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Breast cancers demonstrate substantial biological, clinical and etiological heterogeneity. We investigated
breast cancer risk associations of eight susceptibility loci identified in GWAS and two putative susceptibility
loci in candidate genes in relation to specific breast tumor subtypes. Subtypes were defined by five markers
(ER, PR, HER2, CK5/6, EGFR) and other pathological and clinical features. Analyses included up to 30 040
invasive breast cancer cases and 53 692 controls from 31 studies within the Breast Cancer Association
Consortium. We confirmed previous reports of stronger associations with ER1 than ER2 tumors for six
of the eight loci identified in GWAS: rs2981582 (10q26) (P-heterogeneity 5 6.1 3 10218), rs3803662 (16q12)
(P 5 3.7 3 1025), rs13281615 (8q24) (P 5 0.002), rs13387042 (2q35) (P 5 0.006), rs4973768 (3p24) (P 5 0.003)
and rs6504950 (17q23) (P 5 0.002). The two candidate loci, CASP8 (rs1045485, rs17468277) and TGFB1
(rs1982073), were most strongly related with the risk of PR negative tumors (P 5 5.1 3 1026 and P 5 4.1 3
1024, respectively), as previously suggested. Four of the eight loci identified in GWAS were associated
with triple negative tumors (P ≤ 0.016): rs3803662 (16q12), rs889312 (5q11), rs3817198 (11p15) and
rs13387042 (2q35); however, only two of them (16q12 and 2q35) were associated with tumors with the core
basal phenotype (P ≤ 0.002). These analyses are consistent with different biological origins of breast can-
cers, and indicate that tumor stratification might help in the identification and characterization of novel
risk factors for breast cancer subtypes. This may eventually result in further improvements in prevention,
early detection and treatment.
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INTRODUCTION

Breast tumors are biologically and clinically heterogeneous,
and consist of several histo-pathological subtypes that are
associated with different disease outcome and responses to
treatment (1–4). Epidemiological studies have provided evi-
dence that breast cancer risk factors vary by tumor character-
istics (5–9). Therefore, detailed characterization of tumors
may deepen our understanding of breast cancer etiology,
facilitate the discovery of novel risk factors and potentially
enable risk prediction for specific tumor types.

Recent genome-wide association studies (GWAS) have
identified common variants associated with breast cancer
risk at multiple genetic loci (10–15). In addition, large com-
bined analyses of associations have provided evidence for
association with coding variants in the caspase 8 (CASP8)
and transforming growth factor beta 1 (TGFB1) genes (16).
For several of these loci, we and others recently reported
on the heterogeneity of genetic associations with risk of
developing tumor subtypes defined by estrogen receptor
(ER), progesterone receptor (PR) and other tumor character-
istics, with only a few studies reporting on human epidermal
growth factor receptor-2 (HER2) expression (12–14,17–19).
The strongest evidence of heterogeneity to date is for the
variant rs2981582 in intron 2 of the fibroblast growth
factor 2 (FGFR2) gene that has been found to be associated
primarily with increased risk of ER positive (ER+) disease
(12–14,17,18). Further, the genes harboring these suscepti-
bility SNPs were found differentially expressed in the
breast cancer subtypes (20). Studies with larger sample
sizes and further tumor characterization might be able to
identify additional heterogeneity of breast cancer suscepti-
bility loci.

In clinical practice, tumors are routinely classified accord-
ing to protein expression of ER, PR and amplification of
HER2 to guide the choice of treatment. More recently, gene
expression profiling studies, primarily on relatively small
sets of cases with frozen tumors, have identified at least four
major breast cancer subtypes associated with distinctly differ-
ent gene expression patterns and more importantly, a signifi-
cant difference in clinical outcome (1,2). These molecular
breast tumor subtypes include the luminal A and B tumors
which are characterized by the expression of ER/PR and
other luminal epithelial cell markers and are associated with
the best clinical outcomes, particularly luminal A tumors
that often lack HER2 overexpression. Additional subtypes
include HER2 enriched tumors that tend to be hormone-
receptor negative and overexpress HER2, and the basal-like
tumors characterized by the expression of basal myoepithelial
cell markers and are frequently triple negative tumors
(ER2&PR2&HER22) (1,2). Translation into large clinical
or epidemiological studies has been challenging because of
the limited availability of frozen tumors in these studies,
coupled with the costs and technical difficulties in obtaining
high-quality gene profiling data from paraffin embedded
tumor material. As a result, immunohistochemistry (IHC) sur-
rogate panels based on the expression of three markers used in
routine clinical practice (ER, PR, HER2) and two basal
markers, cytokeratin 5/6 (CK5/6) and epidermal growth
factor receptor (EGFR), have been used to identify breast

tumor subtypes in large studies, although the correspondence
with subtypes defined by expression profiling is only approxi-
mate (21–26).

In this study, we investigated whether common breast
cancer susceptibility loci were associated with specific tumor
subtypes defined by five markers (ER, PR, HER2, CK5/6
and EGFR), as well as other important tumor characteristics
(histology, grade of differentiation, tumor size, nodal involve-
ment and stage at diagnosis). This report includes analysis of
all known susceptibility loci identified through GWAS at the
time of analyses, [rs2981582 (10q26), rs3803662 (16q12),
rs889312 (5q11), rs13281615 (8q24), rs3817198 (11p15),
rs13387042 (2q35), rs4973768 (3p24), rs6504950 (17q23)],
as well as two putative susceptibility single-nucleotide poly-
morphisms (SNPs) in candidate genes [rs1045485/
rs17468277 (CASP8) and rs1982073 (TGFB1)] (10–14,16).
Analyses were based on data from 31 case–control or
cohort studies in the Breast Cancer Association Consortium
(BCAC) that included over 30 000 invasive breast tumors,
mostly among women of European origin. This paper
expands and refines our previous reports on analyses by ER
(and/or PR) status (14,16,17,27) by including up to 11
additional studies (representing �20–60% of additional
data, depending on the specific analysis), as well as three
additional tumor markers (HER2, CK5/6 and EGFR). The
addition of these three markers that were used to identify
tumors with the triple negative and basal phenotypes is the
most novel aspect of this paper. Moreover, the combined
analysis and the increased sample size are allowing us to
make more definite conclusions than previous reports.

