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Abstract

Background
The incidence of breast cancer among East Asian women has been increasing rapidly in recent decades, but the etiology remains unclear. This case–control
study investigated whether estrogen-DNA adducts ratio is a predictor of breast cancer risk in East Asian women.

Methods
The control group (n = 146) comprised healthy female volunteers and women with benign breast disease without atypia. The case group (n = 221) comprised
women either with benign breast disease with atypia and breast cancer. The ratios of estrogen-DNA adducts to their respective metabolites and conjugates in
plasma were analyzed using ultraperformance liquid chromatography and tandem mass spectrometry. The single nucleotide polymorphisms (SNPs) of
CYP1A1, CYP1B1, and COMT were genotyped, and a logistic regression model was used to compare the estrogen-DNA adduct ratios between the two groups.

Results
The estrogen-DNA adduct ratio in the case group was signi�cantly higher than that in the control group (median ratio: 58.52 vs. 29.36, P = 0.004). A multiple
logistic regression model demonstrated that a unit increase in the natural log of the estrogen-DNA adduct ratio in premenopausal women was a signi�cant
predictor of breast cancer risk, with an estimated hazard ratio of 1.718 (1.444 − 2.046, P < 0.001). However, the CYP1A1, CYP1B1, and COMT SNPs were not
associated with the estrogen-DNA adduct ratios.

Conclusion
Plasma estrogen-DNA adduct ratio predicts breast cancer risk in premenopausal women in East Asia, and the genotoxic effects may contribute to the
carcinogenesis of this emerging disease.

Background
The incidence of breast cancer among women in Asian countries is generally lower than that in Western countries.[1] However, the incidence has increased
rapidly in East Asia over the past 40 years, including in Singapore, Taiwan, Korea, Japan, and China [2]. Previous age–period–cohort analyses have
demonstrated a strong cohort effect on breast cancer incidence in these countries, with an increase observed particularly among women aged < 50 years [3–
7], and our studies have identi�ed an unusually high prevalence of hormone receptor–positive breast tumors in patients aged ≤ 50 years in Taiwan and other
East Asian countries [2, 8, 9].

Notably, in addition to hormone receptor–positive breast cancer, our previous study observed that the incidences of type I endometrial cancer and
endometrioid carcinoma of the ovary have increased rapidly in Taiwan in recent decades [10]. The common features of these cancers include high rates of
hormone receptor expressions and their occurrences are considered to be associated with estrogen exposure. By contrast, the incidence of other subtypes of
these three cancers and other major cancers, such as lung and colon cancer, have also increased, but mainly in older adults [10]. These �ndings indicate that
estrogen-related malignancies are emerging in young women in East Asia, and estrogen-related etiologies, either exogenous estrogenic substances or
endogenous estrogen, are linked to the rapid increase in incidence.

With regard to endogenous estrogen, early studies (published between 1971 and 1991) of premenopausal women found that estradiol levels were 20–50%
lower in Asian women (including Asian American women) than in Caucasian women of comparable age [11–15]. However, a recent study demonstrated no
difference in serum estradiol levels between premenopausal Asian American women and Caucasian women [16], and another recent study even identi�ed
higher estradiol levels in premenopausal Asian American women than in Caucasian women [17]. These indirect pieces of evidence suggest that serum
estrogen levels have increased considerably in premenopausal Asian American women in the past two decades.

In the present study, we hypothesized that the rapid increase in estrogen levels in premenopausal women in East Asia has led to the production of mutagenic
metabolites. Estrogens are oxidized to form catechol estrogens, 2-hydroxyestrone (estradiol) [2-OHE1(E2)], and 4-OHE1(E2) in the presence of cytochrome
P450 (CYP) 1A1 and 1B1. These catechol estrogens are further converted to semiquinones and quinones as a result of peroxidase activity. Catechol estrogen-
3,4-quinones react with DNA to form depurinating estrogen-DNA adducts 4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1-N7Gua. The apurinic sites of the reacted DNA
can lead to mutations caused by error-prone DNA repair, initiating cancer [18]. Depurinating estrogen-DNA adducts are shed into the blood and excreted in
urine. Previous studies have demonstrated that in Western countries, the ratio of estrogen-DNA adducts to estrogen metabolites and conjugates in blood or
urine is signi�cantly higher in women at high risk of breast cancer or who have been diagnosed with the disease than in women at average risk of breast
cancer [19, 20].

