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Abstract

Background There is considerable evidence that birth

weight is positively associated with breast cancer risk, and

seven single-nucleotide polymorphisms (SNPs) have been

conclusively associated with this risk. We have hypothe-

sized that breast cancer susceptibility loci may have a

greater influence on breast cancer risk among women with

higher birth weight, who are expected to have a larger pool

of mammary stem cells that are susceptible to malignant

transformation.

Patients and methods In the context of a nationwide,

population-based case–control study in Sweden, we

retrieved recorded birth weight for 693 breast cancer cases

and 747 control women who were also genotyped for most

or all of the seven recently documented breast cancer

susceptibility SNPs: rs2981582, rs12443621, rs8051542,

rs3803662, rs889312, rs13281615, and rs3817198.

Results We grouped heterozygotes with homozygotes for

the wild-type allele, and we found a marginally significant

interaction (p*0.07) between birth weight and rs2981582

(FGFR2), the genotype repeatedly identified as the top hit

in genome-wide association studies. There were similar,

though not significant, patterns for the other six SNPs.

Conclusions Although our findings require confirmation,

we found suggestive evidence that genetic susceptibility

modifies the positive association of birth weight with breast

cancer.

Keywords Allele � Birth weight � Breast cancer �
Gene � Genotype � Polymorphism

Introduction

Family history of breast cancer is an established risk factor

for breast cancer [1]. Twin studies indicate that inherited

genetic influences account for approximately 27% of the

variation in breast cancer risk [2]. The proportion of breast

cancer attributable to rare highly penetrant genes, such as

BRCA1 and BRCA2, however, is probably no more than

around 5% [3]. Hence, a number of more common variants

in lower penetrance genes likely contribute substantially to

the familial occurrence of breast cancer and account for
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higher attributable rates. Accumulating data support such a

polygenic model of inherited breast cancer risk [4], in

which each gene may confer only a small amount of risk

individually—yet in combination, they would result in a

noticeable increase in susceptibility to breast cancer [5, 6].

Recently, genome-wide association studies (GWAS) have

provided the opportunity to comprehensively search the

genome, in an unbiased approach for genetic variants with

even modest associations with disease [7]. Through this

approach, three GWAS have identified novel breast cancer

susceptibility loci [8–10]. The Breast Cancer Association

Consortium (BCAC) conducted a multi-stage genome-wide

association study of breast cancer and identified seven

single-nucleotide polymorphisms (SNPs) associated with

breast cancer risk. These variants were genome-wide sig-

nificant after replication in its final stage of 21,860 cases

and 22,578 controls from 22 studies [8]. The Swedish and

Singaporean Breast Cancer Association Consortium

(SASBAC) contributed to the final replication stage in this

consortium.

There is also considerable evidence that birth weight and

other aspects of fetal growth are associated with breast

cancer risk in later life [11–16]. Although the mechanisms

underlying this association are poorly understood, it has

been suggested that the size of the mammary stem cell pool

and eventually mammary gland mass may represent inter-

mediate manifestations of the early life processes that

modulate risk of this disease in adult life [17, 18].

We hypothesized that, if breast cancer risk is positively

associated with the size of the pool of mammary stem cells,

this association would be stronger in the presence of breast

cancer susceptibility loci and weaker or even absent in the

absence of such loci. Evidence of an interaction of this type

would provide strong support to the hypothesis that the

mammary stem cell pool is critical in the intrauterine roots

of breast cancer risk in adult life. Using birth weight as the

only documented proxy of the stem cell pool [19], we

examined the association between birth weight, breast

cancer susceptibility loci, and risk of breast cancer in the

SASBAC study. To our knowledge, no gene–environment

interactions have been identified with these novel breast

cancer susceptibility loci.