RESULTS

Analyses by ER and PR status of tumors

Most studies (29 out of 31) were conducted in populations of
European background; therefore, the main analyses were
restricted to these women. As expected, all susceptibility
loci identified in previously published GWAS showed highly
significant associations with breast cancer risk among subjects
included in this report, with per-allele ORs similar to those
previously reported (Table 1). The two candidate loci in
CASP8 and TGFB1 showed weaker evidence than in previous
reports based on a smaller number of cases and controls (16).
Small differences in risk estimates compared with previous
publications are likely to be due to random variation or over-
estimates in original publications with stronger influence of
data from discovery studies.

Six (10q26, 16q12, 8q24, 2q35, 3p24, 17q23) of the eight
loci identified in GWAS exhibited stronger associations with
ER+ than ER2 tumors (Table 2). Evidence for differences
by ER status was strongest for rs2981582 (10q26) [per-allele
OR ¼ 1.28 (95% CI ¼ 1.24–1.31) for ER+ versus OR ¼
1.05 (1.01–1.09) for ER2; case only P-heterogeneity ¼
6.1 × 10218] and rs3803662 (16q12) [per-allele OR ¼ 1.26
(1.23–1.30) for ER+ versus OR ¼ 1.15 (1.10–1.20) for
ER2, P-heterogeneity ¼ 3.7 × 1025]. Although associations
were stronger for ER+ than ER2 tumors, all six loci were
also associated with the risk of ER2 tumors (P ≤ 0.021),
except for rs6504950 (17q23) [OR for ER2 tumors ¼ 1.00

3292 Human Molecular Genetics, 2011, Vol. 20, No. 16

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/20/16/3289/648706 by guest on 17 April 2024



(0.95–1.05) P ¼ 0.938]. The strongest evidence of association
with ER2 disease was for SNP rs3803662 (16q12) [per-allele
OR ¼ 1.15 (1.10–1.20) P ¼ 2.1 × 10210]. The other two
GWAS SNPs, rs889312 (5q11) (P-heterogeneity ¼ 0.531)
and rs3817198 (11p15) (P-heterogeneity ¼ 0.426), showed
no evidence of an association with ER2 status. The associ-
ations with the two putative susceptibility loci in the candidate
genes, CASP8 and TGFB1, did not appear to differ strongly by
ER status, although the data for CASP8 suggested a stronger
protective effect against ER2 than ER+ disease (Table 2,
P-heterogeneity ¼ 0.038).

To evaluate the combined effects of the ten SNPs on ER+
and ER2 disease, we calculated relative risks at the 10th, 50th

and 90th centiles of the polygenic risk distribution by ER
status under a log-additive (multiplicative) risk model. Calcu-
lations were based on estimates of per-allele ORs and allele
frequencies for the nine loci with P , 0.05 for ER+ and
eight loci for ER2 shown in Table 2. The estimated risk dis-
tribution on a log relative risk scale was approximately normal
with mean close to zero and variances of 0.085 and 0.022 for
ER+ and ER2 disease, respectively. The relative risk of
breast cancer for women at the 10th, 50th and 90th centiles
of the risk distribution, when compared with the population
average, was 0.66, 0.96 and 1.39, respectively, for ER+
tumors. The corresponding relative risks for ER2 tumors
were 0.82, 0.99 and 1.20. According to the risk distribution

Table 1. Association between susceptibility loci and breast cancer risk overall among a total of up to 29 studies in populations of European background with data
on ER and/or PR status

Locus Neighborhood genes rs number n studiesa Controls mafb in controls Cases OR 95% CI P-value

Susceptibility loci identified in GWAS
10q26 FGRF2 rs2981582 (C/T)c 27 33 908 0.38 25 182 1.22 1.19–1.25 1.5 3 10259

16q12 TOX3/LOC643714 rs3803662 (C/T) 29 34 857 0.27 26 671 1.24 1.20–1.27 3.0 3 10259

5q11 MAP3K1/MGC33648/MIER3 rs889312 (A/C) 28 34 325 0.28 25 830 1.11 1.08–1.14 7.1 3 10216

8q24 FAM84B/c-MYC rs13281615 (A/G) 26 29 849 0.41 23 172 1.11 1.08–1.13 3.5 3 10215

11p15 LSP1/H19 rs3817198 ((T/C) 24 31 891 0.31 23 879 1.06 1.03–1.09 1.0 3 10205

2q35 TNP1/IGFBP5/IGFBP2/TNS1 rs13387042 (G/A) 25 38 120 0.52 26 334 1.14 1.12–1.17 1.7 3 10229

3p24 SLC4A7/NEK10 rs4973768 (C/T) 21 34 386 0.46 22 506 1.11 1.09–1.14 1.1 3 10217

17q23 COX11/STXBP4/TOM1L1 rs6504950 (G/A) 26 34 236 0.28 26 204 0.94 0.92–0.97 3.2 3 10205

Putative susceptibility loci in candidate genes
2q33-q34 CASP8 rs1045485; rs17468277

(G/C;C/T)
23 36 976 0.13 24 406 0.95 0.92–0.98 0.004

19q13 TGFB1 rs1982073 (G/C) 17 27 745 0.38 16 123 1.04 1.02–1.08 0.003

aFor none of the 10 SNPs, genotype data were available from all 31 studies. Studies in Asian populations are not included in this table (MEC-Japanese, TBCS,
TWBCS; see Supplementary Material, Table S7 for estimates in studies of Asian populations). Analyses included only cases with tumor marker information
(defined as having at least information on ER and/or PR status).
bMinor allele frequency.
cMajor/minor allele.

Small differences in point estimates and significance levels compared with previous publications are due to the different inclusion/exclusion criteria for cases
and controls. P-value ,0.05 was used to select findings mentioned in the results and discussion sections, and indicated in bold-face. Findings were interpreted in
light of the strength of evidence based on the estimated OR’s, 95% CI, P-values and prior knowledge of the hypothesis being tested.

