Ahearn et al. Breast Cancer Research (2022) 24:2 Bre a St C ancer Rese a rCh
https://doi.org/10.1186/513058-021-01484-x

RESEARCH ARTICLE Open Access

) ) ) ) ®
Common variants in breast cancer risk loci cpe

predispose to distinct tumor subtypes

Thomas U. Ahearn'"®, Haoyu Zhang'%", Kyriaki Michailidou®**, Roger L. Milne®”#, Manjeet K. Bolla*,

Joe Dennis?, Alison M. Dunning®, Michael Lush*, Qin Wang® Irene L. Andrulis'®'", Hoda Anton-Culver'?,

Volker Arndt'3, Kristan J. Aronson'#, Paul L. Auer'>'6, Annelie Augustinsson'’, Adinda Baten'8, Heiko Becher'?,
Sabine Behrens?, Javier Benitez?'*2, Marina Bermisheva?*%, Carl Blomaqvist?>?°, Stig E. Bojesen?’?3%°,

Bernardo Bonanni®®, Anne-Lise Barresen-Dale®"*?, Hiltrud Brauch®**%* Hermann Brenner'33%%,

Angela Brooks-Wilson®*3° Thomas Briining’, Barbara Burwinkel*'*?, Saundra S. Buys*, Federico Canzian*,
Jose E. Castelao®, Jenny Chang-Claude?®#, Stephen J. Chanock', Georgia Chenevix-Trench®’,

Christine L. Clarke*®, NBCS Collaborators, J. Margriet Collée*®, Angela Cox*°, Simon S. Cross®!, Kamila Czene™,
Mary B. Daly*?, Peter Devilee®***, Thilo Dérk>6, Miriam Dwek®’, Diana M. Eccles™, D. Gareth Evans>®°,

Peter A. Fasching®', Jonine Figueroa®®®, Giuseppe Floris', Manuela Gago-Dominguez®®, Susan M. Gapstur®®,
José A. Garcfa-Saenz®, Mia M. Gaudet®, Graham G. Giles®’® Mark S. Goldberg®®®°, Anna Gonzélez-Neira?',
Grethe |. Grenaker Alnaes®!, Mervi Grip”®, Pascal Guénel”", Christopher A. Haiman’?, Per Hall>*”3, Ute Hamann’#,
Flaine F. Harkness”>’®”” Bernadette A. M. Heemskerk-Gerritsen’®, Bernd Holleczek’®, Antoinette Hollestelle’®,
Maartje J. Hooning’® Robert N. Hoover', John L. Hopper’, Anthony Howell®®, ABCTB Investigators, kConFab/
AQCS Investigators, Milena Jakimovska®', Anna Jakubowska®®® Esther M. John®®> Michael E. Jones®,

Audrey Jung?’, Rudolf Kaaks?, Saila Kauppila®, Renske Keeman®, Elza Khusnutdinova®2?, Cari M. Kitahara™,
Yon-Dschun Ko”', Stella Koutros', Vessela N. Kristensen%°?, Ute Kriiger', Katerina Kubelka-Sabit®,

Allison W. Kurian®® Kyriacos Kyriacou”*”, Diether Lambrechts®®, Derrick G. Lee®”*®, Annika Lindblom®*1%,
Martha Linet®, Jolanta Lissowska'®', Ana Llaneza'%, Wing-Yee Lo*'%, Robert J. Maclnnis®’,
Arto Mannermaa'®1%>1% Mehdi Manoochehri’, Sara Margolin”'%’, Maria Elena Martinez®,
Catriona McLean'%, Alfons Meind!'®, Usha Menon''®, Heli Nevanlinna''", William G. Newman
Jesse Nodora®'"?, Kenneth Offit''®, Hakan Olsson'’, Nick Orr''“, Tjoung-Won Park-Simon®, Alpa V. Patel®,
Julian Peto'", Guillermo Pita''®, Dijana Plaseska-Karanfilska®', Ross Prentice'®, Kevin Punie'’, Katri Pylkgs''8'",
Paolo Radice'?°, Gad Rennert'?!, Atocha Romero'??, Thomas Rudiger'??, Emmanouil Saloustros'?*,

Sarah Sampson'?, Dale P. Sandler'?, Elinor J. Sawyer'?’, Rita K. Schmutzler'?812%130 Minouk J. Schoemaker®®,
Ben Schottker' 3" Mark E. Sherman'??, Xiao-Ou Shu'3, Snezhana Smichkoska'?*, Melissa C. Southey®'3>#
John J. Spinelli'*'3/ Anthony J. Swerdlow®®'® Rulla M. Tamimi'°, William J. Tapper®, Jack A. Taylor'26140,
Lauren R.Teras®®, Mary Beth Terry'*', Diana Torres'*’#, Melissa A. Troester'**, Celine M. Vachon'*,

