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In previous studies among 1,144 cases and 1,256 controls recruited in stage 1 of the Shanghai Breast Cancer
Study (SBCS I; 1996–1998), 18 known or potentially functional single nucleotide polymorphisms (SNPs) in 16
genes were found to be associated with breast cancer risk. The authors evaluated these associations among
1,918 cases and 1,819 controls recruited in stage 2 of the SBCS (SBCS II; 2002–2005) using genetic effect models
and subgroup analyses predetermined from SBCS I results. Five SNPs (AHR rs2066853, ATM rs1003623, ESR1
rs2234693, GSTP1 rs1695, and SHBG rs6259) showed generally consistent results in SBCS I and SBCS II and
statistically significant associations with breast cancer risk in combined analyses, mostly in subgroups defined by
age or menopausal status. Further, the relation between breast cancer risk and SHBG rs6259 was found to vary by
body mass index (weight (kg)/height (m)2) (P for interaction ¼ 0.003). The strongest reduction in risk associated
with SHBG rs6259 was found for lean (body mass index <23) postmenopausal minor allele carriers (odds ratio ¼
0.6, 95% confidence interval: 0.5, 0.8; P ¼ 4.6 3 10�4). This biologically plausible and highly significant finding
provides strong evidence for a true association among Asian women. This study also highlights the value of gene-
environment interaction analyses in evaluating genetic factors for complex diseases.

breast neoplasms; genetics; polymorphism, genetic; sex hormone-binding globulin

Abbreviations: BMI, body mass index; CI, confidence interval; FPRP, false-positive report probability; OR, odds ratio; SBCS,
Shanghai Breast Cancer Study; SHBG, sex hormone-binding globulin; SNP, single nucleotide polymorphism.

Breast cancer is the most common malignancy among
women in most parts of the world (1). Heritable factors in-
clude germ-line mutations in high-penetrance genes, such as
BRCA1, BRCA2, PTEN, and TP53, and moderate-penetrance
genes, such as ATM, BRIP1, CHEK2, and PALB2; however,
these genes account for only about 20% of familial breast
cancer risk (2). It has been hypothesized that common variants
in low-penetrance genes may explain the majority of breast
cancer cases (2, 3). Several of these genetic risk variants have
been identified and confirmed in recent genome-wide associ-
ation studies (4–10), including a study we conducted among
Chinese women in Shanghai (11). Nevertheless, these genetic
risk variants explain only a small fraction of breast cancer
heritability, and many genetic risk variants for this common
cancer remain to be discovered.

While genome-wide association studies are an important
tool with which to search for novel genetic risk variants,
their utility is limited by the genomic coverage of arrays
available for genome-wide scans. Furthermore, because of
the issue of large-scale multiple comparisons in genome-
wide association studies, it is difficult to extensively eval-
uate gene-environment interactions. Over the past 15 years,
we and other groups of investigators have examined genetic
variants in many candidate genes in relation to breast cancer
risk and have identified a number of possible associations,
including gene-environment interactions. Using data from
2,400 cases and controls recruited from 1996 to 1998 as part
of the first stage of the population-based Shanghai Breast
Cancer Study (SBCS I), we previously reported associations
with breast cancer risk for known or potentially functional
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variants in a number of genes, including AHR, ATM,
CCND1, ESR1, GSTP1, SHBG, and TGFB1 (12–18). In
the current study, we systematically reevaluated these asso-
ciations using 1,918 cases and 1,819 controls recruited in
the second stage of the SBCS (SBCS II). We examined both
unpublished and previously published results from SBCS I
to select single nucleotide polymorphisms (SNPs) that were
known or likely to be functional and that had associations
with altered breast cancer susceptibility. We chose and
analyzed 18 SNPs in 16 genes among SBCS II participants
in a manner analogous to the SBCS I results in order to
evaluate potential low-penetrance common genetic variants
and breast cancer susceptibility.

MATERIALS AND METHODS

Study population

Subjects were participants in the SBCS, a large, 2-stage,
population-based case-control study conducted in urban
Shanghai, China; the study design and data collection meth-
ods have been previously reported in detail (11). Briefly,
recruitment for stage 1 (SBCS I) occurred between August
1996 andMarch 1998. A total of 1,602 eligible breast cancer
cases were identified through a rapid case-ascertainment
system, supplemented by the population-based Shanghai
Cancer Registry. Controls were randomly selected
from the general female population using the Shanghai Res-
ident Registry and were frequency-matched to cases by
5-year age interval. A total of 1,724 eligible controls
were identified. Stage 2 recruitment (SBCS II) occurred
between April 2002 and February 2005, with the same
inclusion criteria as SBCS I, except for age, which was
expanded from 25–65 years in SBCS I to 20–70 years in
SBCS II.

Of eligible participants, 1,459 cases (91.1%) and 1,556
controls (90.3%) in SBCS I and 1,989 cases (83.7%) and
1,989 controls (70.4%) in SBCS II completed in-person
interviews with structured questionnaires. Blood or buccal-
cell samples were taken, and results were available for 1,193
cases (81.8%) and 1,310 controls (84.2%) from SBCS I and
1,932 cases (97.1%) and 1,857 controls (93.4%) from SBCS
II. The cancer diagnoses of the cases were histologically
confirmed by 2 senior pathologists; stage of disease for
breast cancer cases was determined by medical record ab-
straction using a standard protocol. All included participants
provided informed consent, and approval was granted by
relevant review boards in both China and the United States.
Genomic DNA was extracted using commercial DNA
purification kits.

