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Abstract

Background Multiple common variants identified by gen-

ome-wide association studies showed limited evidence of

the risk of breast cancer in Taiwan. In this study, we

analyzed the breast cancer risk in relation to 13 individual

single-nucleotide polymorphisms (SNPs) identified by a

GWAS in an Asian population.

Methods In total, 446 breast cancer patients and 514

healthy controls were recruited for this case–control study.

In addition, we developed a polygenic risk score (PRS)

including those variants significantly associated with breast

cancer risk, and also evaluated the contribution of PRS and

clinical risk factors to breast cancer using receiver oper-

ating characteristic curve (AUC).

Results Logistic regression results showed that nine indi-

vidual SNPs were significantly associated with breast

cancer risk after multiple testing. Among all SNPs, six

variants, namely FGFR2 (rs2981582), HCN1 (rs981782),

MAP3K1 (rs889312), TOX3 (rs3803662), ZNF365

(rs10822013), and RAD51B (rs3784099), were selected to

create PRS model. A dose–response association was

observed between breast cancer risk and the PRS. Women

in the highest quartile of PRS had a significantly increased

risk compared to women in the lowest quartile (odds ratio

2.26; 95% confidence interval 1.51–3.38). The AUC for a

model which contained the PRS in addition to clinical risk

factors was 66.52%, whereas that for a model which with

established risk factors only was 63.38%.

Conclusions Our data identified a genetic risk predictor of

breast cancer in Taiwanese population and suggest that risk

models including PRS and clinical risk factors are useful in
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discriminating women at high risk of breast cancer from

those at low risk.

Keywords Breast cancer � Polygenic risk score � Common

variants � Risk prediction

Introduction

One of the most common cancers for women in the world,

including Taiwan, is breast cancer. Although rates of new

cases of breast cancer in Western countries are higher than

those in Taiwan, there has been a sharp sixfold rise in the

breast cancer incidence over the past three decades here [1].

Breast cancer is known to be a complex disease which is

determined by both genetic and environmental factors.

Recently, the estimated heritability of breast cancer was

31%, while the common environmental component was 16%

[2], showing that the diversity of disease-associated genes is

a major issue of current scientific inquiry into breast cancer.

Several previous genome-wide association studies

(GWASs) identified numerous susceptible common vari-

ants associated with breast cancer among Caucasian or

Asian populations [3–10]. However, most of them were

low-penetrance risk variants in addition to BRCA1 or

BRCA2 [11], which contributed 25% to the familial risk and

\5% to the total breast cancer incidence due to rare

mutation frequencies [12, 13]. Researchers have tended to

estimate the polygenic manner of single-nucleotide poly-

morphism (SNP) variants through developing composite

genetic risk scores [14–16]. Most of these developed

polygenic risk scores (PRSs) were derived from Caucasian

population databases, and there is limited evidence on how

the risk of breast cancer depend on PRSs which the SNPs

were constructed from Asian populations.

In this study, we systematically reviewed GWAS-iden-

tified susceptibility loci in an Asian population and inves-

tigated the associations between established breast cancer

susceptibility loci and breast cancer risks in Taiwanese.

Further, we developed a composite risk score which was

used to examine the relationship with breast cancer risk by

tumor subtypes.

Materials and methods

Study population

Thiswas a population-based breast cancer case–control study.

Cases were identified as women aged 20–90 years with a

histologically confirmed diagnosis of first primary in situ or

invasive breast cancer from Taipei Medical University

Hospital, Wan Fang Hospital, Shuang Ho Hospital and Cathy

General Hospital between 2010 and 2014 (n = 446). Popu-

lation-based healthy controls were randomly selected from a

physical examination program at Taipei Medical University

Hospital or a community-based prospective study of a nutri-

tion health education program inTaipeiCity [17]. Finally, 514

controls without a cancer history were enrolled in this study

and were frequency matched with an approximate age distri-

bution of cases within 5-year age strata. Participants signed

informed consent during study enrollment. This study was

conducted under approval of theEthicsCommittee of the Joint

Institutional Review Board of Taipei Medical University and

Cathay General Hospital.