59,60

*Correspondence: montserrat.garcia-closas@nih.gov

Thomas U. Ahearn, Haoyu Zhang, Montserrat Garcia-Closas, and Nilanjan
Chatterjee have contributed equally to this work

! Division of Cancer Epidemiology and GeneticsDepartment of Health
and Human Services, Medical Center Drive, National Cancer Institute,
National Institutes of Health, Rockville, MD, USA

Full list of author information is available at the end of the article

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


https://orcid.org/0000-0003-0771-7752
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13058-021-01484-x&domain=pdf

Ahearn et al. Breast Cancer Research (2022) 24:2

Page 2 of 13

Carolien H. M. van Deurzen'®, Elke M. van Veen°, Philippe Wagner'/, Clarice R. Weinberg'*,
Camilla Wendt”>'%, Jelle Wesseling®'#, Robert Winqvist''®'"° Alicja Wolk'*®'#° Xiaohong R. Yang',
Wei Zheng'®, Fergus J. Couch'®, Jacques Simard'", Peter Kraft'>*'3, Douglas F. Easton®*, Paul D. P. Pharoah”,

Marjanka K. Schmidt®®'>4 Montserrat Garcfa-Closas' " and Nilanjan Chatterjee

155,156t

Abstract

variants

Background: Genome-wide association studies (GWAS) have identified multiple common breast cancer suscepti-
bility variants. Many of these variants have differential associations by estrogen receptor (ER) status, but how these
variants relate with other tumor features and intrinsic molecular subtypes is unclear.

Methods: Among 106,571 invasive breast cancer cases and 95,762 controls of European ancestry with data on 173
breast cancer variants identified in previous GWAS, we used novel two-stage polytomous logistic regression models
to evaluate variants in relation to multiple tumor features (ER, progesterone receptor (PR), human epidermal growth
factor receptor 2 (HER2) and grade) adjusting for each other, and to intrinsic-like subtypes.

Results: Eighty-five of 173 variants were associated with at least one tumor feature (false discovery rate < 5%), most
commonly ER and grade, followed by PR and HER2. Models for intrinsic-like subtypes found nearly all of these variants
(83 of 85) associated at p < 0.05 with risk for at least one luminal-like subtype, and approximately half (41 of 85) of the
variants were associated with risk of at least one non-luminal subtype, including 32 variants associated with triple-
negative (TN) disease. Ten variants were associated with risk of all subtypes in different magnitude. Five variants were
associated with risk of luminal A-like and TN subtypes in opposite directions.

Conclusion: This report demonstrates a high level of complexity in the etiology heterogeneity of breast cancer sus-
ceptibility variants and can inform investigations of subtype-specific risk prediction.

Keywords: Breast cancer, Etiologic heterogeneity, Genetic predisposition, Common breast cancer susceptibility

Introduction

Breast cancer represents a heterogenous group of dis-
eases with different molecular and clinical features[1].
Clinical assessment of estrogen receptor (ER), proges-
terone receptor (PR), human epidermal growth factor
receptor 2 (HER2) and histological grade are routinely
determined to inform treatment strategies and prog-
nostication[2]. Combined, these tumor features define
five intrinsic-like subtypes (i.e., luminal A-like, luminal
B-like/HER2-negative, luminal B-like/HER2-positive,
HER2-positive/non-luminal, and triple-negative) that are
correlated with intrinsic subtypes defined by gene expres-
sion panels[2, 3]. Most known breast cancer risk or pro-
tective factors are related to luminal or hormone receptor
(ER or PR) positive tumors, whereas less is known about
the etiology of triple-negative (TN) tumors, an aggressive
subtype[4, 5].

Breast cancer genome-wide association studies
(GWAS) have identified over 170 common susceptibility
variants, most of them single nucleotide polymorphisms
(SNPs), of which many are differentially associated with
ER-positive than ER-negative disease[6—8]. These include
20 variants that primarily predispose to ER-negative or
TN disease[7, 8]. However, few studies have evaluated

variant associations with other tumor features, or simul-
taneously studied multiple, correlated tumor markers
to identify source(s) of etiologic heterogeneity[7, 9-13].
We recently developed a two-stage polytomous logistic
regression method that efficiently characterizes etiologic
heterogeneity while accounting for tumor marker corre-
lations and missing tumor data[14, 15]. This method can
help describe complex relationships between susceptibil-
ity variants and multiple tumor features, helping to clar-
ify breast cancer subtype etiologies and increasing the
power to generate more accurate risk estimates between
susceptibility variants and less common subtypes. We
recently demonstrated the power of this method in a
GWAS to identify novel breast cancer susceptibility
accounting for tumor heterogeneity[15].

