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Abstract
Approximately 10 years ago, it was noted that smoking
increased risk of breast cancer among women with Nacetyltransferase 2 (NAT2) slow acetylation genotypes.
This report was followed by a number of studies to
address this question. We pooled data from 10 existing
studies and also conducted a meta-analysis of 13
studies published from 1996 to October 2006 that were
conducted among women, were published in English,
and had adequate information on smoking and NAT2
genotyping. Raw data were requested from authors.
Unconditional logistic regression was done for pooled
analysis, and random effect models was done for metaanalysis. Study heterogeneity was assessed, and sensitivity tests were done when subgroups were excluded
from the analysis. In the pooled analysis, there was a
significant interaction between smoking, NAT2 genotype, and risk of breast cancer [pack-years (continuous
variable, P interaction = 0.03)], with higher pack-years

significantly associated with an increased risk of breast
cancer among women with NAT2 slow genotypes
(pooled analysis relative risk, 1.49; 95% confidence
interval, 1.08-2.04). These findings were supported by
the meta-analysis including all studies; pack-years
were significantly associated with risk among slow
acetylators in a dose-dependent fashion (meta-analysis
relative risk, 1.44; 95% confidence interval, 1.23-1.68 for
z20 pack-years versus never smokers), but not among
rapid acetylators. Similar relationships were noted for
smoking status (ever, never) and duration of smoking.
Our results show that cigarette smoking is associated
with an increase in breast cancer risk among women
with NAT2 slow acetylation genotypes. Because slow
NAT2 genotypes are present in 50% to 60% of
Caucasian populations, smoking is likely to play an
important role in breast cancer etiology. (Cancer
Epidemiol Biomarkers Prev 2008;17(1):15 – 26)

Background
Tobacco smoke constituents cause mammary tumors in
rodents and affect carcinogenic pathways in human
breast epithelial cells (1-5). Smoking-related DNA damage has been found in human breast tissue (6), and a
number of studies have detected nicotine metabolites,
mutagenic activity, and carcinogen-DNA adducts in
human breast fluid, milk, tissue, and epithelial cells (7).
However, the bulk of epidemiologic studies do not
support an association between smoking and breast
cancer risk (8). We hypothesized that the antiestrogenic
effects of smoking may override potential carcinogenic
effect and that associations with smoking may only be
noted among women who are less capable of detoxifying
tobacco smoke carcinogens (9). In 1996, we published the
first report of results from an investigation of potential
modification of associations between smoking and breast
cancer risk by genotypes for N-acetyltransferase 2 (NAT2;
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ref. 10). NAT2 is involved in the metabolism of aromatic
amines, a major class of tobacco smoke carcinogens, and
variant alleles in NAT2 result in slow clearance of
aromatic amines. In that case-control study, neither
smoking nor NAT2 genotype was independently associated with breast cancer risk, and there were no clear
patterns of increased risk associated with smoking by
NAT2 genotypes among premenopausal women. However, among postmenopausal women, NAT2 genotypes
greatly modified the association of smoking with breast
cancer risk. For slow acetylators, smoking 2, 10, and 20
years before the interview was associated with increased
breast cancer risk in a dose-dependent manner, with
more than a 4-fold increase in risk with smoking more
than one pack of cigarettes per day 20 years before the
interview. For rapid acetylators, there was a reduction in
risk associated with smoking. Since those initial findings,
a number of studies have been conducted to investigate
associations between smoking, NAT2 genotypes, and
breast cancer risk. Because NAT2 slow acetylation
genotypes are present in f50% to 60% of Caucasian
populations (11), increased risk of breast cancer with
smoking among this subset of the population would
have a large public health effect. Herein, we report on a
review of all epidemiologic studies conducted on this
topic in the past 10 years and results from both pooled
analysis and meta-analysis based on the data gathered
from the majority of the original studies.

Cancer Epidemiol Biomarkers Prev 2008;17(1). January 2008

Downloaded from cebp.aacrjournals.org on April 14, 2021. © 2008 American Association for Cancer Research.

16

Cigarette Smoking, NAT2, and Breast Cancer Risk

Materials and Methods
Study Selection. We did a comprehensive literature
search through Medline of all publications from 1996 to
October 2006, using various combinations of the following keywords: N-acetyltransferase 2, NAT2, cigarette
smoking, tobacco smoke, breast cancer, polymorphism,
and genotype. References from relevant papers were also
thoroughly examined for additional studies. We also
contacted authors of papers that were in preparation at
the time of analysis for inclusion of results. We confined
the search to studies that investigated the relationship
between cigarette smoking and breast cancer risk
modified by NAT2 genotypes, were conducted among
women, and were published in English. Studies that only
investigated smoking or NAT2 in relation to breast
cancer risk or studies without adequate information on
cigarette smoking and NAT2 genotypes were not
included. In situations wherein multiple studies were
published using the same data source, we included only
the original study in our analysis. We also contacted
corresponding authors of all identified eligible papers
and requested raw data on age, smoking variables,
menopausal status, NAT2, and case-control status. The
study selection process is outlined in Fig. 1.
The initial search identified 16 studies, which included
2 hospital-based (12, 13) and 10 population-based casecontrol studies (10, 14-22), as well as four nested casecontrol studies in cohorts (23-26). Among these 16
studies, two (12, 21) had inadequate numbers of smokers
in the case (n V 4) and control (n V 1) groups and were
excluded from the analysis. The study by Delfino et al.
(13) was excluded from analysis due to the inclusion of
patients with benign breast disease in the control group
and the lack of data on smoking exposure by NAT2
status, resulting in 13 studies eligible for our analysis.
Published data on associations between breast cancer
risk and smoking variables stratified by NAT2 and
menopausal status were extracted and entered into
meta-analysis. For the pooled analysis, raw data from 9
of 13 studies were provided, and one study contributed
cross-tabulations of data. These data provision allowed
pooled analysis at the individual level to evaluate
potential associations between smoking and breast
cancer risk by NAT2 status, with adjustment for age
and study design.
Data Analysis
Classification of NAT2, Smoking, and Menopausal Status.
For genotyping of NAT2, all 13 studies ascertained three
common variant alleles in the NAT2 gene as slow
acetylator alleles, i.e., NAT2*5, NAT2*6, and NAT2*7.
Three studies also examined NAT2*14 as a slow
acetylator allele (16, 20, 25). NAT2*4 was the common
allele associated with rapid acetylation; other variants
were also ascertained in several studies, including
NAT2*11, NAT2*12, and NAT2*13, and classified as
rapid acetylators (18, 19, 22, 24, 26). The frequencies for
additional alleles included in some studies (NAT2*14,
NAT2*11, NAT2*12, NAT2*13), however, are very low
and are likely to have little effect on genotype classification. In all studies, rapid acetylators were defined as
carriers of at least one of the rapid acetylator alleles.
Three studies used more stringent criteria wherein only