SNP selection and genotyping

Genetic variants analyzed in the current study are known
or potentially functional SNPs for which we had found a
significant or marginal association with breast cancer risk,
either among all women or in a particular subgroup of par-
ticipants, in the SBCS I. Eighteen SNPs in 16 genes were
included in this analysis (Table 1), of which results from

SBCS I have been previously published for 12 (12–23)
and preliminary results from SBCS II have been published
for 2 (13, 24). Information on SNP function was compiled
from the literature, dbSNP (25), Ensembl (26), FASTSNP
(27), and F SNP (28) As previously reported, stage 1 geno-
typing was conducted using a variety of methods, includ-
ing polymerase chain reaction–restriction fragment length
polymorphism for 6 SNPs (rs9344, rs2234693, rs1695,
rs2854744, rs6259, and rs1800469) (14–18, 22), TaqMan
(Applied Biosystems, Foster City, California) for 4 SNPs
(rs10003623, rs2273535, rs11655505, and rs3025039)
(13, 19, 20, 23), MassARRAY (Sequenom, San Diego,
California) for 1 SNP (rs1256054) (21), and the Masscode
array (BioServe Biotechnologies, Laurel, Maryland) for 1
SNP (rs2066853) (12). All remaining stage 1 genotyping
and all stage 2 genotyping was conducted using TaqMan
allelic discrimination assays. Successful genotyping data
for SBCS I participants were obtained from 88.5%–98.7%
of cases and 91.2%–98.3% of controls; call rates for SBCS
II participants were 96.7%–99.8% for cases and 96.4%–
99.9% for controls.

Consistency rates for quality control samples genotyped
by TaqMan assays ranged from 97% to 100%. Stringent
quality control measures were also employed for all other
genotyping methods included, and laboratory staff were
blinded to the case-control status of all samples.

Statistical analysis

All statistical tests were 2-tailed, and statistical signifi-
cance was defined as P � 0.05 unless stated otherwise.
Differences between cases and controls in the distributions
of categorical variables were evaluated using chi-squared
tests; continuous variables were evaluated with t tests.
Hardy-Weinberg equilibrium among controls was evaluated
using Fisher’s exact test. Allelic odds ratios and correspond-
ing 95% confidence intervals were calculated by uncondi-
tional logistic regression that included adjustment for age.
Heterogeneity between SBCS I and SBCS II results was
evaluated with Cochran’s Q statistic (29); when the P value
was greater than 0.1, results were pooled, and when the P
was less than or equal to 0.1, results were combined using a
random-effects method (30).

Specific subgroup analyses for SBCS II data, including
the appropriate genetic model (additive, dominant, or reces-
sive), were predetermined on the basis of SBCS I results.
Subgroup analyses included adjustment for age, although
additional adjustment for education, menopausal status,
body mass index (BMI; weight (kg)/height (m)2), and
waist-to-hip ratio was also considered. Interactions were
also evaluated on the basis of results from SBCS I. Multi-
plicative interactions between genetic variants and demo-
graphic variables or breast cancer risk factors were
evaluated using the likelihood ratio test when interaction
terms were added to logistic regression models. BMI was
dichotomized at 23, the proposed cutoff point for over-
weight in Asian populations (31).

All analyses were implemented using SAS 9.2 (SAS
Institute Inc., Cary, North Carolina) and Stata 9.2 (Stata
Corporation, College Station, Texas).
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RESULTS

In total, 1,144 breast cancer cases and 1,256 controls from
SBCS I and 1,918 breast cancer cases and 1,819 controls
from SBCS II were genotyped and included in the current
study (Table 2). Participants from the 2 stages were gener-
ally comparable, although women in SBCS II were slightly
older than those in SBCS I, because of the expansion in
eligibility criteria. Established breast cancer risk factors,
including early age at menarche, late age at menopause, late
age at first livebirth, number of livebirths, family history of
breast cancer, prior history of fibroadenoma, high BMI or
waist-to-hip ratio, and low physical activity, were found to
be associated with breast cancer among SBCS participants.

Eighteen known or potentially functional SNPs that
showed a significant or marginally significant association
with breast cancer risk among SBCS I participants were
evaluated among SBCS II participants in the current study
(Table 1). Genotype frequencies for all SNPs were in Hardy-
Weinberg equilibrium among both SBCS I and SBCS II
controls, and minor allele frequencies were similar across
the SBCS I and SBCS II study populations (data not shown).

Associations with breast cancer risk are shown in Table 3,
including allelic associations among all women and specific
subgroup analyses and genetic models as predetermined by
the results from SBCS I. Fourteen of the 18 variants selected
had significant SBCS I results (P � 0.05), either among all
women or in subgroup analyses; the remaining variants

Table 1. Single Nucleotide Polymorphisms Evaluated for Replication, Including Functional Information, in the Shanghai Breast Cancer Study,

1996–2005

Gene Variant
Alleles

(Major/Minor)
Minor Allele
Frequencya

Functional Informationb
SBCS Publication
(First Author, Year,
Reference No.)