This study investigated the association between estrogen-DNA adduct ratio and breast cancer risk in Taiwanese women, and the analysis was strati�ed by
menopausal status to uncover this association among premenopausal women. In addition, we evaluated the interaction of single nucleotide polymorphisms
(SNPs) of CYP1A1, CYP1B1, and catechol-O-methyltransferase (COMT) with estrogen-DNA adduct ratio and the interaction effect on breast cancer risk. COMT
is a phase II enzyme and can mitigate the harmful effects of catechol estrogens by catalyzing the O-methylation in catechol estrogens to methyl estrogens
[21].
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Methods

Study population
In October 2010, we initiated a case–control study to evaluate the associations of 1) estrogenic environmental pollutants and 2) estrogen synthesis and
metabolism with breast cancer risk in Taiwanese women. The study was approved by the Ethics Committee of National Taiwan University Hospital (NTUH;
201004060R). The participants included female volunteers with no history of malignancy or breast disease (de�ned as healthy volunteers), biopsy-proven
benign breast disease, or breast cancer patients. Healthy volunteers were recruited through posters and �yers at NTUH and in the community, and they
received a small fee for their time (approximately US $6.30) after completing the study. The diagnosis of breast cancer (including ductal carcinoma in situ)
and benign breast disease was con�rmed by histological samples. Benign breast diseases were classi�ed into proliferative and non-proliferative diseases.
Proliferative disease was indicated if specimens contained any of the following: atypical ductal hyperplasia, atypical lobular hyperplasia, ductal hyperplasia
(greater than mild), papilloma, radial scars, or sclerosing adenosis. Cysts, �broadenoma, or columnar changes were considered non-proliferative disease [22,
23]. A meta-analysis demonstrated that proliferative disease was associated with breast cancer risk [24] but that non-proliferative disease was not; thus, we
included female volunteers with no history of malignancy and women with non-proliferative breast disease into a control group, and we included women with
proliferative breast disease and breast cancer into a case group.

At enrollment, the participants provided a fasting blood sample and completed an assisted questionnaire. To reduce treatment-related bias, blood samples
were collected before any treatment for breast cancer was initiated. Blood samples were centrifuged immediately after collection, and the plasma samples
were stored at − 80°C. The questionnaire included questions on the risk factors for breast cancer, including age, parity, breastfeeding history, body mass index
(BMI), smoking and drinking habits, menopause status, education level, and family history of breast or ovarian cancer.

Sample preparation and ultraperformance liquid chromatography and tandem mass
spectrometry analysis of estrogen-DNA adduct ratio
Serum samples were stored at − 80°C and thawed only once before analysis. Serum aliquots (0.5 ml) were partially puri�ed by solid-phase extraction (SPE)
with a small modi�cation, as previously described [19]. The serum samples were diluted with an equal volume of 0.01 M ammonium formate buffer (pH 7;
loading and washing buffer) before being passed through the SPE cartridges. The cartridges were washed with methanol and distilled water and, �nally,
preconditioned with loading buffer. The samples were loaded and passed without vacuum, and the target compounds were eluted by using elution buffer
(methanol/acetonitrile/water, 80:10:10 pH 3.5). The eluted samples were lyophilized and reconstituted in 50 µl of methanol/water (0.1% formic acid), and
passed through 5000 cutoff �lters.

The ultraperformance liquid chromatography and tandem mass spectrometry analyses were carried out using a Waters Acquity UPLC system connected to a
high-performance Quattro Micro triple quadrupole mass spectrometer (Waters, Milford, MA, USA) [25]. The analysis was performed by injecting 10 µl of each
partially puri�ed serum sample into an Acquity UPLC BEH C18 1.7-mm column (1 × 100 mm2) at a �ow rate of 0.15 mL/min. Analytes were identi�ed by their
retention time and fragmentation pattern and processed using QuanLynx software to quantify the estrogen-DNA adducts, estrogen metabolites, and
conjugates. The adduct ratio was de�ned by the following equation:

=

[
4−OHE1(E2) −1−N3Ade+4−OHE1(E2) −1−N7Gua
4−catecholestrogens+4−catecholestrogenconjugates +