NAT2*4 homozygotes were classified as rapid acetylators
(16, 23, 25). In the studies by Millikan et al. (16) and
Alberg et al. (25), women homozygous for NAT2*4 were
classified as rapid acetylators, and in the study by
Lissowska et al. (22), women homozygous for NAT2*4,
NAT2*11, NAT2*12, or NAT2*13 were classified as rapid
acetylators. In these three studies, intermediate acetylators were combined with rapid acetylators for data
analysis. In our analysis, we defined rapid acetylators as
carriers of at least one of the rapid acetylator alleles,
consistent with the definition in most studies. For the
pooled analysis, we adopted this same classification so
that all studies had the same characterization of
acetylation status.
Smoking status in all 13 studies was categorized
as current, former, and never smokers, or as ever and
never smokers. Age at smoking initiation, cigarettes
smoked per day, years of smoking, and pack-years of
smoking were also reported in most studies. In addition,
seven studies measured passive smoke exposure,
although different measurement instruments were used
(13, 15-17, 19, 20, 25). In this analysis, we evaluated the
effects of smoking status as ‘‘never active versus ever
active’’ regardless of passive smoke exposure or as
‘‘never active/passive versus ever active/passive’’ for
those studies wherein information on passive smoke
exposure was available. In addition, we evaluated packyears of smoking in association with breast cancer risk by
categorizing a woman as never smoking, low pack-years
(<20), or high pack-years (z20) and evaluated duration
by categorizing a woman as never smoking, fewer years
smoking (<15 years), or longer duration smoking
(z15 years). Pack-years was defined as the average packs
per day during smoking years times the number of years
smoking; all studies used the same classification.
Information on pack-years and duration of smoking as
continuous variables was also available from studies that
contributed raw data and was entered into pooled
analysis. Other smoking measurements were not included in this analysis due to the limited data availability.
Natural or artificial menopause was used as the major
criteria for the definition of menopausal status in all 13
studies, except in those by Krajinovic et al. (18), Egan
et al. (14), and Alberg et al. (25). Age at menopause, as
reported in four studies, ranged from 48 to 50 years for
cases and 47 to 50 years for controls (10, 23, 24, 26). The
similarity in defining menopausal status and minor
fluctuation in the reported mean age at menopause
made it reasonable to merge the raw data on menopausal
status from the original studies.
Statistical Methods. Funnel plots with SE on the
vertical axis as a function of effect size on the horizontal
axis were used to explore the presence of publication bias
(27). The degree of the funnel plot asymmetry was
measured by one-sided Egger P values (28). Fail safe N
was reported to depict the number of missing studies,
which would be necessary to nullify the observed
significant effects (29). All relative risks from metaanalysis (meta-RR) were computed from random effect
models to account for heterogeneity in subgroup analysis
(30). We applied random effect models in the metaanalysis, which account for both between-study and
within-study variability, with the assumption that the
included studies are a random sample from all possible
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Figure 1. Study selection process.
studies. The extent of heterogeneity was examined by the
Cochran’s m2 test or Q test. Sensitivity analyses for the
association between ever smoking and NAT2 genotypes
and breast cancer risk were done by evaluating changes in
the meta-RRs in instances wherein studies without
specific data availability were excluded, i.e., the exclusion
of four studies without data for smoking exposure in
pack-years (16, 18, 19, 24) and the exclusion of four studies
not providing data for pooled analysis (19, 20, 23, 25). All
meta-analyses were conducted using the Comprehensive
Meta-analysis Version 2 (Biostat). For pooled analyses, we
used unconditional logistic regression (PHREG procedure, SAS 9.1, SAS Institute) to calculate the pooled odds
ratios (OR) and 95% confidence intervals (95% CI) based
on the individual data, adjusting for age and study design.
Interactions between NAT2 genotypes and smoking were
measured by including the multiplicative terms in the
models and evaluated by the likelihood ratio test. In the
pooled analysis, we also evaluated the joint effects of
genotype and smoking on breast cancer risk by creating a
new variable that incorporated data on both smoking
and NAT2 genotypes. For these analyses, we used never
active smokers with rapid acetylator genotypes as the
reference and contrasted other combinations of smoking
and genotype against this reference group. Finally,
population attributable risks were calculated as PAR =

p(r 1)/(p(r 1) + 1), with p as prevalence of risk factor
among controls and r as OR associated with risk factor
(31). In addition, the population attributable risk related
to interaction (PARi), defined as the proportional excess
of disease attributed to the interaction of ever smoking
and NAT2 slow acetylation status over that which would
have occurred if the susceptible genotype and exposure
had acted independently according to a multiplicative
model, was calculated (32).

Results
Meta-analysis. Table 1 shows the authors, location,
study population, sample size, and variable definitions for
menopausal status, cigarette smoking, and NAT2 status,
as well as the main findings of the 13 studies that were
selected for analysis. In meta-analysis of these 13 studies,
including 4,889 premenopausal and 7,033 postmenopausal women, there was no main effect of NAT2 status
on breast cancer risk (slow versus rapid acetylators: metaRR 1.00, 95% CI 0.93-1.07). There was a slight increase in
risk for ever active smoking versus never active smoking
(meta-RR 1.17, 95% CI 1.07-1.27, fail-safe N 29), as well as a
nonsignificant increase in risk for ever active/passive
smoking versus never active/passive smoking (meta-RR
1.10, 95% CI 0.96-1.27). The funnel plot asymmetries for
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Table 1. Epidemiologic studies on cigarette smoking, NAT2 genotypes, and breast cancer risk included in the
meta-analysis, 1996-2006
No.

Studies

Location,
race,
and case/
control

1

Ambrosone USA,
et al.,
Caucasians,
1996*
304/327

2

Hunter
et al.,
1997

USA,
Caucasians,
466/466

3

Millikan
et al.,
1998*

USA,
Caucasians
and African
Americans,
498/473

4

Morabia
et al.,
2000*

Switzerland,
Caucasians,
160/162

5

Krajinovic Canada,
et al.,
Caucasians,
2001
149/207

6

ChangClaude
et al.,
2002*

Germany,
Caucasians,
422/887

7

Egan
et al.,
2003*

USA,
Caucasians,
791/799

8

van
der Hel
et al.,
2003*

The
Netherlands,
Caucasians,
229/264

Menopausal
status

NAT2 definition

Smoking
measures

Natural or
(a) Daily smoking 2
artificial
and 20 y ago;
menopause
(b) duration;
if <50; cessation
(c) pack-years;
of menstruation
(d) age at smoking
if z50
initiation
Permanently ceased (a) Smoking status
menstruation;
(never, former,
hysterectomy and
current); (b)
at the age that 90% smoking 10 y ago;
cohort had
(c) pack-years;
natural menopause (d) years smoked
before pregnancy

(a) Rapid: z1
wt allele;
(b) Slow: any
combination of 2
of NAT2*5,
NAT2*6, or NAT2*7
(a) Rapid: two
wt allele (homozygous);
(b) Slow: any
combination of two
alleles of NAT2*5A,
NAT2*6A,
or NAT2*7A

As defined
by Ambrosone
et al., 1996

Main
findings

Smoking associated
with increased
breast cancer among
postmenopausal
women with slow
NAT2 genotype
No significant
associations;
although
suggestion of
increased risk among
postmenopausal
smokers with NAT2
slow genotype.
NAT2 rapid genotype
was associated with
an increased risk of
breast cancer among
postmenopausal
women smoking
within the past 3 y

(a) Smoking status
(a) Rapid: two
(never, former current); wt alleles (homozygous);
(b) cigarettes per day;
(b) Intermediate:
(c) duration;
heterozygous
(d) years of cessation;
for wt alleles;
(e) passive smoking
(c) Slow: any
combination of
two alleles of
NAT2*5, NAT2*6,
NAT2*7, or NAT2*14
Last menses 1 y
(a) Smoking status
(a) Rapid: z1 wt allele;
Passive and active
before interview,
(never, ever passive,
(b) Slow: any combination smoking associated
or bilateral
ever active,
of two alleles of
with increased breast
oophorectomy
former, current);
NAT2*5, NAT2*6,
cancer risk among
(b) cigarettes per day
or NAT2*7
women with rapid
NAT2 genotypes
Not defined
Smoking status
(a) Rapid: z1 wt
No clear associations
(never and ever)
in NAT2*4 or
NAT2*12A;
(b) Slow: any
combination of
two alleles of
NAT2*5, NAT2*6A,
or NAT2*7B
Reported status 1 y (a) Smoking status
(a) Rapid: z1 wt allele;
Active smoking was
before reference
(never, passive,
(b) Slow: any
associated with an
date; hysterectomy former, current);
combination
increased risk of
not accompanied
(b) pack-years
of two alleles
breast cancer among
by bilateral
of NAT2*5A,
women with NAT2
oophorectomy
NAT2*6A, or NAT2*7B
slow genotype, but
classified
passive smoke
as unknown
exposure was
associated with an
increased risk for
those with NAT2
rapid genotypes
Not defined
(a) Smoking status
(a) Rapid: z1 wt allele;
Smoking associated
(never, ever);
(b) Slow: any
with slightly
(b) pack-years;
combination
increased risk of
(c) age at smoking
of two alleles
breast cancer among
initiation; (d)
of NAT2*5A,
women with NAT2
years of smoking
NAT2*6A,
slow genotype
before the first birth
or NAT2*7A
Natural or
(a) Cigarettes
(a) Rapid: z1 allele
Smoking associated
artificial
per day;
of NAT2*4, NAT2*12
with increased risk
menopause
(b) duration
or NAT2*13; (b) Slow:
of breast cancer
any combination of
of smoking
among women with
two of NAT2*5A,
NAT2 slow genotype
NAT2*6A, or NAT2*7A;
(c) Very slow: homozygous
for NAT2*5
(Continued on the following page)
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Table 1. Epidemiologic studies on cigarette smoking, NAT2 genotypes, and breast cancer risk included in the
meta-analysis, 1996-2006 (Cont’d)
No. Studies

