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Abstract

Genome wide association studies (GWAS) and large scale replication studies have identified
common variants in 79 loci associated with breast cancer, explaining ~14% of the familial risk of
the disease. To identify new susceptibility loci, we performed a meta-analysis of 11 GWAS
comprising of 15,748 breast cancer cases and 18,084 controls, and 46,785 cases and 42,892
controls from 41 studies genotyped on a 200K custom array (iCOGS). Analyses were restricted to
women of European ancestry. Genotypes for more than 11M SNPs were generated by imputation
using the 1000 Genomes Project reference panel. We identified 15 novel loci associated with
breast cancer &<5x1078. Combining association analysis with ChIP-Seq data in mammary cell
lines and ChlA-PET chromatin interaction data in ENCODE, we identified likely target genes in
two regionsSETBP1 on 18q12.3 an&NF115 andPDZK1 on 1g21.1. One association appears to

be driven by an amino-acid substitutior5XOL.

Breast cancer is the most common cancer in women worl#viitie disease aggregates in
families, and has an important inherited component. This inherited component is driven by a
combination of rare variants, notablyBRCAL, BRCA2, PALB2, ATM andCHEK2

conferring a moderate or high lifetime risk of the disease, together with common variants at
more than 70 loci, identified through GWAS and large scale replication sttrfiekaken
together, these loci explain approximately one-third of the excess familial risk of breast
cancer.

The majority of susceptibility SNPs has been identified through the Breast Cancer
Association Consortium (BCAC), a collaboration involving more than 50 case-control
studies. We recently reported the results of a large-scale genotyping experiment within
BCAC, which utilised a custom array (iCOGS) designed to study variants of interest for
breast, ovarian and prostate cancers. iCOGS comprised more than 200,000 variants, of
which 29,807 had been selected from combined analysis of nine breast cancer GWAS
involving 10,052 breast cancer cases and 12,575 controls of European ancestry. In total,
45,290 breast cancer cases and 41,880 controls of European ancestry from 41 studies were
genotyped with iCOGS, leading to the discovery of 41 novel susceptibilidfldcparallel
analysis identified four loci specific to oestrogen receptor (ER)-negative didease
However, additional susceptibility loci may have been missed because they were not
selected from the original GWAS, or not included on the array.

Genotype imputation is a powerful approach to infer missing genotypes using the genetic
correlations defined in a densely genotyped reference panel, thus providing the opportunity
to identify novel susceptibility variants even if not directly genotghdd this analysis we

aimed to identify additional breast cancer susceptibility loci by utilising data from all 200k
variants on the iCOGS array, and used imputation to estimate genotypes for more than 11M
SNPs. We applied the same approach to data from 11 GWAS. After quality control (QC)
exclusions, the dataset comprised 15,748 breast cancer cases and 18,084 controls from
GWAS, and 46,785 cases and 42,892 controls from 41 studies genotyped with iCOGS (see
Online Methods and Supplementary Tables 1a—1e). All subjects were women of European
ancestry.

Nat Genet. Author manuscript; available in PMC 2015 October 01.
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We imputed genotypes using the 1000 Genomes Project March 2012 release as the reference
dataset (see Online Methods) The main analyses were based on ~11.6M SNPs that were
imputed with imputation&>0.3 and had MAF>0.005 in at least one of the dat#sets

Of common SNPs (MAF>0.05), 88% were imputed from the iCOGS array %h; this
compared to 99% of variants for the largest GWAS (UK2), which was genotyped using a
670k SNP array (Figure 1a and 1b, Supplementary Table 2). Thirty-seven per cent of
common SNPs were imputed on the iCOGS wi#0r9, compared with 85% for UK2.

Thus, despite being designed as a follow-up of GWAS for different diseases rather than a
genome-wide array, the majority of common variants could be imputed using the iCOGS,
but the overall imputation quality was, poorer that from a standard GWAS array. Imputation
quality decreased with decreasing allele frequency (Figure 1c and 1d, Supplementary Table
2).

Log odds ratio estimates and standard errors were calculated for each dataset using logistic
regression, adjusting for principal components where it was found to reduce substantially the
inflation factor. We then combined the results from each dataset for variants with MAF
>0.5% using a fixed effects meta-anal§3idvore than 7,000 variants with a combined
P<5x1078 for association were identified, the large majority of which was in regions
previously shown to be associated with breast cancer susceptibility. Of the 79 previously
published breast cancer susceptibility loci identified in women of European ancestry, all but
eight show evidence of association at P<5%¥6r overall, ER-positive or ER-negative

disease risk (Supplementary Tables 3a, 3b and 3c). For four of the eight variants, (rs1550623
on 2g31, rs11571833 on 13g13.1, rs12422552 on 12p13.1 and rs11242674 on 6p25.3),
slightly weaker evidence of association was observed. One reported variant, rs7726159 did
not reach P<5xI® in this (°=0.0017) or the previous analysis — it was identified through
fine-mapping of th@ERT region on 5p15.3%8. One other variant iIAKAP9, rs6964587

reported previoush? did not reach P<5x18 but an alternative correlated with it did
(P=3.67x108 for chr7:91681597:D;Zbetween the two markers = 0.98). The two remaining
variants (rs2380205 on 10p15 and rs1045485A8P8) were reported in earlier analy$@s

but did not even readP<0.0001, suggesting that they may have been false positive reports.
An alternative variant &ASP8, rs1830298 #=0.06, D’ =1 with rs1045485 in 1000G CEU)

did reach P<5xI® in this datasé®.

To assess evidence for additional susceptibility loci, we removed all SNPs within 500kb of
susceptibility variants identified previously in women of European anéestrif-12

leaving 314 variants from 27 regions associated with breast carebxit0 8

(Supplementary Figures 1 and 2). The strongest associations were observed in a 610kb (b37
28,314,612- 28,928,858) interval on chromosome 22 (smBk&s2x1022, for

rs62237573). This interval lies approximately 100kb centromef@HieK?2, and further

analysis revealed that the associated SNPs were correlated WitHEKe founder variant
1100delC (strongest correlatiofr.39 for SNP rs62235635FHEK?2 1100delC is known

to be associated with breast cancer through candidate gene analysis, but has not previously
generated an association in GWAS?’ We performed an analysis adjusting ®HEK?2

1100delC using data on ~40,000 samples that had been genotyped for this variant. The
strongest associated variant in this subset was rs140914118; after adjustment for 1100delC

Nat Genet. Author manuscript; available in PMC 2015 October 01.
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the statistical significance diminished marked¥z8.1x10° to P=0.78; Supplementary
Figures 3a and 3b), suggesting that this signal is drive2HBK2 1100delC.

Variants in four regiondNAJC1, 5p12,PTHLH andMKL1) lay within 2Mb of a

previously published susceptibility-associated SNP. In each case, these associations became
weaker (no longeP<5x1078) after adjustment for the previously associated SNP(s) in the
region (data not shown). For four other regions, the significant variants were identified in

just one GWAS, and failed imputatiorf<0.3) in the remaining datasets, including iCOGS;

we did not consider these variants further.