2−OHE1(E2) −1−N3A
4−catecholestrogens+4−catecholest

The estrogen metabolites included 2-OHE1(E2) and 4-OHE1(E2). The conjugates included 2-OCH3E1(E2), 4-OCH3E1(E2), 4-OHE1(E2)-2-SG, 4-OHE1(E2)-2-Cys,
and 4-OHE1(E2)-2-NAcCys. The adducts included 4-OHE1(E2)-1-N3Ade, 4-OHE1(E2)-1-N7Gua, and 2-OHE1(E2)-6-N3Ade. The concentration of each of the 20
compounds and the ratio of depurinating N3Ade and N7Gua adducts to the sum of their respective estrogen metabolites and conjugates in each serum
sample provided a ratio that re�ected the degree of imbalance in that estrogen metabolism that could lead to the initiation of cancer. The experiment was a
blinded one.

Genotyping of CYP1A1, CYP1B1, and COMT

The genomic DNAs of the blood and tumor specimens were extracted using a QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA). Genotypes for the CYP1A1
Ile462Val (rs1048943), CYP1B1 Leu432Val (rs1056836), and COMT Val158Met (rs4680) polymorphisms were determined by a restriction fragment-length
polymorphism assay. The polymerase chain reaction (PCR) primers had been designed previously: CYP1A1 (rs1048943, A2455G): forward 5’-CTG TCT CCC
TCT GGT TAC AGG AAGC − 3’ and reverse 5’-TTC CAC CCG TTG CAG CAG GAT AGCC-3’; CYP1B1 (rs1056836, C1294G): forward 5’-CAC TGC CAA CAC CTC
TGT CT-3’ and reverse 5’- GCA GGC TCA TTT GGG TTG-3’; and COMT (rs4680, G472A): forward 5’- CGA GGC TCA TCA CCA TCG AGA TC-3’ and reverse 5’- CTG
ACA ACG GGT CAG GAA TGC A-3’. These PCR primers were used to generate 204 bp (CYP1A1), 294 bp (CYP1B1), and 108 bp (COMT) PCR products
containing SNP sites [26–28]. The PCR products were digested with restriction enzymes (FastDigest BseMI/CYP1A1 rs1048943, FastDigest Eco57I/CYP1B1
rs1056836, and FastDigest Hin1II/COMT rs4680) according to the manufacturer’s protocol (Thermo Fisher Scienti�c, USA). The three different SNP genotypes
of each gene were determined by DNA fragment length on 3% agarose gel as follows: CYP1A1 (rs1048943, A2455G): A/A homozygotes (149 and 55 bp), A/G
heterozygotes (204, 149, and 55 bp), and G/G homozygotes (204 bp); CYP1B1 (rs1056836, C1294G): C/C homozygotes (187 and 107 bp), C/G heterozygotes
(294, 187, and 107 bp), and G/G homozygotes (294 bp); and COMT (rs4680, G472A): G/G homozygotes (108 bp), G/A heterozygotes (108, 72, and 36 bp), and
A/A homozygotes (72 bp and 36 bp).

Statistical analysis
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The categorical variables were described in terms of the frequency and percentage, and the continuous variables were described in terms of the mean ± 
standard deviation and median. Power transformations (xq), including the natural logarithm (q = 0), square root (q = 0.5), and square (q = 2), were applied to
some continuous variables for their distributions to be more symmetrical.

A univariate analysis was performed to examine the differences in the distributions of the continuous and categorical variables between the case and control
groups using a two-sample Student t test, Wilcoxon rank-sum test (or Mann–Whitney U test), chi-square test, and Fisher exact test (if the expected values in
any of the cells of the contingency table was < 5), as appropriate for the data type. A multivariate analysis was then conducted using a �tted linear regression
model and logistic regression model to estimate the adjusted effects of potential risk factor predictors on continuous or binary outcomes. All statistical
analyses were performed in R software (version 3.6.3, R Foundation for Statistical Computing, Vienna, Austria). Statistical signi�cance was indicated by a two-
sided P value ≤ 0.05. The statistical analysis is detailed in the Supplementary Materials and Data.

