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Given the high incidence of breast cancer and that more than half
of cases remain unexplained, the need to identify risk factors for
breast cancer remains. Deficiencies in DNA repair capacity have
been associated with cancer risk. The mutagen sensitivity assay
(MSA), a phenotypic marker of DNA damage response and repair
capacity, has been consistently shown to associate with the risk of
tobacco-related cancers. Methods: In a case–control study of 164
women with breast cancer and 165 women without the disease, we
investigated the association between mutagen sensitivity and risk
of breast cancer using bleomycin as the mutagen. Results: High
bleomycin sensitivity (>0.65 breaks per cell) was associated with
an increased risk of breast cancer, with an adjusted odds ratio of
2.8 [95% confidence interval (CI) 5 1.7–4.5]. Risk increased with
greater number of bleomycin-induced chromosomal breaks
(Ptrend 5 0.01). The association between bleomycin sensitivity
and breast cancer risk was greater for women who were black,
premenopausal and ever smokers. Our data also suggest that
bleomycin sensitivity may modulate the effect of tobacco smoking
on breast cancer risk. Among women with hypersensitivity to
bleomycin, ever smokers had a 1.6-fold increased risk of breast
cancer (95% CI 5 0.6–3.9, P for interaction between tobacco
smoking and bleomycin sensitivity 5 0.32). Conclusions: In-
creased bleomycin sensitivity is significantly associated with an
increased risk of breast cancer in both pre- and postmenopausal
women. Our observation that the effect of tobacco smoking on
breast cancer risk may differ based on mutagen sensitivity status
warrants further investigation.

Introduction

Breast cancer is the most common malignancy in women (1). In the
USA, breast cancer incidence rates have been rising slowly for the
past two decades and breast cancer is the second leading cause of
cancer-related death in women (2,3). However, there is currently no
method available that predicts which individual woman is most prob-
ably to develop the disease in the general population with high dis-
criminatory ability. Of the nearly 241 000 women diagnosed each
year, �90% are sporadic cases in women without a significant family
history of breast cancer and no other strong identifiable risk factors
other than age and reproductive or hormonal risk factors (4).

Breast cancer is a disease of mixed etiology. The best-documented
and most common risk factors are related to endogenous and exoge-
nous hormonal exposure. Women who carry mutations in BRCA1 or
BRCA2 genes have a very high risk of breast cancer. However, breast
cancer cases caused by highly penetrant genes (BRCA1 and BRCA2)

account for only �5% of all cases (5). There are other moderately
penetrant genes, namely p53, pTEN, STK11, CHEK2, CDH1, ATM
and PALB2, which are associated with �20 to 25% of familial breast
cancer cases and 1–3% of all cases in the general population (6).
Recent genome-wide association studies have identified at least eight
genetic variants that are common genetic susceptibility loci associated
with modest increases in breast cancer risk (7) and more are probably
to be identified in the future. These recent discoveries are shedding
light on important mechanisms in breast carcinogenesis and provide
evidence for the presence of etiologic heterogeneity across breast
cancer subtypes (8). Noticeably, many of these breast cancer suscep-
tibility genes, i.e. p53, pTEN, CHEK2, ATM, BRCA1 and MAP3K1,
regulate cell cycle control and DNA repair functions, suggesting that
subtle flaws in these pathways may play a significant role in individual
susceptibility to breast cancer in the general population (9). Mutagen
sensitivity assay, a phenotypic assay that accounts for the net results of
several genetic pathways and the cumulative effects of low-risk ge-
netic variants, has been proposed as a potentially useful biomarker to
explore individual susceptibility to breast cancer (10).

The mutagen sensitivity assay (MSA) is a promising method for
cancer risk assessment (11). The MSA is a measure of the frequency
of chromosomal breaks induced by mutagens in short-term peripheral
blood cultures and serves as a phenotypic marker of the combined
effects of sensitivity to the carcinogen exposure, the individual’s DNA
damage response and repair capacity. Individuals with suboptimal
DNA repair capacity accumulate higher levels of chromosomal breaks
compared with individuals with efficient DNA repair function (11).
The MSA has been tested as a biological marker of cancer suscepti-
bility in several case–control studies with mutagen sensitivity shown
to be an independent risk factor for a variety of tobacco-related can-
cers, including lung, head and neck and liver cancers (12–18). In
breast cancer, only a few small case–control studies (typically with
,100 cases) examined the association between the MSA and breast
cancer risk (19–21). These previous studies suggest that the MSA may
be a promising biomarker for breast cancer risk in premenopausal
women and African-American women. We conducted a case–control
study to further investigate whether bleomycin sensitivity is associ-
ated with breast cancer risk in both pre- and postmenopausal women
in a predominately white population.

Materials and methods

Study population

The study population has been described previously (22). Breast cancer cases
(n 5 178) were recruited at the Georgetown University Hospital clinics
(Lombardi Comprehensive Cancer Center’s Division of Medical Oncology,
Department of Surgery and the Betty Lou Ourisman Breast Cancer Clinic).
The inclusion criteria for cases included a diagnosis of breast cancer within the
prior 6 months, among women who have not yet received chemotherapy and
radiotherapy treatment and were able to provide informed consent in English.
Exclusion criteria included having a prior history of cancer, chemotherapy and
radiation treatment or an active infection or immunological disorder that
needed treatment with antibiotics or immunosuppressive medication within
1 month prior to enrollment. From 2006 through 2008, a total of 254 newly
diagnosed breast cancer patients were identified to be eligible and 178 (70%)
participated in our study. Common reasons for non-participation were too
busy or not interested (21%), overwhelmed by cancer diagnosis (5%) and
not responsive to phone call or e-mail contact (4%). Four cases (2%) did not
provide a blood sample, six blood cultures failed (3%) and blood culture was
not performed on four blood samples (2%). Therefore, the final number of
cases with bleomycin sensitivity data for analysis was 164.

