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Abstract
Multiple breast cancer loci have been identified in previous genome-wide association studies, but they were mainly con-
ducted in populations of European ancestry. Women of African ancestry are more likely to have young-onset and oestrogen
receptor (ER) negative breast cancer for reasons that are unknown and understudied. To identify genetic risk factors for breast
cancer in women of African descent, we conducted a meta-analysis of two genome-wide association studies of breast cancer;
one study consists of 1,657 cases and 2,029 controls genotyped with Illumina’s HumanOmni2.5 BeadChip and the other study
included 3,016 cases and 2,745 controls genotyped using Illumina Human1M-Duo BeadChip. The top 18,376 single nucleotide
polymorphisms (SNP) from the meta-analysis were replicated in the third study that consists of 1,984 African Americans
cases and 2,939 controls. We found that SNP rs13074711, 26.5 Kb upstream of TNFSF10 at 3q26.21, was significantly associated
with risk of oestrogen receptor (ER)-negative breast cancer (odds ratio [OR]¼1.29, 95% CI: 1.18-1.40; P¼1.8�10� 8). Functional
annotations suggest that the TNFSF10 gene may be involved in breast cancer aetiology, but further functional experiments
are needed. In addition, we confirmed SNP rs10069690 was the best indicator for ER-negative breast cancer at 5p15.33
(OR¼1.30; P¼2.4�10� 10) and identified rs12998806 as the best indicator for ER-positive breast cancer at 2q35 (OR¼1.34;
P¼2.2�10� 8) for women of African ancestry. These findings demonstrated additional susceptibility alleles for breast cancer
can be revealed in diverse populations and have important public health implications in building race/ethnicity-specific risk
prediction model for breast cancer.

Introduction
As the most common cancer among women both in the United
States and in the world (1), breast cancer is a heterogeneous dis-
ease with several molecular subtypes defined by biomarkers
such as oestrogen receptor (ER). Oestrogen receptor-negative
breast cancer is more likely to be early-onset and is associated
with worse clinical outcomes. African Americans are more
likely to have ER-negative breast cancer, for reasons that remain
unknown and understudied (2). Indigenous Africans have an
even higher proportion of ER-negative breast cancer than
African Americans (3,4), suggesting that previously unrecog-
nized genetic factors play an important role in this racial differ-
ence. Multiple genome-wide association studies (GWAS) of
breast cancer have been conducted but mainly in populations of
European ancestry, which have revealed more than 90 common
susceptibility loci (5–21). However, only a few of these loci

appear to be specific for ER-negative disease (19,21). Because of
its aggressive nature, there is an unmet clinical need for predic-
tive genetic markers of susceptibility to ER-negative breast can-
cer, especially among women of African ancestry.

Results
The study consists of a discovery stage and a validation stage.
In the discovery stage, we conducted a meta-analysis of two
GWAS (Table 1). One study (GWAS of Breast Cancer in the
African Diaspora, ROOT consortium) consists of 1,657 cases and
2,029 controls, while the other study (African American Breast
Cancer Consortium, AABC) consists of 3,016 cases and 2,745
controls. Genotyping was conducted using the Illumina
HumanOmni2.5-8v1 and Illumina Human1M-Duo BeadChip in
ROOT and AABC studies, respectively. To combine genotyping
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results from the two studies, we imputed genotypes for single
nucleotide polymorphisms in the 1000 Genomes Project using
IMPUTE2 (22). Quantile-quantile plots of P-values showed little
inflation of test statistics in ROOT, AABC, or in the meta-
analysis (all genomic control inflation factor k’s< 1.04;
Supplementary Material, Fig. S1), indicating that there was no
residual cryptic population substructure in the analysis. Results
of the meta-analysis are summarized in the Manhattan plots
(Fig. 1). The top 20,000 SNPs from the meta-analysis of overall
breast cancer or ER-specific disease were considered for stage 2
replication genotyping in an independent sample of 1,984 inva-
sive cases and 2,939 controls assembled by the African
American Breast Cancer Epidemiology and Risk (AMBER) con-
sortium (Table 1). Of the �20,000 SNPs, 18,376 SNPs passed the
design stage for the Illumina custom chip and were successfully
genotyped.