To confirm the results for the remaining 18 regions, we performed re-imputation in the
iICOGS dataset without phasing (See Online Methods). Fifteen loci remained associated with
breast cancer at P<5xE)Table 1 and Supplementary Table 4). For three of the loci, the
most significant SNP, or a highly correlated SNP, had been directly genotyped on iCOGS
(Supplementary Table 5); one, rs11205277, had been included on the array because it is
associated with adult heigBt while the other two were selected based on evidence from the
combined breast cancer GWAS but failed to reach genome-wide significance in the earlier
analyses. We attempted to genotype the 12 remaining variants on a subset of ~4K samples to
confirm the quality of the imputation (10 variants could be directly genotyped, for one

region an alternative correlated variant was selected (Supplementary Table 5). For the 11
variants that could be assessed, fHeetween the observed and imputed genotypes were

close to theZestimated in the imputation. Furthermore, the estimated effect sizes in the
subset of individuals that we genotyped were similar to those obtained from the imputed
genotypes (Supplementary Table 5). These results indicate that the analyses based on
imputed genotype data were reliable.

There was little or no evidence of heterogeneity in the per-allele odds ratios (ORs) among
studies genotyped using iCOGS (Supplementary Table 6 and Supplementary Figure 4).
There was little evidence for departure from a log-additive model for any locus, except for a
borderline departure for rs6796502=0.049) for which the ORs for heterozygotes and
homozygotes for the risk associated allele were similar (Supplementary Table 6).

The estimated ORs for invasive versus in-situ disease were similar for all tHe30d%)
(Supplementary Table 7). For four of the loci, rs12405132, rs12048493, rs4593472 and
rs6507583 the association was stronger for ER positive disease (caBPe@0k)

(Supplementary Table 8). Seven of the loci were associated with ER-negative disease
(P<0.05) but none had a stronger association for ER-negative than ER-positive disease. Two
of the loci showed significant trends in the OR by age at diagnosis: for rs13162653, the OR
was higher at younger agd%=0.007), while for rs6507583, the OR was higher at older ages
(P=0.006) (Supplementary Table 9). One of the variants, chr17:29230528TADb is

correlated with a variant that has also been shown to be associated with serous ovarian
cancer in a meta-analy3%¥r?=0.93 between chr17:29230520:D and chr17:29181220:1).

To approach the task of identifying the likely causal variants and genes underlying these
associations, we first defined the set of all SNPs correlated with each of the 15 lead SNPs
and that could not be ruled out as potentially causal (based on a likelihood rat®$)100:1

Nat Genet. Author manuscript; available in PMC 2015 October 01.
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resulting in a subset of 522 variants (Supplementary Table 10). One of the variants,
rs72755295, lies in an intron BXOL1, encoding a protein involved in mismatch repair. It is
strongly correlated with only one other variant, rs4149909, coding for an amino-acid
substitution inEXO1 (p.Asn279Ser; CADD score 33, suggesting that this variant is likely

to be functionally related to breast cancer risk. None of the remaining SNPs lay within gene
coding sequences, consistent with previous observations that most common cancer
susceptibility variants are regulatory. For each of the remaining 520 variants, we then looked
for enhancer elements in mammary cell lines, based on ENCODE ChIP-S¥féiata

identify potential gene targets, we combined this information with ENCODE ChIA-PET
chromatin interaction data. We identified two regions in which the associated variants
overlapped with putative enhancer sequences and for which consistent promoter interactions
were predicted (Table 1). For rs12405132 at 1g21.1, we identified four potential interacting
genesRNF115, POLR3C, PDZK1 andPIAS3 (Figure 2). Of these, the strongest evidence

was forRNF115 andPDZK1; three of the 64 potentially causal variants lay in interacting
enhancer region®NF115 (also known aBCA2) is an E3 ubiquitin ligase RING finger

protein that is overexpressed in ER-positive breast cafcPBZK1 is a scaffold protein

that connects plasma membrane proteins and regulatory components, regulating their surface
expression in epithelial cells apical domains, and has been proposed to act as an oncogene in
breast cancé?.

SNPs correlated with rs6507583 at 18912.3 lay in regions interacting with the promoter of
SETBP1 (Supplementary Figure 5). The encoded protein has been shown to bind the SET
nuclear oncogene which is involved in DNA replication.

We utilised data from TCGA to assess associations between the 15 novel susceptibility
variants and expression of neighbouring genes in breast tumors and normal breast tissue.
One SNP, rs7707921, was strongly associatedRA®23 expression in all tissues
(Supplementary Table 11, Supplementary Figure 6). However, stronger associations with
expression were observed with more telomeric SNPs that were less strongly associated with
disease risk (top eQTL SNP rs378%:10723, P-risk=5.28x107), suggesting that this

association may be coincidental. SNP, rs7707921 was also more weakly associated with
expression oATP6AP1L (P=5.6x10° in tumoursP=0.066 in normal tissue).

Based on the estimated ORs in the iCOGS stage (all but one of which were in the range
1.05-1.10), the 15 novel loci identified here would explain a further ~2% of the 2-fold
familial risk of breast cancer. Taken together with previously identified loci, more than 90
independent common susceptibility loci for breast cancer have been identified, explaining
~16% of the familial risk. We estimate assuming a log-additive model that, based on
genotypes for variants at these loci, approximately 5% of women in the general population
have a >2 fold increased risk of breast cancer and 0.7% of women have a >3 fold increased
risk. In the current analyses, more than 50% of variants with MAF>0.005 in subjects of
European ancestry were well imputabf>(r.5) These results suggest that, while there may
be further susceptibility variants with comparable associated effects that were not well
imputed, the identification of many additional loci will require larger association studies. In
the meantime, inclusion of these additional loci in polygenic risk scores will improve our

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duasnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Michailidou et al.

Page 6

ability to discriminate between high and low risk individuals, potentially improving breast
cancer screening and prevention.

Online Methods

Details of the subjects, genotyping and QC measures for the GWAS and iCOGS data are
described elsewhek®14.16.36.37 Al participating studies were approved by their

appropriate ethics review board and all subjects provided informed consent. Analyses were
restricted to women of European ancestry. All imputations were performed using the 1000
Genomes Project March 2012 release as the reference panel. Of the 11 GWAS, 8 (C-BCAC)
plus a subset of the BPC3 GWAS (CGEMS) were used in the combined GWAS analysis
that nominated 29,807 SNPs for the array. The BPC3 and TNBCC GWAS nominated
additional SNPs with evidence for association with ER-negative or triple-negative (ER-, PR-
and HER2- negative) breast cancer. The EBCG GWAS was not used to nominate SNPs for
the iCOGS array.