Between 2006 and 2008, a total of 380 controls were recruited by random
selection from healthy women who visited the mammography screening clinic
at Georgetown University Hospital and each control donated a blood sample
for the mutagen sensitivity assay. The inclusion and exclusion criteria for
controls were the same as for cases. Additionally, controls who had a breast
biopsy within the past 6 months or were currently pregnant or breast-feeding

Abbreviations: CI, confidence interval; HRT, hormonal replacement therapy;
MSA, mutagen sensitivity assay; OR, odds ratio.
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were not eligible. The overall participation rate among the eligible women was
60% for controls. The major reasons for non-participation were being too busy
(19%) or not interested (20%). Blood cultures failed in 10 samples (3%); thus,
the final number of controls with mutagen sensitivity data was 370. For this
analysis, 165 controls were selected from the pool of 370 controls and matched
to enrolled cases on age (2 year interval), race and state of residency (District
of Columbia, Maryland or Virginia).

After providing informed consent, subjects completed a structured in-person
interview assessing prior medical history, tobacco smoke exposures, alcohol
use, current medications, family medical history, reproductive history and
socioeconomic characteristics. Trained phlebotomists obtained venous blood
using heparinized tubes. The study was approved by the MedStar Research
Institute-Georgetown University Oncology Institutional Review Board.

Mutagen sensitivity assay

Lymphocyte cultures were set up within 48 h of blood collection using fresh
whole blood, following a protocol described previously (15). Briefly, 1 ml of
fresh blood was added to 9 ml of RPMI-1640 medium supplemented with 15%
bovine serum, 1.5% phytohemagglutinin (Invitrogen, Rockville, MD), 2 mM
L-glutamine and 100 U/ml each of penicillin and streptomycin. After the cells
were cultured for 90 h at 37�C, 200 ll of 1.5 U/ml bleomycin (Mead Johnson
Oncology Products, Princeton, NJ) was added into the culture and the culture
was incubated at 37�C for an additional 5 h. To arrest the cells at metaphase,
0.2 lg/ml colcemid was added to the culture 1 h before harvest. The cells were
treated in hypotonic solution (0.06 M HCl) and fixed in fixative (methanol:
acetic acid 5 3:1). The cells were then dropped onto clean microscopic slides,
air dried and stained with 4% Gurr’s Giemsa solution (BDH Laboratory Sup-
plies, Poole, Dorset, UK). Fifty well-spread metaphase cells per subject were
examined to visually score the chromosomal breaks. Details of the criteria for
the scoring of chromosomal breaks were described previously (15). The slides
were coded and scored without the knowledge of case–control status. The
overall assay success rate was 97%. In order to assess the reproducibility of
the MSA, blood samples from �10% (n5 34) randomly selected subjects were
assayed in duplicates. The results indicated that MSA score in assay 1 was very
similar to that in assay 2 (mean ± SD 5 0.57 ± 0.3 and 0.58 ± 0.2, respectively,
P5 0.71). The MSA scores were significantly correlated between assay 1 and
assay 2 [Pearson correlation coefficiency (r) 5 0.83, P, 0.01] and the average
coefficient of variation for the 34 pairs of duplicates was 12.8%.

Statistical analysis

The chi-square goodness-of-fit test or Student’s t test was used to test differ-
ences in the distributions by age, gender, race, smoking status and other subject
characteristics between cases and controls. Smoking status was stratified into
two categories: never smokers—individuals who had never smoked .100
cigarettes in their life and ever (former/current) smokers—individuals who
had smoked .100 cigarettes in their life. Family history of female cancers
was defined as having breast or ovarian cancer in first- or second-degree
biological relatives. Physical activity was defined as any physical activity on
a regular basis (at least once a week on average) for at least 20 min at a time
that either made the subjects sweat or increased their heart rate. Alcohol con-
sumption was defined as whether the subjects had consumed a total of �12
alcoholic beverages over the course of their lifetime. Wilcoxon rank-sum test
was used to determine the statistical significance of case–control comparisons
of bleomycin-induced chromosomal breaks. Multivariate logistic regression
was used to estimate the association between bleomycin sensitivity and breast
cancer risk, adjusting for known breast cancer risk factors (age, race and
menopausal status) and other potential confounders (physical activity during
teenage years and environmental tobacco exposure at work). If inclusion of
a factor altered the odds ratio (OR) estimation by .15%, that factor was
retained in the final model. An individual was considered to have high bleo-
mycin sensitivity if the MSA score was equal to or greater than the 50th
percentile value in controls (0.64 breaks per cell). To assess for the presence
of a dose-response trend between breast cancer risk and the degree of bleo-
mycin sensitivity, women were categorized to hyposensitive (lowest quartile),
sensitive (two middle quartile categories) and hypersensitive (highest quartile)
based on their MSA scores and hyposensitive women (the lowest quartile) were
used as the reference. The above-mentioned categories were also used to
examine the combined effect of tobacco smoking and mutagen sensitivity.
All P-values were two sided. All analyses were performed using SAS software,
version 9 (SAS Institute, Cary, NC).