Risk factor information

Structured questionnaires including lifestyle risk factors,

menstrual history, reproductive history, and disease history

were administered by well-trained nurses. The ages of

menarche and menopause were retrospectively estimated

by considering the first and last menstrual cycles. The

duration of lifetime estrogen exposure was calculated for

postmenopausal women as the number of years between

the ages of menarche and the ages of menopause. Parity

was determined as nulliparous, 1–2, 3–4, and C5 live

births. The body mass index (BMI) was calculated as the

weight in kilograms divided by the height in meters

squared. The waist-to-hip ratio (WHR) is the ratio of the

circumference of the waist to that of the hips.

DNA extraction, SNP selection, and genotyping

Genomic DNA was extracted from peripheral blood accord-

ing to the phenol chloroform protocol and stored at -80 �C
until being used for further analysis. SNP selection was

identified by a review of GWASs or candidate-gene associ-

ation studies for Asian populations based on the available

literature at the time of the genotype analysis [3, 7, 8, 18–22].

Due to our sample size and limited budget, we finally selected

13 SNPS which were the most significantly associated with

breast cancer, including FGFR2 (rs2981579, rs3750817,

rs1219648, and rs2981582), HCN1 (rs981782), MAP3K1

(rs889312 and rs1686165), TOX3 (rs3803662 and

rs4784227), C6orf97 (rs2046210), ZNF365 (rs10822013),

RAD51B (rs3784099), and ERBB (rs13393577).

SNP genotyping was performed using custom-designed

Illumina Golden Gate SNP Genotyping Arrays (Illumina,

San Diego, CA) according to the manufacturer’s instruc-

tions. To assure genotyping quality, detailed quality control

(QC) procedures, including the duplicate identification of

genotypes, a Hardy–Weinberg equilibrium (HWE) test, and

a call rate of[99%, were carried out. A total of 47 (5%)

quality control samples were successfully genotyped, and

the concordance rate was 100%.
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Statistical analysis

HWE was examined among controls using a goodness-of-

fit Chi squared test. Comparisons between cases and con-

trols were conducted using Student’s t test and a Chi

squared test. The odds ratio (OR) and 95% confidence

interval (CI) were calculated using a logistic regression

model to assess the association between the SNPs and risk

of breast cancer. Adjustment for multiple testing was per-

formed using the permutation test. All statistical analyses

were performed using SAS vers. 9.4. (SAS Institute, Cary,

NC) on two-sided probabilities.

A PRS was established to estimate the polygenic contri-

bution of breast cancer susceptibility loci, which was created

using marginally significant SNPs associated with breast

cancer risk (p\ 0.15) based on any one of the per-allele,

dominant, or recessive logistic regressionmodels. For strong

linkage disequilibrium SNPs located on the same gene or

chromosome (each D0[ 0.9), we choose the one variant

with the lowest P value as candidate. Then, a weighted PRS

was calculated as the sumof the product of the number of risk

allele copies of the selected SNPs and the corresponding log

odds estimate. A multivariate logistic regression model that

comprised PRS, age, BMI, parity, andmenopausal statuswas

applied to investigate independent associations of PRS with

risk of breast cancer.When stratified bymenopausal status, a

logistic regression model was composed of age, BMI, and

parity to explore the association between PRS and breast

cancer risk. To avoid potential overfitting, we took advan-

tage of a bootstrap procedure with 1000 repetitions to adjust

model regression coefficients. We applied cross-validation

and split-sample design to increase the accuracy of predic-

tion for internal validation [23, 24]. Briefly, bootstrapping

resampled repeatedly and randomly by drawing samples

with replacement from the original dataset. In cross-valida-

tion procedure, the dataset was divided into k subsets, which

is used as the test set, and the holdout method was repeated

k times. The other k-1 subsets were combined to form a

training set. In addition, we separated the original dataset in

development and validation samples, including 80 and 20%

of the original dataset, respectively. The area under the

receiver operating characteristic curve (AUC)was applied to

evaluate the discriminative ability of the model.