Table 2. Odds ratios for breast cancer by ER expression in tumors (up to 29 studies in populations of European backgrounda)

Case–control analyses Case only
ER+ tumors versus controls ER2 tumors versus controls

Locus/
gene

SNP Controls maf ER+
cases

ORb 95% CI P-value ER2

cases
ORb 95% CI P-value P-valuec

Susceptibility loci identified in GWAS
10q26 rs2981582 33 908 0.38 18 310 1.28 1.24–1.31 4.7 × 10273 5613 1.05 1.01–1.09 0.020 6.1 × 10218

16q12 rs3803662 34 857 0.27 19 420 1.26 1.23–1.30 9.6 × 10260 5968 1.15 1.10–1.20 2.1 × 10210 3.7 × 10205

5q11 rs889312 34 325 0.28 18 835 1.11 1.08–1.15 9.3 × 10214 5735 1.09 1.05–1.14 6.0 × 10205 0.531
8q24 rs13281615 29 849 0.41 16 888 1.13 1.10–1.16 2.7 × 10218 5098 1.06 1.01–1.10 0.012 0.002
11p15 rs3817198 31 891 0.31 17 427 1.07 1.04–1.10 1.4 × 10205 5223 1.05 1.00–1.09 0.056 0.426
2q35 rs13387042 38 120 0.52 19 310 1.16 1.13–1.19 8.5 × 10230 5770 1.09 1.05–1.13 2.9 × 10205 0.006
3p24 rs4973768 35 104 0.46 17 067 1.13 1.10–1.16 2.8 × 10218 4854 1.05 1.01–1.10 0.021 0.003
17q23 rs6504950 34 386 0.28 16 455 0.93 0.90–0.95 7.2 × 10207 4774 1.00 0.95–1.05 0.938 0.002

Putative susceptibility loci in candidate genes
CASP8 rs1045485;

rs17468277
36 976 0.13 17 805 0.96 0.93–1.00 0.058 5347 0.90 0.84–0.96 0.001 0.038

TGFB1 rs1982073 27 745 0.38 11 495 1.04 1.01–1.08 0.011 3503 1.06 1.00–1.11 0.033 0.540

aDifferences in total number of ER+ (22 866) and ER2 cases (7174), (Supplementary Material, Table S3) is due to missing genotype data.
bOR are adjusted by study.
cP-value from logistic regression models including only cases, with ER status as the outcome adjusted by study. P-values ,0.05 are indicated in bold-face.
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by ER status, the AUC was slightly higher for ER+ (AUC ¼
58.2%) than for ER2 disease (AUC ¼ 54.3%).

Analyses by PR status for the eight SNPs identified in
GWAS generally showed a similar pattern to that observed
by ER status, as would be expected given the positive corre-
lation between these two markers (data not shown). On the
other hand, the SNPs in CASP8 and TGFB1 showed stronger
evidence of differential in associations by PR than ER
status. In both cases, the strongest statistical evidence for an
association was with PR2 tumors [CASP8: per-allele OR ¼
0.88 (0.83–0.93) P ¼ 5.1 × 1026; TGFB1: OR ¼ 1.09
(1.04–1.14) P ¼ 4.1 × 1024; Table 3].

Classification of tumors according to the co-expression of
ER and PR status suggested a weaker association of
rs2981582 (10q26) with ER2&PR+ (per-allele OR ¼ 1.14
(1.04–1.26) than ER+&PR+ tumors (OR ¼ 1.29 (1.25–
1.33) P-heterogeneity ¼ 0.019; data not shown); and a
weaker association of rs3803662 (16q12) with ER+&PR2
(per-allele OR ¼ 1.16 (1.09–1.23) than ER+&PR+ tumors
(OR ¼ 1.28 (1.24–1.33) P-heterogeneity ¼ 0.001; data not
shown). These analyses suggest that the variant in 10q26 is pri-
marily associated with ER status, whereas rs3803662 (16q12)
might be primarily associated with PR status. No other differ-
ences (P . 0.10) were found in ORs for ER+&PR2 and
ER2&PR+ tumors compared with ER+&PR+ tumors (data
not shown). In spite of these relatively small differences,
ER+&PR+, ER+&PR2 and ER2&PR+ tumors were com-
bined as ER+ and/or PR+ (luminal) tumors before further stra-
tification by HER2 status. This decision was made a priori
based on the co-expression of ER and PR in defining tumor sub-
types in studies using expression arrays (21–24).

Analyses by ER, PR and HER2 status of tumors

Figure 1 summarizes the findings from analyses of tumor sub-
types defined by ER, PR and HER2 (tumor subtype nomencla-
ture explanation: / ¼ ‘and/or’, & ¼ and). Within luminal
tumors expressing ER and/or PR, three loci showed

differences by HER2 expression: rs3803662 (16q12) and
rs4973768 (3p24) showed a stronger association with ER+/
PR+&HER22 than ER+/PR+&HER2+ tumors
(P-heterogeneity 0.013 and 0.02, respectively), whereas
rs889312 (5q11) showed a stronger association with ER+/
PR+&HER2+ than ER+/PR+&HER22 tumors
(P-heterogeneity ¼ 0.014; Table 4 upper panel).

We found no differences (P ≥ 0.095) in the per-allele ORs
for TN tumors and ER2&PR2&HER2+ tumors for any of
the SNPs (Table 4, lower panel), although theses analyses
were limited by small numbers of cases in each category. Of
note, we did not find evidence for an association with TN
tumors for the rs2981582 (10q26) [per-allele OR ¼ 0.99
(0.92–1.07) P ¼ 0.841] that showed one of the strongest
associations overall with the luminal tumors. However, an
effect size similar to that for all ER2 disease could not be
excluded. Five of the 10 SNPs showed associations (P ≤
0.02) with TN disease [rs3803662 (16q12), rs889312 (5q11),
rs3817198 (11p15), rs13387042 (2q35) and rs1982073
(TGFB1); Table 4]. No additional differences were found
when we classified tumors as HER22 and HER2+, indepen-
dently of ER and PR status (data not shown).

Analyses by ER, PR, HER2 and basal markers (CK5/6 or
CK5 and EGFR2) status of tumors

Figure 1 summarizes the findings from analyses of tumor sub-
types defined by ER, PR, HER2 and basal markers. Of the five
SNPs that showed associations with TN disease, three were
also associated with the risk of core basal phenotype (CBP):
rs3803662 (16q12) [per-allele OR ¼ 1.25 (1.09–1.44) P ¼
0.001], rs13387042 (2q35) [OR ¼ 1.23 (1.08–1.40) P ¼
0.002] and rs1982073 (TGFB1) [OR ¼ 1.18 (1.01–1.36)
P ¼ 0.032]. In each case, however, the per-allele OR did not
differ for TN tumors that did not exhibit basal markers
(5NP) when compared with those that did (CBP), P .
0.132). The SNPs in 5q11 and 11p15 were associated with
5NP but not CBP tumors.