Results

Study population

Demographic characteristics of the study subjects are presented in
Table I. The mean age was 52.3 for cases and 52.6 for controls. There

were no significant differences in the distribution of race, tobacco
smoking status, alcohol use, reproductive characteristics or family
history of female cancers (breast and ovarian) between cases and
controls. Controls were significantly more probably to be physically
active and less probably to be exposed to environmental tobacco at
work (Table I). Forty-two percent of cases and 48% of controls had
completed college or higher education and 54% of cases and controls
had median family income .$100k, reflecting the high socioeco-
nomic characteristics of patients seen at the Lombardi Comprehensive
Cancer Center.

Correlations of bleomycin sensitivity and host factors

We assessed the relationship between bleomycin sensitivity and se-
lected host factors among controls and cases separately. Among con-
trols, mutagen sensitivity tended to increase with age [Pearson
correlation coefficient (r) 5 0.17, P , 0.03], was weakly inversely
correlated with income (r5�0.16, P5 0.07) and was not affected by
race, menopausal status, family history of female cancers, physical
activity during teenage years, smoking status or environmental to-
bacco exposure at work and educational level. Among cases, none
of the host factors examined seemed to significantly correlate with
mutagen sensitivity.

Table I. Characteristics of study population by case–control status

Descriptive Cases
(n 5 164)

Controls
(n 5 165)

P

Age (years), mean (SD) 52.31 (10.67) 52.62 (9.86) 0.79
Race, n (%)

White 125 (76) 126 (76)
Black 29 (18) 31 (19)
Other 10 (6) 8 (5) 0.94

BMI, mean (SD) 26.89 (6.15) 26.66 (6.48) 0.75
Active smoking, n (%)

Ever 58 (37) 70 (43)
Never 101 (64) 93 (57) 0.25

ETS at work, n (%)a

Yes 35 (38) 19 (21) 0.01
No 57 (62) 72 (79)

Alcohol consumption, n (%)
Ever 136 (88) 152 (94)
Never 18 (12) 10 (6) 0.08

Number of children, mean (SD) 1.77 (1.30) 2.00 (1.39) 0.14
Age at menarche (years), mean (SD) 12.57 (1.41) 12.45 (1.48) 0.48
Menopausal status, n (%)

Premenopausal 68 (44) 74 (45)
Postmenopausal 87 (56) 89 (55) 0.78

Use of HRT (%)b

Ever 42 (52) 55 (62)
Never 40 (48) 34 (38) 0.19

Physical activity at age 13–19, n (%)
Yes 99 (62) 123 (75)
No 60 (38) 40 (25) 0.01

Family history of female cancers, n (%)
0 relatives affected 141 (94) 151 (94)
1 relative affected 8 (5) 9 (6)
2 relatives affected 1 (1) 0 (0) 0.59

Educational level (%)
Below college 89 (58) 85 (52)
Equal/above college 65 (42) 77 (48) 0.34

Household income (%)
Below $100K 53 (46) 56 (46)
Equal/above $100K 63 (54) 67 (54) 0.98

Physical activity was defined as any weekly physical activity, longer than
20 min at a time that would make the subject sweat or increase their heart rate.
Family history of female cancers was defined as any breast or ovarian cases
among first- and second-degree blood relatives. ETS, environmental tobacco
smoking.
aETS among never smokers.
bHRT among postmenopausal women.
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Bleomycin sensitivity and breast cancer risk

Table II presents case–control comparisons of the mean number of
bleomycin-induced breaks per cell. Overall, the mean breaks per cell
were significantly higher in cases (mean 5 0.86) than in controls
(mean 5 0.72, P , 0.01). When the case–control comparison was
stratified by age, race, menopausal status, tobacco smoking and phys-
ical activity, we observed similar patterns of case–control differences
across all subgroups of women (Table II).

We assessed the association between bleomycin sensitivity and
breast cancer risk using multivariate logistic regression. Using the
median (0.64 breaks per cell) in controls as a cut point, subjects were
dichotomized into high (equal or above median) or low (below me-
dian) bleomycin-sensitivity groups. Women who had high bleomycin
sensitivity had significantly increased breast cancer risk compared
with women with low bleomycin sensitivity [adjusted OR 5 2.8,
95% confidence interval (CI) 5 1.7–4.5] in the overall study popula-
tion (Table III). ORs were adjusted for age, race, menopausal status,
physical activity during teenage years and environmental tobacco
exposure at work. When stratified by menopausal status, the ORs were
3.3 (95% CI 5 1.6–6.9) and 2.5 (95% CI 5 1.3–5.0) for pre- and
postmenopausal women, respectively. Among postmenopausal
women, the association between MSA and breast cancer risk was
stronger (OR 5 2.6, 95% CI 5 1.0–6.5) in those who reported ever
use of hormonal replacement therapy (HRT) compared with women
who never used HRT (OR 5 1.9, 95% CI 5 0.6–6.0). To assess for the
presence of a dose-response trend between breast cancer risk and the
degree of bleomycin sensitivity, women were categorized to hyposen-
sitive (lowest quartile), sensitive (two middle quartile categories) and
hypersensitive (highest quartile) based on their MSA scores and hy-
posensitive women (the lowest quartile) were used as the reference.
A significant dose–response relationship was observed (Ptrend , 0.01),
and the lowest versus highest quartile OR was 3.8 (95% CI 5 1.9–7.5)
for all women. The lowest versus highest quartile ORs were 4.7 (95%
CI 5 1.7–13.3) and 3.7 (95% CI 5 1.4–9.5) for pre- and postmeno-
pausal women, respectively. Among postmenopausal women, the
lowest versus highest quartile ORs were 4.2 (95% CI 5 1.1–16.0)
and 2.2 (95% CI 5 0.5–10.5), respectively, for ever versus never HRT
users. The associations between mutagen sensitivity and breast cancer
risk were stronger among black women with a 6.9-fold increase,

whereas white women had a 2.4-fold increase. The racial difference
persisted across quartile comparisons (Table III).