In the combined analysis of GWAS discovery and validation
stages, associations of SNPs in three regions attained genome-
wide significance (Table 2), with one of these regions (3q26.21)
not identified in previous GWAS. All three SNPs were signifi-
cantly associated with overall risk of breast cancer, but the
strength of the association varied by breast cancer subtype. SNP
rs12998806 at 2q35 was associated with ER-positive breast can-
cer (G-allele, OR¼ 1.34; P¼ 2.2� 10� 8), but not with ER-negative
disease (OR¼ 0.99). SNP rs13074711 at 3q26.21 was significantly
associated with ER-negative breast cancer (T-allele, OR¼ 1.29;
P¼ 1.8� 10 � 8), but only weakly with ER-positive breast cancer
(OR¼ 1.10, P¼ 0.0094). Similarly, rs10069690 at 5p15.33 was

associated with ER-negative breast cancer (T-allele, OR¼ 1.30;
P¼ 2.4� 10 � 10), but only weakly associated with ER-positive dis-
ease (OR¼ 1.08, P¼ 0.03). SNP rs12998806 was imputed in ROOT
and AABC (imputation information score r2>0.99) and
rs13074711 was imputed in ROOT (r2¼0.987). We genotyped
these two SNPs in 96 samples from ROOT using sequencing
technique, and found that the genotyping results were 100%
and 99% in concordance with imputation for rs12998806 and
rs13074711, respectively, suggesting that the results based on
imputed SNPs were reliable.

The rs13074711 SNP is located 26.5 Kb upstream of the
Tumour Necrosis Factor Superfamily, Member 10 (TNFSF10)
gene and the association signal for ER-negative breast cancer
maps to a linkage disequilibrium (LD) block of �100 Kb between
172.2 Mb and 172.3 Mb on chromosome 3, which covers the
TNFSF10 gene (Fig. 2A, Supplementary Material, Fig S2). The
TNFSF10 gene, also known as TRAIL or APO2L, encodes a cyto-
kine that belongs to the tumour necrosis factor ligand family.
TNFSF10 cytokine preferentially induces apoptosis in tumour
cells or transformed cells, but is not toxic to normal cells (23).
The TNFSF10 gene is expressed in a wide range of tissues, in-
cluding blood lymphocytes, breast, prostate, lungs, minor sali-
vary grand and spleen (24). Interestingly, triple-negative breast
cancer cell lines have been shown to be very sensitive to
TNFSF10-induced apoptosis, while ER-positive cell lines were
resistant to TNFSF10-induced apoptosis (25). Because of its im-
portant role in tumour apoptosis, several TNFSF10 receptor ago-
nists or recombinant forms of TNFSF10 are in clinical

Table 1. Characteristics of study participants in the GWAS of breast cancer for women of African ancestry

No. of subjects Mean (SD) of age in years Oestrogen receptor (n, %)

Study Study Name Case Control Case Control Positive Negative

ROOT consortium
NBCS Nigerian Breast Cancer Study 711 624 48 (12) 45 (12) 99 (70) 42 (30)
BNCS Barbados National Cancer Study 92 229 57 (15) 55 (13)
RVGBC Racial Variability in Genotypic Determinants

of Breast Cancer Risk Study
145 257 46 (11) 41 (12) 25 (48) 27 (52)

CCPS Chicago Cancer Prone Study 394 387 47 (12) 45 (11) 140 (45) 171 (55)
BBCS Baltimore Breast Cancer Study 95 102 54 (14) 52 (13) 44 (49) 45 (51)
SCCS Southern Community Cohort Study 220 430 57 (9) 57 (9) 66 (36) 118 (64)
subtotal 1657 2029 49 (12) 48 (13) 374 (48) 403 (52)
AABC consortium
MEC Multiethnic Cohort Study 694 990 66 (9) 67 (9) 408 (70) 176 (30)
CARE Women’s Contraceptive and Reproductive