Results

Distributions of the characteristic of breast cancer patients

and healthy controls are shown in Table 1. The mean age

of cases and controls were 51.3 ± 9.8 and 51.0 ± 10.1,

respectively. The frequencies or distributions of educa-

tional level, cigarette smoking, alcohol consumption, age at

menarche, age at menopause, age at first full-term birth,

and lifetime estrogen exposure were not significantly dif-

ferent between cases and controls. However, the mean BMI

and WHR were higher in cases than those in controls. In

addition, breast cancer patients had higher percentages of

parity number and premenopausal status than controls.

Table 2 indicates the association between the 13 SNPs

previously reported in GWAS and breast cancer risk. For

per-allele model, there were nine of these SNPs which

revealed significant associations with risk of breast cancer.

The four SNPs in FGFR gene, named rs2981579,

rs3750817, rs1219648, and rs2981582, showed similar

statistic tendency under dominant model and were in strong

LD (each D0[ 0.7). HCN1 gene rs981782 were signifi-

cantly associated with risk of breast cancer either in per-

allele model or under dominant model. The two SNPs

rs889312 and rs16886165 located in MAP3K1 gene

demonstrated significant association with breast cancer risk

under dominant model and were also in LD (D0 [ 0.9). We

also confirmed a significant association with risk of breast

cancer for the remaining two SNPs, TOX3 rs3803662 under

recessive model and RAD51B rs3784099 under per-allele

model (each p\ 0.05).

We selected six SNPs, namely rs2981582, rs981782,

rs889312, rs3803662, rs10822013, and rs3784099 to create

PRS model. Since four SNPs located on FGFR gene were in

strong linkage disequilibrium, rs2981582 were chosen as a

representative of FGFR due to lowest P value. The selection

criteria were similar with rs889312 of MAP3K1 and

rs3803662 of TOX3. The rest of other SNPs were picked up

due to marginal significantly associated with breast cancer

risk. According to the quartile distribution of the normal

controls, women in the second (1.36–1.66), third (1.67–1.91),

and fourth quartiles (C1.92) had 1.66-, 1.83-, and 2.26-fold

increased breast cancer risks compared to women in the

lowest quartile (\1.36), showing a significant trend

(p = 0.0001). When the same risk score was separately

applied to premenopausal and postmenopausal women, the

trend of the log odds was also significant (Fig. 1).

Finally, the AUC was calculated to evaluate how the

risk models discriminated between women with and with-

out breast cancer (Fig. 2). The AUC estimated for a model

which contained the PRS in addition to established risk

factors including age, BMI, age at menarche, parity, and

menopausal status was 66.52%, whereas that for a model

which with established risk factors only was 63.38%, while

that for PRS model only was 59.79%.

Discussion

In this study, we evaluated possible relationships between an

increased breast cancer risk and 13 GWAS-identified SNPs

in an Asian population. Among them, 9 SNPs were
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significantly associated with breast cancer risk, including

FGFR2 (rs2981579, rs3750817, rs1219648, and rs2981582),

HCN1 (rs981782), MAP3K1 (rs889312 and rs16886165),

TOX3 (rs3803662), and RAD51B (rs3784099) after multiple

testing. The findings provide extra benefit for the worth of

genome-based studies associated with breast cancer, par-

ticularly for those carried out in Asian population. In addi-

tion, we constructed the PRS using six selected variants,

which took into account the magnitudes of individual SNP

effects as done in previous studies, and was most efficient

when considering multiple loci in combination

[14–16, 21, 25, 26]. Furthermore, we developed the risk

model, combined the PRS and clinical risk factors to dis-

criminate women with and without breast cancer, which

provided adequate power with an AUC of approximately

70%.