Joint effect of bleomycin sensitivity and tobacco smoking on breast
cancer risk

To test the hypothesis that women who are more sensitive to carci-
nogens (as defined by high bleomycin sensitivity) are more suscepti-
ble to tobacco smoking-induced breast cancer, we performed various
stratified analyses. When stratified by smoking status, the association
between mutagen sensitivity and breast cancer risk was stronger for
ever smokers (OR 5 3.5, 95% CI 5 1.5–8.0) than never smokers
(OR 5 2.4, 95% CI 5 1.3–4.6, Table III). Overall, tobacco smoking
was not significantly associated with breast cancer risk in our study pop-
ulation (age and race adjusted OR 5 0.8, 95% CI 5 0.3–2.3). When the
subjects were stratified by the three categories of bleomycin sensitiv-
ity (hyposensitive, sensitive and hypersensitive), bleomycin sensitiv-
ity seems to modulate the effect of cigarette smoking on breast cancer
risk. Tobacco smoking was not significantly associated with breast
cancer risk among bleomycin-hyposensitive women (OR 5 0.8, 95%
CI 5 0.3–2.8), was significantly associated with a decreased breast
cancer risk among bleomycin sensitive women (OR 5 0.4, 95%
CI 5 0.2–0.9) and was associated with a non-significant increased
breast cancer risk among bleomycin hypersensitive women (OR 5
1.6, 95% CI 5 0.6–3.9). However, there was no significant interaction
between tobacco smoking and bleomycin sensitivity when the interac-
tion was formally tested in the logistic model (P 5 0.32). We further
examined the combined effect of tobacco smoking and bleomycin
sensitivity on breast cancer risk, using women who were hyposensitive
and never smokers as the referent group. Women who had bleomycin
hypersensitive phenotypes and were smokers were at 3.8-fold increased
risk of breast cancer compared with women who had a bleomycin-
hyposensitive phenotype and were never smokers (Table IV).

Discussion

In this report, we demonstrated that, after adjusting for known breast
cancer risk factors, high bleomycin sensitivity is significantly associ-
ated with an increased risk of breast cancer in both pre- and postmen-
opausal women. This finding supports our hypothesis that deficiencies
in DNA repair and cell cycle control pathways, as measured by muta-
gen sensitivity assay, contribute to breast cancer susceptibility.

The failure to maintain genome integrity is central to the problem
of carcinogenesis. Increased genetic instability, either spontaneous or
mutagen-induced, has been considered a predisposing factor for neo-
plastic transformation. Epidemiological studies of markers of DNA
repair and cancer susceptibility in humans have consistently revealed
positive associations between DNA repair capacity and cancer occur-
rence (23). In a study of 36 familial cases, their 85 first or second degree
female relatives, 36 sporadic cases and 40 unrelated female controls,
Jyothish et al. (20) reported that bleomycin-induced chromosomal
breaks were significantly higher in both familial and sporadic breast
cancer patients compared with unrelated female controls. Bleomycin-
induced chromosomal breaks were also significantly higher in female
relatives of familial breast cancer cases compared with unrelated female
controls (20). We also chose bleomycin as the mutagen for the MSA.
The main reason is because bleomycin is a radiomimetic drug and io-
nizing radiation is an established cause for breast cancer (24). Different
mutagens may act on cells through different molecular mechanisms and
may activate different repair mechanisms. Bleomycin for example can
induce single-stranded and double-stranded DNA damages that require
base excision or recombinant DNA repair (25,26). Benzo[a]pyrene
diol-epoxide is a metabolic product of benzo[a])pyrene, a major con-
stituent of tobacco smoke, and forms covalent ‘bulky’ adducts upon
interaction with DNA that requires the nucleotide excision repair path-
way (27). Therefore, it may be necessary to use a panel of mutagens to
assess multiple repair pathways. Xiong et al. (19) investigated
benzo[a]pyrene diol-epoxide sensitivity and breast cancer risk in a
case–control study (100 cases and 105 controls) of predominantly white
women and reported that benzo[a]pyrene diol-epoxide sensitivity was

Table II. Case–control comparison of mean bleomycin-induced breaks per
cell

Host factors Cases Controls P�

N Mean (SD) N Mean (SD)

All subjects 164 0.86 (0.37) 165 0.72 (0.34) ,0.01
Age

,55 101 0.85 (0.36) 102 0.68 (0.33) ,0.01
�55 63 0.88 (0.38) 63 0.77 (0.34) 0.06

Race
White 125 0.85 (0.38) 126 0.71 (0.36) ,0.01
African-American 29 0.88 (0.33) 31 0.74 (0.27) 0.06

Active smoking
Ever 101 0.83 (0.36) 93 0.72 (0.35) ,0.01
Never 58 0.92 (0.39) 70 0.71 (0.33) ,0.01