Table 3. Odds ratios for breast cancer by PR expression in tumors for two putative susceptibility loci in CASP8 and TGFB1 (up to 21 studies in populations of
European backgrounda)

Gene/SNP Genotype Controls Case–control analyses Case only
PR+ tumors versus controls PR2 tumors versus controls
PR+ cases ORb 95% CI P-value PR2 cases ORb 95% CI P-value P-valuec

CASP8 GG/CC 28 109 10 105 1.00 5558 1.00
rs1045485/ GC/CT 8206 2833 0.97 0.92–1.02 0.181 1393 0.87 0.81–0.93 2.0 × 10205

rs17468277d CC /TT 661 202 0.83 0.70–0.98 0.026 107 0.81 0.65–1.00 0.047
per allele 36 976 13 140 0.95 0.91–0.99 0.027 7058 0.88 0.83–0.93 5.1 × 10206 0.009

TGFB1 GG 10 824 2984 1.00 1649 1.00
rs1982073 CG 12 885 3745 1.06 1.00–1.12 0.050 2065 1.04 0.97–1.12 0.278

CC 4036 1164 1.05 0.97–1.14 0.215 752 1.21 1.10–1.33 1.1 × 10204

per allele 27 745 7893 1.03 0.99–1.07 0.091 4466 1.09 1.04–1.14 4.1 × 10204 0.045

aDifferences in total number of PR+ (16 997) and PR2 (9392) cases (Supplementary Material, Table S3) is due to missing genotype data.
bOR are adjusted by study.
cP-value from logistic regression models including only cases, with PR status as the outcome adjusted by study.
dBecause of some technical difficulties (for some technologies) in genotyping the originally reported SNP [rs1045485 (G/C)] in CASP8, another SNP in strong LD
[rs17468277 (C/T)] was used as a surrogate (r2 ¼ 1 in HapMap CEU) for a subset of studies. Thirteen studies provided genotype data on rs1045485 and 19 studies
on rs17468277. Five of those studies reported genotype data on both SNPs. For individuals that had the two SNPs genotyped, rs17468277 was used. P-values
,0.05 are indicated in bold-face.
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Analyses by other tumor characteristics

We evaluated associations between genotypes and tumor sub-
types defined by grade of differentiation (Table 5), histo-
pathology (Supplementary Material, Table S5), tumor size
(Supplementary Material, Table S6), nodal involvement (Sup-
plementary Material, Table S7) and stage at diagnosis (Sup-
plementary Material, Table S8). Generally, we observed
expected results based on the known correlations between
these tumor features and the expression of tumor markers eval-
uated earlier. Four of the SNPs [rs2981582 (10q26),
rs3803662 (16q12), rs13387042 (2q35) and rs973768
(3p24)] showed stronger associations with tumors of lower
grade Table 5. However, only two of these remained signifi-
cant (P , 0.05) after adjustment for ER status: adjusted case-
only P ¼ 0.0003 for rs2981582 (10q26) and 5.7 × 1028 for
rs13387042 (2q35). The association between 10q26 and ER
status remained strongly significant after adjusting for grade
(adjusted case-only P ¼ 5.9 × 1029); however, 2q35 was no
longer associated with ER after adjustment for grade (adjusted
case-only P ¼ 0.80). Stratification of tumors by ER and grade
among 24 studies with data on these two features (19 997
cases and 31 540 controls) suggested that the strongest associ-
ation of rs2981582 (10q26) is with ER+/low grade tumors
and that there is no association for ER2/high grade tumors:
per-allele ORs for ER+/grade 1 [19% of tumors; OR ¼ 1.29
(1.23–1.35)], for ER+/grade 2 [42% of tumors; 1.29 (1.25–
1.34)], for ER+/grade 3 [17% of tumors OR ¼ 1.19 (1.13–

1.25)] and for ER2/grade 1 [1% of tumors; OR ¼ 1.09
(0.92–1.29)], ER2/grade 2 [7.0% of tumors; OR ¼ 1.13
(1.04, 1.22)], ER2/grade3 [15% of tumors; OR ¼ 1.00
(0.95–1.06)]. Association with the histopathological types
suggested a higher risk for lobular compared with other
tumors, for rs3803662 (16q12), rs13281615 (8q24) and
rs13387042 (2q35) (P ¼ 0.032, 0.039 and 0.017, respectively).
Conversely, CASP8 (rs1045485/rs17468277) appeared to be
specifically associated with the risk of ductal tumors (Sup-
plementary Material, Table S5). Only weak associations
were observed with tumor size, and these were not significant
(P , 0.05) after adjustment for ER status.

Analysis of Asian populations

On the basis of data from three studies including Asian
women, only the SNPs rs2981582 (10q26) and rs3803662
(16q12) showed associations with breast cancer risk overall
(P ¼ 5.2 × 1028 and 0.027, respectively; Supplementary
Material, Table S9). Because of the relatively small number
of cases and controls, we only carried out analyses by ER
status since this was the marker that was most strongly
related to SNPs in Caucasian populations. None of the SNPs
appeared to be differently associated with ER-defined
disease [P-heterogeneity ¼ 0.962 and 0.816, for rs
rs2981582 (10q26) and rs3803662 (16q12), respectively, Sup-
plementary Material, Table S10]. There was some evidence
for differences in case-only ORs by ethnic group (Caucasians

Figure 1. Association of susceptibility loci with different tumor subtypes: a summary of the findings. The per-allele OR’s (ES) are shown. Tumor subtype
nomenclature explanation: / ¼ ‘and/or’, & ¼ and. Tumors were classified into four subtypes, two receptor positive or ‘luminal’ subtypes: ER+/
PR+&HER22 and ER+/PR+&HER2+, and two receptor negative subtypes or ‘non-luminal’ ER2&PR2&HER2+ and triple negative tumors (TN:
ER2&PR2&HER22). Cases with TN tumors were further stratified according to the expression of basal markers into the core basal phenotype (CBP)
(CK5/6, CK5 or EGFR positive) and the five-negative phenotype (5NP) (CK5/6 or CK5, and EGFR negative).
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versus Asians) for rs2981582 (P ¼ 0.042) but not for
rs3803662 (P ¼ 0.661). Notably, rs2981582 (10q26) was
more strongly associated with ER2 disease [OR ¼ 1.34
(1.14–1.57)] in Asian compared with European populations.