In this report, we sought to expand our understanding
of etiologic heterogeneity across breast cancer subtypes,
by applying the two-stage polytomous logistic regression
methodology to a large study population from the Breast
Cancer Association Consortium (BCAC) for detailed
characterization of risk associations with 173 breast can-
cer risk variants identified by GWASI6, 7] by tumor sub-
types defined by ER, PR, HER2 and tumor grade.
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Methods

Study population and genotyping

The study population and genotyping are described in
previous publications[6, 7] and in the Additional file 3:
Methods. We included invasive cases and controls from
81 BCAC studies with genotyping data from two [llumina
genome-wide custom arrays, the iCOGS and OncoArray
(106,571 cases (OncoArray: 71,788; iCOGS: 34,783) and
95,762 controls (OncoArray: 58,134; iCOGS: 37,628);
Additional file 1: Table S1). All subjects in the study
population were female and of European ancestry, with
European ancestry determined by ancestry informative
GWAS markers as previously described [6]. We evaluated
173 breast cancer risk variants that were identified in or
replicated by prior BCAC analyses to be associated with
breast cancer risk at a p-value threshold p<5.0 x 1078
[6, 7]. Most of these variants (n=153) were identified
because of their association with risk of overall breast
cancer, and a small number of variants (n=20) were
identified because of their association specific to ER-neg-
ative breast cancer (Additional file 1: Table S2). These 173
variants have not previously been simultaneously investi-
gated for evidence of tumor heterogeneity with multiple
tumor markers[6, 7, 15, 16]. Genotypes for the variants
marking the 173 susceptibility loci were determined by
genotyping with the iCOGS and the OncoArray arrays
and imputation to the 1000 Genomes Project (Phase 3)
reference panel.

Statistical analysis

An overview of the analytic strategy is shown in Fig. 1 and
a detailed discussion of the statistical methods, including
the two-stage polytomous logistic regression, are pro-
vided in the Additional file 3: Methods and elsewhere[14,
15]. Briefly, we used two-stage polytomous regression
models that allow modelling of genetic association of
breast cancer accounting for underlying heterogeneity
in associations by combinations of multiple tumor mark-
ers using a parsimonious decomposition of subtype-
specific case—control odds-ratio parameters in terms of
marker-specific case-case odd-ratio parameters[14, 15].
We introduced further parsimony by using the mixed-
effect formulation of the model that allows ER-specific
case-case parameters to be treated as fixed and similar
parameters for other markers (PR, HER2 and grade (as
an ordinal variable)) as random. We used an expecta-
tion—-maximization (EM) algorithm[17] for parameter
estimation under this model to account for missing data
in tumor characteristics.

Our primary aim was to identify which of 173 known
breast cancer susceptibility variants showed heterog-
enous risk associations by ER-, PR- and HER2-status and
tumor grade. This was tested using a global heterogeneity
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test by ER, PR, HER2 and/or grade, with a mixed-effect
two-stage polytomous model (model 1), fitted separately
for each variant. The global null hypothesis was that
there was no difference in risk of breast cancer associated
with the variant genotype across any of the tumor fea-
tures being evaluated. We accounted for multiple testing
(173 tests, one for each variant) of the global heterogene-
ity test using a false discovery rate (FDR) <5% under the
Benjamini—Hochberg procedure[18].

For the variants showing evidence of global heteroge-
neity after FDR adjustment, we further evaluated which
of the tumor features contributed to the heterogene-
ity by fitting a fixed-effects two-stage model (model 2)
that simultaneously tested for associations with each
tumor feature (this model was fitted for each variant
separately). We used a threshold of p<0.05 for marker-
specific tumor heterogeneity tests to describe which
specific tumor marker(s) contributed to the observed
heterogeneity, adjusting for the other tumor markers
in the model. This p-value threshold was used only for
descriptive purposes, as the primary hypotheses were
tested using the FDR-adjusted global test for heteroge-
neity described above.

We conducted additional analyses to explore for evi-
dence of heterogeneity. We fitted a fixed-effect two-stage
model (model 3) to estimate case—control odd ratios
(ORs) and 95% confidence intervals (CI) between the
variants and five intrinsic-like subtypes defined by com-
binations of ER, PR, HER2 and grade: (1) luminal A-like
(ER+and/or PR+, HER2-, grade 1 or 2); (2) luminal
B-like/HER2-negative (ER+and/or PR+, HER2-, grade
3); (3) luminal B-like/HER2-positive (ER+and/or PR+,
HER2 +); (4) HER2-positive/non-luminal (ER- and PR-,
HER2+), and (5) TN (ER-, PR-, HER2-). We also fitted
a fixed-effect two-stage model to estimate case—control
ORs and 95% confidence intervals (CI) with tumor grade
(model 4; defined ordinally as grade 1, grade 2, and grade
3) for the variants associated at p<0.05 only with grade
in case-case comparisons from model 2.