In this study, breast cancer patients had higher value of

BMI, WHR, and parity number, and higher frequency of

premenopausal status than healthy controls. It is interesting

that a greater proportion of cases were premenopausal

despite similar ages between cases and controls. The reason

might be due to early tumor onset, showing a relatively

younger median age at diagnosis in Asian women [27].

Fibroblast growth factor (FGF) receptor 2 (FGFR2) is a

transmembrane tyrosine kinase receptor that belongs to

FGFR family, is able to integrate with FGF, and is

involved in various biologic processes including cell

migration, proliferation, survival, and differentiation [28].

The human FGFR2 gene, located on chromosome 10q26,

was reported to be one of the first susceptible genes

associated with breast cancer in GWASs [4, 6, 10]. Sub-

sequent replication studies were widely conducted, and a

meta-analysis indicated that the association between

FGFR2 variants and breast cancer risk was more

notable in Caucasians and Asians than Africans [29]. In

our study, the single-locus analysis showed that the ORs

for rs2981579, rs3750817, rs1219648, and rs2981582

were 1.37 (95% CI 1.03–1.83), 1.39 (95% CI 1.04–1.87),

1.39 (95% CI 1.06–1.83), and 1.47 (95% CI 1.13–1.91),

respectively, under dominant model. The mitogen-acti-

vated protein kinase kinase kinase 1 (MAP3K1) gene was

identified in GWASs of breast cancer [4, 6], and it acts in

Table 1 Descriptive characteristic of breast cancer patients and healthy controls

Breast cancer patients (N = 446) Healthy controls (N = 514) p value

Mean age, years, mean (SD) 51.3 (9.8) 51.0 (10.1) 0.5611

Body mass index, kg/m2, mean (SD) 23.9 (3.7) 23.2 (3.6) 0.0054

Waist-to-hip ratio, mean (SD) 0.88 (0.07) 0.80 (0.06) \0.0001

Education, years, n (%)

B6 69 (15.8) 79 (16.1) 0.6242

7–12 172 (39.4) 178 (36.3)

C13 196 (44.9) 233 (47.6)

Smoking, n (%)

No 411 (92.2) 487 (94.8) 0.1028

Yes 35 (7.9) 27 (5.3)

Alcohol consumption, n (%)

No 432 (96.9) 496 (97.1) 0.8546

Yes 14 (3.1) 15 (2.9)

Menarche age, years, mean (SD) 13.8 (1.4) 13.7 (1.6) 0.2006

Menopause age, years, mean (SD) 48.9 (6.0) 49.4 (5.5) 0.3592

Lifetime estrogen exposure, years, mean (SD) 34.9 (6.1) 35.4 (5.5) 0.3679

Parity number n (%)

Nulliparous 60 (13.5) 74 (14.9) \0.0001

1 or 2 132 (29.8) 273 (54.8)

3 or 4 170 (38.4) 135 (27.1)

C5 81 (18.3) 16 (3.2)

Age at first full-term birth, years, mean (SD) 26.0 (4.6) 26.3 (4.1) 0.3531

Menopause status, n (%)

Premenopausal 216 (48.4) 185 (37.5) 0.0007

Postmenopausal 230 (51.6) 309 (62.6)
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the mitogen-activated protein kinase (MAPK) signaling

pathway. MAPK signal transduction is a major pathway in

the cellular response to mitogens and is responsible for

regulating transcription of important cancer genes which

could influence susceptibility to breast cancer [30]. A

recent meta-analysis suggested that MAP3K1 rs889312

and rs16886165 might be risk factors for breast cancer,

especially in Europeans and Asians [31]. Consistent

findings were also observed in our study, which showed

significant associations of MAP3K1 rs889312 and

rs16886156 with the breast cancer risk. The universal

significance of FGFR and MAP3K1 for Europeans and

Asians implies that the MAPK pathway may play an

important role in the etiology of breast cancer.