DISCUSSION

Our data confirm previous reports and provide convincing evi-
dence for heterogeneity in the strength of the associations of
ten breast cancer susceptibility loci with respect to the risk
of tumor subtypes defined by ER status and grade of differen-
tiation of the tumors. In addition, stratification of tumors by

the additional markers provided further insights into etiologi-
cal heterogeneity (Fig. 1). These results suggest that low-risk
susceptibility loci predict the pathological subtype of breast
cancer and provide support for the hypothesis that breast
tumor subtypes arise through distinct etiological pathways.

Six out of the eight susceptibility loci previously identified
through GWAS, rs2981582 (10q26), rs3803662 (16q12),
rs13281615 (8q24), rs13387042 (2q35), rs4973768 (3p24)
and rs6504950 (17q23), showed stronger associations with
ER+ than ER2 disease. Findings for SNPs in 10q26, 16q12
and the 8q24 region have been previously indentified in a
subset of this data (16,17), and are confirmed in this report
after including data from additional studies not available in

Table 5. Odds ratios for breast cancer by grade of differentiation of the tumors (up to 27 studies in populations of European background)

Cases (grade) Grade 1 Grade 2 Grade 3 Case only
Locus/gene SNP Controls 1 2 3 ORa 95% CI ORa 95% CI ORa 95% CI P-valueb

Susceptibility loci identified in GWAS
10q26 rs2981582 31 540 4886 11 380 7475 1.29 1.23–1.34 1.27 1.23–1.31 1.10 1.06–1.14 1.49 × 10210

16q12 rs3803662 32 486 5107 12 034 8042 1.29 1.23–1.35 1.23 1.19–1.27 1.18 1.14–1.23 8.34 × 10204

5q11 rs889312 31 941 4985 11 685 7711 1.09 1.04–1.15 1.11 1.07–1.15 1.10 1.06–1.14 0.854
8q24 rs13281615 27 550 4676 10 534 7230 1.13 1.08–1.18 1.14 1.10–1.18 1.07 1.03–1.11 0.022
11p15 rs3817198 29 544 4726 10 610 7222 1.09 1.04–1.14 1.07 1.03–1.11 1.08 1.03–1.12 0.910
2q35 rs13387042 39 890 5417 12 771 8434 1.24 1.19–1.29 1.16 1.13–1.20 1.07 1.04–1.11 1.06 × 10208

3p24 rs4973768 36 997 5016 11 689 7603 1.17 1.12–1.22 1.11 1.07–1.14 1.08 1.04–1.12 8.96 × 10204

17q23 rs6504950 35 794 4487 10 940 7353 0.94 0.89–0.99 0.91 0.88–0.95 0.97 0.93–1.01 0.083
Putative susceptibility loci in candidate genes

CASP8 rs1045485; rs17468277 37 571 4925 11 632 7876 0.93 0.87–0.99 0.97 0.92–1.01 0.95 0.90–1.00 0.764
TGFB1 rs1982073 27 361 3479 7778 5088 1.03 0.98–1.09 1.03 1.00–1.07 1.09 1.04–1.13 0.154

aOR are adjusted by study.
bP-value from case-only analyses using a polytomous logistic regression model constraining the effect size to increase linearly across levels. P-values ,0.05 are
indicated in bold-face.

Table 4. Odds ratios for breast cancer risk by ER, PR and HER2 expression in tumors (18 studies in populations of European background)

Case–control analyses Case only
Controls ER+/PR+&HER22 ER+/PR+&HER2+

Locus/gene SNP n n ORa 95% CI P-value n ORa 95% CI P-value P-valueb

10q26 rs2981582 21 953 7201 1.25 1.20–1.30 2.2 × 10229 996 1.18 1.07–1.29 5.5 × 10204 0.233
16q12 rs3803662 22 575 7617 1.29 1.24–1.34 6.8 × 10234 1056 1.13 1.03–1.25 0.011 0.013
5q11 rs889312 21 893 7208 1.10 1.05–1.14 2.6 × 10205 991 1.24 1.13–1.37 1.2 × 10205 0.014
8q24 rs13281615 17 597 6208 1.11 1.06–1.15 3.2 × 10206 783 1.10 0.99–1.22 0.069 0.968
11p15 rs3817198 19 989 6772 1.03 0.99–1.08 0.147 914 1.08 0.98–1.20 0.134 0.349
2q35 rs13387042 23 932 8269 1.12 1.08–1.16 1.7 × 10209 1208 1.10 1.01–1.19 0.029 0.684
3p24 rs4973768 21 935 7456 1.15 1.11–1.19 6.5 × 10213 1124 1.04 0.96–1.14 0.335 0.020
17q23 rs6504950 20 307 6536 0.90 0.86–0.94 2.8 × 10206 1050 0.87 0.79–0.96 0.007 0.577
CASP8 rs1045485; rs17468277 23 323 7607 0.99 0.93–1.04 0.633 1117 0.93 0.81–1.06 0.258 0.303
TGFB1 rs1982073 14 526 4076 1.03 0.97–1.08 0.327 471 1.15 1.01–1.32 0.035 0.081

Triple negative phenotype ER2&PR2&HER2+ P-valuec

10q26 rs2981582 21 953 1480 0.99 0.92–1.07 0.841 627 1.05 0.94–1.18 0.396 0.150
16q12 rs3803662 22 575 1580 1.21 1.11–1.30 3.1 × 10206 697 1.21 1.08–1.36 0.001 0.827
5q11 rs889312 21 893 1479 1.11 1.02–1.20 0.016 626 1.11 0.98–1.26 0.094 0.363
8q24 rs13281615 17597 1303 0.95 0.88–1.04 0.266 558 1.08 0.95–1.22 0.223 0.095
11p15 rs3817198 19 989 1387 1.11 1.03–1.21 0.011 631 1.05 0.93–1.19 0.407 0.479
2q35 rs13387042 23 932 1644 1.12 1.05–1.21 0.001 759 1.05 0.94–1.16 0.387 0.243
3p24 rs4973768 21935 1435 1.07 0.99–1.16 0.076 638 1.02 0.91–1.14 0.759 0.392
17q23 rs6504950 20 307 1248 1.01 0.93–1.11 0.748 607 0.93 0.82–1.06 0.290 0.207
CASP8 rs1045485; rs17468277 23 323 1531 0.92 0.82–1.03 0.151 706 0.86 0.73–1.02 0.086 0.267
TGFB1 rs1982073 14 526 885 1.11 1.01–1.23 0.038 337 0.98 0.84–1.15 0.809 0.270

aOR are adjusted by study.
bP-value from logistic regression models including only cases comparing ER+/PR+&HER2+ versus ER+/PR+& HER22 tumors.
cP-value from logistic regression models including only cases comparing non-luminal HER2+ to triple negative tumors. P-values ,0.05 are indicated in bold-face.
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the previous publications. Analysis of combined SNP effects
by ER status according to a log-additive polygenetic risk
model, showed higher relative risks and a slightly higher dis-
crimination power for ER+ (AUC ¼ 58.2%) than ER2
(AUC ¼ 54.3%) disease, consistent with previous reports (19).