Results

Demographics of the study population
The control group included 88 healthy volunteers and 58 women with non-proliferative benign breast disease. The case group included 33 women with
proliferative benign breast disease and 188 patients with breast cancer (n = 150) or ductal carcinoma in situ (n = 38), diagnosed at NTUH. Participants were
recruited between February 2010 and November 2014. Table 1 presents the demographic characteristics of the case and control group participants. The case
group had lower percentages of participants at menopause (control: 46%; case: 39%, P = 0.027) and a nonsigni�cantly higher BMI (BMI, 23.2 vs. 22.5 kg/m2, P 
= 0.098) than the control group. The median age, smoking habits, alcohol consumption, pregnancy history, number of births, breastfeeding history, education
level, and family history of breast cancer were not signi�cantly different between the two groups.
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Table 1
Demographic characteristics of control (healthy volunteers and benign low risk) and case (breast cancer and benign high risk)

  Control group   Case group    

  Healthy
volunteers (n 
= 88)

Non-proliferative
disease (n = 58)

Whole-
controls (n 
= 146)

  Proliferative
disease (n = 
33)

Breast cancer or
carcinoma in situ (n = 
188)

Whole-
cases (n = 
221)

  P*

Age (median, range) 48 (27–69) 48 (26–67) 48 (26–69)   45 (27–63) 49 (28–77) 48 (27–
77)

  0.909

Menopause (n, %) 42 (48%) 25 (43%) 67 (46%)   7 (21%) 69 (37%) 76 (39%)   0.027

Body mass index
(kg/m2) (mean, SD)

22.4 ± 3.4 22.5 (3.1) 22.5 (3.3)   22.6 (3.6) 23.3 (3.8) 23.2 (3.7)   0.098

Cigarette smoking (n, %) 0 (0%) 4 (7%) 4 (3%)   4 (12%) 10 (5%) 14 (6%)   0.143

Alcohol drinking (n, %) 4 (5%) 4 (7%) 8 (6%)   1 (3%) 16 (9%) 17 (8%)   0.527

Pregnant history (n, %) 62 (70%) 49 (84%) 111 (76%)   21 (64%) 149 (79%) 170 (77%)   0.469

No. of birth                 0.818

0 28 (32%) 10 (17%) 38 (26%)   14 (42%) 46 (24%) 60 (27%)    

1 11 (13%) 9 (16%) 20 (14%)   5 (15%) 31 (16%) 36 (16%)    

2 29 (33%) 27 (47%) 56 (38%)   9 (27%) 75 (40%) 84 (38%)    

≥ 3 20 (23%) 12 (21%) 32 (22%)   5 (15%) 36 (19%) 41 (19%)    

Breastfeeding (n, %) 39 (44%) 29 (50%) 68 (47%)   10 (30%) 85 (45%) 95 (43%)   0.498

Education level ≥ 12
years (n, %)

88 (100%) 51 (88%) 139 (95%)   31 (94%) 176 (94%) 207 (94%)   0.534

Family history of breast
or ovarian cancer (n, %)

9 (10%) 6 (10%) 15 (10%)   7 (21%) 25 (13%) 32 (14%)   0.238

CYP1A1 (rs1048943) (n,
%)

                 

Ile/Ile 45 (51%) 30 (52%) 75 (51%)   20 (61%) 97 (52%) 117 (53%)   0.571

Ile/Val 36 (41%) 23 (40%) 59 (40%)   11 (33%) 81 (43%) 92 (42%)    

Val/Val 7 (8%) 5 (9%) 12 (8%)   2 (6%) 10 (5%) 12 (5%)    

CYP1B1 (rs1056836)                  

leu/leu 67 (76%) 46 (79%) 113 (77%)   25 (76%) 152 (81%) 177 (80%)   0.249

leu/Val 21 (24%) 12 (21%) 33 (23%)   8 (24%) 33 (18%) 41 (19%)    

Val/Val 0 (0%) 0 (0%) 0 (0%)   0 (0%) 3 (2%) 3 (1%)    

COMT (rs4680)                  

Val/Val 44 (50%) 35 (60%) 79 (54%)   14 (42%) 102 (54%) 116 (52%)   0.825

Val/Met 32 (36%) 22 (38%) 54 (37%)   15 (45%) 73 (39%) 88 (40%)    

Met/Met 12 (14%) 1 (2%) 13 (9%)   4 (12%) 13 (7%) 17 (8%)    

* The sample statistics presented in this table were mean ± standard deviation (SD) for continuous variables and frequency (percentage, %) for categorical
variables. The listed p-values of statistical tests were calculated using the Wilcoxon rank-sum test for continuous variables and the Pearson's Chi-squared
test for categorical variables..