GWASs identified the intergenic SNP rs981782 on the

chromosome 5p12 region as a hotspot for breast cancer

susceptibility [4, 10]. However, subsequent studies showed

inconsistent results between rs981782 and breast cancer

risk [25, 32, 33]. Our findings indicated that subjects with

the risk allele of SNP rs981782 had an increased risk of

breast cancer. The SNP rs3803662 at 16q12, close to the

TOX3 gene, represented one of the susceptibility loci

identified by GWAS [18] and was also observed in women

of Asian descent [34, 35]. This study showed a significant

association between rs3803662 and breast cancer under

recessive model. SNP rs3784099, located in the RAD51B

gene, was found to influence breast cancer prognosis in a

GWAS [20]. The RAD51B gene belongs to RAD51 par-

alogs, which play an important role in the DNA repair

system. A previous study also indicated that inactivation of

RAD51B is involved in tumorigenesis [36]. In the case of

the RAD51B gene, our data showed the OR per allele for

rs3784099 was a 1.37-fold (95% CI 1.02–1.83) increased

risk of breast cancer.

Table 2 Association between the candidate single-nucleotide polymorphisms (SNPs) and risk of breast cancer

SNP ID Gene

Name

Allele

Risk/

reference

Chromosome

position

ORa (95%CI)

Per-allele p value Dominant model p value Recessive model p value

rs2981579 FGFR2 T/C chr10:

121577821

1.18 (0.98–1.42) 0.0733 1.37 (1.03–1.83) 0.0373 1.12 (0.82–1.54) 0.3816

rs3750817 FGFR2 C/T chr10:

121573063

1.18 (0.98–1.42) 0.0739 1.39 (1.04–1.87) 0.0170 1.11 (0.82–1.51) 0.3702

rs1219648 FGFR2 G/A chr10:

123346190

1.22 (1.01–1.47) 0.0385 1.39 (1.06–1.83) 0.0134 1.16 (0.81–1.65) 0.3363

rs2981582 FGFR2 A/G chr10:

121592803

1.26 (1.04–1.52) 0.0199 1.47 (1.13–1.91)b 0.0046 1.11 (0.74–1.66) 0.6156

rs981782 HCN1 C/A chr5:

45285616

1.29 (1.05–1.57)b 0.0138 1.32 (1.01–1.71) 0.0359 1.55 (1.01–2.38) 0.0545

rs889312 MAP3K1 C/A chr5:

56736057

1.32 (1.09–1.62) 0.0039 1.74 (1.24–2.44)b 0.0023 1.29 (0.97–1.70) 0.0740

rs16886165 MAP3K1 C/A chr5:

56727256

1.34 (1.10–1.59) 0.0044 1.47 (1.13–1.92) 0.0105 1.41 (0.94–2.10) 0.0480

rs3803662 TOX3 A/G chr16:

52552429

1.14 (0.94–1.38) 0.2009 0.88 (0.59–1.30) 0.6291 1.35 (1.03–1.75)b 0.0318

rs4784227 TOX3 A/G chr16:

52565276

1.06 (0.86–1.30) 0.6100 1.02 (0.78–1.33) 0.8970 1.29 (0.77–2.15) 0.2489

rs2046210 C6orf97 A/G chr6:

151627231

0.89 (0.73–1.07) 0.2165 0.85 (0.58–1.25) 0.6385 0.85 (0.65–1.12) 0.3126

rs10822013 ZNF365 A/G chr10:

62492218

1.05 (0.87–1.26) 0.6321 1.27 (0.94–1.72)b 0.0954 0.89 (0.66–1.21) 0.7622

rs3784099 RAD51B G/A chr14:

68283210

1.37 (1.02–1.83)b 0.0353 2.00 (0.60–6.60) 0.2801 1.38 (1.01–1.90) 0.0515

rs13393577 ERBB G/A chr2:

212432139

0.97 (0.60–1.56) 0.9052 0.97 (0.60–1.56) 0.9051 – –

Risk/reference stands for risk allele versus reference alleles on the control sample frequencies