Previous
Denotation

(If Applicable)

AHR rs2066853 G/A 0.36 Nonsynonymous, exon 10,
codon 554, Lys/Arg

Long, 2006 (12) Lys554Arg

ATM rs1003623 C/T 0.39 Intron 24; possible
intronic enhancer

Ye, 2007 (13)

AURKA
(STK15)

rs2273535 A/T 0.34 Nonsynonymous, exon 5,
codon 31, Phe/Ile

Dai, 2004 (19) Phe31Ile

BRCA1 rs11655505 C/T 0.38 Promoter; T allele shown
to enhance promoter activity

Chan, 2009 (20) �2,265C > T

CCND1 rs9344 A/G 0.44 Splice site, exon 4; G allele
results in alternative transcript

Shu, 2005 (14) A870G

ESR1 rs2234693 T/C 0.26 Intron 1; may influence
transcriptional regulation

Cai, 2003 (15) PvuII

ESR2 rs1256054 G/C 0.03 Exon 7 (synonymous); may
influence splicing regulation

Zheng, 2003 (21) C(33,390)G

GSTP1 rs1695 A/G 0.18 Nonsynonymous, exon 5,
codon 105, Ile/Val

Egan, 2004 (16) Ile105Val

IGF1R rs2593053 G/A 0.26 Intron 20; may influence
transcriptional regulation

Unpublished data

IGFALS rs3764349 G/A 0.19 Promoter Unpublished data

IGFALS rs35587190 C/T 0.16 Promoter Unpublished data

IGFBP3 rs2854744 A/C 0.23 Intron 1; may influence splicing Ren, 2004 (22) A-202C

C allele associated with lower
circulating levels of insulin-like
growth factor-binding protein 3

SHBG rs6259 G/A 0.18 Nonsynonymous, exon 8,
codon 356, Asp/Asn

Cui, 2005 (18) Asp327Asn

A allele associated with
higher postmenopausal
circulating SHBG levels

STS rs727519 G/C 0.31 Promoter; may influence
transcriptional regulation

Unpublished data

STS rs1131289 G/A 0.36 Exon 10, 3#-UTR Unpublished data

SULT1E1 rs4149525 T/C 0.29 Promoter Unpublished data

TGFB1 rs1800469 T/C 0.48 Promoter; may influence
transcriptional regulation

Shin, 2005 (17) C-509T

VEGFA rs3025039 C/T 0.19 Exon 8, 3#-UTR Kataoka, 2006 (23) T936C

Abbreviations: Arg, arginine; Asn, asparagine; Asp, aspartic acid; Ile, isoleucine; Lys, lysine; Phe, phenylalanine; Pro, proline; PvuII, Proteus

vulgaris II [restriction enzyme]; SBCS, Shanghai Breast Cancer Study; SHBG, sex hormone-binding globulin; UTR, untranslated region; Val, valine.
a Frequency of the minor allele among controls in stage 1 of the SBCS.
b Functional information compiled from the literature, as well as from the dbSNP, Ensemble, FASTSNP, and F SNP Web sites.
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Table 2. Demographic Characteristics and Distribution of Risk Factors for Breast Cancer in Participants, by Study Stage, Shanghai Breast Cancer Study, 1996–2005

Characteristic

Stage 1 (SBCS I; 1996–1998) Stage 2 (SBCS II; 2002–2005) SBCS I and SBCS II Combined

Cases
(n 5 1,144)

Controls
(n 5 1,256) P Value

Cases
(n 5 1,918)

Controls
(n 5 1,819) P Value

Cases
(n 5 3,062)

Controls
(n 5 3,075) P Value

Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD) % Mean (SD) %

Demographic
factors

Age, years 47.6 (8.0) 47.2 (8.7) 0.227 50.9 (8.3) 51.7 (8.3) 0.002 49.7 (8.3) 49.9 (8.8) 0.317

Educational level
of high school
or more

43.4 42.8 0.763 57.4 47.7 <0.001 52.2 47.6 <0.001

Postmenopausal 33.0 36.0 0.132 43.6 49.7 <0.001 39.7 44.1 <0.001

Reproductive
risk factors for
breast cancer

Age at
menarche,
years

14.5 (1.6) 14.7 (1.7) <0.001 14.4 (1.7) 14.7 (1.8) <0.001 14.4 (1.7) 14.7 (1.8) <0.001

Age at
menopausea,
years

48.2 (4.6) 47.5 (4.9) 0.038 48.5 (4.4) 48.3 (4.6) 0.231 48.4 (4.4) 48.0 (4.7) 0.023

Age at first
livebirth,
years

26.8 (4.1) 26.2 (3.8) <0.001 26.3 (3.6) 25.7 (3.8) <0.001 26.5 (3.8) 25.9 (3.8) <0.001

No. of livebirthsb 1.5 (0.8) 1.5 (0.9) 0.191 1.2 (0.7) 1.4 (0.8) <0.001 1.3 (0.7) 1.4 (0.8) <0.001

Prior hormone
replacement
therapy

2.5 2.6 0.989 4.3 3.1 0.053 3.6 2.9 0.070

Other risk factors
breast cancer

Family history of
breast cancer

3.3 2.4 0.177 5.4 3.1 <0.001 4.6 2.8 <0.001

History of
fibroadenoma

9.4 5.2 <0.001 10.1 5.6 <0.001 9.9 5.4 <0.001

Body
mass indexc

23.6 (3.4) 23.2 (3.4) 0.013 23.7 (3.3) 23.4 (3.2) 0.004 23.7 (3.3) 23.3 (3.3) <0.001

Waist-to-hip
ratio

0.81 (0.1) 0.80 (0.1) <0.001 0.83 (0.1) 0.82 (0.1) <0.001 0.82 (0.1) 0.81 (0.1) <0.001