To help describe sources of heterogeneity from dif-
ferent tumor characteristics in models 2 and 3, we per-
formed cluster analyses based on Euclidean distance
calculated from the absolute z-statistics that were esti-
mated by the individual marker-specific tumor hetero-
geneity tests (model 2) and the case—control associations
with risk of intrinsic-like subtypes (model 3). The clusters
were used only for presentation purposes and were not
intended to suggest strictly defined categories, nor are
they intended to suggest the variants are associated with
tumor markers through similar biological mechanisms.
Clustering was performed in R using the function Heat-
map as implemented by the package “Complex Heat-
map” version 3.1[19]. Additional details for calculating
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variants®

173 breast cancer susceptibility

1) Global heterogeneity test (primary analyses) by ER, PR, HER2 and/or grade

FDR<5%

(Model 1, case-case comparisons)b

85 variants

with evidence for heterogeneity
(Figure 2 and Supplementary Figure 1)

2) Marker-specific tumor heterogeneity test for ER, PR, HER2 and grade, adjusting

Pmarker<o‘05

for each other (Model 2, case-case comparisons)©

21 variants with only Pg<0.05,

12 variants with only Pg,4,<0.05,

4 variants with only Ppg<0.05,

1 variant with only Py4,<0.05

29 variants with more than one marker-specific test P<0.05

ER and grade were the most common heterogeneity sources, followed by PR and HER2:

(Figure 2 and Supplementary Figure 1)

3a) Risk association tests with intrinsic-like

Pase-control comparison<0.05 subtypes (model 3, case-control comparisons)d

83 of 85 variants associated with risk of luminal subtypes
41 of 85 variants associated with risk of non-luminal subtypes
32 of 85 variants associated with risk of triple-negative subtype
10 of 85 variants associated with risk of all subtypes
(Figures 3, Supplementary Figures 2-3, and Supplementary Table 3)

Pcase-con(rol comparison<0 .05

3b) Risk association tests with tumor grade for 12
< variants associated exclusively with grade in case-case

comparisons (model 4, case-control comparisons)®

3 of 12 variants predisposing to risk of high-grade subtypes
9 of 12 variants predisposing to risk of low-grade subtypes
(Supplementary Figure 4)

Fig. 1 Overview of the analytic strategy and results from the investigation of 173 known breast cancer susceptibility variants for evidence of
heterogeneity of effect according to the estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2),
and grade. *“We evaluated 173 breast cancer risk variants identified in or replicated by prior BCAC GWAS [6, 7], see Methods and Additional file 3:
Methods sections for more details. "Model 1 (primary analyses): Mixed-effect two-stage polytomous model (ER as fixed-effect, and PR, HER2 and
grade as random-effects) for global heterogeneity tests (i.e. case-case comparisons from stage 2 of the two-stage model) between each individual
risk variant and any of the tumor features (separate models were fit for each variant). “Model 2: Fixed-effect two-stage polytomous model for
marker-specific tumor heterogeneity tests (i.e. case-case comparisons from stage 2 of the two-stage model) between each individual variant and
each of the tumor features (ER, PR, HER2, and grade), mutually adjusted for each other (separate models were fit for each variant). dModel 3: Fixed
effect two-stage polytomous model for risk associations with intrinsic-like subtypes (i.e. case—control comparisons from stage 1 of the two-stage

model): luminal A-like, luminal B-like/HER2-negative, luminal B-like/HER2-positive, HER2-positive/non-luminal, and triple-negative. “Model 4: Fixed
effect two-stage polytomous model for risk associations with tumor grade (i.e. case—control comparisons from stage 1 of the two-stage model) for
the 12 variants associated at p <0.05 only with grade in case-case comparisons (from model 2): grade 1, grade 2, and grade 3

Euclidean distance using absolute z-statistics are pro-
vided in Additional file 3: Methods.

We performed sensitivity analyses, in which we esti-
mated the ORs and 95% CI between the variants and the
intrinsic-like subtypes by implementing a standard poly-
tomous model that defined the intrinsic-like subtypes
using only the available tumor markers data (not using
the EM algorithm to account for missing data in tumor
markers). We analyzed OncoArray and iCOGS array data
separately for all analyses, adjusting for the first ten prin-
cipal components for ancestry-informative variants, and
then meta-analyzed the results.

Results

The mean (SD) ages at diagnosis (cases) and enroll-
ment (controls) were 56.6 (12.2) and 56.4 (12.2) years,
respectively. Among cases with information on the cor-
responding tumor marker, 81% were ER-positive, 68%

PR-positive, 83% HER2-negative and 69% grade 1 or
2 (Table 1; see Additional file 1: Table S1 for details by
study). Additional file 1: Table S3 shows the correla-
tion between the tumor markers. ER was positively cor-
related with PR (r=0.61) and inversely correlated with
HER2 (r=-0.16) and grade (r=-0.39). The most com-
mon intrinsic-like subtype was luminal A-like (54%),
followed by TN (14%), luminal B-like/HER2-negative
(13%), Luminal B-like/HER2-positive (13%) and HER2-
positive/non-luminal (6%; Table 1). These frequen-
cies varied across BCAC studies because the studies
were diverse in both design and country of origin (Addi-
tional file 1: Table S1). Notably, there is little population-
based data on the frequencies of intrinsic-like subtypes
[20, 21]. The overall frequencies in our study population
are generally similar to those reported by SEER for non-
Hispanic white females and the Scottish cancer registry
[20, 21]; however, given the diverse sources of our data,
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they are not directly comparable to country-specific can-
cer registries.