9

Kocabas
et al.,
2004

Location,
race,
and case/
control

Menopausal
status

Turkey,
Turkish,
84/103

Natural
menopause,
or bilateral
oophorectomy

10 Alberg
et al.,
2004

USA,
110/113

Not defined

11 Sillanpaa
et al.,
2005*

Finland,
Caucasians,
483/482

12 van
del Hel
et al.,
2005*

Natural
menopause,
or bilateral
oophorectomy;
no menses and
z51 y of age
The Netherlands, Natural or
Caucasians,
artificial
676/669
menopause

13 Lissowska Poland,
et al.,
Polish,
2006*
2386/2502

Premenopausal:
<45 y
Perimenopausal:
45-55 y
Postmenopausal:
>55 y

NAT2
definition

Smoking
measures

Main
findings

(a) Rapid: z1 of NAT2*4,
No associations
NAT2*12A, or NAT2*12C;
(b) Slow: any combination
of two allele of NAT2*5,
NAT2*6, or NAT2*7
(a) Smoking status
(a) Rapid: homozygous
Smoking associated
(never, passive,
of wt alleles;
with increased
former, current);
(b) Intermediate: one
risk of breast cancer
(b) pack-years
low activity SNP;
among women
(c) Slow: any combination with NAT2 slow
of two alleles
genotype
of NAT2*5, NAT2*6,
NAT2*7, or NAT2*14
(a) Smoking status
(a) Rapid: z1 wt allele;
Smoking associated
(never active/passive,
(b) Slow: any combination with increased risk
only passive,
of two alleles of
of breast cancer
ex-active,
NAT2*5, NAT2*6,
among women
current active);
NAT2*7, or NAT2*14
with NAT2 slow
(b) pack-years
genotype
(a) Smoking status
(a) Rapid: z1 NAT2*4,
No associations
(never, former,
or NAT2*12;
current);
(b) Slow: any combination
(b) cigarettes
of two alleles of NAT2*5,
per day
NAT2*6A, NAT2*6C,
or NAT2*7B; (c)
ery slow: homozygous
for NAT2*5
(a) Smoking status
(a) Rapid: two of
Ever smoking
(never, former,
NAT2*4, NAT2*11,
significantly
current);
NAT2*12, or
associated with
(b) active and
NAT2*13; (b) Intermediate: increased risk
passive smoking
heterozygous for
among women
one rapid allele;
<45 y of age
(c) Slow: any
with NAT2 slow
combination of two
genotype
alleles of NAT2*5,
NAT2*6, or NAT2*7
Smoking
status
(never, active,
passive)

*Studies that provided raw data for pooled analysis.

these associations were not statistically significant, with
Egger P values of 0.18 and 0.24 for ever active smoking
and ever active/passive smoking, respectively. When
considering the potential modification of risk associated
with smoking by NAT2 status (Table 2), among slow
acetylators, ever active smoking was significantly associated with increased breast cancer risk (meta-RR 1.27,
95% CI 1.16-1.39). There was no significant increase in
risk associated with ever active smoking for those with
rapid NAT2 genotypes (meta-RR 1.05, 95% CI 0.95-1.17).
These associations were not modified by menopausal
status, and there was no apparent heterogeneity across all
13 studies. We also evaluated the risk of breast cancer
associated with passive smoking by NAT2 status from
seven studies with this measurement (15-17, 19, 20, 22, 25)
and did not observe modification by NAT2 status (passive
smoking versus never active/passive smoking: meta-RR
1.19, 95% CI 0.84-1.68 for rapid acetylators and meta-RR
1.13, 95% CI, 0.81-1.56 for slow acetylators). In these seven
studies, however, there was considerable heterogeneity
across the subgroups of rapid acetylators (P = 0.03 for
rapid and P = 0.18 for slow acetylators; data not shown).

This heterogeneity could, in part, explain the lack of
associations for some studies and also precluded further
stratified analysis by menopausal status.
In the 13 studies, pack-years of cigarette smoking were
measured as a categorical variable in nine studies (10, 14,
15, 17, 20, 22, 23, 25, 26). A sensitivity analysis for risk
associated with ever smoking by genotypes showed no
differences between the estimates derived from these
nine studies and all 13 studies; therefore, we used never
active smokers as the reference group and dichotomized
low and high pack-years at 20 for all studies except for
that by Alberg and colleagues (25), which used 15 as the
cutoff point. Exclusion of the study by Alberg et al. did
not substantially change the estimates. The meta-RRs for
low and high pack-years were 1.14 (95% CI, 1.03-1.25)
and 1.26 (95% CI, 1.12-1.43), respectively, which were
modified by NAT2 genotypes. The meta-RRs for rapid
acetylators were close to unity and nearly identical for
low (meta-RR 1.06, 95% CI 0.93-1.21) and high (meta-RR
1.04, 95% CI 0.87-1.25) pack-years (Fig. 2). Among slow
acetylators, however, there was an increased risk for both
low and high pack-years, with a trend of dose-dependent
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effect (meta-RR 1.21, 95% CI 1.08-1.35 for low pack-years
and meta-RR 1.44, 95% CI 1.23-1.68 for high pack-years;
Fig. 2). Further stratification of low pack-years into 1 to 9
and 10 to 19 categories among slow acetylators did not
substantially change risk estimates (meta-RR 1.26, 95% CI
1.04-1.52 for 1 to 9 pack-years and meta-RR 1.24, 95% CI
0.99-1.54 for 10-19 pack-years, respectively).
Table 3 shows the risk of breast cancer associated with
pack-years of smoking by NAT2 status by menopausal
status among the eight studies for which menopausal
data were available (10, 14, 15, 17, 20, 22, 25, 26). Among
NAT2 slow acetylators, there was a significantly
increased risk associated with pack-years in both
premenopausal and postmenopausal women, and the
risk estimates did not vary between these two groups
(high pack-years versus never active smoking: meta-RR
1.47, 95% CI 1.08-2.01 for premenopausal women and
meta-RR 1.41, 95% CI 1.15-1.72 for postmenopausal
women). Among NAT2 rapid acetylators, risk was not
increased among either premenopausal or postmenopausal women for low or high pack-years. Similar to
pack-years, duration of smoking was significantly associated with an increased risk of breast cancer among both
premenopausal and postmenopausal women with NAT2
slow genotypes, and risk estimates did not vary between
these two groups (z15 years versus never active
smoking: meta-RR 1.35, 95% CI 1.11-1.65 for premenopausal women and meta-RR 1.40, 95% CI 1.11-1.76 for
postmenopausal women). Among women with rapid
NAT2 genotypes, there were no associations between
duration of smoking and breast cancer risk, regardless of
menopausal status. In all subgroup analyses for packyears and duration, no significant heterogeneity was
observed.
Pooled Analysis. We also did pooled analysis to
evaluate the risk of breast cancer associated with
smoking status, pack-years, and duration by menopausal status and NAT2 genotypes, based on 5,201 cases
and 5,829 controls from nine studies that provided
individual data (10, 14-18, 22, 24, 26). In the pooled