Physical
exercised

19.3 26.1 <0.001 29.3 34.1 0.002 25.6 30.8 <0.001

Abbreviations: SBCS, Shanghai Breast Cancer Study; SD, standard deviation.
a Among postmenopausal women.
b Among parous women.
c Weight (kg)/height (m)2.
d Self-reported regular leisure-time physical activity (any vs. none).
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selected had marginal associations in subgroup analyses
(P � 0.06), with the exception of CCND1 rs9344. This
variant does not appear to have a significant or marginal
association in SBCS I in the current analysis, since we
present results from allelic and recessive tests using major
allele homozygotes or major allele carriers as the respective
reference groups; however, in the initial paper, Shu et al.
(14) reported a marginal effect among young heterozygotic
women compared with minor allele homozygotes, so this
variant was selected for inclusion in the current analysis.

Five SNPs (AHR rs2066853, ATM rs1003623, ESR1
rs2234693, GSTP1 rs1695, and SHBG rs6259) were found
to have generally consistent results in SBCS I and SBCS II
and significant associations (P � 0.05) with breast cancer
risk in combined analyses of subjects from both stages;
these associations were primarily observed in the subgroup
analyses based on models established in SBCS I. Among all
women, the GSTP1 rs1695 minor allele homozygotic gen-
otype (GG) was associated with an increased risk of breast
cancer in comparison with major allele carriers (recessive
P¼ 0.007). Among premenopausal women, the minor allele
(A) of AHR rs2066853 showed an association with reduced
risk in a dose-response manner (P for trend ¼ 0.029).
Among younger women (age �45 years), the minor allele
(C) of ESR1 rs2234693 was associated with reduced risk
in an additive fashion (P for trend ¼ 0.036). Among post-
menopausal women, carriers of the minor allele (A) of
SHBG rs6259 had a reduced risk of breast cancer (dominant
P ¼ 0.028). Among older women (age >45 years), carriers
of the minor allele (T) of ATM rs1003623 had an increased
risk of breast cancer (dominant P ¼ 0.001). In addition, 2
SNPs were found to have fairly consistent results from
SBCS I and SBCS II, of which 1 (TGFB1 rs1800469)
had a marginally significant additive trend (P ¼ 0.068) in
the combined analysis, while 1 (CCND1 rs9344) did not.
Results from SBCS I and SBCS II were not in agreement for
the 11 remaining SNPs. Current results for SBCS I may
differ from those of previously published reports because
of additional genotyping, updated participant exclusions, or
the use of either major allele homozygotes or major allele
carriers as the reference group. Associations shown included
adjustment for age; additional adjustment for education,
menopausal status, BMI, or waist-to-hip ratio did not mate-
rially alter our estimates of effect (data not shown).

SNPs that showed consistent or generally consistent
associations with breast cancer risk were further evaluated
for interactions with potential effect modifiers, as reported
for SBCS I (14, 18). Significant interactions between
CCND1 rs9344 and BMI and waist-to-hip ratio were re-
ported among postmenopausal women in the original
SBCS I publication (14); these interactions were evident
neither in the SBCS II data nor in the pooled analyses (data
not shown). On the contrary, a significant interaction be-
tween SHBG rs6259 and BMI was found among both
SBCS I participants and SBCS II participants (Table 4).
SHBG rs6259 minor allele carriers (AG or AA) who were
lean (BMI <23) had a reduced risk of breast cancer (odds
ratio (OR) ¼ 0.8, 95% confidence interval (CI): 0.7, 0.9),
whereas heavier (BMI �23) minor allele carriers had an
increased risk (OR ¼ 1.2, 95% CI: 1.0, 1.4) (P for interac-

tion ¼ 0.003). This effect modification was evident regard-
less of whether BMI was dichotomized at 23 or 25 (data not
shown), and results did not differ by menopausal status. The
strongest reduction in risk associated with SHBG rs6259
was found for lean postmenopausal minor allele carriers
(OR ¼ 0.6, 95% CI: 0.5, 0.8; P ¼ 4.6 3 10�4).

DISCUSSION

In this large, population-based case-control study, we
systematically evaluated promising associations of known
or potentially functional genetic variants with breast cancer
risk. We found that results for 5 SNPs were generally con-
sistent between SBCS I and SBCS II and statistically sig-
nificant in combined analyses, including GSTP1 rs1695,
AHR rs2066853, ESR1 rs2234693, SHBG rs6259, and
ATM rs1003623. Intriguingly, most of these significant
associations were found in subgroup analyses stratified by
age or menopausal status; these associations would have
been missed in genome-wide association studies, in which
the current focus is to evaluate main effects of genetic var-
iants. Therefore, our study has not only confirmed previ-
ously identified associations with breast cancer risk but
also demonstrated the value of candidate-gene association
studies with a more focused and detailed evaluation of spe-
cific genetic variants with a strong biologic rationale.