The predominance of loci identified to date that are associ-
ated with ER+ disease might reflect that the majority of inva-
sive tumors express ER, and thus current GWAS including
cases unselected for ER status had greater power to detect
SNPs associated with ER+ disease than those associated
with a similar relative risk for ER2 disease. Therefore,
subtype stratification in GWAS analyses and well-powered
GWAS of more homogenous tumor types could help the
identification of additional breast cancer risk loci. This is
exemplified by the discovery of a variant on chromosome
19p13 discovered in a GWAS of BRCA1 mutation carriers
who tend to develop TN tumors, and that showed an increased
risk of ER2 (particularly TN) but not ER+ disease in the
general population (28). Studying different ethnic groups can
also lead to the identification of additional loci, such as the
loci reported in chromosome 6q25.1, located upstream of the
gene encoding ER alpha, which was identified in a GWAS
in Asian populations, and which was more strongly associated
with ER2 compared with ER+ disease (15).

Consistent with our previous report, this larger analysis con-
firmed that rs2981582 (at 10q26 within FGFR2) is most
strongly associated with ER+/low grade tumors, with no
association observed for ER2, high-grade tumors. Further
stratification by the other tumor markers, not included in our
previous publication, showed the strongest association with
ER+/PR+&HER22 tumors, and no evidence for an associ-
ation with the risk of triple negative tumors or tumors with
the CBP (Fig. 1). FGFR2 is a receptor tyrosine kinase and
its strong association with luminal-like tumors is consistent
with the involvement of FGFR2 in estrogen-related breast car-
cinogenesis (29). This finding is also consistent with the evi-
dence provided by the Consortium of Investigators of
Modifiers of BRCA1/2 (CIMBA) consortium; they showed
an association of the FGFR2 locus with breast cancer risk in
BRCA2 mutation carriers but not in BRCA1 mutation carriers
(30,31). CIMBA has evaluated the associations between
common susceptibility loci and risk of breast cancer in carriers
of BRCA1 and BRCA2 mutations. Although analyses were not
stratified by tumor subtypes, BRCA1 carriers tend to develop
hormone receptor negative tumors, whereas tumors in
BRCA2 carriers show similar subtype distributions as tumors
developed in non-carriers (i.e. a predominance of ER+
tumors) (32). CIMBA analyses indicated that common suscep-
tibility loci identified in populations not selected for carrier
status have similar associations with risk among BRCA2
mutation carriers; however, the evidence for an association
is weaker for BRCA1 carriers (30,31,33).

The rs3803662 (16q12) locus was associated with the
increased risk of all tumor subtypes, with the strongest associ-
ation being for ER+/PR+&HER22 tumors (Fig. 1). This
locus also showed the strongest association with TN tumors
and those with the CBP among the 10 loci examined. Interest-
ingly, rs3803662 in 16q12 shows the strongest evidence for
associations with the risk in BRCA1 mutation carriers
(30,31,33), and in our data, the SNPs also showed the

strongest evidence for association with the risk of developing
tumors with the CBP (Fig. 1). Although this report only
includes a relatively small number of tumors with the CBP,
our data suggest that they might be a distinct subtype within
TN tumors. The locus at 2q35 was also differentially associ-
ated with breast tumor subtypes defined by grade, with the
strongest association being for tumors of low grade.

Although estimates of relative risk for TN tumors (particu-
larly the subset of tumors identified as having the CBP), were
relatively imprecise, our data suggest that two SNPs,
rs13281615 in the 8q24 region and rs6504950 in the 17q23
region, might be associated with an increased risk for all
tumor subtypes, except for TN and CBP, On the other hand,
rs3817198 (11p15), rs13387042 (2q35) and rs4973768
(3p24) seemed to be associated with increased risk of all
tumor subtypes. The different patterns of association with
specific tumor subtypes observed in this study suggest that
tumor subtypes have some common as well as distinct
pathogenic pathways (34).

Previous studies provide strong evidence for a reduced risk
association between the D302H variant in CASP8 that encodes
caspase 8, an important initiator of apoptosis (16). Our data
support the previous observations that this association might
be stronger for tumors that do not express PR. The evidence
for a risk association with rs1982073 (L10P) in TGFB1,
encoding for the transforming growth factor B1, is weaker
(16). Our data suggest that rs1982073 at TGFB1 is associated
with increased risk of PR negative tumors with aggressive
characteristics, particularly tumors with the CBP, and tumors
diagnosed at advanced stages. However, Rebbeck et al. (35)
observed that there is no association between TGFB1
rs1982073 and breast cancer risk in either BRCA1 or BRCA2
mutation carriers. Therefore, additional evidence is needed
to confirm a potential association between TGFB1
rs1982073 and risk of breast cancer subtypes, particularly
sporadic basal-like cancers through mechanisms that might
be independent of the BRCA1 pathway.

It is unclear whether PR status has an effect on breast car-
cinogenesis independent of ER status. About 65% of ER+
breast cancers are also PR+, and there is a high correlation
between ER and PR expression (21,22). Actually, ER2/
PR+ tumors (4% in this study) are suspected to be misclassi-
fied ER+ tumors. Our data suggest that risk for SNPs in
16q12, CASP8 and TGFB1 might be associated with PR
expression, independent of ER expression, indicating that PR
might possibly have a role on tumor etiology beyond its
roles as a co-expressor with ER.