For eight GWAS (C-BCAC), genotypes were imputed in a two-stage procedure, using
SHAPEIT to derive phased genotypes and IMPUTEV2 to perform the imputation on the
phased dat&. We performed the imputation using 5Mb non-overlapping intervals for the
whole genome. OR estimates and standard errors where obtained using logistic regression
with SNPTEST2L For two of the studies we adjusted for the 3 leading principal
components as it was found to reduce materially the inflation factor; for the rest of the
studies no such adjustment was necessary. For the remaining three GWAS (BPC3, TNBCC
and EBCG), imputation was performed using MACH and Minfaa@enomic control
adjustment was applied to each GWAS as previously destfibete iCOGS data were

also imputed in a two-stage procedure using SHAPEIT and IMPUTEV2, again using 5Mb
non-overlapping intervals. We split the ~90K samples into 10 subsets, where possible
keeping subjects from the same study in the same subset. We obtained OR estimates and
standard errors using logistic regression adjusting for study and 9 principal components.

For the regions showing evidence of association we repeated the imputation in iCOGS,
using IMPUTEV2 but without pre-phasing in SHAPEIT to improve imputation accuracy.
We also increased the number of MCMC iterations from 30 to 90, and increased the buffer
region from 250kb to 500kb.

Meta-analysis

OR estimates and standard errors were combined in a fixed effects inverse variance meta-
analysis using METAR3. For the GWAS, results were included in the analysis for all SNPs
with MAF>0.01 and imputatior?r0.3, except for the TN GWAS where the criteria were
r2>0.9 and MAF>0.05. For iCOGS, we included all SNPs wt+6.3 and MAF>0.005.

Confirmatory genotyping

The best variant in each region after the re-imputation and meta-analysis was genotyped in
4123 samples from SEARCH, using Tagman according to the manufacturer’ s instructions.

The squared correlations between the observed genotypes and the genotypes estimated by
imputation are shown in Supplementary Table 5. For all the imputed SNPs the squared

Nat Genet. Author manuscript; available in PMC 2015 October 01.
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correlations was greater than 0.7, the call-rates were >=0.98 and there was no evidence of
departure of genotype frequencies from those expected under HWE (p>0.1).

eQTL analyses

Germline genotype, mRNA expression, and somatic copy number data for samples taken
from breast tumours and tumour-adjacent normal tissue were obtained from The Cancer
Genome Atla®. The copy number and genotype data were measured using the Affymetrix
Genome-Wide Human SNP 6.0 platform. For the mRNA expression data, we used the
expression profiles obtained using the Agilent G4502A-07-3 microarray. The genotype data
were subjected to the following quality control filters. SNPs were excluded in case of low
frequency (MAF < 1%), low call rate (< 95%,) or departure from Hardy-Weinberg
equilibrium at P < 1 x 1%. Individuals were excluded based on low call rate (< 95%), or

high heterozygosity (false discovery rate < 1%). Furthermore, individuals were also
excluded in case of non-European ancestry, or male gender. Quality control and intersection
with the other genomic data types resulted in 380 tumour samples and 56 normal samples.

The genotype data were imputed as described above. eQTL analysis was performed using
linear regression with SNPTEST, regressing the mRNA expression of selected candidate
genes on the imputed genotype. For each gene, we performed the eQTL analysis against
every microarray probe that uniquely maps to that gene. We adjusted the analyses for
somatic copy number of the gene, and for SNPs that intersect the probe sequence, provided
that their MAF exceeds 1% in individuals of European ancestry in the 1,000 Genomes data.

Enhancer analyses

Maps of enhancer regions with predicted target genes were obtained from Hnfsz andl.
Corradin et aP2. Enhancers active in the mammary cell types MCF7, HMEC and HCC1954
were intersected with candidate causal variants using Galaxy. ENCODE ChlA-PET
chromatin interaction data from MCF7 cells (mediated by RNApolll and)ErRre

downloaded using the UCSC Table browser. Galaxy was used to identify ChlA-PET
interactions between an implicated mammary cell enhancer (containing a strongly associated
variant) and a predicted gene promoter (defined as regions 3 kb upstream and 1 kb
downstream of the transcription start site).

Supplementary Material

Authors

Refer to Web version on PubMed Central for supplementary material.

Kyriaki Michailidou?, Jonathan Beesley?, Sara Lindstrom?3, Sander Canisius?, Joe
Dennis?, Michael Lush®, Mel J Maranian®, Manjeet K Bollal, Qin Wang?, Mitul
Shah®, Barbara J Perkins®, Kamila Czene®, Mikael Eriksson®, Hatef Darabi®, Judith
S Brand®, Stig E Bojesen’:8:9, Bgrge G Nordestgaard’-89, Henrik Flyger19, Sune F
Nielsen’8, Nazneen Rahman!?, Clare Turnbull}l, BOCS12, Olivia Fletcherl3, Julian
Petol4, Lorna Gibson!4, Isabel dos-Santos-Silval4, Jenny Chang-Claudel®, Dieter
Flesch-Janys16:17 Anja Rudolph®, Ursula Eilberl®, Sabine Behrensl®, Heli

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duasnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Michailidou et al.