ETS at worka

No 57 0.87 (0.41) 72 0.72 (0.35) ,0.01
Yes 35 0.79 (0.29) 19 0.73 (0.37) 0.42

Menopausal status
Premenopausal 68 0.83 (0.36) 74 0.69 (0.37) ,0.01
Postmenopausal 87 0.88 (0.37) 89 0.74 (0.32) ,0.01

Physical activity at teenage years
No 60 0.86 (0.41) 40 0.72 (0.39) 0.05
Yes 99 0.86 (0.35) 123 0.71 (0.33) ,0.01

ETS, environmental tobacco smoking.
aETS among non-smokers.
�P-values are from Wilcoxon rank-sum test.
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associated with a 3-fold increased risk of breast cancer in premeno-
pausal women. More recently, a study by our group examined the MSA
using gamma radiation as the mutagen and breast cancer risk in a case–
control study of African-American women (61 cases and 86 controls)
and gamma radiation sensitivity was found to be associated with an
increased breast cancer risk (OR 5 4.5, 95% CI 5 2.2–9.1) (21). Our
results are in agreement with these previous reports and provide fur-
ther evidence that bleomycin sensitivity is significantly associated
with breast cancer risk in both pre- and postmenopausal women.

The observed association was somewhat stronger in premenopausal
women than in postmenopausal women, which leads to the hypothesis
that female hormone exposure may modulate the effect of MSA on
breast cancer risk. This hypothesis was supported by data from further
stratified analysis by HRT use in postmenopausal women. In postmen-
opausal women, the association between MSA and breast cancer risk
was stronger in women who ever used HRT compared with women
who never used HRT (Table III). We recommend caution when inter-
preting these data due to the small sample size. Since the publication of
the Women’s Health Initiative study where a significant increase in
postmenopausal breast cancer risk with HRT use was demonstrated
(28), the use of HRT for treating menopausal symptoms has become
a hotly debated issue (29). The potential joint effect of mutagen sen-
sitivity and HRT on breast cancer risk warrants further investigation.

Our data also suggest that bleomycin sensitivity may modulate the
effect of tobacco smoking on breast cancer susceptibility. Stratified
analysis suggested that bleomycin sensitivity is a stronger risk factor
in smokers than in non-smokers. Among bleomycin hypersensitive
women, having ever-smoked cigarettes is associated with a 1.6-fold
increased risk of breast cancer, whereas among bleomycin less sen-
sitive women, cigarette smoking is associated with a reduced risk of
breast cancer. Despite considerable research, the relationship between
tobacco smoke exposures and breast cancer risk remains controver-
sial. Some epidemiological studies reported that there may be an in-
creased breast cancer risk with smoking of long duration, smoking
before a first full-term pregnancy and second-hand smoking (30,31).

Table III. Logistic regression examining the association between bleomycin sensitivity and breast cancer risk

MSA categories (b/c) Cases–controls ORa (95% CI) Cases–controls ORa (95% CI)

All subjects
Low (�0.64) 51/85 1.00
High (.0.65) 113/80 2.8 (1.7–4.5)
Hyposensitive (�0.48) 21/43 1.00
Sensitive (0.49–0.86) 73/80 2.0 (1.1–3.9)
Hypersensitive (�0.87) 70/42 3.8 (1.9–7.5)
P trend ,0.01

White women Black women
Low (�0.64) 41/65 1.00 6/17 1.00
High (.0.65) 84/61 2.4 (1.4–4.2) 23/14 6.9 (1.7–28.1)
Hyposensitive (�0.48) 17/36 1.00 2/6 1.00
Sensitive (0.49–0.86) 54/58 2.0 (1.0–4.2) 15/17 3.8 (0.6–27.0)
Hypersensitive (�0.87) 54/32 3.8 (1.7–8.1) 12/8 6.9 (0.9–54.3)
P trend ,0.01 0.07

Premenopausal women Postmenopausal women
Low (�0.64) 25/47 1.00 22/38 1.00
High (.0.65) 43/27 3.3 (1.6–6.9) 65/51 2.5 (1.3–5.0)
Hyposensitive (�0.48) 10/23 1.00 11/20 1.00
Sensitive (0.49–0.86) 33/35 2.7 (1.1–7.1) 35/44 1.8 (0.7–4.7)
Hypersensitive (�0.87) 25/16 4.7 (1.7–13.3) 41/25 3.7 (1.4–9.5)
P trend ,0.01 ,0.01

Postmenopausal women only Postmenopausal women only

Ever user of HRT Never user of HRT
Low (�0.64) 11/26 1.00 9/12 1.00
High (.0.65) 31/29 2.6 (1.0–6.5) 31/22 1.9 (0.6–6.0)
Hyposensitive (�0.48) 5/14 1.00 5/6 1.00
Sensitive (0.49–0.86) 19/26 2.7 (0.7–10.0) 15/18 1.2 (0.3–5.1)
Hypersensitive (�0.87) 18/15 4.2 (1.1–16.0) 20/10 2.2 (0.5–10.5)
P trend 0.03 0.23

Ever smokers Never smokers
Low (�0.64) 18/38 1.00 30/47 1.00
High (.0.65) 40/32 3.5 (1.5–8.0) 71/46 2.4 (1.3–4.6)
Hyposensitive (�0.48) 8/19 1.00 12/24 1.00
Sensitive (0.49–0.86) 19/33 1.6 (0.6–4.7) 51/46 2.3 (1.0–5.4)
Hypersensitive (�0.87) 31/18 6.4 (2.0–20.2) 38/23 2.7 (1.1–6.8)
P trend ,0.01 0.04

b/c, breaks per cell.
aAdjusted for age at interview, race (when appropriate), physical activity at teens, environmental tobacco smoking at work and menopausal status (when
appropriate).