Subjects and methods

Study population

The Swedish and Singaporean Breast Cancer Association

Consortium (SASBAC) rely on a Swedish case–control

study, with genotyping conducted in Singapore. More

specifically, the women included are participants in the

Cancer and Hormones Replacement in Sweden (CAHRES)

study, a nationwide, population-based case–control study

of incident breast cancer among women 50–74 years old,

born in Sweden and living there at any time between

October 1, 1993, and March 31, 1995 [20–22]. In this

study, breast cancer cases were identified through the six

Swedish regional cancer registries in which 98% of all

diagnosed cancer cases in Sweden are reported. A total of

3,979 eligible breast cancer cases were identified and

invited to participate by their physicians. Of those invited,

3,345 (84%) agreed to participate. Non-participation was

due to inability to contact patient or patient refusal in 11%

of women and to patient death or physician refusal in the

remaining instances. To serve as control subjects, a total of

4,188 women were randomly selected from the general

population, according to the expected age frequency dis-

tribution of cases (in 5-year age groups), through the Total

Population Register (currently the Tax Authority), which

also provided their addresses and national registration

numbers—unique ten-digit numbers assigned to all Swed-

ish residents. Of the 4,188 controls selected in the study,

3,454 (82%) agreed to participate. Detailed information

was obtained through a self-administered questionnaire

mailed to cases and controls (20–22). The questionnaire

covered, among others, reproductive and menstrual histo-

ries, family history of breast cancer, benign breast disease,

mammography examinations, use of oral contraceptives,

use of hormone replacement therapy, current and past

anthropometric measurements, profession, alcohol con-

sumption, and cigarette smoking.

Women with a previous cancer (other than non-mela-

noma skin cancer and cancer in situ of the cervix; n = 112

cases and 91 controls), as well as women who were pre-

menopausal (n = 198 cases and 152 controls), or had

unknown menopausal status (n = 217 cases and 100 con-

trols) were excluded. Thus, there were 2,818 cases and

3,111 controls eligible for this study.

The present study was approved by the Institutional

Review Boards at Karolinska Institutet, Uppsala Univer-

sity, Harvard School of Public Health and US Department

of Defense, and was performed in compliance with the

Helsinki Declaration.

Blood sampling

For genotype analysis, 1,500 women with invasive breast

cancer and 1,500 controls were originally selected. For

reasons unrelated to the objectives of the present investi-

gation, all remaining eligible cases and controls who had

taken menopausal hormone treatment for at least 4 years

(191 cases and 108 controls), all women with self-reported

diabetes mellitus (110 cases and 104 controls), and another

345 controls from the parent study selected for a parallel

investigation were also included in the genotype analysis.
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Thus, 1,801 women with breast cancer and 2,057 control

women were selected for genotype analysis. We contacted

the selected women by mail, and those who gave informed

consent received a blood sampling kit by mail. We

obtained blood samples from 1,321 (73.3%) eligible breast

cancer patients and 1,524 (74.1%) control women, but for

technical reasons genotyping was not performed for 7 cases

and 9 controls. Thus, genotype analysis was eventually

performed for 1,314 cases and 1,515 controls.

Birth records

We attempted to identify birth records for breast cancer

cases and controls, using the Swedish national registration

numbers. Using information from the birth registry,

research assistants visited 120 hospital and medical record

archives to locate the original birth records for the study

participants. Because this study included births occurring

between 1918 and 1945 throughout all of Sweden, a large

number of births at this time had occurred at home, and

birth characteristic information had never been measured

or recorded. We were able to locate birth records or mid-

wife journals with adequate information on birth charac-

teristics for about 50% of the participants.

Using a detailed form, perinatal characteristic informa-

tion from available birth records was abstracted. Birth

weight in grams and twin status were consistently listed in

birth records. Less consistently, information was provided

on birth length, head circumference and placental weight.

In total, there were 710 breast cancer cases and 770 con-

trols with both genotype information and birth weight data.

We excluded 15 cases and 22 controls who were twin

members and/or had missing information on one or more

covariates. Eventually, there were 695 breast cancer cases

and 748 control women with birth characteristic data and

information on at least one of the evaluated SNPs.

Genotyping

We isolated DNA from 3 ml of whole blood with the

Wizard Genomic DNA Purification Kit (Promega, Madi-

son, WI) in accordance with the manufacturer’s instruc-

tions. The current analysis focuses on the 7 SNPs identified

from the BCAC study that replicated with genome-wide

significance: rs2981582, rs12443621, rs8051542,

rs889312, rs3817198, rs13281615, and rs3803662. Geno-

typing of these SNPs was conducted by Sequenom iPLEX

and Taqman [8].