Page 8

Nevanlinnal8 Taru A Muranen!8, Kristiina Aittomakil®, Carl Blomqvist2?, Sofia
Khanl8, Kirsimari Aaltonenl8, Habibul Ahsan?122.23.24.25 \uhammad G
Kibriya21:22, Alice S Whittemore26.27, Esther M John26:27.28 Kathleen E Malone?2®,
Marilie D Gammon30, Regina M Santella31, Giske Ursin32, Enes Makalic33, Daniel F
Schmidt33, Graham Casey34, David J Hunter3, Susan M Gapstur3®, Mia M
Gaudet3®, W Ryan Diver3>, Christopher A Haiman34, Fredrick Schumacher34, Brian
E Henderson34, Loic Le Marchand36, Christine D Berg3’, Stephen Chanock38,
Jonine Figueroa38, Robert N Hoover38, Diether Lambrechts3940, Patrick Neven#1,
Hans Wildiers#1, Erik van Limbergen#!, Marjanka K Schmidt*2, Annegien Broeks*2,
Senno Verhoef42, Sten Cornelissen??, Fergus J Couch?3, Janet E Olson#4, Emily
Hallberg*4, Celine Vachon**, Quinten Waisfisz#®, Hanne Meijers-Heijboer*®, Muriel
A Adank?®, Rob B van der Luijt#6, Jingmei Li®, Jianjun Liu#’, Keith Humphreys®,
Daehee Kang?#8:49:50, Ji-Yeob Choi49:20, Sue K Park#8:49:50 Keun-Young Yoo°?,
Keitaro Matsuo®2, Hidemi Ito®3, Hiroji Iwata®4, Kazuo Tajima®®, Pascal Guénel®6:57,
Thérése Truong®8:57, Claire Mulot>8, Marie Sanchez>6:57 Barbara Burwinkel®9:60,
Frederik Marme®9:61 Harald Surowy®%:60, Christof Sohn>?, Anna H Wu34, Chiu-
chen Tseng34, David Van Den Berg34, Daniel O Stram34, Anna Gonzalez-Neira®2,
Javier Benitez82:63 M Pilar Zamora®?, Jose Ignacio Arias Perez%°, Xiao-Ou Shu®®,
Wei Lub’, Yu-Tang Gao®8, Hui Cai®6, Angela Cox%9:70, Simon S Cross’?, Malcolm
WR Reed®9:70, Irene L Andrulis’273, Julia A Knight’475, Gord Glendon’2, Anna
Marie Mulligan’8.77 Elinor J Sawyer’8, lan Tomlinson’9:80, Michael J Kerin®?,
Nicola Miller81, kConFab investigators2, AOCS Group2, Annika Lindblom®2, Sara
Margolin®3, Soo Hwang Teo8485 Cheng Har Yip®®, Nur Aishah Mohd Taib85, Gie-
Hooi TAN85, Maartje J Hooning®®, Antoinette Hollestelle86, John WM Martens88, J
Margriet Collée®’, William Blot6:88  isa B Signorello®?, Qiuyin Cai®®, John L
Hopper?0, Melissa C Southey®l, Helen Tsimiklis®1, Carmel Apicella®®, Chen-Yang
Shen92:93.94  Chia-Ni Hsiung®3, Pei-Ei Wu92:93, Ming-Feng Hou%>:9, Vessela N
Kristensen?7:98.99  Silie Nord?’, Grethe | Grenaker Alnaes®/, NBCS12, Graham G
Giles90:100 Roger L Milne90:100, Catriona McLean191, Federico Canzian192,
Dmitrios Trichopoulos89:103 pPetra Peeters104.105 Eiliv Lund1%6, Malin Sund07,
Kay-Tee Khaw08 Marc J Gunterl95, Domenico Pallil99, Lotte Maxild
Mortensen!10, Laure Dossus111:112  Jose-Maria Huertall3, Alfons Meindl114, Rita K
Schmutzlerl15:116.117 Christian Sutter!18, Rongxi Yang®9:60, Kenneth Muirl19.120,
Artitaya Lophatananon19, Sarah Stewart-Brown11®, Pornthep Siriwanarangsani?l,
Mikael Hartman122.123 Hui Miaol23, Kee Seng Chial23, Ching Wan Chan124, Peter
A Fasching125126  Alexander Heinl25, Matthias W Beckmann125, Lothar
Haeberle1?5, Hermann Brennerl27.128  Aida Karina Dieffenbach127:128, volker
Arndt127, Christa Stegmaier2?, Alan Ashworth!3, Nick Orrl3, Minouk J
Schoemaker!l, Anthony J Swerdlow11:130 | ouise Brinton38, Montserrat Garcia-
Closas!1:13, Wei Zheng®6, Sandra L Halverson®6, Martha Shrubsole®®, Jirong
Long®®, Mark S Goldberg!31.132 France Labréchel33.134 Martine Dumont135.136
Robert Winqvist137, Katri Pylkas37, Arja Jukkola-Vuorinen138, Mervi Grip139, Hiltrud
Brauch128.140.141,142 " te Hamann143, Thomas Briining144, The GENICA
Network!2, Paolo Radicel4®, Paolo Peterlongol46, Siranoush Manoukianl4’, Loris
Bernard148.149 Natalia V Bogdanoval®, Thilo Dérk1%1, Arto Mannermaal®2.153.154,

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duasnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Michailidou et al.

Page 9

Vesa Katajal®>156, veli-Matti Kosmal52:153.154 jaana M Hartikainen192153.154
Peter Devileel®”, Robert AEM Tollenaarl®8, Caroline Seynaevel®?, Christi J Van
Asperenl60 Anna Jakubowskal®l, Jan Lubinskil6l, Katarzyna Jaworskal®l,
Tomasz Huzarskil61, Suleeporn Sangrajrang2, Valerie Gaborieaul63, Paul
Brennanl63, James McKay63, Susan Slager#4, Amanda E Toland164, Christine B
Ambrosonel65, Drakoulis Yannoukakos166, Maria Kabisch143, Diana Torres143.167,
Susan L Neuhausen168, Hoda Anton-Culver189, Craig Luccarini®, Caroline Baynes?®,
Shahana Ahmed®, Catherine S Healey®, Daniel C Tessierl’?, Daniel Vincent179,
Francois Bacot!70, Guillermo Pita®2, M Rosario Alonso®2, Nuria Alvarez®2, Daniel
Herrero®2, Jacques Simard13°:136 paul PDP Pharoahl:®, Peter Kraft3, Alison M
Dunning®, Georgia Chenevix-Trench?, Per Hall®, and Douglas F Easton®

Affiliations

1Centre for Cancer Genetic Epidemiology, Department of Public Health and Primary
Care, University of Cambridge, Cambridge, UK 2Department of Genetics, QIMR
(Queensland Institute for Medical Research) Berghofer Medical Research Institute,
Brisbane, Queensland, Australia 3Program in Genetic Epidemiology and Statistical
Genetics, Harvard School of Public Health, Boston, MA, USA “Division of Molecular
Carcinogenesis, Netherlands Cancer Institute, Antoni van Leeuwenhoek Hospital,
Amsterdam, The Netherlands >Centre for Cancer Genetic Epidemiology,
Department of Oncology, University of Cambridge, Cambridge, UK 8Department of
Medical Epidemiology and Biostatistics, Karolinska Institutet, Stockholm, Sweden
“Copenhagen General Population Study, Herlev Hospital, Copenhagen University
Hospital, Herlev, Denmark 8Department of Clinical Biochemistry, Herlev Hospital,
Copenhagen University Hospital, Herlev, Denmark °Faculty of Health and Medical
Sciences, University of Copenhagen, Copenhagen, Denmark °Department of
Breast Surgery, Herlev Hospital, Copenhagen University Hospital, Herlev, Denmark
11Division of Genetics and Epidemiology, Institute of Cancer Research, London, UK
13Breakthrough Breast Cancer Research Centre, The Institute of Cancer Research,
London, UK *Department of Non-Communicable Disease Epidemiology, London
School of Hygiene and Tropical Medicine, London, UK *°Division of Cancer
Epidemiology, German Cancer Research Center (DKFZ), Heidelberg, Germany
16Department of Cancer Epidemiology/Clinical Cancer Registry, University Clinic
Hamburg-Eppendorf, Hamburg, Germany ’Institute for Medical Biometrics and
Epidemiology, University Clinic Hamburg-Eppendorf, Hamburg, Germany
18Department of Obstetrics and Gynecology, University of Helsinki and Helsinki
University Central Hospital, Helsinki, Finland 1°Department of Clinical Genetics,
Helsinki University Central Hospital, Helsinki, Finland 2°Department of Oncology,
University of Helsinki and Helsinki University Central Hospital, Helsinki, Finland
21Center for Cancer Epidemiology and Prevention, University of Chicago, Chicago,
llinois ??Department of Health Studies, University of Chicago, Chicago, lllinois
23Department of Medicine, University of Chicago, Chicago, lllinois 2*Department of
Human Genetics, University of Chicago, Chicago, lllinois 22Comprehensive Cancer
Center, University of Chicago, Chicago, lllinois ?Department of Health Research
and Policy - Epidemiology, Stanford University School of Medicine, Stanford, CA,

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duasnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Michailidou et al.