Table IV. Combined effect of mutagen sensitivity and cigarette smoking on
breast cancer risk

Level of mutagen
sensitivity

Smoking
status

Cases–controls ORa (95% CI)

Hyposensitive (�0.48 b/c) Never 12/24 1.00
Sensitive (0.49–0.86 b/c) Never 51/46 2.4 (1.0–5.5)
Hypersensitive (�0.87 b/c) Never 38/23 3.0 (1.2–7.4)
Hyposensitive (�0.48 b/c) Ever 8/19 0.7 (0.3–2.3)
Sensitive (0.49–0.86 b/c) Ever 19/33 1.2 (0.5–2.9)
Hypersensitive (�0.87 b/c) Ever 31/18 3.8 (1.5–10.0)

b/c 5 breaks per cell.
aAdjusted for age at interview, race, physical activity at teens, environmental
tobacco smoking at work and menopausal status.
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Two prospective studies also showed that breast cancer risk is asso-
ciated with active or second-hand smoking and tobacco exposure may
increase risk as much as 60% among women diagnosed with breast
cancer at a young age (32–34). However, the majority of epidemiol-
ogy studies, including three large USA cohort studies that examined
tobacco smoking alone as a breast cancer risk factor, do not support an
overall association (35–40). Failure to detect an association in these
studies may be due to the potentially opposing effects of tobacco
smoking on breast cancer risk.

Cigarette smoking has been reported to have potential carcinogenic
as well as antiestrogenic effects (41). Smoking has been associated
with earlier age at menopause (42), higher rates of infertility (43),
increased risk of osteoporosis and attenuated response to hormone
replacement therapy (44). These opposing effects on risk may be
variable, depending on certain host factors, both genetic and non-
genetic. For example, the association between cigarette smoking
and breast cancer risk is more evident in certain subgroups of women,
i.e. premenopausal women (45,46), those with a family history of
breast cancer (47), BRCA1/BRCA2 mutation carriers (48) or those
who have certain genotypes. A pooled analysis suggested that the
associations between cigarette smoking and breast cancer risk differ
by N-acetyltransferase type 2 genotypes (49).

Five recent studies reported that defective DNA repair modestly
increases tobacco-related breast cancer risk (50–54). Shore et al. (54)
reported that in a nested case–control study of 612 cases and 612
controls, the XPC-PATþ/þ genotype increased breast cancer risk
only among smokers, and a borderline significant (P 5 0.08) interac-
tion between the XPC-PATþ/þ polymorphism and cigarette smoking
was observed. In the Carolina Breast Cancer Study, smoking duration
was positively associated with breast cancer risk in women with the
base excision gene XRCC1 codon 399 Arg/Arg genotype (52,55). Our
study provided suggestive evidence that tobacco smoking may in-
crease risk of breast cancer among women who are highly sensitive
to carcinogens. We recommend caution when interpreting our data
due to the small sample size. Nevertheless, this new finding is in-
triguing and warrants further investigation. Understanding the com-
plex relationship between tobacco smoking and breast cancer risk has
important public health impact because even a small increase in the
risk of breast cancer among a subgroup of women may account for
a substantial number of cases. Therefore, whether or not women
should be warned about smoking as a possible cause of breast cancer
needs to be studied with great care. Future studies should be designed
to investigate the potential combined effect of smoking and mutagen
sensitivity on breast cancer risk among women with different smoking
patterns as judged by intensity, duration and age of smoking initiation.

Given that this is a case–control study, a theoretical concern is that
bleomycin sensitivity is affected by case status (reverse causality).
Results from previous studies indicated that mutagen sensitivity is
a heritable trait (10,56) and bleomycin-induced chromosomal breaks
were significantly higher in female relatives of familial breast cancer
cases compared with unrelated female controls (20). Additionally, all
the blood samples in our study were drawn before any chemotherapy
and radiotherapy treatments. Thus, reverse causality may not be
a plausible explanation for our results.

In conclusion, our data provide further evidence that bleomycin
sensitivity is associated with breast cancer risk and is a promising
biomarker for breast cancer risk assessment for both pre- and post-
menopausal women. The observation that bleomycin sensitivity may
modulate the effect of tobacco smoking on breast cancer risk warrants
further investigation. Better understanding of the role of tobacco ex-
posures in breast cancer development has significant public health
impact, given the large number of women that are exposed to active
and passive tobacco smoking.

Funding

Flight Attendant Medical Research Institute (CIA 042242); Susan
G.Komen for the Cure (BCTR 0600562), Department of Defense
(DAMD17-03-1-0446); National Institutes of Health (P30 CA51008).

Acknowledgements

We wish to thank Whitney McCleod and Christine Nagel for their assistance in
control subject recruitment, Sahar Selim for technical assistance and Lenka
Goldman for data preparation. We are in debts to the physicians at the Betty
Lou Ourisman Breast Center of the Lombardi Comprehensive Cancer Center
for their strong support on patient recruitment. The Clinical Molecular Epide-
miology Shared Resources at the Lombardi Comprehensive Cancer Center
provided services for collecting questionnaire data and data entry.

Conflict of Interest Statement: None declared.

References

1.Parkin,D.M. et al. (2006) Use of statistics to assess the global burden of
breast cancer. Breast J., 1, S70–S80.