Experiences Study, Log Angeles component
357 215 49 (8) 48 (8) 183 (58) 130 (42)

WCHS Women’s Circle of Health Study 261 239 50 (10) 50 (9) 131 (62) 80 (38)
SFBCS San Francisco Bay Area Breast Cancer Study 165 220 56 (12) 55 (12) 84 (63) 50 (37)
NC-BCFR Northern California site of the Breast Cancer

Family Registry
424 50 50 (9) 49 (9) 219 (64) 121 (36)

CBCS Carolina Breast Cancer Study 635 589 51 (12) 52 (11) 272 (46) 317 (54)
PLCO Prostate, Lungs, Colorectal and Ovarian

Cancer Screening Trial Cohort
56 116 68 (7) 68 (6) 14 (70) 6 (30)

NBHS Nashville Breast Health Study 304 182 54 (11) 52 (10) 143 (69) 65 (31)
WFBC Wake Forest University Breast Cancer Study 120 144 55 (12) 55 (11) 66 (61) 43 (39)
subtotal 3016 2745 55 (12) 58 (13) 1520 (61) 988 (39)
AMBER consortium
BWHS Black Women’s Health Study 752 2249 54 (10) 53 (11) 412(65) 218(35)
CBCS Carolina Breast Cancer Study 727 61 51 (11) 53 (9) 444(64) 252(36)
WCHS Women’s Circle of Health Study 505 629 54 (11) 51 (10) 237(70) 103(30)
subtotal 1984 2939 53 (11) 53 (10) 1093 (66) 573 (34)
Total 6657 7713 53 (12) 53 (13) 2987 (60) 1964 (40)
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development as molecularly targeted therapy for cancers (26).
Thus, TNFSF10 gene is a plausible causal gene in the region.

There appeared to be a second association signal in the
3q26.21/TNFSF10 region: rs9833271 was associated with ER-
negative breast cancer (A-allele, OR¼ 1.39, P¼ 3.7� 10� 5) and it
was in weak LD with the top signal SNP, rs13074711 (r2¼0.06).
After adjusting rs13074711, the association between rs9833271

and ER-negative breast cancer remained statistically significant
(p¼ 0.002) though the adjusted odds ratio was smaller (Table 3).
Interestingly, the risk allele of rs9833271 exists only in African
populations. Furthermore, a missense variant in exon 1 of
TNFSF10 (rs6763816, c.97G>A, Val33Ile) has a frequency of 0.04
in African populations, but is monomorphic in other popula-
tions; the minor allele of this missense variant was associated

Figure 1. Manhattan plots of –log10 of P-values in the meta-analysis of ROOT and AABC for overall, ERþ and ER- breast cancer risk.
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with reduced risk of ER-negative breast cancer (OR¼ 0.75;
P¼ 0.0012). Other SNPs that were in moderate LD with
rs13074711 were no longer statistically significant after adjust-
ing for rs13074711 (Table 3).

The expression quantitative trait locus (eQTL) analysis
showed that several significant SNPs in the 3q26.21/TNFSF10 re-
gion were associated with the expression of TNFSF10 in periph-
eral blood (27) or brain (28), but not in breast tumour (Table 4,
Supplementary Material, Fig. S3). We also examined the possibil-
ity that the breast cancer-associated SNPs influence TNFSF10 ex-
pression by serving as enhancer variants. The top associated
SNP, rs13074711, and its LD-linked SNPs were located in regions
of high histone H3 lysine 4 monomethylation (H3K4Me1) and his-
tone H3 lysine 27 acetylation (H3K27Ac) features that are charac-
teristic of enhancer elements (Fig. 2B). The second associated
SNP, rs9833271, was also located in an enhancer element.
Notably, strong enhancer features of these SNPs were found in
human mammary epithelial cells (HMEC) and breast myoepithe-
lial cells (MYO) (Table 4). The three SNPs close to the transcrip-
tional start site of TNFSF10 (rs6763816, rs16845798, and
rs17601879) also resided in transcription factor (GATA3) binding
sites in a ductal breast cancer cell line (T47D). The minor allele of
rs13074711 could alter multiple motifs. Taken together, these
lines of evidences suggest that the association between variants
in the 3q26.21 region and breast cancer risk may be mediated by
regulating TNFSF10 gene expression through enhancer activities.