Of the SNPs that did not have consistent results between
SBCS I and SBCS II, the most surprising was BRCA1
rs11655505, a promoter polymorphism which was previ-
ously demonstrated to influence nuclear protein-binding
and transcriptional activity and to be associated with a dom-
inant decreased risk of breast cancer among 743 Hong Kong
Chinese and 2,294 SBCS I participants (20). However, in the
current study, there was no association with breast cancer
risk among SBCS II participants for BRCA1 rs11655505
minor allele carriers, even when the analysis was limited
to older women (age �45 years) without a family history
of breast cancer, who had the strongest association in the
previous report (20). Reasons for these and other discordant
results include potential false-positive findings in the origi-
nal analyses or potential false-negative findings in the cur-
rent study, especially for associations of small magnitude.
Given our sample size for SBCS II, we had greater than
84.6% power to detect an additive odds ratio of 1.25 for a
SNP with a minor allele frequency of 0.1 and greater than
89.1% power to detect an additive odds ratio of 1.20 for a
SNP with a minor allele frequency of 0.2. For SBCS I and
SBCS II combined, we had greater than 88.0% power to
detect an additive odds ratio of 1.20 for a SNP with a minor
allele frequency of 0.1 and greater than 96.0% power to
detect an odds ratio of 1.2 for a SNP with a minor allele
frequency of 0.15. Notably, SNPs that did not show consis-
tent results between SBCS I and SBCS II were more likely
to have recessive effects or lower minor allele frequencies
than SNPs that did show consistent results. These findings
highlight the necessity of including large study populations
and the importance of replication across studies to identify
true markers of disease susceptibility.

The most striking and consistent association identified in
this study was the interaction between SHBG rs6259 and
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Table 3. Resultsa From 2-Stage Analysis of the Relation of Known and Potentially Functional Single Nucleotide Polymorphisms With Breast

Cancer Risk, Shanghai Breast Cancer Study, 1996–2005

Gene, SNP
(Major/Minor Allele),
Model, and Analysis

Stage 1 (SBCS I;
1996–1998)

Stage 2 (SBCS II;
2002–2005)

SBCS I and SBCS II
Combined

ORb 95% CIb P Value OR 95% CI P Value OR 95% CI P Value

AHR rs2066853 (G/A)

Allelic association
among all women

0.85* 0.75, 0.97 0.012 0.95 0.87, 1.05 0.334 0.92* 0.85, 0.99 0.024

Additive effect among
premenopausal women

0.022 0.317 0.029

Heterozygotes 0.85 0.68, 1.05 0.87 0.72, 1.05 0.86* 0.75, 0.99

Homozygotes 0.68* 0.49, 0.97 0.93 0.69, 1.24 0.83 0.66, 1.03

ATM rs1003623 (C/T)

Allelic association
among all women

1.09 0.97, 1.23 0.159 1.06 0.97, 1.17 0.167 1.08 1.00, 1.16 0.055

Dominant effect among
older women
(age >45 years)

1.43* 1.12, 1.82 0.004 1.17* 1.00, 1.36 0.047 1.24* 1.09, 1.41 0.001

AURKA (STK15) rs2273535 (A/T)

Allelic association
among all women

0.98 0.86, 1.10 0.691 1.15* 1.05, 1.27 0.004 1.07 0.90, 1.26 0.450

Additive effect among
postmenopausal women
with body mass indexc �25

0.013 0.717 0.232

Heterozygotes 0.92 0.57, 1.47 1.18 0.84, 1.64 1.08 0.82, 1.43

Homozygotes 0.30* 0.13, 0.66 0.96 0.55, 1.66 0.64 0.41, 1.00

BRCA1 rs11655505 (C/T)

Allelic association
among all women

0.91 0.80, 1.02 0.110 1.08 0.98, 1.19 0.122 1.01 0.94, 1.09 0.932

Dominant effect among
older women
(age �45 years)
without a family
history of cancer

0.81 0.65, 1.01 0.062 1.04 0.89, 1.21 0.632 0.96 0.85, 1.09 0.530

CCND1 rs9344 (A/G)

Allelic association
among all women

1.00 0.89, 1.13 0.950 0.98 0.90, 1.08 0.693 0.99 0.92, 1.07 0.817

Recessive effect among
younger women
(age <45 years)

0.77 0.55, 1.07 0.123 0.93 0.63, 1.36 0.707 0.84 0.65, 1.07 0.160

ESR1 rs2234693 (T/C)

Allelic association
among all women

0.89 0.79, 1.01 0.064 0.98 0.89, 1.07 0.622 0.94 0.88, 1.02 0.131

Additive effect among
younger women
(age �45 years)

0.046 0.287 0.036

Heterozygotes 0.86 0.65, 1.12 0.75 0.56, 1.00 0.82* 0.68, 1.00

Homozygotes 0.67 0.46, 1.00 0.90 0.60, 1.36 0.78 0.59, 1.03

ESR2 rs1256054 (C/G)

Allelic association
among all women

1.28 0.91, 1.79 0.155 1.05 0.80, 1.36 0.738 1.13 0.92, 1.39 0.253

Dominant effect among
women with longer duration
of menstruation (�34 years)

2.15* 1.07, 4.35 0.033 1.03 0.70, 1.53 0.870 1.24 0.88, 1.74 0.220

GSTP1 rs1695 (A/G)

Allelic association
among all women

1.19* 1.03, 1.39 0.017 1.04 0.92, 1.16 0.560 1.09 1.00, 1.20 0.052

Recessive effect
among all women

1.71* 1.10, 2.65 0.017 1.33 0.93, 1.92 0.122 1.47* 1.11, 1.95 0.007

IGF1R rs2593053 (G/A)

Allelic association
among all women

0.90 0.79, 1.03 0.120 1.02 0.91, 1.13 0.771 0.97 0.89, 1.05 0.435

Additive effect among
overweight women
(body mass index �23)