Figure 1 shows an overview of the analytic strategy and
results from three main analyses performed separately
for each variant: 1) global test for heterogeneity by all
tumor markers (model 1; primary hypothesis), 2) marker-
specific tumor test for heterogeneity for each marker,
adjusting for the others (model 2), and 3) estimation of
case—control ORs (95%ClIs) by intrinsic-like subtypes
(model 3) and by grade (model 4).

Global test for heterogeneity by tumor markers (primary
hypothesis)

Mixed-effects two-stage models (model 1) were fitted for
each of the 173 variants separately and included terms for
ER, PR, HER2 and grade to test for global heterogeneity
by any of the tumor features (case-case comparison). This
model identified 85 of 173 (49.1%) variants with evidence
of heterogeneity by at least one tumor feature (FDR <5%;
Figs. 1, 2; Additional file 1: Fig. S1).

Marker-specific tumor test for heterogeneity for each
marker, adjusting for other markers

Fixed-effects two-stage models (model 2) were used to
test which of the correlated tumor markers was respon-
sible for the observed global heterogeneity (case-case
comparison). Figure 2 and Additional file 1: Fig. S1 show
results of these analyses clustered by case-case z-values
of associations between susceptibility variants and each
tumor marker for the 173 variants. For the 85 variants
with observed global heterogeneity, these analyses iden-
tified ER and grade as the two features that most often
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contributed to the observed heterogeneity (45 and 33
variants had marker-specific p<0.05 for ER and grade,
respectively), and 29 variants were associated with more
than one tumor feature (Figs. 1, 2, Additional file 1:
Fig. S1). Eighteen of these 85 variants showed no asso-
ciations with any individual tumor marker at p<0.05
(Fig. 2, Additional file 1: Fig. S1). Twenty-one variants
were associated at p<0.05 only with ER, 12 variants
only with grade, four variants only with PR and one vari-
ant only with HER2 (Fig. 2, Additional file 1: Fig. S1, see
footnotes).

Estimation of case-control ORs (95%Cls) by intrinsic-like
subtypes (model 3)

Fixed-effects two-stage models for intrinsic-like sub-
types (model 3) were fitted for each of the 85 variants
with evidence of global heterogeneity to estimate ORs
(95% Cls) for risk associations with each subtype (case—
control comparisons). Additional file 1: Fig. S2 shows a
summary of these analyses for the 85 variants, clustered
by case—control z-value of association between suscep-
tibility variants and breast cancer intrinsic-like subtypes,
and Additional file 2: Fig. S3 shows forest plots for asso-
ciations with risk by tumor subtypes. Nearly all (83 of 85)
variants were associated with risk (p<0.05) for at least
one luminal-like subtype, and approximately half (41 of
85) of the variants were associated with risk of at least
one non-luminal subtype, including 32 variants that were
associated with risk of TN disease (Fig. 1, Additional
file 1: Fig. S2 footnote ‘h’). Ten variants were associated
with risk of all subtypes (Fig. 1, Additional file 1: Fig. S2
footnote §’). Below we describe examples of groups of

Grade
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P-value of association between susceptibility variant and tumor marker
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Fig. 2 Heatmap of the z-values from the fixed-effects two-stage polytomous model for marker-specific heterogeneity tests (case-case comparison
from model 2) for the association between each of the 173 breast cancer susceptibility variants and estrogen receptor (ER), progesterone receptor
(PR), human epidermal growth factor receptor 2 (HER2) or grade, adjusting for principal components and each tumor marker. Columns represent
individual variants. For more detailed information on the context of the figure, see Additional file 1: Fig. S1
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human epidermal growth factor receptor 2 (HER2) and grade

® Model 1, mixed-effects two-stage polytomous model testing for global heterogeneity according to estrogen receptor (ER), progesterone receptor (PR),

¢ Predicted target genes as reported in Fachal L, et al. Nature genetics 2020; 52 (1), 56-73

4 Luminal A-like (ER+ and/or PR+, HER2-, grade 1 & 2); Luminal B-like/HER2-negative (ER+ and/or PR+, HER2-, grade 3); luminal B-like/HER2-positive (ER+

and/or PR+, HER2+); HER2-positive/non-luminal (ER- and PR-, HER2+), and triple-negative (ER-, PR-, HER2-)
Fig. 3 Results from fixed-effects two-stage polytomous models for risk associations® with intrinsic-like subtypes (model 3) for variants with
evidence of heterogeneity by tumor markers in the two-stage model (model1)?; panels show examples of variants (a) most strongly associated
with luminal-like subtypes, (b) most strongly associated with TN subtypes, (c) associated with all subtypes with varying strengths of association, and
(d) associated with luminal A-like and TN subtypes in different directions. See Additional file 1: Fig. S2 for more details

variants associated with different patterns of associations
with intrinsic subtypes (Fig. 3 a-d).