A major strength of our study is the very large sample size
and consistency of findings across studies, in spite of hetero-
geneity of study designs. The majority of subjects included
in this study were of white European origin, with only three
studies including women from Asian populations. Because
the sample size was considerably smaller for Asian studies,
the main conclusions from this manuscript are based on ana-
lyses among white European women. Of note, some of the
strongest findings from this study, i.e. the modification of
the breast cancer risk conferred by loci rs2981582 (10q26)
and rs3803662 (16q12) by ER status, were not supported by
analyses in Asian populations. Future studies including
larger numbers of Asians and subjects of other ethnicities
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are necessary to clarify the consistency of findings across
ethnic groups.

A limitation of our study is the use of non-standardized data
on tumor markers, since data were derived from studies using
different tissue collection and processing protocols, IHC
assays and criteria for pathology review. In addition, although
most cases from studies in this report had data on ER and PR
status of the tumors, only a subset of studies had data on other
tumor markers and the percentage of missing data within these
studies was higher than that for ER and PR status. This
resulted in relatively small number of tumors classified by a
combination of three or more markers, and thus findings
from these analyses need to be interpreted with caution. For
instance, while we were able to identify 1865 TN tumors,
only 509 tumors were classified as having the CBP. As a
result, the power to evaluate associations with these tumor
subtypes, which are known to be characterized by a poor
response to available treatments, is limited.

Missing data and misclassification probabilities are likely to
be independent of susceptibly loci, and thus would tend to
underestimate associations rather than create spurious associ-
ations. Misclassification is likely to be particularly strong for
HER2, especially for studies that inferred HER2 status based
on IHC scoring (36). Recently, de Ronde et al. (24) showed
a high discordance between HER expression based on IHC
and mRNA, 60% of the tumors classified HER2+ by IHC
did not display elevated levels by mRNA expression. In
spite of these limitations, we observed consistent associations
across studies, indicating that our findings are robust and that
reduction of misclassification and missing data might improve
our ability to identify association between risk factors and
tumor subtypes (37). To address these limitations, we are cur-
rently conducting a study aimed at standardization of scoring
of tumor markers in TMA using automated image analysis
technologies, in situ hybridization assays for HER2 amplifica-
tion and web based systems for pathological scoring. This
work will also provide quantitative or semi-quantitative
measures of tumor maker expression to evaluate dose–
response relationships.

In summary, our data provides strong evidence for etiologi-
cal heterogeneity of breast cancer subtypes, particularly those
defined by the expression of ER status and grade of differen-
tiation of the tumors. Future etiological studies should con-
sider ER positive and negative tumors as distinct breast
cancer subtypes and evaluate the value of additional classifi-
cations to expand our understanding of the etiology of this het-
erogeneous tumor. Further characterization and understanding
of the underlying etiological heterogeneity of breast cancer
can provide biological insights on the mechanisms of carcino-
genesis, and eventually result in improvement in prevention
(population risk stratification in screening programs), early
detection and treatment.

MATERIALS AND METHODS

Study populations

Thirty-one breast cancer studies participating in BCAC pro-
vided tumor marker data on at least ER and/or PR tumor
status and genotype data for at least one of the 10

susceptibility loci evaluated; rs2981582 (at 10q26 within
FGFR2), rs3803662 (at 16q12 near TOX3, previously indi-
cated as TNRC9), rs889312 (at 5q11 near MAP3K1),
rs13281615 (at 8q24), rs3817198 (at 11p15 near LSP1),
rs13387042 (at 2q35), rs4973768 (at 3p24), rs6504950 (at
17q23), rs1045485/rs17468277 (at 2q33-q34 within/near
CASP8) and rs1982073 (at 19q13 within TGFB1). Addition-
ally, data on age, gender and ethnicity were provided.
Twenty-eight studies included women of European back-
ground in Europe, North America and Australia, one study
(MEC) included similar numbers of women in the US of Euro-
pean and Japanese backgrounds and two studies, from Taiwan
(TWBCS) and Thailand (TBCS), included East Asians (see
Supplementary Material, Table S1 for a more detailed descrip-
tion of participating studies).

All studies were approved by their institutional review com-
mittees and written informed consent was obtained from all
participants, where applicable.

For studies including mostly women of European back-
ground, we excluded from the analyses the small number of
women of other ethnic backgrounds to reduce heterogeneity
within studies. Analyses were restricted to women with inva-
sive breast cancer and female controls. This resulted in a total
of 38 360 invasive breast cancer cases and 53 692 controls
from 31 case–control or prospective cohort studies eligible
for study. Twenty of these studies (with a total of 23 839 inva-
sive breast cancer cases and 26 928 controls) were included in
our previous BCAC report on five breast cancer susceptibility
loci in relation to tumor subtypes defined by ER and PR status
and some pathological characteristics (17). Due to missing
tumor marker data, analyses in the present study were based
on a maximum of 30 040 cases with ER data and smaller
number of cases for analyses including other tumor markers.
The final numbers of cases and controls with genotype and
pathology data included in each analysis are shown in the
tables of results.

Pathology and tumor markers

Most studies provided information, regarding the tumors of the
cases, on histopathological subtype (27 studies: 75% ductal,
14% lobular, 1% medullary and 10% other histologies),
grade of differentiation (27 studies: 20% grade 1, 49% grade
2 and 31% grade 3+), tumor size (21 studies: 20% 1 cm or
less, 43% .1–2 cm and 36% .2 cm), nodal involvement
(30 studies with 38% node positive) and stage at diagnosis
(23 studies: 51% stage I, 40% stage II, 8% stage III and 2%
stage IV). The percentages in brackets represent the distri-
bution for each characteristic.

By definition, all studies included in these analyses pro-
vided data on ER or PR status of the tumors, and a subset of
studies also provided data on HER2 (n ¼ 18 studies), CK5/6
or CK5 (n ¼ 8 studies) and EGFR (n ¼ 5 studies). Supplemen-
tary Material, Table S2 shows the source of information and
methods used by each study to determine tumor marker
status. The most common source of data for ER, PR and
HER2 status was from medical records, followed by IHC per-
formed on tumor tissue microarrays (TMAs) or whole section
tumor slides. Data on CK5/6 (or CK5) and EGFR tumor status
were derived from IHC performed on TMAs or whole
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sections. For the majority of studies, data submitted were
dichotomous, i.e. a marker was reported as being positive or
negative for each tumor markers. The cut-offs used in each
study are shown in Supplementary Material, Table S2.
Most commonly, ER, PR, CK5/6 and EGFR negative were
defined as ,10% of the tumor cells stained, HER2 negative
was typically defined as either as zero cells stained or a
score of 1+.