analysis, there were significant interactions between
NAT2 genotypes and smoking status (ever active versus
never active, P interaction = 0.02), pack-years (continuous
variable, P interaction = 0.03), and duration (continuous
variable, P interaction = 0.007) and significant dose-dependent
effects for pack-years (continuous variable, P trend = 0.0001)
and duration (continuous variable, P trend = 0.0001) among
slow but not rapid acetylators.
As shown in Table 4, the risk estimates from pooled
analysis adjusting for age and study design were highly
consistent with those from meta-analysis. Specifically,
there was a significantly increased risk associated with
ever active smoking among slow acetylators, regardless
of menopausal status [relative risk from pooled analysis
(pooled-RR) 1.18 (1.00-1.38) versus meta-RR 1.28
(1.09-1.50) for premenopausal women; pooled-RR 1.26
(1.11-1.44) versus meta-RR 1.34 (1.17-1.53) for postmenopausal women]. For pack-years, high pack-years were
significantly associated with an increased risk of breast
cancer among both premenopausal and postmenopausal
women with NAT2 slow genotypes [pooled-RR 1.49
(1.08-2.04) and meta-RR 1.47 (1.08-2.01) for premenopausal women; pooled-RR 1.42 (1.16-1.74) and meta-RR 1.41
(1.15-1.72) for postmenopausal women]. Longer duration
of smoking (z15 years) was significantly associated with
an increased risk of breast cancer among both premenopausal and postmenopausal women with NAT2 slow
genotypes [pooled-RR 1.25 (1.02-1.54) versus meta-RR
1.35 (1.11-1.65) for premenopausal women; pooled-RR
1.31 (1.11-1.54) versus meta-RR 1.40 (1.11-1.76) for
postmenopausal women]. Among women with NAT2
rapid genotypes, no significant increase in risk was
observed for ever active smoking, pack-years, or duration
in either premenopausal or postmenopausal women.
We also created new variables combining NAT2
genotypes with smoking status, pack-years, and duration
of smoking and computed ORs using never smokers with
rapid NAT2 genotypes as the reference for each of these
variables. As shown in Table 5, results from these
analyses are consistent with those in the stratified
analyses, with increased risk observed among women

Table 2. Meta-analysis of ever active smoking and breast cancer risk by NAT2 genotypes and menopausal status
NAT2 slow genotype

Study

Ambrosone, 1996
Hunter, 1997
Millikan, 1998
Morabia, 1999
Krajinovic, 2001
Chang-Claude, 2003
Egan, 2003
van der Hel, 2003
Kocabas, 2004
Alberg, 2004
Sillanpää, 2005
van der Hel, 2005
Lissowska, 2006
Meta-RR
P heterogeneity

NAT2 rapid genotype

All

Premenopausal

Postmenopausal

All

Premenopausal

Postmenopausal

OR (95% CI)

OR (95% CI)

OR (95% CI)

OR (95% CI)

OR (95% CI)

OR (95% CI)

1.61 (1.04-2.47)
1.26 (0.89-1.77)
1.15 (0.81-1.65)
1.52 (0.84-2.75)
0.68 (0.33-1.42)
1.26 (0.92-1.72)
1.35 (1.05-1.74)
1.47 (0.92-2.37)
0.41 (0.15-1.09)
1.87 (0.84-4.14)
0.94 (0.63-1.41)
1.42 (1.09-1.85)
1.26 (1.07-1.48)
1.27 (1.16-1.40)
P = 0.30

1.45 (0.70-2.98)
—*
0.94 (0.56-1.57)
1.16 (0.49-2.75)
0.69 (0.16-2.96)
1.23 (0.86-1.75)
1.19 (0.78-1.82)
1.22 (0.62-2.38)
—*
0.50 (0.07-3.85)
0.99 (0.56-1.75)
1.50 (0.98-2.30)
1.45 (1.05-2.0)
1.28 (1.09-1.50)
P = 0.89

1.71 (1.0-2.92)
—*
1.42 (0.86-2.35)
2.05 (0.90-4.63)
0.68 (0.29-1.60)
0.50 (0.13-1.91)
1.48 (1.05-2.07)
1.77 (0.90-3.47)
—*
2.41 (1.0-5.82)
1.08 (0.58-1.99)
1.18 (0.83-1.68)
1.23 (1.02-1.48)
1.34 (1.17-1.53)
P = 0.39

1.17 (0.73-1.89)
1.17 (0.79-1.73)
1.17 (0.81-1.68)
1.29 (0.66-2.53)
1.86 (0.75-4.60)
0.75 (0.52-1.07)
1.21 (0.90-1.63)
1.09 (0.60-1.97)
0.47 (0.15-1.52)
0.85 (0.36-2.0)
0.84 (0.55-1.28)
1.04 (0.76-1.42)
1.06 (0.88-1.29)
1.05 (0.95-1.17)
P = 0.61

1.94 (0.84-4.48)
—*
1.08 (0.63-1.84)
1.56 (0.54-4.49)
4.89 (0.46-51.87)
0.77 (0.51-1.15)
0.76 (0.45-1.29)
0.96 (0.44-2.09)
—*
4.67 (0.70-31.04)
1.02 (0.54-1.90)
1.14 (0.68-1.89)
1.37 (0.94-2.0)
1.08 (0.89-1.30)
P = 0.26

0.90 (0.50-1.61)
—*
1.26 (0.77-2.06)
1.16 (0.48-2.84)
1.70 (0.60-4.84)
0.78 (0.19-3.19)
1.52 (1.04-2.24)
1.36 (0.54-3.46)
—*
0.49 (0.18-1.33)
0.83 (0.46-1.51)
0.90 (0.59-1.36)
1.01 (0.80-1.27)
1.07 (0.92-1.24)
P = 0.51

NOTE: Reference group: never active smoking.
*Data not available.
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Figure 2. Packyears and breast cancer risk by NAT2 status.
with slow NAT2 genotypes, but not among those with
rapid acetylator genotypes.
Finally, we calculated attributable risks that smoking
and NAT2 slow acetylator genotypes contribute to breast
cancer risk and could be eliminated with reduction of
smoking. In the meta-analysis, 11 per 100 cases of breast
cancer among NAT2 slow acetylation genotypes could be
explained by ever smoking. In contrast, smoking contributed only two breast cancers per 100 women among
rapid acetylator genotypes. Results did not vary by
menopausal status. Using data from the pooled analysis,
for both premenopausal and postmenopausal women,
the attributable risk for the interaction of smoking and
NAT2 slow acetylation genotype was five additional
cases of breast cancer per 100 above what would have
occurred if genotype and smoking acted independently.

Discussion
In the present meta-analysis that involved 4,889 premenopausal and 7,033 postmenopausal women, we found

that smoking status, but not NAT2 genotype status, was
independently associated with breast cancer risk. When
stratified by NAT2 genotypes, ever active smoking was
significantly associated with an increased risk among
women with slow, but not rapid, acetylator genotypes.
Furthermore, pack-years and duration of smoking were
associated with an increase in breast cancer risk in a
dose-dependent fashion among women with slow NAT2
genotypes, whereas no increase in risk was observed
among rapid acetylators. The associations between breast
cancer risk and smoking status, pack-years, and duration
were not modified by menopausal status. The pooled
analysis, which adjusted for age and study design,
confirmed the results from meta-analysis, that smoking
was associated with increased risk of breast cancer
among both premenopausal and postmenopausal
women with NAT2 slow acetylator genotypes, but not
among women with NAT2 rapid acetylator genotypes.
When we created a variable combining genotypes and
smoking variables, results were similar in direction
to those in the stratified analysis. Because of the complex biochemical pathways that result in induction of
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Table 3. Meta-analysis of pack-years and duration of smoking and breast cancer risk by NAT2 genotypes and
menopausal status
NAT2 slow genotype

Smoking variable

Premenopausal

Pack-years*
Never active
<20
z20
c
Duration
Never active
<15 y
z15 y

NAT2 rapid genotype

Postmenopausal

Premenopausal

Postmenopausal

Cases/
controls

Meta-RR
(95% CI)

Cases/
controls

Meta-RR
(95% CI)

Cases/
controls

Meta-RR
(95% CI)

Cases/
controls

Meta-RR
(95% CI)

390/579
435/583
113/107

1.00
1.21 (1.00-1.45)
1.47 (1.08-2.01)

755/879
495/474
303/257

1.00
1.28 (1.08-1.50)
1.41 (1.15-1.72)

278/399
297/443
89/86

1.00
1.00 (0.80-1.24)
1.34 (0.94-1.89)