Page 10

USA ?’Stanford Cancer Institute, Stanford University School of Medicine, Stanford,
CA, USA 28Department of Epidemiology, Cancer Prevention Institute of California,
Fremont, CA, USA 2°Division of Public Health Sciences, Fred Hutchinson Cancer
Research Center, Seattle, Washington 3°Department of Epidemiology, University of
North Carolina at Chapel Hill, Chapel Hill, North Carolina 3'Department of
Environmental Health Sciences, Columbia University Mailman School of Public
Health, New York, New York 3?Norway Cancer Registry, Norway 33Centre for
Molecular, Environmental, Genetic, and Analytic Epidemiology, Melbourne School
of Population Health, Melbourne, Australia 3*Department of Preventive Medicine,
Keck School of Medicine, University of Southern California, Los Angeles, CA, USA
35Epidemiology Research Program, American Cancer Society, Atlanta, Georgia,
USA 38Epidemiology Program, University of Hawaii Cancer Center, Honolulu,
Hawaii, USA 3’Department of Radiation Oncology and Molecular Radiation
Sciences, Johns Hopkins Medicine, Baltimore, MD, USA 3Division of Cancer
Epidemiology and Genetics, National Cancer Institute, Rockville, MD, USA
39%Vesalius Research Center, VIB, Leuven, Belgium “°Laboratory for Translational
Genetics, Department of Oncology, University of Leuven, Leuven, Belgium
4“IMultidisciplinary Breast Center, University Hospitals Leuven, Leuven, Belgium
42Netherlands Cancer Institute, Antoni van Leeuwenhoek hospital, Amsterdam, The
Netherlands “3Department of Laboratory Medicine and Pathology, Mayo Clinic,
Rochester, MN, USA 4‘Department of Health Sciences Research, Mayo Clinic,
Rochester, MN, USA “°Department of Clinical Genetics, VU University Medical
Center, section Oncogenetics, Amsterdam, The Netherlands #®Division of
Biomedical Genetics, University Medical Center Utrecht, Utrecht, The Netherlands
4"Human Genetics Division, Genome Institute of Singapore, Singapore
48Department of Preventive Medicine, Seoul National University College of
Medicine, Seoul, Korea “°Department of Biomedical Sciences, Seoul National
University Graduate School, Seoul, Korea *°Cancer Research Institute, Seoul
National University, Seoul, Korea 51Seoul National University College of Medicine,
Seoul, Korea >2Department of Preventive Medicine, Kyushu University Faculty of
Medical Sciences, Fukuoka, Japan %3Division of Epidemiology and Prevention, Aichi
Cancer Center Research Institute, Nagoya, Aichi, Japan >*Department of Breast
Oncology, Aichi Cancer Center Hospital, Nagoya, Japan >°Epidemiology Center for
Disease Control and Prevention, Mie University Hospital, Tsu, Mie, Japan %6Inserm
(National Institute of Health and Medical Research), CESP (Center for Research in
Epidemiology and Population Health), U1018, Environmental Epidemiology of
Cancer, 94807 Villejuif, France 5’University Paris-Sud, UMRS 1018, 94807 Villejuif,
France 58Université Paris Sorbonne Cité, UMR-S775 Inserm, Paris, France
59Department of Obstetrics and Gynecology, University of Heidelberg, Heidelberg,
Germany %°Molecular Epidemiology Group, German Cancer Research Center
(DKFZ), Heidelberg, Germany %'National Center for Tumor Diseases, University of
Heidelberg, Heidelberg, Germany $2Human Genotyping-CEGEN Unit, Human
Cancer Genetics Program, Spanish National Cancer Research Centre (CNIO),
Madrid, Spain ¢3Centro de Investigacion en Red de Enfermedades Raras

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duasnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Michailidou et al.

Page 11

(CIBERER), Valencia, Spain %*Servicio de Oncologia Médica, Hospital Universitario
La Paz, Madrid, Spain 5Servicio de Cirugia General y Especialidades, Hospital
Monte Naranco, Oviedo, Spain %Division of Epidemiology, Department of Medicine,
Vanderbilt Epidemiology Center and Vanderbilt-iIngram Cancer Center, Vanderbilt
University School of Medicine, Nashville, TN, USA 6’Shanghai Center for Disease
Control and Prevention, Changning, Shanghai, China ®Department of
Epidemiology, Shanghai Cancer Institute, Shanghai, China 8°Sheffield Cancer
Research Centre, University of Sheffield, Sheffield, UK °Department of Oncology,
University of Sheffield, Sheffield, UK “1Academic Unit of Pathology, Department of
Neuroscience, University of Sheffield, Sheffield, UK "2Lunenfeld-Tanenbaum
Research Institute of Mount Sinai Hospital, Toronto, ON, Canada "3Department of
Molecular Genetics, University of Toronto, Toronto, ON, Canada "*Prosserman
Centre for Health Research, Lunenfeld-Tanenbaum Research Institute of Mount
Sinai Hospital, Toronto, ON, Canada "°Division of Epidemiology, Dalla Lana School
of Public Health, University of Toronto, Toronto, ON, Canada "6Department of
Laboratory Medicine and Pathobiology, University of Toronto, Toronto, ON, Canada
""Laboratory Medicine Program, University Health Network, Toronto, ON, Canada
78Research Oncology, Division of Cancer Studies, King’s College London, Guy’ s
Hospital, London, UK "*Wellcome Trust Centre for Human Genetics, University of
Oxford, UK 8%Oxford Biomedical Research Centre, University of Oxford, UK
81Surgery, School of Medicine, National University of Ireland, Galway 82Department
of Molecular Medicine and Surgery, Karolinska Institutet, Stockholm, Sweden
83Department of Oncology - Pathology, Karolinska Institutet, Stockholm, Sweden
84Cancer Research Initiatives Foundation, Sime Darby Medical Centre, Subang
Jaya, Malaysia 8Breast Cancer Research Unit, University Malaya Cancer Research
Institute, University Malaya Medical Centre (UMMC), Kuala Lumpur, Malaysia
86Department of Medical Oncology, Erasmus MC Cancer Institute, 3008 AE
Rotterdam, The Netherlands 8’Department of Clinical Genetics, Erasmus University
Medical Center, 3000 CA Rotterdam, The Netherlands 88International Epidemiology
Institute, Rockville, MD, USA 8Department of Epidemiology, Harvard School of
Public Health, Boston, MA, USA °°Centre for Epidemiology and Biostatistics,
Melbourne School of Population and Global Health, The University of Melbourne,
Melbourne, VIC, Australia 2 Department of Pathology, The University of Melbourne,
Melbourne, Australia °?Taiwan Biobank, Institute of Biomedical Sciences, Academia
Sinica, Taipei, Taiwan *Institute of Biomedical Sciences, Academia Sinica, Taipei,
Taiwan %*School of Public Health, China Medical University, Taichung, Taiwan
9Cancer Center, Kaohsiung Medical University Chung-Ho Memorial Hospital,
Kaohsiung, Taiwan *®Department of Surgery, Kaohsiung Medical University Chung-
Ho Memorial Hospital, Kaohsiung, Taiwan °’Department of Genetics, Institute for
Cancer Research, Oslo University Hospital, Radiumhospitalet, Oslo, Norway
%8|nstitute of Clinical Medicine, University of Oslo (UiO), Oslo, Norway %°Department
of Clinical Molecular Biology (EpiGen), University of Oslo (UiO), Oslo, Norway
100Cancer Epidemiology Centre, Cancer Council Victoria, Melbourne, VIC, Australia
102anatomical Pathology, The Alfred Hospital, Melbourne, VIC, Australia

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duasnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Michailidou et al.