0.009 0.057 0.914
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Table 3. Continued

Gene, SNP
(Major/Minor Allele),
Model, and Analysis

Stage 1 (SBCS I;
1996–1998)

Stage 2 (SBCS II;
2002–2005)

SBCS I and SBCS II
Combined

ORb 95% CIb P Value OR 95% CI P Value OR 95% CI P Value

Heterozygotes 0.81 0.64, 1.04 1.15 0.95, 1.38 1.00 0.86, 1.16

Homozygotes 0.55* 0.33, 0.92 1.34 0.91, 1.96 0.96 0.71, 1.30

IGFALS rs3764349 (G/A)

Allelic association
among all women

0.86 0.74, 1.01 0.058 1.02 0.91, 1.14 0.778 0.96 0.88, 1.05 0.390

Recessive effect among
premenopausal women

0.47* 0.25, 0.88 0.019 1.07 0.66, 1.72 0.794 0.77 0.54, 1.12 0.174

IGFALS rs35587190 (C/T)

Allelic association
among all women

0.89 0.76, 1.05 0.171 1.04 0.92, 1.18 0.563 0.99 0.89, 1.09 0.764

Recessive effect among
premenopausal women

0.29* 0.12, 0.67 0.004 1.17 0.66, 2.06 0.592 0.72 0.46, 1.12 0.144

IGFBP3 rs2854744 (A/C)

Allelic association
among all women

1.09 0.95, 1.25 0.231 1.02 0.91, 1.13 0.757 1.04 0.96, 1.14 0.327

Recessive effect
among all women

1.60* 1.08, 2.37 0.020 0.98 0.74, 1.30 0.900 1.17 0.93, 1.47 0.167

SHBG rs6259 (G/A)

Allelic association
among all women

0.95 0.82, 1.11 0.524 0.97 0.86, 1.10 0.666 0.96 0.88, 1.06 0.450

Dominant effect among
postmenopausal women

0.71* 0.52, 0.96 0.026 0.89 0.72, 1.09 0.253 0.83* 0.70, 0.98 0.028

STS rs727519 (G/C)

Allelic association
among all women

0.98 0.87, 1.12 0.809 1.07 0.97, 1.18 0.149 1.04 0.97, 1.13 0.134

Recessive effect among
premenopausal women

0.73 0.52, 1.02 0.061 1.07 0.81, 1.41 0.625 0.92 0.74, 1.13 0.423

STS rs1131289 (G/A)

Allelic association
among all women

0.92 0.81, 1.04 0.186 1.02 0.93, 1.23 0.615 0.99 0.92, 1.07 0.776

Recessive effect among
premenopausal women

0.66* 0.49, 0.91 0.010 1.01 0.79, 1.30 0.922 0.86 0.71, 1.04 0.130

SULT1E1 rs4149525 (T/C)

Allelic association
among all women

1.13 0.99, 1.28 0.064 1.03 0.93, 1.14 0.525 1.07 0.99, 1.15 0.103

Additive effect among
postmenopausal women

0.037 0.481 0.572

Heterozygotes 1.19 0.89, 1.59 1.09 0.89, 1.33 1.11 0.95, 1.31

Homozygotes 1.69* 1.03, 2.77 0.75 0.53, 1.06 0.97 0.73, 1.29

TGFB1 rs1800469 (T/C)

Allelic association
among all women

1.03 0.92, 1.15 0.653 0.98 0.90, 1.08 0.698 1.00 0.93, 1.07 0.994

Recessive effect for early-stage
(stages 0 and 1)
breast cancer

1.34 0.99, 1.80 0.056 1.11 0.88, 1.39 0.383 1.18 0.99, 1.42 0.068

VEGF rs3025039 (C/T)

Allelic association
among all women

0.83 0.80, 1.08 0.338 0.99 0.88, 1.12 0.885 0.97 0.88, 1.06 0.459

Additive effect among
premenopausal women

0.033 0.838 0.179

Heterozygotes 0.93 0.74, 1.17 0.95 0.78, 1.16 0.95 0.82, 1.10

Homozygotes 0.45* 0.25, 0.79 1.34 0.78, 2.30 0.77 0.53, 1.12

Abbreviations: CI, confidence interval; OR, odds ratio; SBCS, Shanghai Breast Cancer Study; SNP, single nucleotide polymorphism.

*P � 0.05.
a Allelic associations among all women for all variants and specific subgroup analyses (genetic model and population) based on SBCS I results.
b Odds ratio and 95% confidence interval for the allelic test among all women or the specific model (additive, dominant, or recessive) in subgroup

analysis. Additive models included effects for both heterozygotes and homozygotes. All effects were adjusted for age.
c Weight (kg)/height (m)2.
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Table 4. Associationa Between the Sex Hormone-Binding Globulin (SHBG) rs6259 Polymorphism and Breast Cancer Risk According to Body Mass Index, by Study Stage, Shanghai Breast

Cancer Study, 1996–2005

Study and
Genotype

Premenopausal Women Postmenopausal Women All Womenb

BMIb,c <23 BMI ‡23 BMI <23 BMI ‡23 BMI <23 BMI ‡23

Cases/
Controlsd

OR 95% CI
Cases/
Controls

OR 95% CI
Cases/
Controls

OR 95% CI
Cases/
Controls

OR 95% CI
Cases/
Controls

OR 95% CI
Cases/
Controls

OR 95% CI

Stage 1 (SBCS I;
1996–1998)