580/624
359/353
170/206

1.00
1.12 (0.93-1.36)
0.98 (0.77-1.26)

460/636
285/374
326/372

1.00
1.12 (0.91-1.37)
1.35 (1.11-1.65)

792/926
290/260
559/525

1.00
1.34 (1.09-1.65)
1.40 (1.11-1.76)

338/453
205/276
230/306

1.00
0.99 (0.72-1.36)
1.08 (0.85-1.35)

630/678
224/205
368/403

1.00
1.28 (0.87-1.88)
1.04 (0.87-1.26)

*Pack-years as a categorical variable were available from the following eight studies for meta-analysis: Ambrosone et al., 1996; Morabia et al., 2000; ChangClaude et al., 2002; Egan et al., 2003; van der Hel et al., 2003; Alberg et al., 2004; Sillanpaa et al., 2005; Lissowska et al., 2006. The cutoff point for pack-years
in the study by Alberg et al. was 15.
cDuration of smoking as a categorical variable was available from the following eight studies for meta-analysis: Ambrosone et al., 1996; Morabia et al.,
2000; Chang-Claude et al., 2002; Egan et al., 2003; van der Hel et al., 2003; Millikan et al., 1998; Sillanpaa et al., 2005; Lissowska et al., 2006. The cutoff point
for duration of smoking in years in the study by Millikan et al. was 20.

additional metabolic enzymes, the antiestrogenic effects
of smoking among some women, and greater carcinogenic potential for others, risk estimates from stratified
analysis may be more accurate than those using interaction variables, however. Specifically, it may be most
appropriate to evaluate the effects of smoking separately
among women by genotype, because mechanisms of
carcinogenesis may be different based on N-acetylation
detoxification capabilities.
In our analysis, we did not observe apparent publication bias or influence of missing studies nor major
heterogeneity across the selected studies. Among studies,
classification of genotypes and genotyping methods did
not substantially differ for the more commonly occurring
polymorphisms. Our findings are consistent with those
observed in urinary bladder cancer studies, wherein
cigarette smoking has been found to be significantly
associated with increased risk of bladder cancer among
slow NAT2 acetylators (33-36).
In 2004, Alberg et al. conducted a meta-analysis using
published data from nine studies (10, 12, 14-17, 23, 25, 26).
They found that ever smoking was significantly associated with an increased risk of breast cancer among slow
(meta-RR 1.37, 95% CI 1.19-1.58) but not rapid acetylators
(meta-RR 1.15, 95% CI 0.97-1.35), consistent with what
we observed in this larger analysis. Stratifying by menopausal status, which was available in six studies (10, 12, 14,
16, 25, 26), they found that the increased risk associated
with slow genotypes was confined to postmenopausal
women (meta-RR 1.61, 95% CI 1.29-2.01 for postmenopausal women versus meta-RR 1.10, 95% CI 0.83-1.46 for
premenopausal women). However, our study now adds
an additional five studies (18-20, 22, 24), but excluded
one (12), and shows that smoking was associated with
increased risk of breast cancer in both premenopausal and
postmenopausal women with slow genotypes. We also
provide consistency by using a pooled analysis.
The findings of associations among both premenopausal and postmenopausal women are counter to those
from many earlier studies, including our own. We
had initially hypothesized that among premenopausal
women, with higher levels of circulating estrogens, the

carcinogenic effects of slowly detoxified aromatic amines
would be outweighed by the inducing effects of tobacco
smoke on hormone metabolism. This mechanism may
still be plausible among some groups of women, and
results in the meta-analysis and pooled analysis could be
weighted by a few of the more recent studies, primarily
those undertaken in Europe. In these studies wherein
associations were noted among premenopausal, as well
as postmenopausal, women, it is possible that other
factors that could modify relationships, such as oral
contraceptive use, industrial pollution, etc., could contribute to the effects in women with putatively higher
estrogen levels.
More recently, Terry et al. (37) conducted a metaanalysis based on data from 13 published studies and
reported increased risk of breast cancer associated with
smoking among women with both rapid and slow
acetylator genotypes (meta-RR 1.2, 95% CI 1.0-1.5 for
rapid and meta-RR 1.5, 95% CI 1.2-1.8 for slow
genotypes), although the strength of association was
stronger among slow acetylators. In stratified analysis by
menopausal status, the increased risk was observed
among postmenopausal women with slow NAT2 genotypes (meta-RR 2.4, 95% CI 1.7-3.3) but not the other
subgroups, in contrast to the Alberg meta-analysis (25). It
is likely that methodologic differences, such as different
criteria in including a study for analysis or in combining
subgroups of women into a single group for comparison,
may underlie the somewhat different observations across
the meta-analysis studies. For example, both the studies
by Alberg et al. and Terry et al. found that cigarette
smoking was associated with breast cancer risk only
among postmenopausal women with NAT2 slow genotypes, which is likely due to the similar data inclusion in
these two studies. Both studies included the same five
studies, except that the study by Alberg et al. included
one additional study by Morabia et al. (15). Also, the
study by Huang et al. was included in Alberg’s metaanalysis, but not in Terry’s or our study. The prevalence
of smoking was extremely low in the study by Huang
et al., and the ORs were only computable for premenopausal rapid acetylators (12). In addition, the study by
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Table 4. Pooled analysis of smoking status, pack-years, and duration and breast cancer risk by NAT2 genotypes
and menopausal status
NAT2 Slow Genotype

Smoking variable

Premenopausal

Smoking status*
Never active
Ever active
c
Pack-years
Never active
<20
z20
b
Duration
Never active
<15 y
z15 y

NAT2 Rapid Genotype

Postmenopausal

Premenopausal

Postmenopausal

Cases/
controls

Pooled-RR
(95% CI)

Cases/
controls

Pooled-RR
(95% CI)

Cases/
controls

Pooled-RR
(95% CI)

Cases/
controls

Pooled-RR
(95% CI)

501/653
697/776

1.00
1.18 (1.00-1.38)

865/1061
937/881

1.00
1.26 (1.11-1.44)

381/459
482/587

1.00
1.0 (0.83-1.20)

678/749
660/663

1.00
1.08 (0.92-1.26)

314/490
421/567
115/110

1.00
1.05 (0.86-1.28)
1.49 (1.08-2.04)

575/701
491/489
291/249

1.00
1.23 (1.03-1.46)
1.42 (1.16-1.74)

222/323
288/422
85/87

1.00
0.91 (0.72-1.16)
1.29 (0.89-1.86)

437/484
347/343
163/201

1.00
1.10 (0.89-1.35)
0.88 (0.69-1.13)

400/570
266/353
310/354

1.00
1.03 (0.84-1.27)
1.25 (1.02-1.54)

647/809
279/252
542/512

1.00
1.36 (1.11-1.67)
1.31 (1.11-1.54)

298/395
192/256
216/286

1.00
0.97 (0.76-1.24)
1.00 (0.78-1.27)

517/569
215/192
352/387

1.00
1.23 (0.97-1.55)
1.01 (0.83-1.22)

NOTE: Adjusted for age and study design.
*Smoking status was available from the following nine studies for pooled analysis: Ambrosone et al., 1996; Millikan et al., 1998; Morabia et al., 2000;
Krajinovic et al., 2001; Chang-Claude et al., 2002; Egan et al., 2003; van der Hel et al., 2003; van der Hel et al., 2005; Lissowska et al., 2006.
cPack-years as a categorical variable were available from the following six studies for pooled analysis: Ambrosone et al., 1996; Morabia et al., 2000; ChangClaude et al., 2002; Egan et al., 2003; van der Hel et al., 2003; Lissowska et al., 2006.
bDuration of smoking as a categorical variable was available from the following seven studies for pooled analysis: Ambrosone et al., 1996; Millikan et al.,
1998; Morabia et al., 2000; Chang-Claude et al., 2002; Egan et al., 2003; van der Hel et al., 2003; Lissowska et al., 2006. The cutoff point in the study by
Millikan et al. was 20 y.