Two variants in linkage disequilibrium (LD, r*=0.73)
at 10q26.13 (rs2981578 and rs35054928) and 16q12.1-
rs4784227 had the strongest evidence of association with
risk of luminal-like subtypes (Fig. 3a, Additional file 1:
Fig. S2). The two variants at 10q26.13 showed no evi-
dence of associations with TN subtypes, and a weaker
association with HER2-positive/non-luminal subtype.
In contrast, 16q12.1-rs4784227 was strongly associated

with risk of all luminal-like subtypes and, weaker so, with
risk of HER2-positive/non-luminal and TN subtypes
(Figs. 3a, Additional file 1: Fig. S2).

Three variants  19p13.11-rs67397200, 5p15.33-
rs10069690 and 1q32.11-rs4245739 showed the strongest
evidence of associations with risk of TN disease. All three
of these variants showed weaker or no evidence of associ-
ations with risk of the other subtypes (Fig. 3b, Additional
file 1: Fig. S2).
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Table 1 Distribution of estrogen receptor (ER), progesterone
receptor (PR), human epidermal growth factor receptor 2 (HER2),
and grade and the intrinsic-like subtypes for cases of invasive
breast cancer in studies from the Breast Cancer Consortium
Association

Tumor marker N (%)

ER
Negative 16,900 (19%)
Positive 70,030 (81%)
Unknown 19,641

PR
Negative 24,283 (32%)
Positive 51,603 (68%)
Unknown 30,685

HER2
Negative 47,693 (83%)
Positive 9,529 (17%)
Unknown 49,349

Grade
1 15,583 (20%)
2 37,568 (49%)
3 24,382 (31%)
Unknown 29,038

Intrinsic-like subtypes
Luminal A-like 27,510 (54%)
Luminal B-like/HER2-negative 6,804 (13%)
Luminal B-like/HER2-positive 6,511 (13%)
HER2-positive/non-luminal 2,797 (6%)
Triple-negative 7,178 (14%)
Unknown 55,771

Luminal A-like (ER+and/or PR+, HER2-, grade 1 & 2); Luminal B-like/HER2-
negative (ER+and/or PR+, HER2-, grade 3); Luminal B-like/HER2-positive
(ER+and/or PR+, HER2 +); HER2-positive/non-luminal (ER- and PR-, HER2 +),
and triple-negative (ER-, PR-, HER2-)

Two variants in low LD (r*=0.17) at 6q25, rs9397437 and
rs3757322, and a third variant in 6q25, rs2747652, which
was not in LD (r><0.01) with rs9397437 or rs3757322,
showed strong evidence of being associated with risk of
all subtypes. rs9397437 and rs3757322 were most strongly
associated with risk of TN disease. rs2747652 was most
strongly associated with risk of HER2-positive subtypes
(Figs. 3¢, Additional file 1: Fig. S2).

Five variants were associated with risk of luminal A-like
disease in an opposite direction to their association with
risk of TN disease. 1q32.1-rs6678914, 2p23.2-rs4577244,
and 19p13.11-rs67397200 had weaker evidence of asso-
ciations with risk of luminal A-like disease compared
to associations with risk of TN disease, and 10p12.31-
rs7072776 and 22q12.1-rs17879961 (1157T) had stronger
evidence of an association with risk of luminal A-like
disease compared to their association with risk of TN
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disease (Fig. 3d, Additional file 1: Fig. S2, for rs67397200
see Fig. 3b).

Estimation of case-control ORs (95%Cls) by tumor grade
(model 4)

Case—control associations by tumor grade for the 12 var-
iants that were observed associated at p<0.05 only with
grade in case-case comparisons are shown in Additional
file 2: Fig. S4. 13q13.1-rs11571833, 1p22.3-rs17426269
and 11q24.3-rs11820646 showed stronger evidence for
predisposing to risk of high-grade subtypes, and the
remaining variants showed stronger evidence for predis-
posing to risk of low-grade subtypes.

When limiting analyses to cases with intrinsic-like sub-
types defined only by available tumor marker data, results
from case—control analyses were similar, but less precise
than results from the two-stage polytomous regression
model using the EM algorithm to account for missing
tumor marker data (Additional file 1: Table S4).