Statistical analysis

Initially, we examined the association between breast

cancer risk and each of the following SNPs: rs2981582

(FGFR2), rs3803662 (TNRC9/LOC643714), rs889312

(MAP3K1), rs13281615 (8q24), rs3817198 (LSP1),

rs12443621 (TNRC9/LOC643714), and rs8051542

(TNRC9/LOC643714). We considered these seven SNPs

because they were identified in the BCAC genome-wide

association study and were genome-wide significant after

replication [8]. For each SNP, odds ratios (OR) and 95%

confidence intervals (CI) for breast cancer risk were

determined using logistic regression. To determine whether

there was a linear trend with increasing number of variant

alleles in each SNP, we calculated p values from Wald

statistics including a continuous term in the model. Tests

for interaction were based on a Wald test after inclusion of

an interaction term. Data analysis was conducted using the

SAS statistical software version 9.1 (SAS Institute, Cary,

NC, USA). All p values presented are from two-sided tests

of statistical significance.

Results

Table 1 shows the distribution of cases and controls by

important breast cancer risk factors. As expected, cases

were more likely to be nulliparous, have lower parity, have

more previous benign breast disease, and more prior use of

postmenopausal hormone therapy relative to controls.

There was no difference in the age distributions because, as

indicated, cases and controls were frequency matched on

age. In these data, the established associations of breast

cancer risk with age at menarche, body mass index (BMI),

and birth weight were not evident.

Four of the seven breast cancer susceptibility loci

identified from the BCAC genome-wide association study

were significantly associated with breast cancer risk in this

population with the strongest association for rs2981582, in

line with previous reports [8, 9] (Table 2). Women

homozygous for this allele had an almost twofold

(OR = 1.99, 95% CI 1. 45–2.72) increased risk of breast

cancer relative to women homozygous for the wild-type

allele, whereas women heterozygous for this SNP were at

slightly higher risk of breast cancer compared to homo-

zygotes for the wild-type allele (OR = 1.25, 95% CI 0.99–

1.57). Of the remaining six polymorphisms, trend tests with

increasing number of high-risk alleles were statistically

significant in three instances (rs12443621, rs13281615, and

rs3803662), whereas in the three other instances, trends

were in the direction expected on the basis of the BCAC

study [8], but statistically not significant.

Because rs2981582 in intron 2 of FGFR2 has been

repeatedly identified as the top hit in GWAS of breast

cancer [8, 9] and has demonstrated the largest excess risk

in our study, we first examined the interaction between

rs2981582 and birth weight in relation to breast cancer
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risk (Table 3). To increase power without invoking linear

trends, we grouped heterozygotes with homozygotes for

the wild-type allele, because the difference in risk

between homozygotes for the variant allele and hetero-

zygotes is substantially larger than that between hetero-

zygotes and homozygotes for the wild-type allele. We

found a marginally significant interaction between birth

weight and rs2981582 (p for interaction 0.07). As shown

in Table 3, the interaction is generated by a strong,

though marginally significant, positive association

between birth weight and breast cancer risk among

homozygotes for the variant allele (p for trend 0.07) and a

weak, and clearly non-significant, inverse association

between birth weight and breast cancer risk among

heterozygotes and homozygotes for the wild-type allele (p

for trend 0.68). Among women with the highest category

of birth weight ([4,000 g), being homozygous for the

rs2981582 variant was associated with an over fivefold

increased risk of breast cancer (OR = 5.52, 95% CI 1.96–

15.56) relative to women with wild-type alleles and

similar birth weight.

We also examined a potential interaction between birth

weight and the other 6 SNPs (Table 3), following the same

approach used for rs2981582. Although none of the other

SNPs demonstrated a significant interaction with birth

weight, we did note a consistently positive association

between birth weight and breast cancer risk among women

homozygous for the high-risk allele.