The association signal around rs12998806 was confined to a
region of �87 Kb between 217.855 Mb and 217.942 Mb on chro-
mosome 2q35 (Supplementary Material, Fig S4). Variant
rs13387042 in this region has been associated with ER-positive
breast cancer in previous GWAS conducted mainly in popula-
tions of European ancestry (9,12). rs13387042 was associated
with breast cancer risk in some studies among African
Americans (29,30), but not in other studies among women of
African ancestry (9,31,32) or Asians (33). In the current study,
the A-allele of rs13387042 was significantly associated with ER-
positive breast cancer (OR¼ 1.16; P¼ 0.002), but the association
was weaker than with rs12998806. The two SNPs are in the
same LD block, separated by 12 Kb and correlated in both YRI
(r2¼0.63) and CEU (r2¼0.31) populations in the 1000 Genomes
Project. No gene was found in the LD block and the nearest
known genes include TNP1 (169 Kb), IGFBP5 (334 Kb) and IGFBP2
(365 Kb). One study proposed that rs4442975 (G-allele) regulation
of IGFBP5 gene expression is the underlying mechanism for
2q35 region’s effect on ER-positive breast cancer risk (33), but
rs4442975 was not associated with breast cancer risk in Asians
(33) and only weakly associated with breast cancer in our study
(OR¼ 1.12, P¼ 0.009). For the 2q35 locus, the LD pattern in
African populations is weaker than in European populations,
which may help to pinpoint the causal variants (Supplementary
Material, Fig. S5).

The rs10069690 SNP is located in intron 4 of the TERT gene
and the association signal was confined to a small region on
chromosome 5p15 (Supplementary Material, Fig. S6). The LD
pattern surrounding rs10069690 was weak in both African and
European populations, and few SNPs were correlated with
rs10069690 at r2>0.5 (Supplementary Material, Fig. S7). The
rs10069690 SNP was previously identified in a GWAS meta-
analysis of ER-negative breast cancer which included data from
the AABC consortium (21). The strength of association between
rs10069690 and ER-negative breast cancer in ROOT and AMBER
is very similar to that observed in AABC, suggesting that the T-
allele of rs10069690 is the best indicator of ER-negative breast
cancer at 5p15/TERT for women of African ancestry.T
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Discussion
In the largest breast cancer GWAS conducted in women of
African ancestry with more than 14,000 cases and controls, we
have identified 3q26.31 locus as a novel risk region for ER-
negative breast cancer. The second signal SNP and a missense
variant in 3q26.31 locus only exists in African ancestry popula-
tions, which may explain why this locus had not been detected

in previous GWAS of other populations. Functional annotation
of the associated variants suggests that the nearby TNFSF10
gene may be the causal gene underlying this association. We
also found and confirmed breast cancer risk variants that are
specific for African Americans at two known susceptibility re-
gions. These findings showed that genome-wide scans of com-
mon and rare genetic variants carried out in diverse

Figure 2. The 3q26.21/TNFSF10 locus tagged by rs13074711. (A) The regional Manhattan plot shows the –log10 P values for testing SNPs in 250kb region with ER- breast

cancer risk in the meta-analysis of the ROOT, AABC and AMBER studies. The colours depict the strength of the correlation (r2) between SNP rs13074711 and the SNPs

tested in the region. The correlation is estimated using the African panel of the 1000 Genomes Project data. The blue line indicates the recombination rates in centi-

morgans per megabase. (B) Analysis of regulation enhancer with data from ENCODE through UCSC Genome Browser, including histone modification marks for

H3K4Me1 and H3K27Ac of seven cell types, transcription factor binding sites and DNase hypersensitivity sites of human mammary epithelial cells (HMEC), breast can-

cer cells (MCF7, T-47D). Chromosomal coordinates are in NCBI build 37.
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populations can reveal additional susceptibility alleles for
breast cancer, and population-specific risk variants are impor-
tant for building appropriate risk prediction models.

