-1.90.7-9.80.9-3.50.3-1.20.4-2.50.6-2.20.05-2.40.1^.60.3-590.02-3.20.4-3.1P1.01.00.20.50.70.30.10.30.80.60.050.60.060.31.00.4O.g0.60.30.40.30.30.60.20.10.10.90.60.30.80.40.40.9

" Adjusted for age. sex. race, smoking, and genotype.
* ND, not defined because of zero counts in one cell.

NATI X smoking interaction parameter also strongly influenced the
estimation of the NAT2 X NATI X smoking interaction parameter.
This control subject was NAT2 rapid with two copies of NATI* 10.

Omitting him from the analysis increased the slope for his genotype;
increased the apparent NAT! X smoking interaction among the NAT2
rapid genotypes; and, consequently, modestly reduced the statistical
significance of the NATI X NAT2 X smoking interaction (x2 = 3.18;

df= \;P = 0.08).
Occupation. Using the two-gene model, ORs for ever being em

ployed in each of 36 occupations or industries were calculated (Table
6). Only employment in the petroleum industry showed a significant
main effect, with an OR of 3.5 (95% CI = 1-14; P = 0.05). Similarly,
specific occupational exposures are presented in Table 7 with self-

reported benzidine exposure showing an elevated OR of 5.0, although
this was not statistically significant (P = 0.1). More detailed analyses

using years of employment or frequency of exposure did not substan
tially change the results. Interaction between occupational exposures
and NAT! and NAT2 gene polymorphisms were not significant (data
not shown), although the small number of exposed individuals within
each occupation or exposure group limits the power of such analyses.

DISCUSSION

Several studies have considered whether NAT2 genotype or pheno-
type could impact smoking-induced bladder cancer, but the evidence
for a NAT2 role is weak (18-20). Because NATI was not, until

recently, known to be polymorphic, there are few data exploring a link
between this genotype and bladder cancer risk (20).

The results of our study suggest that, when considering single genes

independently and ignoring smoking, no differences in risk are ap
parent across NAT2 genotypes, and only a modest increased risk is
associated with the NATI*Â¡0 alÃele.When smoking and single genes

are considered together, NAT2 genotype still shows no effect on risk;
however, NAT! genotypes show evidence of a gene-environment

interaction such that bladder cancer risk is dependent on both years of
smoking and genotype. There is little or no difference in bladder
cancer risk across NAT] genotypes among never-smokers but an
increasing divergence in risk across NATI genotypes as the "years of
smoking" factor increases. The smoking-associated increase in blad

der cancer risk is lowest for those individuals with no copies of the
NATl*IO, intermediate for those who are heterozygous for NATl*10,

and highest for those who are homozygous for that alÃele.With risk
plotted on a log scale, the graph for the three NAT! genotypes forms
an array of lines that converge at low smoking exposure and increas
ingly diverge at longer exposure (Fig. 2B).

Interestingly, although the NAT2 genotype showed no relationship
to bladder cancer risk when considered alone or in combination with
smoking, the NAT2 genotype was an important determinant of risk
when considered in conjunction with both NATI and smoking. The
pattern of gene-environment interaction seen between NATI and
smoking when NAT2 was ignored was evident in the three-way

analysis only among individuals who were also slow for NAT2. There
was almost no difference in the risk lines for different NATI geno
types among individuals who were NAT2 fast or among those who
were NAT2 slow but lacked the NATÃ•*IO alÃele(Fig. 3ÃŸ).This

provides for a parsimonious model of only two lines: a high-risk line,

representing approximately 12% of the population, comprising those
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N-ACETYLATION POLYMORPHISMS IN BLADDER CANCER

Table 7 Occupational exposure and adjusted" bladder cancer risk

CaseOccupational

exposuresCutting

or lubricatingoilsDry
cleaningfluidsPaint

thinner orstripperCoal,
tar. pitch,ÃŸ-naphthylamineOrganic

solventsDyes
or dyeingredientsPrinting

inksMagenta
orfuchsinPigmentsTanning

solutionsWelding
or solderingmaterialsPesticides

orinsecticidesHerbicidesParaffin

waxEtherAntioxidantsSootLeather

dustRubber
dustBenzidineÃŸ-Naphthylaminea-Naphthylamine4-AminodiphenylExposed8415832138161658049101431416872145111Unexposed14421314520719021221222122(122817912618421421222020522622322(1224224224ControlExposed83II9111339122735194531513515021(100Unexposed12019211219217(1194191201196200152109130188190198188203201202203203203OR1.01.20.91.81.41.81.22.81.2ND"1.01.00.70.8131.41.5ND0.85.0NDNDND95%