Discussion

This study demonstrates the extent and complexity of
genetic etiologic heterogeneity among 173 breast can-
cer risk variants by multiple tumor characteristics, using
novel methodology in the largest and the most com-
prehensive investigation conducted to date. We found
compelling evidence that about half of the investigated
breast cancer susceptibility loci (85 of 173 variants) pre-
dispose to tumors with different characteristics. We iden-
tified tumor grade, along with confirming ER status, as
important determinants of etiologic heterogeneity. Asso-
ciations with individual tumor features translated into
differential associations with the risk of intrinsic-like sub-
types defined by their combinations.

Many of the variants with evidence of global hetero-
geneity predisposed to risk of multiple subtypes, but
with different magnitudes. For example, three vari-
ants identified in early GWAS for overall breast cancer,
FGFR2 (rs35054928 and rs2981578)[22, 23] and 8q24.21
(rs13281615)[22], were associated with luminal-like
and HER2-positive/non-luminal subtypes, but not with
TN disease. rs4784227 located near TOX3[22, 24] and
rs62355902 located in a MAP3KI[22] regulatory ele-
ment, were associated with risk of all five subtypes. Of
the five variants found associated in opposite direc-
tions with luminal A-like and TN disease, we previously
reported rs6678914 and rs4577244 to have opposite
effects between ER-negative and ER-positive tumors[7].
rs17879961 (1157T), a likely causal[16] missense variant
located in a CHEK2 functional domain that reduces or
abolishes substrate binding[25], was previously reported
to have opposite directions of effects on lung adeno-
carcinoma and lung squamous cell carcinoma and for
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lung cancer between smokers and non-smokers[26, 27].
Moreover, the risk association of rs17879961 has been
reported to vary across tissue locations/cell-types, as this
variant has been associated with a higher risk of pancre-
atic ductal adenocarcinoma [28], chronic lymphocytic
leukemia [29], and colorectal cancer [30], and also asso-
ciated with a lower risk of aerodigestive squamous cell
carcinoma [31] and ovarian cancer [32]. To our knowl-
edge, rs67397200 and rs7072776 have not previously
been shown to be associated with subtypes in opposite
directions. In a prior breast cancer GWAS that applied
the two-stage polytomous model for risk variant discov-
ery, we also identified five variants associated with risk
of luminal A-like and TN disease in opposite directions
[15]. Overall, these findings suggest that the same biolog-
ical pathway has opposite effects on the susceptibility to
different tumor types. This interpretation is supported by
functional characterization of rs36115365, a variant on
5p15.33, which was found to have similar cis-regulatory
effects on TERT in multiple cancers cell lines from dif-
ferent cancers, but was associated with a higher risk of
pancreatic and testicular cancer and a lower risk of lung
cancer [33]. Alternatively, a causal variant may differently
influence cis-gene regulation and/or alter different bio-
logical pathways depending on the cell or tissue of ori-
gin [34]. Further studies of these variants are required
to clarify the biological mechanisms for these apparent
cross-over effects.

In prior ER-negative GWAS, we identified 20 vari-
ants that predispose to ER-negative disease, of which
five variants were only or most strongly associated with
risk of TN disease (rs4245739, rs10069690, rs74911261,
rs11374964, and rs67397200)[7, 8]. We confirmed these
five variants to be most strongly associated with TN
disease. The remaining previously identified 15 variants
all showed associations with risk of non-luminal sub-
types, especially TN disease, and for all but four variants
(rs17350191, rs200648189, rs6569648, and rs322144),
evidence of global heterogeneity was observed.

Little is known regarding PR and HER2 as sources of
etiologic heterogeneity independent of ER status. Of the
four variants that showed evidence of heterogeneity only
according to PR, rs10759243[6, 35], rs11199914(36] and
rs72749841[6] were previously found primarily associ-
ated with risk of ER-positive disease, and rs10816625
was found to be associated with risk of ER-positive/PR-
positive tumors, but not other ER/PR combinations[12].
rs10995201 was the only variant found in case-case
comparisons to be solely associated with HER2 status,
although the evidence was not strong, requiring fur-
ther confirmation. Previously, rs10995201 showed no
evidence of being associated with ER status[37]. Most
variants associated with PR or HER2, had not been
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investigated for PR or HER2 heterogeneity while adjust-
ing for ER[9-13]. We previously reported rs10941679
to be associated with PR-status, independent of ER, and
also with grade[10]. We also found suggestive evidence
of PR-specific heterogeneity for 16q12-rs3803662[13],
which is in high LD (r>=0.78) with rs4784227 (TOX3),
a variant strongly associated with PR status. Our find-
ings for rs2747652 are also consistent with a prior BCAC
fine-mapping analysis across the ESRI locus, which
found rs2747652 to be associated with risk of the HER2-
positive/non-luminal subtype and high grade independ-
ent of ER[9]. rs2747652 overlaps an enhancer region
and is associated with reduced ESRI and CCDCI70
expression[9].