Correlations of estrogen-DNA adduct ratios with breast disease status and demographic
variables
The ratios of estrogen-DNA adduct to these selected categorical variables are listed in Table 2. The estrogen-DNA adduct ratios were signi�cantly higher in the
case group than in the control group (mean ratios, 58.52 vs. 29.36, P = 0.004 using the Student t test and P < 0.0001 using the Mann–Whitney U test, Fig. 1A),
but no signi�cant difference in ratio was demonstrated between the healthy volunteers and the women with non-proliferative breast disease and between the
women with breast cancer and those with proliferative breast disease (data not shown).
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Table 2
The associations of estrogen-DNA adduct ratio with selected variables

  Estrogen-DNA adduct ratio (mean ± SD) p value* p value

Study group   0.004 < 0.0001

Control group (n = 146) 29.36 ± 4.19    

Case group (n = 221) 58.52 ± 7.67    

Age group (years)   0.006 0.013

< 40 (n = 112) 72.14 ± 10.98    

40–49 (n = 97) 32.17 ± 4.87    

50–59 (n = 101) 43.44 ± 11.92    

≥ 60 (n = 157) 28.67 ± 3.37    

Menopausal status   0.275 0.417

Premenopausal (n = 224) 51.25 ± 6.04    

Postmenopausal (n = 143) 40.14 ± 8.52    

Alcohol consumption      

No (n = 342) 44.27 ± 4.24 0.048 0.427

Yes (n = 25) 83.17 ± 44.17    

No. of birth   0.019 0.467

0 (n = 98) 60.47 ± 13.89    

1 (n = 56) 58.91 ± 15.81    

2 (n = 140) 41.56 ± 5.25    

≥ 3 (n = 73) 29.83 ± 4.64    

CYP1A1 (rs1048943)   0.692 0.676

Ile/Ile (n = 192) 44.19 ± 5.68    

Ile/Val (n = 151) 52.13 ± 9.44    

Val/Val (n = 24) 36.02 ± 12.87    

CYP1B1 (rs1056836)   0.690 0.296

leu/leu (n = 290) 46.67 ± 5.38    

leu/Val (n = 74) 47.01 ± 12.67    

Val/Val (n = 3) 68.73 ± 46.21    

COMT (rs4680)   0.694 0.025

Val/Val (n = 194) 41.28 ± 4.97    

Val/Met (n = 142) 54.32 ± 9.99    

Met/Met (n = 29) 48.61 ± 20.32    

Breast cancer subgroup   0.578 0.645

ER+/ HER2- (n = 99) 56.22 ± 13.13    

ER+/ HER2+ (n = 25) 63.57 ± 19.91    

ER-/ HER2- (n = 7) 66.72 ± 34.97    

ER-/ HER2- (n = 19) 103.22 ± 43.25    

*Statistical signi�cance by two-tailed Students' t-test or ANOVA test

The sample statistics presented in this table were mean ± standard deviation (SD) for continuous variables and frequency (percentage, %) for categorical
variables. The listed p-values of statistical tests were calculated using the Wilcoxon rank-sum test.

The estrogen-DNA adduct ratio varied between age groups (heterogeneity among age groups: P = 0.006 using an analysis of variance [ANOVA] and P = 0.013
using the Kruskal–Wallis test), and the group aged < 40 years had the highest ratio (mean ratios: age < 40 years: 72.14; age 40–49 years: 32.17; age 50–59
years: 43.44; age ≥ 60 years: 28.67). Alcohol consumption was signi�cantly associated with higher estrogen-DNA adduct ratios (mean ratios: 83.17 vs. 44.27)
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in the Student t test (P = 0.048) but not in the Mann–Whitney U test (P = 0.427). A lower number of births was signi�cantly associated with increased estrogen-
DNA adduct ratios (mean ratios: no parity: 60.47; one birth: 58.91; two births: 41.56; three births or more: 29.83) in the ANOVA (heterogeneity between age
groups: P = 0.019), but the association was not signi�cant in the Kruskal–Wallis test (P = 0.467).

Pearson and Spearman rank correlation coe�cients were used to analyze the correlation of estrogen-DNA adduct ratios with continuous variables. The
Pearson correlation coe�cient revealed that the decreases of age or number of birth was associated with increase of estrogen-DNA adduct ratio, but the
Spearman rank correlation coe�cient did not reveal any signi�cant association of these variables with estrogen-DNA adduct ratio (Supplementary Table 1).