CI0.6-1.60.5-2.90.6-1.40.8^.10.8-2.50.7-t.80.5-3.00.5

-220.4-3.70.6-1.70.7-1.60.4-1.20.3-1.90.6-2.90.4-5.20.7-3.40.1-6.00.7-103P0.90.70.60.20.30.20.70.20.80.90.80.20.60.60.60.30.80.1

" Adjusted for age. sex, race, smoking, and genotype.
h ND. not defined because of zero counts in one cell.

who are NAT2 slow and heterozygous or homozygous for the
NAT 1*10 alÃele,and a lower-risk line for all other genotype combi
nations. Presumably, the most accurate picture would be a three-line
model, in which NAT2 slow. NATI*10 homozygotes have the highest
risk line; NAT2 slow, NATI*10 hÃ©tÃ©rozygoteshave an intermediate

risk line; and all other genotype combinations have a lower risk line.
The small number of individuals who were homozygous for NATI *10
prevented us from accurately modeling the NAT2 slow, NAT1*10
homozygote line separate from hÃ©tÃ©rozygotesto present such a three-

line model.
Slow acetylation phenotype has been associated with increased

bladder cancer risk in several studies of arylamine-exposed workers
(21-24). However, more recent studies in exposed workers and in

human tissues indicate that benzidine, a highly carcinogenic aromatic
diamine found commonly in occupational settings, is poorly detoxi
fied by NAT2. The genotoxicity of benzidine, and possibly other
aromatic amines, appears to be more dependent on NATI activity,
deacetylase activity, and urinary pH than on NAT2 activity (25-28).
However, for arylamine dyes such as ÃŸ-naphthylamine with a single

amino group, the NAT2 genotype should mediate carcinogenicity, and
this is consistent with occupational studies. In the current study,
occupation and occupational exposures, although showing some
modest direct effects on risk, did not produce statistically signif
icant interaction with genotype, but the low frequency of any
particular occupation or occupational exposure limits the power of
such analyses.

The strongest evidence for a direct role for the NAT2 genotype in
modulating smoking-associated bladder cancer risk comes from stud
ies of smokers of "black" tobacco in Europe (2). Smoke from this

variety of tobacco has higher aromatic amine content than the flue-

cured tobacco popular in the United States (2). Both NATI and NAT2
can acetylate carcinogenic arylamines found in cigarette smoke, but
NATI has a higher relative activity for most of these compounds (29).
Thus, at lower aromatic amine concentrations present in United States
cigarettes, NATI activity may be the major pathway for acetylation
and NAT2 effects may only be detected in combination with NATI.

The NATI X NAT2 X smoking interaction, is supported by a
possible metabolic mechanism. If an individual is NAT2 fast,
arylamines may be rapidly detoxified in the liver, so that little hy-

droxylated arylamine may ever reach the bladder epithelium, where
NATI could act upon it (see Fig. 1). Consequently, if a person is
NAT2 fast, his or her NATI genotype may have little effect on bladder
cancer risk. Conversely, if an individual is NAT2 slow, detoxification
in the liver may be incomplete, so that excess hydroxylated arylamine
reaches the bladder epithelium, making NATI genotype an important
determinant of bladder cancer risk. There are limited experimental
data supporting such a pathway; Badawi et al. (13) found significantly
higher arylamine adduct levels in bladder epithelium among individ
uals with the NAT2 slow and NATI *IO+ genotypes compared to other

genotypes tested. Although the proposed metabolic pathway seems a
plausible explanation of our findings, further experimental studies
with precise measurements of phenotypic activity are required before
it is clear that such genotypic differences could produce the magnitude
of effect observed in this study. The implication, however, remains
that while everyone who smokes experiences higher risks of bladder
cancer, there may be genetically defined subsets of the population
who experience much higher risks from smoking and other exposures.
Such individuals, if they are smokers, may warrant closer monitoring
for bladder cancer, and knowledge of their increased risk could
provide additional incentive for smoking cessation.
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