Figure 2 shows the number of cases with tumor marker data
available and the classification scheme we used based on com-
binations of markers (Fig. 2; nomenclature explanation, / indi-
cates ‘and/or’, & indicates ‘and’). Of the 38 368 cases eligible
for analysis, 30 040 cases had data on ER status [22 866 ER+
and 7174 (24%) ER2] and 26 389 cases had data on PR status
[16 997 PR+ and 9392 (36%) PR2] (Supplementary
Material, Table S3). For cases with ER and PR data, 15 797
(60%) were ER+&PR+, 3755 (14%) were ER+&PR2,
1120 (4%) were ER2&PR+ and 5550 (21%) were
ER2&PR2. A subset of 18 studies provided data on HER2
expression, in addition to ER and PR, for a total of 13 385
cases (Supplementary Material, Table S3). Given the strong
co-expression between ER, PR and HER2, tumors were classi-
fied into four subtypes, two receptor positive or ‘luminal’ sub-
types: ER+/PR+&HER22 (n ¼ 8952; 68%) and ER+/
PR+&HER2+ (n ¼ 1386; 11%) and two receptor negative
subtypes or ‘non-luminal’ ER2&PR2&HER2+ (n ¼ 890;
7%) and triple negative tumors (TN: ER2&PR2&HER22;
n ¼ 1865; 14%).

Cases with TN tumors were further stratified according to
the expression of basal markers in eight studies with data on
CK5/6 [513 negative and 377 (42%) positive] and five
studies with EGFR data [326 negative and 309 (49%) positive;
Supplementary Material, Table S4]. Data on these markers
were used to stratify TN tumors into the CBP (n ¼ 509:

CK5/6, CK5 or EGFR positive) and the five-negative pheno-
type (5NP) (n ¼ 390: CK5/6 or CK5, and EGFR negative).

Genotyping

This report includes all known susceptibility loci for breast
cancer identified in GWAS at the time of analyses, as well
as two putative susceptibility loci from candidate gene
studies. Genotyping was performed in the framework of
BCAC as described previously (10,14,16,38). Twenty-nine
studies genotyped cases and controls for rs2981582, 30
studies for rs3803662, 30 for rs889312, 28 for rs13281615,
26 for rs3817198, 26 for rs13387042, 22 for rs4973768 and
25 for rs6504950. Because of some technical difficulties (for
some technologies) in genotyping the originally reported
SNP rs1045485 in CASP8, another SNP in strong LD
(rs17468277) was used as a surrogate (r2 ¼ 1 in HapMap
CEU) for a subset of studies. Thirteen studies provided geno-
type data on rs1045485 and 19 studies on rs17468277. Five of
those studies reported genotype data on both SNPs. For indi-
viduals that had the two SNPs genotyped, rs17468277 was
used. Two studies in Asian populations (TBCS and TWCS)
provided genotype data on rs1045485 and rs17468277,
respectively, but genotype data were not included in the ana-
lyses due to the low MAF of these SNPs in these populations.
Genotype data on rs1982073 in TGFB1 were available from
17 studies. Twelve of the 31 studies had genotype data avail-
able for all 10 SNPs. Genotype data were excluded from the
analysis on a study-by-study basis according to BCAC
quality control (QC) guidelines: (i) any sample that consist-
ently failed genotyping for .20% of the SNPs; (ii) all
samples on any one plate that had an SNP call rate ,90%;
(iii) all genotype data for any SNP where overall call rate
was ,95%; (iv) all genotype data for any SNP where

Figure 2. Classification of breast cancer tumors according to the expression of ER, PR, HER2, CK5/6 and EGFR in tumor tissues. Tumor subtype nomenclature
explanation: / ¼ ‘and/or’, & ¼ and.
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duplicate concordance was ,98%. In addition, for any SNP,
where the P-value for departures from Hardy–Weinberg equi-
librium among controls was ,0.005, clustering of the inten-
sity plots was reviewed manually and the data excluded if
clustering was judged to be poor.

Statistical analyses

Polytomous logistic regression was used to estimate odds
ratios (OR) adjusted by study and associated 95% confidence
intervals (CI), as measures of association between genotypes
and risk of breast cancer subtypes (comparing case subtypes
to all controls). All models included terms for study
[dummy variables for each study, with two terms for each eth-
nicity in one study (MEC) that included women of both East
Asian and Caucasian origin]. Further adjustment by age at
diagnosis/enrolment did not substantially influence OR esti-
mates (data not shown) and so this variable was not included
in final models to avoid dropping women with missing age
information from the analyses. We assessed the association
for each SNP in terms of genotype-specific ORs and per-allele
ORs (assuming a log-additive model). Heterogeneity between
genotype ORs for different tumor subtypes was assessed using
logistic regression analyses restricted to cases (case-only ana-
lyses) with the tumor characteristic as the outcome variable.
For tumor subtypes with more than two levels (i.e. grade,
size, stage), we used a polytomous logistic regression model
constraining the effect size to increase linearly across levels
(e.g. the parameter for grade 3 versus grade1 was constrained
to be twice that for grade2 versus grade1). To evaluate which
of the several correlated tumor features was most important in
determining genotype associations, we performed stratified
and adjusted analyses. For adjusted analyses, we fitted logistic
regression models with one of the tumor features as the
outcome and the genotype and other tumor features as expla-
natory variables. A P-value ,0.05 was used to select findings
mentioned in the results and discussion sections. Findings were
interpreted in light of the strength of evidence for an association,
based on the estimated ORs, 95% CI, P-values and prior knowl-
edge of the hypothesis being tested (38).

To evaluate the combined effects of the 10 SNPs on ER+
and ER2 disease, we calculated relative risks at the 10th,
50th and 90th centiles of the polygenic risk distribution by
ER status (39). Calculations assumed a log-additive (multipli-
cative) risk model, which is consistent with analyses of the
combined effects of the 10 SNPs reported in this manuscript
(data not shown), and were based on estimated allele frequen-
cies and per-allele ORs. The estimated risk distribution on a
log-relative risk scale is approximately normal with mean
close to zero. The area under the curve (AUC) of the receiver
operating characteristic curve was calculated as a measure of
discrimination of the estimated risk distribution. An AUC of
50% indicates random classification of cases and controls
and an AUC of 100% indicates perfect classification.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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