Multivariate analysis of predictors for breast cancer or proliferative breast disease
A multivariate analysis demonstrated that premenopausal women and per a natural log unit increase in the estrogen-DNA adduct ratio (estimated OR = 1.718,
P < 0.001), premenopausal women and women aged 39–52 years (estimated OR = 0.293, P < 0.001), postmenopausal women and women aged ≥ 61 years
(estimated OR = 3.047, P = 0.002), and per unit increase in BMI (estimated OR = 1.073, P = 0.040) were associated with the risk of breast cancer or proliferative
breast disease.

Considering the interaction of menopausal status with estrogen-DNA adduct ratios in predicting disease, we performed a strati�ed analysis to compare the
estrogen-DNA adduct ratios between the case and control groups by menopausal status. Among the premenopausal participants, the estrogen-DNA adduct
ratio was signi�cantly higher in the case group than in the control group (mean ratios: 65.65vs. 24.82, P = 0.001 with the Student t test and P < 0.0001 using
the Mann–Whitney U test; Fig. 1B). In the postmenopausal participants, the estrogen-DNA adduct ratios were signi�cantly higher in the case group than in the
control group (mean ratios: 44.92 vs. 34.72, P = 0.596 with the Student t test and P = 0.285 using the Mann–Whitney U test; Fig. 1C). The estrogen-DNA adduct
ratios were not signi�cantly different between healthy volunteers and participants with non-proliferative benign breast disease in the control group, and
between participants with proliferative benign breast disease and breast cancer in the case group (data not shown).

Correlations of estrogen-DNA adduct ratios with estrogen metabolism-related SNPs or
breast cancer pathological features
The distributions of the CYP1A1, CYP1B1, and COMT SNPs were not signi�cantly different between the case and control groups (Table 1). The CYP1A1 and
CYP1B1 SNPs were not signi�cantly associated with estrogen-DNA adduct ratios. The estrogen-DNA adduct ratios varied between the three COMT SNPs
(rs4680) (heterogeneity among SNP groups: P = 0.025 using the Kruskal–Wallis test), and the Val/Met group had the highest ratio (mean ratios: Val/Val:
41.28, Val/Met: 54.32, Met/Met: 48.61). Among the breast cancer patients, the estrogen-DNA adduct ratios were not associated with the distributions of
positivity of estrogen receptor (ER) or human epidermal growth factor receptor 2 (HER2) in tumor cells. (Table 2).

Discussion
This case–control study demonstrated that plasma estrogen-DNA adduct ratios were associated with breast cancer in Taiwan. The multiple logistic regression
model indicated that a unit increase in the natural log of the estrogen-DNA adduct ratio was a signi�cant predictor of breast cancer risk in premenopausal
women, with an estimated hazard ratio of 1.718. Age, alcohol consumption, and the number of births were associated with estrogen-DNA adduct ratios with
both a Student t test and ANOVA, but only age was statistically signi�cant with the Mann–Whitney U test or Kruskal–Wallis test. Of the three estrogen
metabolism-related genes, only the COMT SNP was associated with estrogen-DNA adduct ratios using the Kruskal–Wallis test. With regard to breast cancer,
the ER/HER2 subtypes were not associated with estrogen-DNA adduct ratio.

In postmenopausal women, studies have demonstrated a positive association between breast cancer risk and circulating concentrations of estrogens. A
reanalysis of nine prospective studies indicated that the relative risk of breast cancer for postmenopausal women with increasing quintiles of estradiol
concentrations, relative to the lowest quintile, were 1.42, 1.21, 1.80, and 2.00 (Ptrend < 0.001) [29]. For premenopausal women, evidence is limited because
hormone measurements are complicated by the dynamic change of serum estrogen levels across menstrual cycles. However, a collaborative reanalysis of
seven prospective studies demonstrated that breast cancer risk was associated with a doubling in concentrations of estradiol (OR 1.19, 95% CI: 1.06–1.35),
but the association in premenopausal women was modest, and these seven studies were conducted in Western countries [30]. The present study indicated a
strong association between estrogen-DNA adduct ratios and breast cancer risk in premenopausal women. In contrast to serum estrogen levels, the timing of
the blood sampling for estrogen-DNA adduct measurements was not limited by menstruation cycles

A pilot study published in 2008 demonstrated that urinary estrogen-DNA adduct ratios were higher in women at high risk of breast cancer (n = 12) and with
breast cancer (n = 17) than in control group participants (n = 46).[20] This �nding was validated in a study with a larger number of participants (women at high
risk of breast cancer: n = 40; women with breast cancer: n = 40; controls: n = 40) [31]. Serum samples were measured in a third study, demonstrating that an
estrogen-DNA adduct ratio ≥ 77 predicted breast cancer risk in logistic regression models (women at high risk of breast cancer: n = 63; women with breast
cancer: n = 80; controls: n = 79) [19].