Histologic grade is a composite of multiple tumor char-
acteristics, including mitotic count, nuclear pleomor-
phism, and degree of tubule or gland formation, therefore
susceptibility variants associated with tumor grade could
affect multiple biological pathways [38]. Evidence from
comparisons of tumor morphology and genomic and
molecular alterations suggest that tumor grade is likely
a ‘stable’ tumor feature and does not progress from low-
to high-grade [39-42], thus the variants associated with
grade are likely not associated with grade progression.
Among the 12 variants identified with evidence of het-
erogeneity by grade only, rs17426269, rs11820646, and
rs11571833 were most strongly associated with risk of
grade 3 disease. rs11571833 lies in the BRCA2 coding
region and produces a truncated form of the protein[43]
and has been shown to be associated with both risk of TN
disease and risk of serous ovarian tumors, both of which
tend to be high-grade[44]. To our knowledge, rs17426269
and rs11820646 have not been investigated in relation to
grade heterogeneity. The remaining nine variants were all
more strongly associated with grade 1 or grade 2 disease.
Six of these variants were previously reported to be asso-
ciated primarily with ER-positive disease[6, 36, 45, 46],
highlighting the importance of accounting for multiple
tumor characteristics to better illuminate heterogeneity
sources.

We identified 18 variants with evidence of global het-
erogeneity (FDR < 5%), but no significant (marker-specific
p<0.05) associations with any of the individual tumor
characteristic(s). This is likely explained by the fact that
the test for association with specific tumor markers using
fixed-effects models is less powerful than mixed-effects
models used to test the primary hypothesis of global het-
erogeneity by any tumor marker[14].

To help describe and visualize the strength of the evi-
dence for common heterogeneity patterns, we performed
clustered analyses of z-values for tumor marker-specific
heterogeneity tests and case—control associations with
risk of intrinsic-like subtypes. Because they are based on
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z-values, these clusters reflect differences in sample size
and statistical power to detect associations between vari-
ants and specific tumor subtypes. Thus, clusters should
not be interpreted as strictly defined categories.

A major strength of our study is our large sample size
of over 100,000 breast cancer cases with tumor marker
information, and a similar number of controls, making
this the largest, most comprehensive breast cancer het-
erogeneity investigation. Our application of the two-stage
polytomous logistic regression enabled adjusting for
multiple, correlated tumor markers and accounting for
missing tumor marker data. This is a more powerful and
efficient modeling strategy for identifying heterogeneity
sources among highly correlated tumor markers, com-
pared with standard polytomous logistic regression[14,
15]. In simulated and real data analyses, we have demon-
strated that in the presence of heterogenous associations
across subtypes, the two-stage model is more powerful
than polytomous logistic regression for detecting het-
erogeneity. Moreover, we have demonstrated that in the
presence of correlated markers, the two-stage model,
incorporating all markers simultaneously, has a much
better ability to distinguish the true source(s) of hetero-
geneity than testing for heterogeneity by analyzing one
marker at a time[14, 15]. In prior analyses, we showed
that the two-stage polytomous regression is a power-
ful approach to identify susceptibility variants that dis-
play tumor heterogeneity[15]. Notably, in this prior
investigation we excluded the genomic regions in which
the 173 variants that were investigated in this work are
located[15].

Our study also has some limitations. First, many
breast cancer cases from studies included in this report
had missing information on one or more tumor char-
acteristics. ER tumor status data was available for 81%
of cases, but missing data for the other tumor markers
ranged from 27 to 46%. To address this limitation, we
implemented an EM algorithm that allowed a powerful
analysis to incorporate cases with missing tumor charac-
teristics under the assumption that tumor characteristics
are missing at random (MAR), i.e., the underlying reason
for missing data may depend on observed tumor mark-
ers or/and covariate values, but not on the missing val-
ues themselves[47]. If this assumption is violated it can
lead to an inflated type-one error[14]. However, in the
context of genetic association testing, the missingness
mechanism would also need to be related to the genetic
variants under study, which is unlikely. The 88 variants
that did not meet the p-value threshold for significant
heterogeneity in the global test, are likely to represent a
combination of variants that are associated with risk of
all investigated tumor subtypes with similar effects and
variants for which we lacked power to detect evidence of
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global heterogeneity due to weak effect sizes or uncom-
mon allele frequencies. In addition, our study focused on
investigating ER, PR, HER2, and grade as heterogeneity
sources; future studies with more detailed tumor charac-
terization could reveal additional etiologic heterogeneity
sources.

Conclusion

Our findings provide insights into the complex etiologic
heterogeneity patterns of common breast cancer suscep-
tibility loci. These findings may inform future studies,
such as fine-mapping and functional analyses to iden-
tify the underlying causal variants, clarifying biological
mechanisms that drive genetic predisposition to breast
cancer subtypes. Moreover, these analyses provide pre-
cise relative risk estimates for different intrinsic-like sub-
types that could improve the discriminatory accuracy of
subtype-specific polygenic risk scores [48].
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