Page 12

102Genomic Epidemiology Group, German Cancer Research Center (Deutsches
Krebsforschungszentrum; DKFZ), Heidelberg, Germany 1%3Bureau of Epidemiologic
Research, Academy of Athens, Athens, Greece; Hellenic Health Foundation,
Athens, Greece %*Department of Epidemiology, Julius Center for Health Sciences
and Primary Care, University Medical Center, Utrecht, The Netherlands
105pepartment of Epidemiology and Biostatistics, School of Public Health, Imperial
College London, UK 1%Department of Community Medicine, Faculty of Health
Sciences, University of Tromsg - The Arctic University of Norway, Tromsg, Norway
107Department of Surgical and Perioperative Sciences, Umea University, Sweden
1083chool of Clinical Medicine, Cambridge Institute of Public Health, University of
Cambridge, UK 1°Molecular and Nutritional Epidemiology Unit, Cancer Research
and Prevention Institute, ISPO, Florence, Italy 119Section for Epidemiology, Aarhus
University, Aarhus, Denmark 1Inserm Centre for research in Epidemiology and
Population Health (CESP), U1018, Nutrition, Hormones and Women’ s Health team,
Villejuif, France 112Univ Paris Sud, Villejuif, France 113Department of Epidemiology,
Consejeria de Sanidad y Politica Social, CIBER de Epidemiologia y Salud Publica,
Murcia, Spain 1*Division of Gynaecology and Obstetrics, Technische Universitat
Minchen, Munich, Germany 11°Center for Hereditary Breast and Ovarian Cancer,
University Hospital Cologne, Cologne, Germany '6Center for Integrated Oncology
(Cl0), University Hospital Cologne, Cologne, Germany 17Center for Molecular
Medicine Cologne (CMMC), Faculty of Medicine, University of Cologne, Cologne,
Germany 1*8Institute of Human Genetics, University Hospital Heidelberg,
Heidelberg, Germany 11°Division of Health Sciences, Warwick Medical school,
Warwick University, Coventry, UK 12Institute of Population Health, University of
Manchester, Manchester, UK ?IMinistry of Public Health, Nonthaburi, Thailand
122pepartment of Surgery, Yong Loo Lin School of Medicine, National University of
Singapore and National University Health System, Singapore 123Saw Swee Hock
School of Public Health, National University of Singapore and National University
Health System, Singapore 12*Division of General Surgery, National University
Health System 125University Breast Center Franconia, Department of Gynecology
and Obstetrics, University Hospital Erlangen, Friedrich-Alexander University
Erlangen-Nuremberg, Comprehensive Cancer Center Erlangen-EMN, Erlangen,
Germany 126University of California at Los Angeles, David Geffen School of
Medicine, Department of Medicine, Division of Hematology and Oncology, Los
Angeles, CA, USA 27Division of Clinical Epidemiology and Aging Research,
German Cancer Research Center (DKFZ), Heidelberg, Germany 128German Cancer
Consortium (DKTK), Heidelberg, Germany ?°Saarland Cancer Registry,
Saarbriicken, Germany 13%Division of Breast Cancer Research, Institute of Cancer
Research, London, UK 131Department of Medicine, McGill University, Montreal, QC,
Canada #?Division of Clinical Epidemiology, McGill University Health Centre, Royall
Victoria Hospital, Montreal, QC, Canada *33Département de Santé
environnementale et santé au travail, Ecole de santé publique, Université de
Montréal, Montreal, Quebec, Canada 3*Département de Médecine sociale et
préventive, Ecole de santé publique, Université de Montréal, Montreal, Quebec,

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duasnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Michailidou et al.

Page 13

Canada 3°Centre Hospitalier Universitaire de Québec Research Center, Quebec
City, Quebec, Canada 36Laval University, Quebec City, Quebec, Canada

137 aboratory of Cancer Genetics and Tumor Biology, Department of Clinical
Chemistry and Biocenter Oulu, University of Oulu, NordLab Oulu/Oulu University
Hospital, Oulu, Finland *8Department of Oncology, Oulu University Hospital,
University of Oulu, Oulu, Finland 13°Department of Surgery, Oulu University
Hospital, University of Oulu, Oulu, Finland 4°Dr. Margarete Fischer-Bosch-Institute
of Clinical Pharmacology, Stuttgart, Germany #1University of Tibingen, Tiibingen,
Germany 12German Cancer Research Center (DKFZ), Heidelberg, Germany
143Molecular Genetics of Breast Cancer, German Cancer Research Center (DKFZ),
Heidelberg, Germany *Institute for Prevention and Occupational Medicine of the
German Social Accident Insurance, Institute of the Ruhr University Bochum (IPA),
Bochum, Germany #®Unit of Molecular Bases of Genetic Risk and Genetic Testing,
Department of Preventive and Predictive Medicine, Fondazione IRCCS (Istituto di
Ricovero e Cura a Carattere Scientifico) Istituto Nazionale Tumori (INT), Milan, Italy
146Fondazione Istituto FIRC (ltalian Foundation for Cancer Research) di Oncologia
Molecolare (IFOM), Milan, Italy *4’Unit of Medical Genetics, Department of
Preventive and Predictive Medicine, Fondazione IRCCS (Istituto di Ricovero e Cura
a Carattere Scientifico) Istituto Nazionale Tumori (INT), Milan, Italy 1*8Department of
Experimental Oncology, Istituto Europeo di Oncologia, Milan, Italy 14°Cogentech
Cancer Genetic Test Laboratory, Milan, Italy 1°°Department of Radiation Oncology,
Hannover Medical School, Hannover, Germany ®'Gynaecology Research Unit,
Hannover Medical School, Hannover, Germany %2School of Medicine, Institute of
Clinical Medicine, Pathology and Forensic Medicine, University of Eastern Finland,
Kuopio, Finland >3Cancer Center of Eastern Finland, University of Eastern Finland,
Kuopio, Finland >*Imaging Center, Department of Clinical Pathology, Kuopio
University Hospital, Kuopio, Finland >°Cancer Center, Kuopio University Hospital,
Kuopio, Finland %8Central Finland Hospital District, Jyvaskyla Central Hospital,
Jyvéaskyla, Finland 15’Department of Human Genetics and Department of
Pathology, Leiden University Medical Center, Leiden, The Netherlands
158Department of Surgical Oncology, Leiden University Medical Center, Leiden, The
Netherlands 15°Department of Medical Oncology, Family Cancer Clinic, Erasmus
MC Cancer Institute, Rotterdam, The Netherlands 16°Department of Clinical
Genetics, Leiden University Medical Center Leiden, The Netherlands %'Department
of Genetics and Pathology, Pomeranian Medical University, Szczecin, Poland
162National Cancer Institute, Bangkok, Thailand 163International Agency for
Research on Cancer, Lyon, France 1%4Department of Molecular Virology,
Immunology and Medical Genetics, The Ohio State University, Columbus, OH, USA
185Roswell Park Cancer Institute, Buffalo, NY, USA 186Molecular Diagnostics
Laboratory, IRRP, National Centre for Scientific Research “ Demokritos” , Aghia
Paraskevi Attikis, Athens, Greece ¢’Institute of Human Genetics, Pontificia
Universidad Javeriana, Bogota, Colombia 1%8Department of Population Sciences,
Beckman Research Institute of City of Hope, Duarte, CA 91010, USA
169pepartment of Epidemiology, University of California Irvine, Irvine, CA, USA

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duasnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Michailidou et al.