GG 282/301 1.0 Reference 215/212 1.0 0.8, 1.3 101/100 1.0 Reference 164/178 0.9 0.7, 1.3 384/402 1.0 Reference 380/392 1.0 0.8, 1.2

AG/AA 115/137 0.9 0.7, 1.2 123/98 1.2 0.9, 1.7 24/63 0.4* 0.2, 0.7 75/84 0.9 0.6, 1.4 140/200 0.7* 0.6, 1.0 198/185 1.1 0.9, 1.4

P for interaction 0.160 0.005 0.024

Stage 2 (SBCS II;
2002–2005)

GG 390/353 1.0 Reference 359/282 1.2 0.9, 1.4 208/234 1.0 Reference 381/380 1.1 0.9, 1.4 598/588 1.0 Reference 740/662 1.2 1.0, 1.4

AG/AA 148/154 0.9 0.7, 1.1 182/123 1.4* 1.0, 1.8 85/128 0.8 0.5, 1.0 161/161 1.1 0.9, 1.5 233/282 0.8 0.7, 1.0 343/284 1.2* 1.0, 1.5

P for interaction 0.135 0.144 0.046

SBCS I and SBCS II
combined

GG 672/654 1.0 Reference 574/494 1.1 0.9, 1.3 309/334 1.0 Reference 545/558 1.1 0.9, 1.3 982/990 1.0 Reference 1,120/1,054 1.1 1.0, 1.2

AG/AA 263/291 0.9 0.7, 1.1 305/221 1.3* 1.1, 1.6 109/191 0.6* 0.5, 0.8 236/245 1.1 0.8, 1.3 373/482 0.8* 0.7, 0.9 541/469 1.2* 1.0, 1.4

P for interaction 0.044 0.007 0.003

Abbreviations: BMI, body mass index; CI, confidence interval; OR, odds ratio; SBCS, Shanghai Breast Cancer Study.

*P � 0.05.
a Odds ratios and 95% confidence intervals from dominant effect models, adjusted for age.
b Numbers of premenopausal and postmenopausal women do not sum to those for all woman because some participants were missing information on menopausal status.
c Weight (kg)/height (m)2.
d No. of cases/no. of controls.
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BMI in relation to breast cancer risk, particularly among
postmenopausal women. A similar pattern of association
was found in a population-based endometrial cancer case-
control study that we conducted in Shanghai, where the
protective dominant effect associated with SHBG rs6259
was strongest among lean postmenopausal women (32).
When data from both the breast cancer study and the en-
dometrial cancer study were combined, highly significant
associations were found for SHBG rs6259 and these
hormone-related cancers in postmenopausal women (P ¼
4 3 10�3), lean (BMI <23) women (P ¼ 5 3 10�4), and
lean postmenopausal women (P ¼ 4 3 10�5). The consis-
tent findings for breast and endometrial cancer are expected,
since endogenous estrogens play a central role in the etiol-
ogy of these cancers and sex hormone-binding globulin
(SHBG) reduces the level of bioavailable estrogens. Located
in exon 8, the variant allele of SHBG rs6259 causes a sub-
stitution of aspartic acid for asparagine at codon 356, which
has been shown to increase the half-life of the protein in an
animal model (33). In humans, the rs6259 variant allele has
been shown to be associated with higher circulating SHBG
levels among 303 hirsute women (34) and 4,467 healthy
postmenopausal women (35). We previously reported that
plasma SHBG levels were significantly higher among lean
postmenopausal rs6259 minor allele carriers (18). Although
results were not statistically significant, Haiman et al. (36)
also found that postmenopausal carriers of the variant allele
in the Multiethnic Cohort had higher plasma SHBG levels.
Postmenopausal women with high circulating SHBG levels
had a lower risk of breast cancer in a recentmeta-analysis of 9
prospective studies (37). SNP rs6259 has been evaluated in
terms of breast cancer risk in 2 other studies; reduced risks
were consistently observed for the variant allele, although
estimates did not reach statistical significance (35, 38).
However, neither study stratified results by BMI, and only
1 study was limited to postmenopausal women. In the cur-
rent study, the effect associatedwith SHBG rs6259wasmost
evident among lean postmenopausal women, who have
lower endogenous estrogen levels than premenopausal
women or postmenopausal women with higher BMIs.
Among women with low estrogen levels, sequestering by
SHBG would have the greatest effect on breast cancer risk.
Alternatively, the protective effect of rs6259may bemasked
by the adverse effect of high estrogen levels among preme-
nopausal women or overweight postmenopausal women.

Located in intron 1 of the estrogen receptor alpha gene
(ESR1), rs2234693 is predicted to influence transcriptional
regulation and isoform formation (39, 40). Among younger
(�45 years) SBCS participants, rs2234693 minor allele car-
riers had an additive significantly decreased risk of breast
cancer. Our findings are supported by a recent meta-analysis
of 17 studies that included 10,300 cases and 16,620 controls
and found an additive decreased risk associated with the
variant allele (39). In addition, the minor allele of this
SNP has also been found to be associated with a signifi-
cantly decreased risk of endometrial cancer, both in a
smaller study of Australian women (41) and in a large study
of Swedish women (42). Thus, a possible protective effect
for this ESR1 variant allele in breast and other hormone-
related cancers is indicated.