Interestingly, the associations with the three breast cancer
risk susceptibility loci depend on ER status, which reinforces
the need for even larger discovery efforts for etiologically dis-
tinct breast cancer subtypes. The risk allele frequency for
rs10069690 in 5p15/TERT locus is greater in African populations
(0.62) than in European ancestry populations (0.27), and the risk
allele of rs9833271 exists only in African populations. These
may contribute to the higher proportion of ER-negative breast
cancer in women of African ancestry. By contrast, the risk allele
frequency for rs13074711 is smaller in African populations (0.61)
than in European ancestry populations (0.89), and the risk allele
frequency for rs12998806 is greater in African populations (0.78)
than in women of European ancestry (0.66), suggesting that
these two loci may not account for racial differences in subtype
distribution but more definitive studies are warranted.

The aetiology of ER-negative breast cancer is largely un-
known, and our study findings that the association for all three
top loci varies by ER status provide important insight into dis-
tinct biological pathways for ER-positive and ER-negative breast
cancers, which will benefit both breast cancer treatment and

prevention. In particular, theses data can be used to improve
risk prediction model for aggressive forms of breast cancer in di-
verse populations. We provide several lines of evidence that the
association at 3q26.31 region may be mediated by regulation of
TNFSF10 gene expression, and TNFSF10 is important for tumour
apoptosis. Further functional experiments will be needed to
confirm whether the TNFSF10 gene is a susceptibility gene for
ER-negative breast cancer and to fully understand how genetic
variants affect risk of breast cancer in diverse populations and
why the associations vary by breast cancer subtype.

Materials and Methods
Study populations

All the studies included in the GWAS have been approved by
their corresponding Institutional Review Boards. Informed con-
sent has been obtained from the participants. The discovery
stage (stage 1) of the study is a meta-analysis of genome-wide
association studies in two breast cancer consortia among
women of African ancestry. The ROOT (GWAS in Breast Cancer
in the African Diaspora) consortium consists of six epidemio-
logic studies and the AABC (African American Breast Cancer)

Table 3. Selected variants in 3q26/TNFSF10 region: their association with oestrogen-receptor negative breast cancer, and their linkage disequi-
librium with rs13074711 (the top SNP in the region)

Variant Position* Allele† r2 in YRI r2 in CEU Study RAF OR (95% CI) P value AOR (95% CI)‡ P value‡

rs6763816 Val33Ile C/T 0.08 NA ROOT 0.06 0.92 (0.66-1.28) 0.62 0.98 (0.68-1.39) 0.90
Exon 1 AABC 0.05 0.73 (0.56-0.94) 0.014 0.85 (0.65-1.11) 0.22

AMBER 0.06 0.60 (0.41-0.87) 0.0079 0.65 (0.44-0.98) 0.038
Combined 0.06 0.75 (0.62-0.89) 0.0012 0.83 (0.69-1.01) 0.058

rs16845798 13767 G/A 0.44 0.75 ROOT 0.73 1.03 (0.85-1.24) 0.79 0.88 (0.67-1.16) 0.37
AABC 0.74 1.25 (1.10-1.42) 6.7E-04 0.95 (0.78-1.15) 0.57
Combined 0.74 1.17 (1.06-1.30) 0.0031 0.92 (0.79-1.08) 0.33

rs17601879 16833 C/T 0.25 0.32 ROOT 0.81 1.00 (0.81-1.22) 0.98 0.87 (0.67-1.14) 0.32
AABC 0.81 1.24 (1.08-1.43) 0.0025 0.97 (0.80-1.16) 0.71
Combined 0.81 1.16 (1.03-1.30) 0.014 0.93 (0.80-1.09) 0.38

rs7650827 18258 C/T 0.36 0.32 ROOT 0.78 1.04 (0.85-1.27) 0.69 0.92 (0.70-1.22) 0.58
AABC 0.80 1.27 (1.10-1.46) 7.9E-04 0.98 (0.81-1.19) 0.86
Combined 0.79 1.19 (1.06-1.34) 0.0029 0.96 (0.82-1.13) 0.65