Page 14

170McGill University and Génome Québec Innovation Centre, Montréal, Québec,
Canada

Acknowledgments

The authors wish to thank all the individuals who took part in these studies and all the researchers, clinicians,
technicians and administrative staff who have enabled this work to be carried out. BCAC is funded by Cancer
Research UK [C1287/A10118, C1287/A12014] and by the European Community’ s Seventh Framework
Programme under grant agreement n° 223175 (HEALTH-F2-2009-223175) (COGS). Meetings of the BCAC have
been funded by the European Union COST programme [BM0606]. Genotyping of the iCOGS array was funded by
the European Union (HEALTH-F2-2009-223175), Cancer Research UK (C1287/A10710, C8197/A16565), the
Canadian Institutes of Health Research for the “* CIHR Team in Familial Risks of Breast Cancer” program, and the
Ministry of Economic Development, Innovation and Export Trade of Quebec — grant # PSR-SIIRI-701. Combining
the GWAS data was supported in part by The National Institute of Health (NIH) Cancer Post-Cancer GWAS
initiative grant: No. 1 U19 CA 148065-01 (DRIVE, part of the GAME-ON initiative). For a full description of

funding and acknowledgments, see Supplementary Note.

References

1. Kamangar F, Dores GM, Anderson WF. Patterns of cancer incidence, mortality, and prevalence
across five continents: defining priorities to reduce cancer disparities in different geographic regions
of the world. J Clin Oncol. 2006; 24:2137-50. [PubMed: 16682732]

2. Easton DF, et al. Genome-wide association study identifies novel breast cancer susceptibility loci.
Nature. 2007; 447:1087-93. [PubMed: 17529967]

3. Hunter DJ, et al. A genome-wide association study identifies alleles in FGFR2 associated with risk
of sporadic postmenopausal breast cancer. Nat Genet. 2007; 39:870—4. [PubMed: 17529973]

4. Stacey SN, et al. Common variants on chromosome 5p12 confer susceptibility to estrogen receptor-
positive breast cancer. Nat Genet. 2008; 40:703—6. [PubMed: 18438407]

5. Stacey SN, et al. Common variants on chromosomes 235 and 16q12 confer susceptibility to
estrogen receptor-positive breast cancer. Nat Genet. 2007; 39:865-9. [PubMed: 17529974]

6. Ahmed S, et al. Newly discovered breast cancer susceptibility loci on 3p24 and 17g23.2. Nat Genet.
2009; 41:585-90. [PubMed: 19330027]

7. Zheng W, et al. Genome-wide association study identifies a new breast cancer susceptibility locus at
6025.1. Nat Genet. 2009; 41:324-8. [PubMed: 19219042]

8. Thomas G, et al. A multistage genome-wide association study in breast cancer identifies two new
risk alleles at 1p11.2 and 14g24.1 (RAD51L1). Nat Genet. 2009; 41:579-84. [PubMed: 19330030]

9. Turnbull C, et al. Genome-wide association study identifies five new breast cancer susceptibility
loci. Nat Genet. 2010; 42:504—7. [PubMed: 20453838]

10. Antoniou AC, et al. A locus on 19p13 modifies risk of breast cancer in BRCA1 mutation carriers
and is associated with hormone receptor-negative breast cancer in the general population. Nat
Genet. 2010; 42:885-92. [PubMed: 20852631]

11. Fletcher O, et al. Novel breast cancer susceptibility locus at 9931.2: results of a genome-wide
association study. J Natl Cancer Inst. 2011; 103:425-35. [PubMed: 21263130]

12. Haiman CA, et al. A common variant at the TERT-CLPTMLL locus is associated with estrogen
receptor-negative breast cancer. Nat Genet. 2011; 43:1210-4. [PubMed: 22037553]

13. Ghoussaini M, et al. Genome-wide association analysis identifies three new breast cancer
susceptibility loci. Nat Genet. 2012; 44:312-8. [PubMed: 22267197]

14. Siddiq A, et al. A meta-analysis of genome-wide association studies of breast cancer identifies two
novel susceptibility loci at 6g14 and 20q11. Hum Mol Genet. 2012; 21:5373-84. [PubMed:
22976474]

15. Long J, et al. Genome-wide association study in east Asians identifies novel susceptibility loci for
breast cancer. PLoS Genet. 2012; 8:1002532. [PubMed: 22383897]

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duasnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Michailidou et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 15

Michailidou K, et al. Large-scale genotyping identifies 41 new loci associated with breast cancer
risk. Nat Genet. 2013; 45:353-61. [PubMed: 23535729]

Garcia-Closas M, et al. Genome-wide association studies identify four ER negative-specific breast
cancer risk loci. Nat Genet. 2013; 45:392-8. [PubMed: 23535733]

Bojesen SE, et al. Multiple independent variants at the TERT locus are associated with telomere
length and risks of breast and ovarian cancer. Nat Genet. 2013; 45:371-84. [PubMed: 23535731]
Milne RL, et al. Common non-synonymous SNPs associated with breast cancer susceptibility:
findings from the Breast Cancer Association Consortium. Hum Mol Genet. 2014

Cai Q, et al. Genome-wide association analysis in East Asians identifies breast cancer
susceptibility loci at 1932.1, 5q14.3 and 15g26.1. Nat Genet. 2014; 46:886—90. [PubMed:
25038754]

Marchini J, Howie B. Genotype imputation for genome-wide association studies. Nat Rev Genet.
2010; 11:499-511. [PubMed: 20517342]

Howie B, Fuchsberger C, Stephens M, Marchini J, Abecasis GR. Fast and accurate genotype
imputation in genome-wide association studies through pre-phasing. Nat Genet. 2012; 44:955-9.
[PubMed: 22820512]

Willer CJ, Li Y, Abecasis GR. METAL.: fast and efficient meta-analysis of genomewide
association scans. Bioinformatics. 2010; 26:2190-1. [PubMed: 20616382]

Cox A, et al. A common coding variant in CASP8 is associated with breast cancer risk. Nat Genet.
2007; 39:352-8. [PubMed: 17293864]

Lin WY, et al. Identification and characterisation of novel associations in the CASP8/ALS2CR12
region on chromosome 2 with breast cancer risk. Hum Mol Genet. 2014