Table 1 Distribution of breast

cancer cases and control women

by selected breast cancer risk

factors

a p-value from chi-square test

with one degree of freedom
b Information on age at

menarche was not available for

57 cases and 60 controls

Cases (n = 693) Controls (n = 747) p-valuea

Age at study entry, years 0.76

\55 89 (12.8) 99 (13.3)

55–\60 204 (29.4) 228 (30.5)

60–\65 163 (23.5) 163 (21.8)

65? 237 (34.2) 257 (34.4)

BMI, kg m-2 0.52

\20 35 (5.1) 38 (5.1)

20–\25 325 (46.9) 349 (46.7)

25–\30 241 (34.8) 281 (37.6)

30? 92 (13.3) 79 (10.6)

Parity 0.0003

Nulliparous 92 (13.3) 74 (9.9)

1 Child 152 (21.9) 137 (18.3)

2 Children 280 (40.4) 292 (39.1)

3? Children 169 (24.4) 244 (32.7)

Previous benign breast disease 0.003

Yes 101 (14.6) 71 (9.5)

No 592 (85.4) 676 (90.5)

Postmenopausal hormone therapy use 0.01

Yes 267 (38.5) 240 (32.1)

No 426 (61.5) 507 (67.9)

Age at menarche, yearsb 0.58

\12 53 (8.3) 45 (6.6)

12 112 (17.6) 118 (17.2)

13 168 (26.4) 203 (29.5)

14 175 (27. 5) 179 (26.0)

15? 128 (20.1) 142 (20.7)

Birth weight (g) 0.73

B2,500 27 (3.9) 29 (3.9)

2,501–B3,000 109 (15.7) 119 (15.9)

3,001–B3,500 260 (37.5) 290 (38.8)

3,501–B4,000 216 (31.2) 223 (29.9)

[4,000 81 (11.7) 86 (11.5)
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Discussion

In this population-based study, we evaluated the associa-

tions with breast cancer risk of seven SNPs previously

identified in three GWAS [8–10]. In the current study, the

association with breast cancer risk was statistically signif-

icant with respect to four of these SNPs, more strongly

so—as expected—with the rs2981582 genotype, which has

repeatedly been identified as the top hit in GWAS. After

Table 2 Odds ratios (OR) and 95% confidence intervals (CI) for the

association between breast cancer susceptibility loci and breast cancer

risk

Casesa Controlsa OR (95% CI)

rs2981582

GG 240 319 1.0 (REF)

GA 304 324 1.25 (0.99–1.57)

AA 136 91 1.99 (1. 45–2.72)

p-trend \0.0001

rs12443621

AA 193 241 1.0 (REF)

AG 337 366 1.15 (0.90–1.46)

GG 151 130 1.45 (1.07–1.96)

p-trend 0.02

rs8051542

GG 194 220 1.0 (REF)

GA 359 380 1.07 (0.84–1.36)

AA 132 135 1.11 (0.82–1.51)

p-trend 0.49

rs889312

TT 336 389 1.0 (REF)

TG 287 294 1.13 (0.91–1.41)

GG 57 54 1.22 (0.82–1.82)

p-trend 0.19

rs3817198

AA 320 365 1.0 (REF)

AG 300 314 1.09 (0.88–1.36)

GG 60 58 1.18 (0.80–1.74)

p-trend 0.31

rs13281615

AA 175 161 1.0 (REF)

AG 263 277 1.16 (0.91–1.48)

GG 223 273 1.33 (1.01–1.76)

p-trend 0.04

rs3803662

GG 333 415 1.0 (REF)

GA 300 273 1.37 (1.10–1.70)

AA 54 50 1.35 (0.89–2.03)

p-trend 0.008

a Numbers do not add up because not all polymorphisms were

determined in all study subjects

Table 3 Odds ratios (OR) and 95% confidence intervals (95% CI)

for breast cancer according to birth weight and susceptibility SNP

genotype

WT/WT and WT/

VAR

VAR/VAR

rs2981582

Birth weight (g) OR(95% CI)

Cases/controls

OR(95% CI)

Cases/controls

B2,500 1.21 (0.64–2.29)

21/20

0.86 (0.30–2.53)

6/8

2,501–B3,000 0.89 (0.63–1.26)

80/103

2.15 (1.12–4.13)

28/15

3,001–B3,500 1.0 (REF)