The present study differed from the previous three studies with respect to participants, sample type, and the subgroup analysis by menopausal status. With
regard to participants, the previous three studies enrolled women from Italy and the United States whereas the present study enrolled women from Taiwan.
The differences in estrogen pro�les and metabolism between Asian, Asian American, and Caucasian women have been demonstrated in previous studies [32–
35]; therefore, conducting a large-scale case–control study with Asian participants is crucial to verify whether estrogen-DNA adduct ratio can serve as a
predictive biomarker for breast cancer risk in Asian women. In addition, a 5-year Gail Model score of ≥ 1.66% was used to de�ne a high breast cancer risk in
the previous three studies, but in the present study, histology was used to identify proliferative disease, which is a more stringent criteria for de�ning high risk
groups. Regarding sample type, plasma samples were used in the present study whereas urine samples or serum samples were used in the previous three
studies. Furthermore, we conducted a subgroup to stratify menopausal status because of the rapidly increasing incidence of premenopausal breast cancer
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with a unique tumor biology in East Asian patients. The present study demonstrated that estrogen-DNA adduct ratios were signi�cantly associated with breast
cancer risk in premenopausal women. The previous three studies did not identify signi�cant interactions between estrogen-DNA adduct ratios and
menopausal status in terms of risk prediction for breast cancer.

In contrast to the three earlier studies, we examined three gene polymorphisms related to estrogen metabolism. Of these, only COMT polymorphism exhibited
a marginal association with estrogen-DNA adduct ratios. COMT catalyzes an inactivation pathway for catechol estrogen. The previous in vitro study indicated
that a pretreatment of 2,3,7,8-tetrachlorodibenzo-p-dioxin followed by the inhibition of COMT activity increased the formation of depurinating 4-OHE1(E2)-1-
N3Ade and 4-OHE1(E2)-1-N7Gua adducts in human breast epithelial cells [36]. With regard to the SNP, the COMT gene Met/Met homozygotes yielded a 3-to-4-
fold reduction in COMT activity relative to the Val/Val homozygotes, and Val/Met heterozygotes demonstrated intermediate activity [37]. The frequency of the
variant (low-activity) COMT allele was lower in Asian women than in Caucasian women (summarized in a previous article) [38]. In the present study, the
estrogen-DNA adduct ratios varied in the three COMT SNPs (heterogeneity of the SNP groups: P = 0.025 using the Kruskal–Wallis test), and the Val/Met group
had the highest ratio (mean ratios: Val/Val, 41.28; Val/Met, 54.32; Met/Met, 48.61). However, each of the three statistical comparisons between the two COMT
genotypes did not reach statistical signi�cance (data not shown). A potential explanation is that interaction of environmental pollutant exposure or lifestyle
factors with decreased COMT activity, but not COMT itself, contributes to production of estrogen-DNA adducts.

To evaluate whether the formation of estrogen-DNA adducts preferentially contributes to ER-positive breast cancer, we examined the association between
estrogen-DNA adduct ratios and ER/HER2 status. However, we were unable to identify a signi�cant association. Estrogen-DNA adducts might mediate the
initial steps of breast carcinogenesis in various pluripotent cell types, and therefore, estrogen-DNA adduct ratios could differentiate between the control group
participants and the high breast cancer risk participants regardless of ER/HER2 status.

In summary, our study suggests that the carcinogenesis of rapidly increasing incidence of breast cancer in young women in Taiwan or other East Asian
countries is related to the formation of estrogen-DNA adducts, and estrogen-DNA adduct ratios can act as biomarkers for breast cancer risk.
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Figure 1

Ratios of estrogen-DNA adducts in women without breast disease, with non-proliferative breast disease, with proliferative breast disease, and with breast
cancer for all participants (A), in the premenopausal subgroup (B), and in the postmenopausal subgroup (C). 
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