Other SNPs with consistent results between SBCS I and
SBCS II include glutathione S-transferase p-1 (GSTP1)
rs1695, where an isoleucine-to-valine substitution at codon
105 in the substrate binding pocket alters the properties
of this phase II detoxification enzyme (43). We found an
increased risk of breast cancer for minor allele homozygotes,
a finding that is consistent with 4 other studies among
Chinese women that were included in a recent meta-analysis
(44). On the other hand, the meta-analysis found no associ-
ation among Caucasian women. Reasons for the racial differ-
ence in this association are unknown. We recently reported
that GSTP1 rs1695 may modify the association between
cruciferous vegetable intake and breast cancer risk (24). It
is possible that differences in certain lifestyle factors and
environmental exposures between Chinese and Caucasian
populations contribute to this difference in association.

Also consistent between SBCS I and SBCS II was
rs2066853, a nonsynonymous SNP in the transactivation
domain of the aryl hydrocarbon receptor gene (AHR) (45);
a decreased breast cancer risk was found for premenopausal
SBCS minor allele carriers. On the contrary, a significantly
increased risk was found among Thai women who were
heterozygous for rs2066853 (46), while no effect was seen
among participants in the Multiethnic Cohort (47). However,
neither study showed results stratified by menopausal status,
and the samples in both studies were small. Further, the AHR
rs2066853 genotype was found to deviate from Hardy-
Weinberg equilibrium among Caucasians and Latinos in the
Multiethnic Cohort (47).

We previously reported an increased risk for SBCS I post-
menopausal minor allele carriers of ATM rs1003623, which
was not replicated among SBCS II participants (13). Here,
we update this analysis with a consistent association that
was found among older (age >45 years) SBCS partici-
pants, such that minor allele carriers had an increased risk
of breast cancer. While rare mutations in the ATM gene
have been consistently linked to an increased risk of breast
cancer (48, 49), associations for common variation have
been sparse. Four studies carried out among Caucasians
found no associations with ATM SNPs and breast cancer
risk (50–53), while 1 study in Koreans did find evidence
of associations with altered breast cancer susceptibility
(54). However, rs1003623 was evaluated in only 1 of these
studies, which found no association among Caucasian
women (51).

Finally, 2 polymorphisms were found to have associations
that were generally consistent among SBCS I and SBCS II
participants, although results did not reach statistical sig-
nificance in combined analyses. CCND1 rs9344 (also
known as CCND1 G870A or rs603965) is a functional
SNP that results in an alternate transcript with a longer
protein half-life cyclin D1 protein (55). Among SBCS par-
ticipants, younger women with 2 G alleles tended have a
lower risk of breast cancer. This is in agreement with a
recent meta-analysis of 5,371 cases and 5,336 controls
which found a small increased risk for carriers of the A
allele (55); SBCS I participants comprised 20.2% of the
meta-analysis study population. Transforming growth factor
1 (TGFB1) rs1800469 is a functional promoter SNP with
alleles that differentially bind transcription factor AP-1,
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resulting in expression differences (56). TGFB1 has been
shown to play a dual role in cancer, inhibiting growth in
early stages and promoting growth in later stages (57).
Among SBCS participants, minor allele homozygotes had
a marginally increased risk of early-stage breast cancer. In a
recent meta-analysis of 10,197 breast cancer cases and
13,832 controls, Niu et al. (58) found no significant associ-
ation with breast cancer risk but did not stratify results by
cancer stage.

In this report, we not only presented a summary of our
previous candidate-gene studies of known or potentially
functional SNPs and breast cancer risk but also sought to
replicate these putative genotype-phenotype associations
among additional breast cancer and endometrial cancer study
populations. To our knowledge, it is one of the largest 2-stage
candidate-gene association studies of low-penetrance variants
and breast cancer susceptibility. We found that known or
potentially functional SNPs in GSTP1, AHR, ESR1, SHBG,
and ATMwere significantly associated with breast cancer risk
in analyses of our 2 study stages combined. However, some
of these associations could have been due to chance, since
results for these SNPs were not strictly replicated at P �
0.05 in the stage 2 analysis. To address this, we employed
the false-positive report probability (FPRP) tool (59), using
prior probabilities of 0.10 and 0.05 for true associations
between tested variants and breast cancer risk. Associations
for ATM rs1003623 among older women and GSTP1 rs1695
among all women had FPRP values below 0.2 for both prior
probabilities selected. Further, the association for AHR
rs2066853 among premenopausal women had an FPRP
value below 0.4, regardless of the prior probability used,
and associations for ESR1 rs2234693 among younger
women and SHBG rs6259 among postmenopausal women
had FPRP values below 0.4 for prior probabilities of 0.10
but not for prior probabilities of 0.05. Therefore, assuming
probabilities of associations between these known or poten-
tially functional variants and breast cancer of at least 10%,
the probability that these findings are false-positive is less
than 40%. Further, a highly significant interaction between a
functional polymorphism in the SHBG gene and BMI was
identified in relation to breast cancer. The effect for SHBG
rs6259 among lean postmenopausal women, as identified in
our interaction analysis, was found to have an FPRP value of
0.016 or 0.034, depending on whether a prior probability of
0.10 or 0.05 was used; this indicates that the effect of SHBG
rs6259 among lean postmenopausal women is unlikely to be
a false-positive finding.

In conclusion, these findings support a role for com-
mon genetic variation in low-penetrance genes in breast
cancer susceptibility and highlight the utility of candidate-
gene association studies in evaluating gene-environment
interactions.
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