The chromosome position was based on GRCh38.p2

MAF minor allele frequency, HWE Hardy–Weinberg equilibrium, OR odds ratio, CI confidence interval
a ORs were adjusted for age, body mass index, menarche age, and cigarette smoking
b Included in the polygenic risk score
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Previous studies investigated associations between the

PRS of multiple SNPs and breast cancer risk. Our PRS

results showed a linear association with an increased risk of

breast cancer, indicating a greater than twofold risk for

women in the highest quartile compared to those in the

lowest. Reeves et al. used PRS based on 4, 7, or 10 SNPs to

study their effects on the risk of breast cancer and found

that the effect of the PRS with 7 SNPs was more prominent

for estrogen receptor positive than for estrogen receptor

negative cancers [16]. Harlid et al. investigated the com-

bined effect of low-penetrant SNPs on breast cancer

including ten SNPs [25]. Although they used a simple

addition risk allele method, their results were still almost

the same as ours. Two PRS studies in Asian population, a

Japanese study conducted by Sueta et al. [26] and a Chi-

nese study carried out by Chan et al. [37] also developed

their own model to show a dose-dependent association

between the risk of breast cancer and a genetic risk score.

Anderson et al. created a PRS composed of seven SNPs

and found that the OR was around twofold for women in

the highest quintile compared to those in the lowest quintile

of the score [15]. Mavaddat et al. constructed a 77-SNP

PRS for breast cancer and found a threefold increase in risk

when comparing the polygenic scores of the highest 1%

and the middle quintiles [14].

In addition, we also constructed the risk prediction

model including PRS and clinical risk factors for dis-

crimination of breast cancer with an improved accuracy

with AUC of 66.52%. This moderate discriminatory

accuracy is nevertheless relatively high compared with the

risk assessment model reported by Wacholder et al., Zheng

et al., and Hüsing et al. with AUC of 61.8, 63.0, and 60.5%,

respectively [21, 38, 39]. A risk assessment model in a

Japanese population conducted by Sueta et al. that included

both genetic markers and established risk models gave a

higher AUC of 69.33%, which is similar with our present

findings [26]. Interestingly, only one SNP rs3803662 on

TOX3 gene was chosen simultaneously in genetic risk

model developed by our study and in other Asian popula-

tion [21, 26].

The strength of this study was the collection of tumor

pathology data which were all assessed using the same

Fig. 1 Odds ratio of breast

cancer in groups defined by

quartiles of the polygenic risk

score among controls

Fig. 2 AUC in the three risk models. The gray line with an AUC of

50% is reference. AUC of the upper blue line, which showed the

combined PRS and clinical risk factors, is 66.52%. The green line

with an AUC of 63.38% is clinical risk factors model, whereas AUC

of the red line representing PRS is 59.79%
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processing protocols and criteria. Nevertheless, there are

certain issues that needed to be discussed for a proper

interpretation of this study. First, this study had nearly 80%

power to detect a log-additive OR of 1.3 with allelic fre-

quencies of[35%; however, other SNPs with ORs of\1.3

may need larger sample size to increase statistical power.

Larger sample sizes could be considered to help improve

the power in future studies. Second, our current analysis

was limited to 13 common risk variants for breast cancer

identified by a GWAS in an Asian population. In the near

future, larger effect sizes of sequence variants with inter-

mediate frequencies are likely to be uncovered; therefore,

our PRS results should be interpreted carefully. In addition,

although this study included comprehensive information on

reproductive and menstrual factors, no interactions were

found between the effects of the genes investigated in this

study and hormone risk factors for breast cancer. Further

studies should take other environmental risk factors into

account to investigate gene–environment interactions on

breast cancer risk.

In conclusion, our data evaluated the association of 13

genetic variants identified in previous GWASs in Asian

populations as risk factors for breast cancer in a Tai-

wanese population. The PRS model, a combination of six

selected variants, with clinical risk factors are useful in

discriminating women at high risk of breast cancer from

those at low risk. Future comprehensive evaluations of

the genetic risk variants in a larger population are

warranted.
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