Terry et al. included two studies based on the same
population (17, 38) and used smokers at the highest level
of smoking duration to compare with never smokers. If
smoking duration was not available, then pack-years,
cigarettes smoked per day, current smokers, or ever
smokers were used alternatively in that order of priority.
Our study builds upon these previous meta-analyses
with a more comprehensive and thorough assessment of
smoking variables and inclusion of a recent large study
from Poland (>2,000 cases and 2,000 controls; ref. 22).
Importantly, we also did a pooled analysis of raw data

from >5,000 cases and 5,000 controls to corroborate the
meta-analysis and found consistent results. For packyears, point estimates and confidence intervals were very
similar using both approaches, with ORs for the highest
tertile of pack-years of 1.47 and 1.49 in the meta-analysis
and pooled analysis, respectively, for premenopausal
women and 1.41 and 1.42, respectively, for postmenopausal women. For years of smoking, ORs were slightly
higher in the meta-analysis, 1.35 for premenopausal
women and 1.40 for postmenopausal women, and ORs
were 1.25 and 1.31, respectively, in the pooled. It is

Table 5. Pooled analysis of smoking status, pack-years, and duration and breast cancer risk by NAT2 genotypes
and menopausal status, using never smokers with rapid NAT2 genotype as the reference group
Smoking variable

Premenopausal
NAT2 slow genotype

Smoking status*
Never active
Ever active
c
Pack-years
Never active
<20
z20
b
Duration
Never active
<15 y
z15 y

Postmenopausal

NAT2 rapid genotype

NAT2 slow genotype

NAT2 rapid genotype

Cases/
controls

Pooled-RR
(95% CI)

Cases/
controls

Pooled-RR
(95% CI)

Cases/
controls

Pooled-RR
(95% CI)

Cases/
controls

Pooled-RR
(95% CI)

501/653
697/776

0.95 (0.80-1.14)
1.12 (0.94-1.34)

381/459
482/587

1.00
1.00 (0.83-1.21)

865/1061
937/881

0.90 (0.79-1.03)
1.15 (1.00-1.33)

678/749
660/663

1.00
1.06 (0.91-1.24)

314/490
421/567
115/110

0.89 (0.72-1.10)
0.96 (0.78-1.19)
1.36 (0.98-1.89)

222/323
288/422
85/87

1.00
0.87 (0.69-1.10)
1.23 (0.86-1.77)

575/701
491/489
291/249

0.88 (0.75-1.03)
1.09 (0.91-1.30)
1.26 (1.02-1.56)

437/484
347/343
163/201

1.00
1.09 (0.89-1.33)
0.87 (0.69-1.11)

400/570
266/353
310/354

0.94 (0.77-1.15)
0.98 (0.79-1.23)
1.18 (0.95-1.47)

298/395
192/256
216/286

1.00
0.96 (0.75-1.22)
0.99 (0.78-1.26)

647/809
279/252
542/512

0.88 (0.75-1.03)
1.21 (0.98-1.49)
1.16 (0.98-1.38)

517/569
215/192
352/387

1.00
1.23 (0.97-1.54)
1.00 (0.83-1.21)

NOTE: Adjusted for age and study design.
*Smoking status was available from the following nine studies for pooled analysis: Ambrosone et al., 1996; Millikan et al., 1998; Morabia et al., 2000;
Krajinovic et al., 2001; Chang-Claude et al., 2002; Egan et al., 2003; van der Hel et al., 2003; van der Hel et al., 2005; Lissowska et al., 2006.
cPack-years as a categorical variable were available from the following six studies for pooled analysis: Ambrosone et al., 1996; Morabia et al., 2000; ChangClaude et al., 2002; Egan et al., 2003; van der Helet al., 2003; Lissowska et al., 2006.
bDuration of smoking as a categorical variable was available from the following seven studies for pooled analysis: Ambrosone et al., 1996; Millikan et al.,
1998; Morabia et al., 2000; Chang-Claude et al., 2002; Egan et al., 2003; van der Hel et al., 2003; Lissowska et al., 2006. The cutoff point in the study by
Millikan et al. was 20 y.
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possible that relationships were stronger in the metaanalysis because of the larger numbers of cases and
controls. Alternatively, adjustment for age in the pooled
analysis may have weakened observed relationships
between breast cancer risk and number of years smoked
among slow acetylators. Nonetheless, the consistency of
findings in pooled analysis and meta-analysis provides
substantial support for the assertion that smoking is
related to breast cancer among women with slow
NAT2 genotypes, which comprises f60% of Caucasian
populations.
There is a clear biological rationale for investigating
modification of breast cancer risk associated with
smoking by NAT2 genotypes. Aromatic amines are
a major class of tobacco carcinogens, which include
2-naphthylamine and 4-aminobiphenyl, two compounds
known to cause cancer in both animals and humans
(39, 40). Epidemiologic studies have provided consistent
evidence for a causal relationship between aromatic
amines and urinary bladder cancer (41-43), and experimental studies have shown that aromatic amines are
mammary carcinogens in rodents and humans (44-47).
The metabolism of aromatic amines includes the activation and detoxification by metabolic enzymes, such as
cytochrome P450s and N-acetyltransferase, and the Nacetylation process by NAT2 is an important detoxification step for aromatic amines (48). Animal models have
shown that, upon exposure to aromatic amines, DNA
adducts in prostate and bladder tissues were significantly higher in animals with NAT2 slow genotypes (48),
and human bladder cancer studies have shown that
concentrations of 4-aminobiphenyl-hemoglobin adducts
in the blood are significantly higher in slow acetylators
than in rapid acetylators, particularly at low levels of
carcinogenic exposure (49). In a study of breast tissue,
women who smoked and had slow NAT2 genotypes had
significantly higher levels of aromatic DNA adducts in
breast tissue than women who never smoked and had
rapid NAT2 genotypes (50).
The lack of strong associations between cigarette
smoking and increased risk of breast cancer in epidemiologic studies may be partly due to the potential
antiestrogenic effect of smoking (51-55) and the low
carcinogenic dose that may reach the breast tissue from
tobacco smoke (2). Although the relationship between
cigarette smoking and breast cancer risk may continue to
be a subject of debate, increasing evidence from molecular epidemiologic studies, particularly meta-analyses
and pooled analyses, indicates that subgroups of women
defined by genetic predisposition may be at higher risk
of breast cancer if they are exposed to tobacco smoke
(37). Findings from this large meta-analysis and pooled
analysis support a positive relationship between cigarette
smoking and breast cancer risk among women with slow
NAT2 genotypes.
In this analysis, we included a large sample of
premenopausal and postmenopausal women, but were
not able to evaluate the study by Hunter et al. (23) by
menopausal status due to lack of stratified analysis in
the paper, although that study population was mostly
postmenopausal women. The raw data from that study
were also not available for the pooled analysis. However,
the results from the meta-analysis, which included the
Hunter study, were similar to those for the pooled
analysis, increasing our confidence that pooled results