rs9809402 22074 C/T 0.25 0.09 ROOT 0.30 1.14 (0.96-1.35) 0.15 1.10 (0.92-1.33) 0.30
AABC 0.32 1.19 (1.06-1.34) 0.0031 1.05 (0.92-1.20) 0.43
Combined 0.31 1.17 (1.07-1.29) 0.0011 1.07 (0.96-1.19) 0.22

rs7627427 23005 G/C 0.25 0.09 ROOT 0.29 1.04 (0.87-1.25) 0.66 1.00 (0.83-1.21) 0.99
AABC 0.29 1.19 (1.05-1.35) 0.0053 1.07 (0.94-1.22) 0.29
Combined 0.29 1.14 (1.03-1.26) 0.011 1.05 (0.94-1.17) 0.38

rs9833915 24723 G/A 0.75 1.0 ROOT 0.60 1.06 (0.90-1.26) 0.47 0.93 (0.69-1.26) 0.64
AABC 0.61 1.26 (1.12-1.42) 8.1E-05 0.95 (0.77-1.15) 0.58
Combined 0.61 1.20 (1.09-1.32) 2.5E-04 0.94 (0.80-1.11) 0.47

rs13074711 26505 C/T 1.0 1.0 ROOT 0.67 1.11 (0.93-1.33) 0.24 NA NA
AABC 0.69 1.37 (1.21-1.55) 4.1E-07
AMBER 0.69 1.30 (1.09-1.56) 0.0038
Combined 0.69 1.29 (1.18-1.40) 1.8E-08

rs9833271 37244 G/A 0.06 NA ROOT 0.07 1.63 (1.19-2.24) 0.0024 1.59 (1.15-2.18) 0.0046
AABC 0.06 1.32 (1.06-1.64) 0.012 1.18 (0.94-1.47) 0.15
AMBER 0.06 1.32 (0.95-1.82) 0.095 1.23 (0.89-1.71) 0.21
Combined 0.06 1.39 (1.19-1.63) 3.7E-05 1.28 (1.09-1.50) 0.002

*base pair upstream of the transcription starting site of TNFSF10.
†reference allele/test allele.
‡conditional analysis adjusted for SNP rs13074711.

Abbreviation: NA, not applicable; OR, allelic odds ratio; CI, confidence interval; RAF, risk (test) allele frequency; YRI, Yoruba in Ibadan, Nigeria; CEU, Utah residents with

Northern and Western European ancestry.
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consortium consists of nine epidemiological studies (34). The
replication stage (stage 2) of the study is based on the AMBER
(African American Breast Cancer Epidemiology and Risk) con-
sortium, which consists of four epidemiologic studies (35).
Selected characteristics of study participants for each study are
summarized in Table 1. The study design for each study is de-
scribed in the Supplementary Materials.

Genome-wide genotyping and quality control

Genotyping in the ROOT consortium was conducted using the
Illumina HumanOmni2.5-8v1 array. Genotyping was attempted
for a total of 3,909 study samples, of which 3,859 were success-
ful. The 3,859 study samples were derived from 3,774 subjects,
with 85 subjects with duplicate samples. After genotyping, qual-
ity control analysis was carried out by checking chromosomal
anomalies, participant relativeness, population structure, miss-
ing call rates, batch effects, duplicate sample discordance,
Mendelian errors, Hardy-Weinberg equilibrium, and duplicate
SNP probes. First, duplicate samples from 85 pairs were ex-
cluded. Chromosomal anomalies>5 Mb and anomalies on chro-
mosomes where the sum of the anomaly lengths>10 Mb were
identified. No subjects were excluded for this reason but all ge-
notypes were set to missing for regions with chromosome
anomalies. The relatedness between each pair of participants
was evaluated by the identical by descent (IBD) analysis.
According to the IBD analysis, samples from 59 subjects were
excluded because they were possibly relatives of other subjects.
Additionally, 20 subjects (18 African Americans and 2 African
Barbadian) were excluded because principal components analy-
sis showed that they were clustered with the CEU/TSI HapMaps
(i.e. high percentage of European ancestry). We further filtered
out 7 samples with a missing call rate> 2% and 2 samples with
possible tumour contamination. After these exclusions, a total
of 3,686 subjects (1,657 cases and 2,029 controls) were included
for the final analysis.