211/243

1.27 (0.80–2.02)

44/40

3,501–B4,000 1.02 (0.77–1.34)

174/197

1.90 (1.10–3.30)

38/23

[4,000 0.84 (0.57–1.23)

58/80

4.61 (1.70–12.49)

20/5

p-value for trend 0.68 (negative trend) 0.07 (positive

trend)

p-value for

interaction

0.07

rs12443621

Birth weight (g)

B2,500 1.36 (0.73–2.51)

23/22

0.87 (0.24–3.11)

4/6

2,501–B3,000 1.24 (0.88–1.76)

90/94

0.92 (0.48–1.76)

17/24

3,001–B3,500 1.0 (REF)

185/240

2.03 (1.34–3.08)

72/46

3,501–B4,000 1.28 (0.96–1.70)

171/174

1.21 (0.76–1.92)

42/45

[4,000 1.03 (0.70–1.51)

61/77

2.31 (1.00–5.34)

16/9

p-value for trend 0.78 (negative trend) 0.30 (positive

trend)

p-value for

interaction

0.29

rs8051542

Birth weight (g)

B2,500 1.63 (0.86–3.09)

24/18

0.41 (0.11–1.53)

3/9

2,501–B3,000 1.14 (0.81–1.60)

92/99

1.09 (0.55–2.16)

17/19

3,001–B3,500 1.0 (REF)

190/232

1.66 (1.10–2.51)

68/50

3,501–B4,000 1.26 (0.95–1.66)

184/179

0.80 (0.48–1.33)

28/43

[4,000 1.07 (0.72–1.58)

63/72

1.40 (0.66–2.93)

16/14

p-value for trend 0.92 (negative trend) 0.81 (positive

trend)
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grouping heterozygotes with homozygotes for the wild-

type allele, we found a marginally significant interaction

(p*0.07) between birth weight and the rs2981582 geno-

type with respect to breast cancer risk. For the six

remaining SNPs, there was an apparently stronger positive

association between birth weight and breast cancer risk

among women homozygous for the high-risk alleles than

among carriers or homozygotes for the wild-type allele,

although relatively large p values and multitude of com-

parisons hinder firm conclusions. These results suggest that

the association of genetic susceptibility with breast cancer

risk might be stronger among women with a larger mam-

mary stem cell pool, as this is reflected in higher birth

weight [19].

It has been suggested that the documented association of

breast cancer risk with birth weight [12, 15, 16] could

reflect the underlying association of this risk with the size

of the mammary stem cell pool [19] and eventually

mammary gland mass [17, 18]. In women who carry high-

risk alleles, the association of birth weight (as a correlate of

mammary stem cell pool) with breast cancer risk would be

expected to be stronger. Our findings are compatible with

this hypothesis, although the study was perhaps not suffi-

ciently powered to document interactions of modest

strength. Of note, in our study, associations were not sta-

tistically significant for the main effect of three of the

seven SNPs identified in the context of GWAS [8]. When

our study was initiated, the effect size of SNPs that could

Table 3 continued

WT/WT and WT/

VAR

VAR/VAR

p-value for

interaction

0.80

rs889312

Birth weight (g)

B2,500 1.15 (0.65–2.03)

26/26

–

0/3

2,501–B3,000 1.09 (0.79–1.50)

102/108

0.69 (0.25–1.93)

6/10

3,001–B3,500 1.0 (REF)

229/263

1.36 (0.75–2.46)

26/22

3,501–B4,000 1.08 (0.83–1.41)

194/206

1.68 (0.81–3.47)

19/13

[4,000 1.03 (0.72–1.49)

72/80

1.15 (0.37–3.61)

6/6

p-value for trend 0.91 (negative trend) 0.13 (positive

trend)

p-value for

interaction

0.14

rs3817198

Birth weight (g)

B2,500 1.05 (0.58–1.89)

23/25

1.14 (0.28–4.59)

4/4

2,501–B3,000 1.04 (0.76–1.44)

100/109

1.01 (0.38–2.66)

8/9

3,001–B3,500 1.0 (REF)

235/267

1.08 (0.55–2.10)