were not biased by the lack of data from this study.
Furthermore, due to the variability in the measurement
of passive smoke exposure, we were not able to perform
detailed analyses on the associations between passive
smoking and breast cancer risk, although some studies
indicated that passive smoke exposure might be important in breast cancer etiology (8).
In the pooled analysis and meta-analysis, we were not
able to control for potential confounders of relationships
between smoking, NAT2 genotype, and breast cancer
risk. However, the individual studies did control for
confounders, and unadjusted and adjusted ORs were not
significantly different. Thus, it is likely that relationships
observed in our analyses would not be subject to
extensive confounding.
There were some differences in classification of NAT2
genotypes, with five studies genotyping for NAT2*12 and
NAT2*13 as rapid acetylation alleles (18, 19, 22, 24, 26).
These alleles occur in f2% to 3% of the population, and
in recent years, this classification has become a subject
of debate in light of the mixed reports regarding their
phenotypic activities (56-59). Although these three additional ‘‘rapid acetylator’’ alleles were not examined in
most of the studies and so may introduce some misclassification of rapid acetylators as slow, the effect is
likely minor because of the low prevalence of these
alleles. Furthermore, there is no reason to believe that
genotyping misclassification using additional alleles
would be different by case-control status; thus, this
nondifferential misclassification would likely bias the
results to the null. Furthermore, some studies created
three acetylator categories, examining a gene-dose effect,
with those heterozygous for rapid alleles (NAT2*4,
NAT2*11, NAT2*12, or NAT2*13) classified as intermediate acetylators. While conceptually appropriate, this is
not consistent with classification by phenotyping studies.
In our analysis, we defined rapid acetylators as carriers
of at least one of the rapid acetylator alleles. We did
not have individual SNP data for the pooled analysis to
assess effects of intermediate acetylators; however, in
most studies, intermediate acetylators were subsequently
combined with rapid acetylators for analysis in relation
to risk.
Nondifferential misclassification could also result
from potential genotyping errors. Although some studies
reported quality control approaches to genotyping, such
as running duplicate samples for some or all of the
specimens, this information was not available for all
studies. However, similar to potential misclassification of
acetylator status based on additional alleles as addressed
above, it is likely that this misclassification, if any, would
also be nondifferential, with bias equally possible for
cases as for controls, leading the analysis to yield null
results.
In addition, in our analysis, we could not distinguish
between different types of cigarettes. It has been reported
that air-cured (black) cigarettes contain higher levels of
aromatic amines, and smokers of air-cured cigarettes
have higher circulating levels of 4-aminobiphenylhemoglobin adducts than those who smoke flue-cured
cigarettes (60). Clearly, a precise measurement of exposure to carcinogens from different types of cigarettes, as
well as accurate classification of genotypes, may be
helpful to understand the biological mechanisms when
genes involved in metabolic pathways are assessed.
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Conclusions
Findings from this meta-analysis and pooled analysis
indicate that cigarette smoking is associated with an
increase in breast cancer risk among women with
NAT2 slow acetylator genotypes. Because of the
frequency of slow acetylator genotypes among nonAsian populations (50-60% in Caucasians, 35-40% in
African-Americans), inferring a population attributable
risk of five additional cases of breast cancer per 100
above what would have occurred if genotype and
smoking acted independently, smoking cessation programs need to be further targeted to women as a
means for preventing breast cancer.

18.

19.

20.

21.
22.

Acknowledgments

23.

We thank Sabine Behrens for her excellent technical assistance
in data management and analysis and the investigators who
contributed their data for pooled analysis.

24.

References

25.

1.
2.
3.
4.
5.

6.

7.

8.

9.
10.

11.

12.

13.

14.

15.

16.

17.

Rubin H. Synergistic mechanisms in carcinogenesis by polycyclic
aromatic hydrocarbons and by tobacco smoke: a bio-historical
perspective with updates. Carcinogenesis 2001;22:1903 – 30.
Hecht SS. Tobacco smoke carcinogens and breast cancer. Environ
Mol Mutagen 2002;39:119 – 26.
Narayan S, Jaiswal AS, Kang D, Srivastava P, Das GM, Gairola CG.
Cigarette smoke condensate-induced transformation of normal human breast epithelial cells in vitro . Oncogene 2004;23:5880 – 9.
Russo J, Tahin Q, Lareef MH, Hu YF, Russo IH. Neoplastic
transformation of human breast epithelial cells by estrogens and
chemical carcinogens. Environ Mol Mutagen 2002;39:254 – 63.
Mei J, Hu H, McEntee M, Plummer H III, Song P, Wang HC.
Transformation of non-cancerous human breast epithelial cell line
MCF10A by the tobacco-specific carcinogen NNK. Breast Cancer Res
Treat 2003;79:95 – 105.
Perera FP, Estabrook A, Hewer A, et al. Carcinogen-DNA adducts
in human breast tissue. Cancer Epidemiol Biomarkers Prev 1995;4:
233 – 8.
Morabia A, Ambrosone CB, Baron JA, Phillips DH, Russo IH. What
do we currently know about the epidemiological and biological
plausibility of the association of smoking and breast cancer?
J Womens Cancer 2001;3:5 – 8.
Terry PD, Rohan TE. Cigarette smoking and the risk of breast cancer
in women: a review of the literature. Cancer Epidemiol Biomarkers
Prev 2002;11:953 – 71.
Ambrosone CB, Shields PG. Molecular epidemiology of breast
cancer. Prog Clin Biol Res 1997;396:83 – 99.
Ambrosone CB, Freudenheim JL, Graham S, et al. Cigarette smoking,
N-acetyltransferase 2 genetic polymorphisms, and breast cancer risk.
JAMA 1996;276:1494 – 501.
Wacholder S, Rothman N, Caporaso N. Population stratification in
epidemiologic studies of common genetic variants and cancer:
quantification of bias. J Natl Cancer Inst 2000;92:1151 – 8.
Huang CS, Chern HD, Shen CY, Hsu SM, Chang KJ. Association
between N-acetyltransferase 2 (NAT2) genetic polymorphism and
development of breast cancer in post-menopausal chinese women in
taiwan, an area of great increase in breast cancer incidence. Int
J Cancer 1999;82:175 – 9.
Delfino RJ, Smith C, West JG, et al. Breast cancer, passive and active
cigarette smoking and N-acetyltransferase 2 genotype. Pharmacogenetics 2000;10:461 – 9.
Egan KM, Newcomb PA, Titus-Ernstoff L, et al. Association of NAT2
and smoking in relation to breast cancer incidence in a populationbased case-control study (united states). Cancer Causes Control 2003;
14:43 – 51.
Morabia A, Bernstein MS, Bouchardy I, Kurtz J, Morris MA. Breast
cancer and active and passive smoking: the role of the N acetyltransferase 2 genotype. Am J Epidemiol 2000;152:226 – 32.
Millikan RC, Pittman GS, Newman B, et al. Cigarette smoking,
N-acetyltransferases 1 and 2, and breast cancer risk. Cancer Epidemiol Biomarkers Prev 1998;7:371 – 8.
Chang-Claude J, Kropp S, Jager B, Bartsch H, Risch A. Differential

26.

27.
28.
29.

30.
31.
32.

33.

34.
35.

36.
37.

38.
39.
40.
41.
42.