2.Stewart,S.L. et al. (2004) Cancer mortality surveillance—United States,
1990–2000. MMWR, 53, 1–108.

3.Smigal,C. et al. (2006) Trends in breast cancer by race and ethnicity: update
2006. CA Cancer J. Clin., 56, 168–183.

4.Madigan,M.P. et al. (1995) Proportion of breast cancer cases in the United
States explained by well-established risk factors. J. Natl Cancer Inst., 87,
1681–1685.

5.Peto,J. et al. (1999) Prevalence of BRCA1 and BRCA2 gene mutations in
patients with early-onset breast cancer. J. Natl Cancer Inst., 91, 943–949.

6.Turnbull,C. et al. (2008) Genetic predisposition to breast cancer: past, pre-
sent, and future. Annu. Rev. Genomics Hum. Genet., 9, 321–345.

7.Pharoah,P.D. et al. (2008) Polygenes, risk prediction, and targeted preven-
tion of breast cancer. N. Engl. J. Med., 358, 2796–2803.

8.Garcia-Closas,M. et al. (2008) Genetic susceptibility loci for breast cancer
by estrogen receptor status. Clin. Cancer Res., 14, 8000–8009.

9.Weber,B.L. et al. (2000) Low penetrance genes associated with increased
risk for breast cancer. Eur. J. Cancer, 36, 1193–1199.

10.Wu,X. et al. (2007) Mutagen sensitivity: a genetic predisposition factor for
cancer. Cancer Res., 67, 3493–3495.

11.Hsu,T.C. et al. (1991) Mutagen sensitivity: a biological marker of cancer
susceptibility. Cancer Epidemiol. Biomarkers Prev., 1, 83–89.

12.Schantz,S.P. et al. (1990) Mutagen sensitivity in patients with head and
neck cancers: a biologic marker for risk of multiple primary malignancies.
J. Natl Cancer Inst., 82, 1773–1775.

13.Cloos,J. et al. (1996) Genetic susceptibility to head and neck squamous cell
carcinoma. J. Natl Cancer Inst., 88, 530–535.

14.Spitz,M.R. et al. (1994) Mutagen sensitivity as a risk factor for second
malignant tumors following malignancies of the upper aerodigestive tract.
J. Natl Cancer Inst., 86, 1681–1684.

15.Zheng,Y.L. et al. (2003) Bleomycin-induced chromosome breaks as a risk
marker for lung cancer: a case-control study with population and hospital
controls. Carcinogenesis, 24, 269–274.

16.Spitz,M.R. et al. (1995) Mutagen sensitivity as a biological marker of lung
cancer risk in African Americans. Cancer Epidemiol. Biomarkers Prev., 4,
99–103.

17.Wei,Q. et al. (1996) Benzo(a)pyrene diol epoxide-induced chromosomal
aberrations and risk of lung cancer. Cancer Res., 56, 3975–3979.

18.Wu,X. et al. (1998) Mutagen sensitivity as a susceptibility marker for
human hepatocellular carcinoma. Cancer Epidemiol. Biomarkers Prev., 7,
567–570.

19.Xiong,P. et al. (2001) Sensitivity to benzo(a)pyrene diol-epoxide associated
with risk of breast cancer in young women and modulation by glutathione
S-transferase polymorphisms: a case-control study. Cancer Res., 61, 8465–
8469.

20. Jyothish,B. et al. (1998) DNA repair proficiency: a potential marker for
identification of high risk members in breast cancer families. Cancer Lett.,
124, 9–13.

21.Natarajan,T.G. et al. (2006) gamma-radiation-induced chromosomal muta-
gen sensitivity is associated with breast cancer risk in African-American
women: caffeine modulates the outcome of mutagen sensitivity assay. Can-
cer Epidemiol. Biomarkers Prev., 15, 437–442.

22.Zheng,Y.L. et al. (2009) Chromosome 9 arm-specific telomere length and
breast cancer risk. Carcinogenesis, 30, 1380–1386.

23.Berwick,M. et al. (2000) Markers of DNA repair and susceptibility to cancer
in humans: an epidemiologic review. J. Natl Cancer Inst., 92, 874–897.

24. John,E.M. et al. (1993) Radiation and other environmental exposures and
breast cancer. Epidemiol. Rev., 15, 157–162.

25.Xu,Y.J. et al. (1998) Excision of C-4’-oxidized deoxyribose lesions from
double-stranded DNA by human apurinic/apyrimidinic endonuclease (Ape1
protein) and DNA polymerase beta. J. Biol. Chem., 273, 28837–28844.

O.Kosti et al.

658



26.Dar,M.E. et al. (1997) Identification of defective illegitimate recombina-
tional repair of oxidatively-induced DNA double-strand breaks in ataxia-
telangiectasia cells. Mutat. Res., 384, 169–179.

27.Shou,M. et al. (1993) Reactivity of benzo[a]pyrene-7,8-dione with DNA.
Evidence for the formation of deoxyguanosine adducts. Carcinogenesis,
14, 475–482.

28.Rossouw,J.E. et al. (2002) Risks and benefits of estrogen plus progestin in
healthy postmenopausal women: principal results From the Women’s
Health Initiative randomized controlled trial. JAMA, 288, 321–333.

29.Bush,T.M. et al. (2007) How the Women’s Health Initiative (WHI) influ-
enced physicians’ practice and attitudes. J. Gen. Intern. Med., 22, 1311–
1316.