Meijers-Heijboer H, et al. Low-penetrance susceptibility to breast cancer due to
CHEK2(*)1100delC in noncarriers of BRCAL or BRCA2 mutations. Nat Genet. 2002; 31:55-9.
[PubMed: 11967536]

CHEK?2 Breast Cancer Case-Control Consortium. CHEK2*1100delC and susceptibility to breast
cancer: a collaborative analysis involving 10 860 breast cancer cases 9 065 controls from 10
studies. Am J Hum Genet. 2004; 74:1175-82. [PubMed: 15122511]

Gudbjartsson DF, et al. Many sequence variants affecting diversity of adult human height. Nat
Genet. 2008; 40:609-15. [PubMed: 18391951]

Kuchenbaecker KB, et al. Identification of six new susceptibility loci for invasive epithelial

ovarian cancer. Nat Genet. 2015

Udler MS, Tyrer J, Easton DF. Evaluating the power to discriminate between highly correlated
SNPs in genetic association studies. Genet Epidemiol. 2010; 34:463-8. [PubMed: 20583289]
Kircher M, et al. A general framework for estimating the relative pathogenicity of human genetic
variants. Nat Genet. 2014; 46:310-5. [PubMed: 24487276]

Corradin O, et al. Combinatorial effects of multiple enhancer variants in linkage disequilibrium
dictate levels of gene expression to confer susceptibility to common traits. Genome Res. 2014;
24:1-13. [PubMed: 24196873]

Hnisz D, et al. Super-enhancers in the control of cell identity and disease. Cell. 2013; 155:934-47.
[PubMed: 24119843]

Wang Z, et al. RNF115/BCA2 E3 ubiquitin ligase promotes breast cancer cell proliferation through
targeting p21Waf1/Cip1 for ubiquitin-mediated degradation. Neoplasia. 2013; 15:1028-35.
[PubMed: 24027428]

Kim H, et al. PDZK1 is a novel factor in breast cancer that is indirectly regulated by estrogen
through IGF-1R and promotes estrogen-mediated growth. Mol Med. 2013; 19:253-62. [PubMed:
23821363]

Ahsan H, et al. A genome-wide association study of early-onset breast cancer identifies PFKM as a
novel breast cancer gene and supports a common genetic spectrum for breast cancer at any age.
Cancer Epidemiol Biomarkers Prev. 2014; 23:658-69. [PubMed: 24493630]

Stevens KN, et al. 19p13.1 is a triple-negative-specific breast cancer susceptibility locus. Cancer
Res. 2012; 72:1795-803. [PubMed: 22331459]

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuey Joyiny

Michailidou et al.

Page 16

38. Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast tumours.
Nature. 2012; 490:61-70. [PubMed: 23000897]

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuey Joyiny

Michailidou et al.

a) b)

Frequency

Frequency
1,000,000 2,000,000 3,000,000 4,000,000 5,000,000
I
1,000,000 2,000,000 3,000,000 4,000,000 5,000,000
I

0
L

0
L

Page 17

T T T T T
0 0.2 0.4 0.6 0.8

o 4

0.2

imputation r

c) d)

1,400,000
J

1,400,000
1

1,000,000
1

1,000,000
1

Frequency
600,000
Frequency
600,000
L

200,000
200,000

imputation I

0
L
0
L

I T T T T 1 f T
0 0.2 0.4 0.6 0.8 1 0 0.2

imputation r

Figure 1.

T T T 1
0.4 0.6 0.8 1

imputation P

Histograms of the imputatioR a) Histogram of the imputatior? for the iCOGS for
variants with MAF>0.0%) Histogram of the imputatior? for the UK2 GWAS for variants
with MAF>0.05c¢) Histogram of the imputatior? for the iCOGS for variants with
MAF<=0.05d) Histogram of the imputatior? for the UK2 GWAS for variants with

MAF<=0.05.

Nat Genet. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuey Joyiny

Michailidou et al.

Page 18

a
o Imputed
» Genotyped
8+ oo yp
PO e s
6 i
0:3 SR
- §
()} & “%
le) c
= 44 .
2° @ };Dg
®
24 s
o o oo ool By
0 T T T
Chr 1 position (Mb) 145,20 145.40 145.60 145.80 146.00
NEPF: -
¥ ¥ HFE2H Lix1e> Piasa> i <CD160 fHfH NBPF25P>
NOTCHZNL> RBM8A> W MIR67361 <PDZK1P2 HHH <NBPF11 WHiHH—-+—
NBPF25P> Hi———+ NUDT17) PDZK1> —HHH
NEFF 10> HEHEE-
<GNRHR2H <POLR3C )
P> § RNF115> ——H——H <GPRE9A H—H—HHH
<POLRIGL I 1TGAT0> il
ANKRD344>W  ANKRD35> HIH
EX118> H
Untyped SNPs 0101 IEEE BT 1 000 (00090 R AN 0000000 000 O 00 O 0O OO0 OO 0T OO MO 00000000 1l Il
1
\”””’J)Ji/ 7777777777”””|
Chr 1 position (Mb) 145.55| 145.60] 145,65/ 145.70] 145.75]
Genes NBPF20
NBPF10 B
[MIR6736 i — ; FITaT ——TETI—TY
RNF115 H—{—O—'—‘—‘ PDZK1
ITGA10 ANKRD35 PIAS3 CD160
NUDT17 POLR3C
Candidate SNPs omeener oot m e un | L T U A A R TR A AR A T R R
1POLR3 n ﬁg%g ;C
Mammary cell enhancers (Corradin et al.) '§£‘,’Z’<’,5 =RNF115
PIAS3
B POLR3
RNF115
PDZK1
M PIAS3
Mammary cell enhancers (Hnisz et al.) BRNF115 IPDZK1
ChIA-PET interactions (MCF7)
Untyped SNPs L 0 1 L 1 A T A LT L A R T

Figure 2.
The chromosome 1 locus tagged by rs1240%0)3he Manhattan Plot displays the strength

of genetic association (-lggP) versus chromosomal position (Mb), where each dot
presents a genotyped (solid black dot) or imputed (red circle) SNP (in the iCOGS stage).
The purple horizontal line represents the threshold for genome-wide significance
(P=5x1078). Gene structures are depicted as well as the location of SNPs with MAF>0.01
which were neither imputed reliably nor genotygedMammary cell enhancer locations as
defined in Corradin et &%, and Hnisz et al3, are shown where elements overlapping the
best associated SNPs are labelled with their predicted target genes. A subset of ChiA-PET
interactions in MCF7 cells (mediated by either RNApolll or ERa) between enhancers and
their target gene promoters are also shown.
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Results for the 15 regions with combined P<5®1@esults are shown for the strongest associated variant in the region.
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2Build 37 position

7P value for the 1df trend test

4
Mean effect allele frequency over all controls

3Reference/ef‘fect allele, based on the forward strand

6 ) . . .
Per allele odds ratio for the minor allele relative to the major allele

5Imputation 2 in the iCOGS samples (calculated by the average info score from IMPUTEV2)
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