effect of NAT2 on the association between active and passive smoke
exposure and breast cancer risk. Cancer Epidemiol Biomarkers Prev
2002;11:698 – 704.
Krajinovic M, Ghadirian P, Richer C, et al. Genetic susceptibility to
breast cancer in french-canadians: role of carcinogen-metabolizing
enzymes and gene-environment interactions. Int J Cancer 2001;92:
220 – 5.
Kocabas NA, Sardas S, Cholerton S, Daly AK, Karakaya AE.
N-acetyltransferase (NAT2) polymorphism and breast cancer susceptibility: a lack of association in a case-control study of Turkish
population. Int J Toxicol 2004;23:25 – 31.
Sillanpaa P, Hirvonen A, Kataja V, et al. NAT2 slow acetylator
genotype as an important modifier of breast cancer risk. Int J Cancer
2005;114:579 – 84.
Wu FY, Lee YJ, Chen DR, Kuo HW. Association of DNA-protein
crosslinks and breast cancer. Mutat Res 2002;501:69 – 78.
Lissowska J, Brinton LA, Zatonski W, et al. Tobacco smoking, NAT2
acetylation genotype and breast cancer risk. Int J Cancer 2006;119:
1961 – 9.
Hunter DJ, Hankinson SE, Hough H, et al. A prospective study of
NAT2 acetylation genotype, cigarette smoking, and risk of breast
cancer. Carcinogenesis 1997;18:2127 – 32.
van der Hel OL, Bueno-de-Mesquita HB, van Gils CH, et al.
Cumulative genetic defects in carcinogen metabolism may increase
breast cancer risk (the netherlands). Cancer Causes Control 2005;16:
675 – 81.
Alberg AJ, Daudt A, Huang HY, et al. N -acetyltransferase 2 (NAT2)
genotypes, cigarette smoking, and the risk of breast cancer. Cancer
Detect Prev 2004;28:187 – 93.
van der Hel OL, Peeters PH, Hein DW, et al. NAT2 slow acetylation
and GSTM1 null genotypes may increase postmenopausal breast
cancer risk in long-term smoking women. Pharmacogenetics 2003;13:
399 – 407.
Sterne JA, Egger M. Funnel plots for detecting bias in meta-analysis:
guidelines on choice of axis. J Clin Epidemiol 2001;54:1046 – 55.
Egger M, Davey Smith G, Schneider M, Minder C. Bias in metaanalysis detected by a simple, graphical test. BMJ 1997;315:629 – 34.
Rosenberg MS. The file-drawer problem revisited: a general
weighted method for calculating fail-safe numbers in meta-analysis.
Evolution Int J Org Evolution 2005;59:464 – 8.
DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin
Trials 1986;7:177 – 88.
Breslow NE, Day NE. Statistical methods in cancer research. volume
I - the analysis of case-control studies. IARC Sci Publ 1980;32:5 – 338.
Yang Q, Khoury MJ, Friedman JM, Flanders WD. On the use of
population attributable fraction to determine sample size for casecontrol studies of gene-environment interaction. Epidemiology 2003;
14:161 – 7.
Garcia-Closas M, Malats N, Silverman D, et al. NAT2 slow
acetylation, GSTM1 null genotype, and risk of bladder cancer: results
from the spanish bladder cancer study and meta-analyses. Lancet
2005;366:649 – 59.
Gu J, Liang D, Wang Y, Lu C, Wu X. Effects of N-acetyl transferase 1
and 2 polymorphisms on bladder cancer risk in caucasians. Mutat
Res 2005;581:97 – 104.
Vineis P, Marinelli D, Autrup H, et al. Current smoking, occupation,
N -acetyltransferase-2 and bladder cancer: a pooled analysis of
genotype-based studies. Cancer Epidemiol Biomarkers Prev 2001;
10:1249 – 52.
Hein DW. N-acetyltransferase 2 genetic polymorphism: effects of
carcinogen and haplotype on urinary bladder cancer risk. Oncogene
2006;25:1649 – 58.
Terry PD, Goodman M. Is the association between cigarette smoking
and breast cancer modified by genotype? A review of epidemiologic
studies and meta-analysis. Cancer Epidemiol Biomarkers Prev 2006;
15:602 – 11.
Lilla C, Risch A, Kropp S, Chang-Claude J. SULT1A1 genotype, active
and passive smoking, and breast cancer risk by age 50 years in a
german case-control study. Breast Cancer Res 2005;7:R229 – 37.
Hoffmann D, Hoffmann I, El-Bayoumy K. The less harmful cigarette:
a controversial issue. a tribute to ernst L. wynder. Chem Res Toxicol
2001;14:767 – 90.
Faraglia B, Chen SY, Gammon MD, et al. Evaluation of 4aminobiphenyl-DNA adducts in human breast cancer: the influence
of tobacco smoke. Carcinogenesis 2003;24:719 – 25.
Hoffmann D, Hoffmann I. The changing cigarette, 1950-1995.
J Toxicol Environ Health 1997;50:307 – 64.
Talaska G. Aromatic amines and human urinary bladder cancer:
exposure sources and epidemiology. J Environ Sci Health C Environ
Carcinog Ecotoxicol Rev 2003;21:29 – 43.

Cancer Epidemiol Biomarkers Prev 2008;17(1). January 2008

Downloaded from cebp.aacrjournals.org on April 14, 2021. © 2008 American Association for Cancer Research.

25

26

Cigarette Smoking, NAT2, and Breast Cancer Risk

43. Naito S, Tanaka K, Koga H, Kotoh S, Hirohata T, Kumazawa J.
Cancer occurrence among dyestuff workers exposed to aromatic
amines. A long term follow-up study. Cancer 1995;76:1445 – 52.
44. Swaminathan S, Frederickson SM, Hatcher JF. Metabolic activation of
N-hydroxy-4-acetylaminobiphenyl by cultured human breast epithelial cell line MCF 10A. Carcinogenesis 1994;15:611 – 7.
45. Eldridge SR, Gould MN, Butterworth BE. Genotoxicity of environmental agents in human mammary epithelial cells. Cancer Res 1992;
52:5617 – 21.
46. Allaben WT, Weeks CE, Weis CC, Burger GT, King CM. Rat
mammary gland carcinogenesis after local injection of N -hydroxyN-acyl-2-aminofluorenes: relationship to metabolic activation. Carcinogenesis 1982;3:233 – 40.
47. Gorlewska-Roberts KM, Teitel CH, Lay JO, Jr., Roberts DW,
Kadlubar FF. Lactoperoxidase-catalyzed activation of carcinogenic
aromatic and heterocyclic amines. Chem Res Toxicol 2004;17:
1659 – 66.
48. Hein DW. Molecular genetics and function of NAT1 and NAT2: role
in aromatic amine metabolism and carcinogenesis. Mutat Res 2002;
506 – 507:65 – 77.
49. Vineis P, Bartsch H, Caporaso N, et al. Genetically based N acetyltransferase metabolic polymorphism and low-level environmental exposure to carcinogens. Nature 1994;369:154 – 6.
50. Firozi PF, Bondy ML, Sahin AA, et al. Aromatic DNA adducts and
polymorphisms of CYP1A1, NAT2, and GSTM1 in breast cancer.
Carcinogenesis 2002;23:301 – 6.
51. Michnovicz JJ, Naganuma H, Hershcopf RJ, Bradlow HL, Fishman J.
Increased urinary catechol estrogen excretion in female smokers.
Steroids 1988;52:69 – 83.

52. Michnovicz JJ, Hershcopf RJ, Naganuma H, Bradlow HL, Fishman J.
Increased 2-hydroxylation of estradiol as a possible mechanism for
the anti-estrogenic effect of cigarette smoking. N Engl J Med 1986;315:
1305 – 9.
53. Tansavatdi K, McClain B, Herrington DM. The effects of smoking on
estradiol metabolism. Minerva Ginecol 2004;56:105 – 14.
54. Tanko LB, Christiansen C. An update on the antiestrogenic effect of
smoking: a literature review with implications for researchers and
practitioners. Menopause 2004;11:104 – 9.
55. Mueck AO, Seeger H. Smoking, estradiol metabolism and hormone
replacement therapy. Curr Med Chem Cardiovasc Hematol Agents
2005;3:45 – 54.
56. Bolt HM, Selinski S, Dannappel D, Blaszkewicz M, Golka K. Reinvestigation of the concordance of human NAT2 phenotypes and
genotypes. Arch Toxicol 2005;79:196 – 200.
57. Fretland AJ, Doll MA, Leff MA, Hein DW. Functional characterization of nucleotide polymorphisms in the coding region of N acetyltransferase 1. Pharmacogenetics 2001;11:511 – 20.
58. Zang Y, Zhao S, Doll MA, States JC, Hein DW. The T341C (Ile114Thr)
polymorphism of N -acetyltransferase 2 yields slow acetylator phenotype by enhanced protein degradation. Pharmacogenetics 2004;14:
717 – 23.
59. Cascorbi I, Brockmoller J, Mrozikiewicz PM, Muller A, Roots I.
Arylamine N -acetyltransferase activity in man. Drug Metab Rev
1999;31:489 – 502.
60. Bartsch H, Malaveille C, Friesen M, Kadlubar FF, Vineis P. Black (aircured) and blond (flue-cured) tobacco cancer risk. IV: molecular
dosimetry studies implicate aromatic amines as bladder carcinogens.
Eur J Cancer 1993;29A:1199 – 207.

Cancer Epidemiol Biomarkers Prev 2008;17(1). January 2008

Downloaded from cebp.aacrjournals.org on April 14, 2021. © 2008 American Association for Cancer Research.

Cigarette Smoking, N-Acetyltransferase 2 Genotypes, and
Breast Cancer Risk: Pooled Analysis and Meta-analysis
Christine B. Ambrosone, Silke Kropp, Jun Yang, et al.
Cancer Epidemiol Biomarkers Prev 2008;17:15-26.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cebp.aacrjournals.org/content/17/1/15

This article cites 60 articles, 8 of which you can access for free at:
http://cebp.aacrjournals.org/content/17/1/15.full#ref-list-1
This article has been cited by 9 HighWire-hosted articles. Access the articles at:
http://cebp.aacrjournals.org/content/17/1/15.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cebp.aacrjournals.org/content/17/1/15.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from cebp.aacrjournals.org on April 14, 2021. © 2008 American Association for Cancer Research.