30.Terry,P.D. et al. (2002) Cigarette smoking and the risk of breast cancer in
women: a review of the literature. Cancer Epidemiol. Biomarkers Prev., 11,
953–971.

31.Li,C.I. et al. (2005) The relationship between various measures of cigarette
smoking and risk of breast cancer among older women 65–79 years of age
(United States). Cancer Causes Control, 16, 975–985.

32.Al-Delaimy,W.K. et al. (2004) A prospective study of smoking and risk of
breast cancer in young adult women. Cancer Epidemiol. Biomarkers Prev.,
13, 398–404.

33.Kropp,S. et al. (2002) Active and passive smoking and risk of breast cancer
by age 50 years among German women. Am. J. Epidemiol., 156, 616–626.

34.Reynolds,P. et al. (2004) Active smoking, household passive smoking, and
breast cancer: evidence from the California Teachers Study. J. Natl. Cancer
Inst., 96, 29–37.

35.Egan,K.M. et al. (2002) Active and passive smoking in breast cancer: pro-
spective results from the Nurses’ Health Study. Epidemiology, 13, 138–145.

36.O’Connell,D.L. et al. (1987) Cigarette smoking, alcohol consumption, and
breast cancer risk. J. Natl Cancer Inst., 78, 229–234.

37.Ghadirian,P. et al. (2004) Smoking and the risk of breast cancer among
carriers of BRCA mutations. Int. J. Cancer, 110, 413–416.

38.Ranocchia,D. et al. (1991) Cigarette smoke and the hormonal receptors
status in breast cancer. Eur. J. Epidemiol., 7, 389–395.

39.Brunet,J.S. et al. (1998) Effect of smoking on breast cancer in carriers of
mutant BRCA1 or BRCA2 genes. J. Natl Cancer Inst., 90, 761–766.

40.Lin,Y. et al. (2008) Active smoking, passive smoking, and breast cancer
risk: findings from the Japan Collaborative Cohort Study for Evaluation of
Cancer Risk. J. Epidemiol., 18, 77–83.

41.Band,P.R. et al. (2002) Carcinogenic and endocrine disrupting effects of
cigarette smoke and risk of breast cancer. Lancet, 360, 1044–1049.

42.Kaufman,D.W. et al. (1980) Cigarette smoking and age at natural meno-
pause. Am. J. Public Health, 70, 420–422.

43.Weisberg,E. (1985) Smoking and reproductive health. Clin. Reprod. Fertil.,
3, 175–186.

44. Jensen,J. et al. (1988) Effects of smoking on serum lipoproteins and bone
mineral content during postmenopausal hormone replacement therapy. Am.
J. Obstet. Gynecol., 159, 820–825.

45.Key,T.J. et al. (1996) Cigarette smoking and urinary oestrogen excretion in
premenopausal and post-menopausal women. Br. J. Cancer, 74, 1313–1316.

46.Gammon,M.D. et al. (1998) Cigarette smoking and breast cancer risk
among young women (United States). Cancer Causes Control, 9, 583–590.

47.Couch,F.J. et al. (2001) Cigarette smoking increases risk for breast cancer
in high-risk breast cancer families. Cancer Epidemiol. Biomarkers Prev.,
10, 327–332.

48.Breast Cancer Family Registry; Kathleen Cuningham Consortium for Re-
search into Familial Breast Cancer (Australasia); Ontario Cancer Genetics
Network (Canada). (2008) Smoking and risk of breast cancer in carriers of
mutations in BRCA1 or BRCA2 aged less than 50 years. Breast Cancer
Res. Treat., 109, 67–75.

49.Ambrosone,C.B. et al. (2008) Cigarette smoking, N-acetyltransferase 2
genotypes, and breast cancer risk: pooled analysis and meta-analysis. Can-
cer Epidemiol. Biomarkers Prev., 17, 15–26.

50.Mechanic,L.E. et al. (2006) Polymorphisms in nucleotide excision
repair genes, smoking and breast cancer in African Americans and whites:
a population-based case-control study. Carcinogenesis, 27, 1377–1385.

51.Metsola,K. et al. (2005) XRCC1 and XPD genetic polymorphisms, smok-
ing and breast cancer risk in a Finnish case-control study. Breast Cancer
Res., 7, R987–R997.

52.Pachkowski,B.F. et al. (2006) XRCC1 genotype and breast cancer: func-
tional studies and epidemiologic data show interactions between XRCC1
codon 280 His and smoking. Cancer Res., 66, 2860–2868.

53.Shen,J. et al. (2005) Polymorphisms in XRCC1 modify the association
between polycyclic aromatic hydrocarbon-DNA adducts, cigarette smok-
ing, dietary antioxidants, and breast cancer risk. Cancer Epidemiol. Bio-
markers Prev., 14, 336–342.

54.Shore,R.E. et al. (2008) Polymorphisms in XPC and ERCC2 genes, smok-
ing and breast cancer risk. Int. J. Cancer, 122, 2101–2105.

55.Duell,E.J. et al. (2001) Polymorphisms in the DNA repair gene XRCC1 and
breast cancer. Cancer Epidemiol. Biomarkers Prev., 10, 217–222.

56.Cloos,J. et al. (1999) Inherited susceptibility to bleomycin-induced chro-
matid breaks in cultured peripheral blood lymphocytes. J. Natl. Cancer
Inst., 91, 1125–1130.

Received October 19, 2009; revised January 14, 2010;
accepted January 16, 2010

Mutagen sensitivity and breast cancer risk

659