A total of 2,379,855 SNP probes were attempted in Illumina
HumanOmni2.5-8v1 array. In the SNP level quality control analy-
sis, 32,192 SNPs with technical errors, 119,924 SNPs with minor
allele frequency¼ 0 and 5,631 duplicate SNPs were excluded. We
further filtered out 99,511 SNPs with missing call rate >¼ 2%, 563
SNPs with>1 discordant calls, 1,078 SNPs with>1 Mendelian er-
rors and 4,591 SNPs with Hardy-Weinberg equilibrium test
P< 10� 4. After these exclusions, 2,116,365 SNP remained.

Genotyping in the AABC consortium was conducted using
the IlluminaHuman1M-Duo BeadChip. Of the 5,984 samples
available to the AABC consortium (3,153 cases and 2,831 con-
trols), we attempted genotyping of 5,932, removing samples
(n¼ 52) with DNA concentrations<20 ng/ul. Following genotyp-
ing, we removed samples based on the following exclusion cri-
teria: 1) unknown replicates (�98.9% genetically identical) that
we were able to confirm (only one of each duplicate was re-
moved, n¼ 15); 2) unknown replicates that we were not able to
confirm through discussions with study investigators (pair or
triplicate removed, n¼ 14); 3) samples with call rates<95% after
a second attempt (n¼ 100); 4) samples with� 5% African ances-
try (n¼ 36); and, 5) samples with<15% mean heterozygosity of
SNPs in the X chromosome and/or similar mean allele intensi-
ties of SNPs on the X and Y chromosomes (n¼ 6) (these are likely
to be males).

In the analysis, we removed SNPs with<95% call rate
(n¼ 21,732) or minor allele frequencies (MAFs)<1% (n¼ 80,193).
To assess genotyping reproducibility, we included 138 replicate

samples; the average concordance rate was 99.95% (>99.93% for
all pairs). We also eliminated SNPs with genotyping concor-
dance rates<98% based on the replicates (n¼ 11,701). The final
analysis dataset included 1,043,036 SNPs genotyped on 3,016
cases and 2,745 controls, with an average SNP call rate of 99.7%
and average sample call rate of 99.8%. Hardy-Weinberg equilib-
rium (HWE) was not used as a criterion for removing SNPs at
this stage.

Imputation and technical validation by sequencing

Genotype imputation for the ROOT consortium was conducted
by the University of Washington Genetics Coordinating Center
(GCC) using the IMPUTE2 software (23). Following filters for ge-
notype imputation, including no ambiguity in strand alignment
and ability to be mapped to NCDB build 37, 2,018,833 SNPs were
selected as the basis for imputation. Using the 1000 Genomes
Project phase I integrated variant set as the reference panel
(October 2011 release), 20,109,249 SNPs were imputed. Of these,
16,147,413 have passed the imputation quality filter (imputation
score>0.3) and were included along with the genotyped SNPs in
the final association analysis. Genotype imputation in AABC
was conducted using IMPUTE2 software (23) to a cosmopolitan
panel of all 1000 Genome Project subjects (March 2012 release).

To provide technical validation, we sequenced 96 samples
that have been included in the final analysis of the ROOT
GWAS. We conducted whole genome sequencing on the
Illumina platform, with average depth of 30x. The concordance
rate between whole genome sequencing and array-based geno-
typing was 99.5%.

Genotyping in the replication stage

Genotyping of the AMBER cases and controls was performed on
the Illumina Human Exome Beadchip v1.1 with additional cus-
tom content at the Center for Inherited Disease Research (CIDR).
The standard content of this array includes more than 240,000
coding variants, as well as ancestry informative markers (AIMs).
Twenty thousand variants identified in the AABC/ROOT meta-
analysis, including 2 or more variants per associated region for
the top �5000 loci, were included as part of the custom content.