18/19

3,501–B4,000 1.15 (0.88–1.50)

197/195

0.89 (0.47–1.69)

18/23

[4,000 0.89 (0.62–1.29)

65/83

4.55 (1.27–16.30)

12/3

p-value for trend 0.92 (negative trend) 0.26 (positive

trend)

p-value for

interaction

0.27

rs13281615

Birth weight (g)

B2,500 1.50 (0.72–3.13)

18/14

0.55 (0.22–1.37)

7/15

2,501–B3,000 1.26 (0.86–1.86)

79/73

0.72 (0.42–1.24)

26/42

3,001–B3,500 1.0 (REF)

143/167

1.16 (0.81–1.65)

103/104

3,501–B4,000 1.29 (0.93–1.78)

143/130

0.89 (0.60–1.32)

63/83

[4,000 1.19 (0.77–1.84)

55/54

0.97 (0.54–1.74)

24/29

p-value for trend 0.97 (positive trend) 0.46 (positive

trend)

Table 3 continued

WT/WT and WT/

VAR

VAR/VAR

p-value for

interaction

0.56

rs3803662

Birth weight (g)

B2,500 1.15 (0.64–2.06)

25/25

0.29 (0.03–2.60)

1/4

2,501–B3,000 1.05 (0.76–1.45)

100/110

1.30 (0.49–3.42)

9/8

3,001–B3,500 1.0 (REF)

230/265

1.65 (0.92–2.95)

30/21

3,501–B4,000 1.13 (0.87–1.47)

202/206

0.89 (0.38–2.06)

10/13

[4,000 1.07 (0.75–1.53)

76/82

1.15 (0.29–4.66)

4/4

p-value for trend 0.76 (positive trend) 0.87 (positive

trend)

p-value for

interaction

0.94

WT wild type; VAR high-risk variant
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be related to breast cancer was not known, precluding

reliable power calculations.

The evidence that the association between birth weight

and breast cancer could be modified by genetic suscepti-

bility was stronger for the SNP in FGFR2 than for any of

the other susceptibility loci. SNPs in intron 2 of FGFR2

have emerged as top hits from multiple GWAS of breast

cancer [8, 9] and have been significantly associated with

breast cancer risk in a number of populations including

Europeans [8, 9], Asians [8, 23], Ashkenazi Jewish [24],

and African American women [25]. FGFR2, a tyrosine

kinase receptor belonging to a family of genes involved in

growth and proliferation, is overexpressed in breast tumors

[26] and may function as an oncogene [27, 28]. In the

current study, we did observe a marginally significant

positive association (p*0.07) between birth weight and

breast cancer among women who were homozygous for the

risk allele of FGFR2. An interpretation of these results is

that susceptibility loci in an oncogene such as FGFR2 put

individual cells at higher risk of malignant transformation.

To the extent that birth weight is a proxy for glandular

mass, having an increased number of mammary stem cells

with high-risk alleles would be associated with an

increased risk of breast cancer.

Four additional loci not included in this study have

recently been identified from further genotyping efforts in

the BCAC [29] and CGEMS [30] genome-wide association

studies and more are likely to be identified with pooling of

GWASs. These additional loci have more modest effect

sizes than FGFR2, and it is unlikely that loci will be dis-

covered from subsequent pooling efforts with the same

magnitude of association with breast cancer as has been

demonstrated with FGFR2 [30]. With the possible excep-

tion of the FGFR2 gene, we know little about the mecha-

nisms by which other susceptibility loci influence breast

carcinogenesis. In this context, it would be of interest to

examine whether carriers of the major breast cancer genes,

BRCA1 and BRCA2, are at a disproportionally high risk

for breast cancer if born with high birth weight.

A possible interaction between genetic susceptibility

loci and birth weight in relation to breast cancer risk has

not been previously investigated. In fact, there are few

reliable studies of gene–environment interactions and

breast cancer risk. Our results are compatible with the

hypothesis that the pool of mammary stem cells is critical

in the intrauterine roots of breast cancer risk in adult life.

This is because the size of the pool of mammary stem cells,

as reflected in birth weight, appears to interact with genetic

susceptibility in modulating breast cancer risk.
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