Of 405,555 SNPs attempted for genotyping, 381,212 were re-
leased by CIDR and 299,873 of these remained after removing SNPs
that were monomorphic (n¼ 70,761), were positional duplicates,
were on the Y chromosome, had Hardy-Weinberg Equilibrium
(HWE) P< 10� 4, had call rate< 0.98, had> 1 Mendelian errors in
trios from HapMap (http://hapmap.ncbi.nlm.nih.gov/), or had> 2
discordant calls in duplicate samples. IMPUTE2 was used to impute
additional variants using the 1000 Genomes Phase I reference
panel (5/21/2011 1000G data, December 2013 haplotype release in
IMPUTE2 site). For the meta-analysis, 18,376 SNPs passed quality
control and included in the study.

Statistical analysis

In the ROOT GWAS, we analysed genotyped SNPs and imputed
SNPs with imputation score>0.3 using SNPTEST software to ac-
count for uncertainty in imputation (36). We examined the asso-
ciation of each SNP and breast cancer risk using unconditional
logistic regression, adjusting for age, study site and the first four
eigenvectors from principal component analysis. The first four
eigenvectors were used to control for population stratification
as only the first 4 eigenvectors were associated with case status.
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Odds ratios (OR) and 95% confidence intervals (CI) were calcu-
lated from the multivariable logistic regressions. All tests of sta-
tistical significance were two-sided. Using similar methods, we
conducted an analysis to compare ER-positive breast cancers
with controls and compare ER-negative breast cancers with
controls, in order to identify subtype-specific SNPs.

In the AABC GWAS, we analysed genotyped SNPs and im-
puted SNPs with imputation score>0.3 and minor allele fre-
quency>0.01. Unconditional logistic regression was used to
examine the association between each SNP and overall breast
cancer risk, ER-positive and ER-negative breast cancer risk sepa-
rately. Age, the first 10 eigenvectors from principal component
analysis, and study site were adjusted for in the logistic regres-
sion. To be conservative, all the first 10 eigenvectors were used
to control population stratification. The SFBCS and NC-BCFR
studies were conducted in the same San Francisco Bay Area
population and were combined as one study site in the
analyses.

In the replication study, principal components were com-
puted using the smartpca program in the EIGENSOFT package.
No eigenvectors from the principal component analysis were
strongly associated with case status after controlling for the
matching factors, DNA source and study. ORs and 95% CIs for
each SNP were estimated in the analyses adjusted for study,
age, geographic region, DNA source and eigenvectors 5, 6 and 8,
which were associated with cases status at P< 0.10. Regression
coefficients (log odds ratios) and their standard errors, from the
two GWAS and the replication study were combined using a
fixed effect meta-analysis method.

Functional annotation

For each top variant and region identified in this study, we used
HaploReg (37) and USCS Genome Browser to explore functional
annotations of noncoding variants. Chromatin states (pro-
moters and enhancers), conserved regions, variant effect on
regulatory motifs, and protein binding sites were assessed from
available data from the ENCODE (38) and the Roadmap
Epigenomics Consortium (39). Data from breast tumour cell
lines (MCF-7, T-47D) and normal mammary epithelial cells
(HMEC, MYO, vMHEC) were emphasized.

Data on expression quantitative trait locus (eQTL) analysis in
blood were obtained from Westra et al. (27), in which eQTLs were
identified in a meta-analysis in 5,311 peripheral untransformed
blood samples and replication analysis in another 2,775 samples
(27). Data on eQTL analysis in brain were obtained from �400
autopsied subjects (28). Analysis on eQTL in breast tumours was
conducted using 46 ERþbreast tumours and 45 ER- breast tu-
mours from The Cancer Genome Atlas (TCGA). Only samples
from African Americans were included. Copy number change
and methylation status were controlled for in the eQTL analysis
in tumours with MatrixEQTL package in Bioconductor.

Supplementary Material
Supplementary Material is available at HMG online.
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