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Ben Schöttker, PhD,13,97 Fredrick Schumacher, PhD,98 Christopher Scott, MS ,88 Rodney J. Scott, PhD,99–101

Xiao-Ou Shu, MD,20 Ann Smeets, PhD,102 Melissa C. Southey, PhD,60,103,104 John J. Spinelli, PhD,105,106

Jennifer Stone, PhD,59,107 Anthony J. Swerdlow, DSc ,76,108 Rulla M. Tamimi, PhD,48,49,57 Jack A. Taylor, PhD,89,109

Melissa A. Troester, PhD,90 Celine M. Vachon, PhD,110 Elke M. van Veen, MSc,50,51 Xiaoliang Wang, PhD,6,7

Clarice R. Weinberg, PhD,111 Caroline Weltens, PhD,112 Walter Willett, DrPH,49,113,114 Stacey J. Winham, PhD,115

Alicja Wolk, Dr Med Sci,64,116 Xiaohong R. Yang, PhD ,4 Wei Zheng, PhD,20 Argyrios Ziogas, PhD ,12

Alison M. Dunning, PhD,117 Paul D. P. Pharoah, PhD ,3,117 Marjanka K. Schmidt, PhD,77,118 Peter Kraft, PhD ,49,57

B
R

IE
F

C
O

M
M

U
N

IC
A

T
IO

N

Received: August 13, 2019; Revised: March 30, 2020; Accepted: April 23, 2020

© The Author(s) 2020. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

329

JNCI J Natl Cancer Inst (2021) 113(3): djaa056

doi: 10.1093/jnci/djaa056
First published online May 2, 2020
Brief Communication

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article/113/3/329/5828224 by U

niversity of N
ew

castle user on 02 M
arch 2022

http://orcid.org/0000-0001-5503-8215
http://orcid.org/0000-0001-7831-6660
http://orcid.org/0000-0002-9714-104X
http://orcid.org/0000-0003-4591-1214
http://orcid.org/0000-0002-9139-0627
http://orcid.org/0000-0003-0771-7752
http://orcid.org/0000-0002-9603-0110
http://orcid.org/0000-0001-9320-8684
http://orcid.org/0000-0002-7692-6518
http://orcid.org/0000-0002-2324-3393
http://orcid.org/0000-0002-9060-008X
http://orcid.org/0000-0002-1878-2587
http://orcid.org/0000-0002-5138-1099
http://orcid.org/0000-0002-7692-3560
http://orcid.org/0000-0002-3171-1556
http://orcid.org/0000-0001-6713-4351
http://orcid.org/0000-0003-4946-9099
http://orcid.org/0000-0002-5640-9126
http://orcid.org/0000-0001-5294-5485
http://orcid.org/0000-0001-5053-0390
http://orcid.org/0000-0003-2866-942X
http://orcid.org/0000-0002-8512-068X
http://orcid.org/0000-0001-6298-332X
http://orcid.org/0000-0002-6776-0018
http://orcid.org/0000-0003-1340-0647
http://orcid.org/0000-0001-5550-4159
http://orcid.org/0000-0003-4451-8664
http://orcid.org/0000-0003-4529-3727
http://orcid.org/0000-0001-8494-732X
http://orcid.org/0000-0002-4472-8103
https://academic.oup.com/


Douglas F. Easton, PhD ,3,117 Roger L. Milne, PhD,58–60 Montserrat Garc�ıa-Closas, DrPH,4,‡

Jenny Chang-Claude, PhD1,86,*,‡

1Division of Cancer Epidemiology, German Cancer Research Center (DKFZ), Heidelberg, Germany; 2Faculty of Medicine, University of Heidelberg, Heidelberg, Germany;
3Centre for Cancer Genetic Epidemiology, Department of Public Health and Primary Care, University of Cambridge, Cambridge, UK; 4Division of Cancer Epidemiology
and Genetics, Department of Health and Human Services, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA; 5Department of Epidemiology,
Gillings School of Global Public Health, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA; 6Department of Epidemiology, University of Washington
School of Public Health, Seattle, WA, USA; 7Public Health Sciences Division, Fred Hutchinson Cancer Research Center, Seattle, WA, USA; 8Biostatistics Unit and the
Cyprus, School of Molecular Medicine, Cyprus Institute of Neurology & Genetics, Nicosia, Cyprus; 9Clalit National Cancer Control Center, Carmel Medical Center and
Technion Faculty of Medicine, Haifa, Israel; 10Fred A. Litwin Center for Cancer Genetics, Lunenfeld-Tanenbaum Research Institute of Mount Sinai Hospital, Toronto,
ON, Canada; 11Department of Molecular Genetics, University of Toronto, Toronto, ON, Canada; 12Department of Epidemiology, Genetic Epidemiology Research
Institute, University of California Irvine, Irvine, CA, USA; 13Division of Clinical Epidemiology and Aging Research, C070, German Cancer Research Center (DKFZ),
Heidelberg, Germany; 14Department of Public Health Sciences and Cancer Research Institute, Queen’s University, Kingston, ON, Canada; 15Cancer Prevention Program,
Fred Hutchinson Cancer Research Center, Seattle, WA, USA; 16Zilber School of Public Health, University of Wisconsin-Milwaukee, Milwaukee, WI, USA; 17Institute of
Medical Biometry and Epidemiology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany; 18Institute of Biometry and Clinical Epidemiology, Charit�e-
Universit€atsmedizin Berlin, Berlin, Germany; 19Department of Gynecology and Obstetrics, Comprehensive Cancer Center ER-EMN, University Hospital Erlangen,
Friedrich-Alexander-University Erlangen-Nuremberg, Erlangen, Germany; 20Division of Epidemiology, Department of Medicine, Vanderbilt Epidemiology Center,
Vanderbilt-Ingram Cancer Center, Vanderbilt University School of Medicine, Nashville, TN, USA; 21Centro de Investigaci�on en Red de Enfermedades Raras (CIBERER),
Madrid, Spain; 22Human Cancer Genetics Programme, Spanish National Cancer Research Centre (CNIO), Madrid, Spain; 23Department of Population Sciences, Beckman
Research Institute of City of Hope, Duarte, CA, USA; 24Copenhagen General Population Study, Herlev and Gentofte Hospital, Copenhagen University Hospital, Herlev,
Denmark; 25Department of Clinical Biochemistry, Herlev and Gentofte Hospital, Copenhagen University Hospital, Herlev, Denmark; 26Faculty of Health and Medical
Sciences, University of Copenhagen, Copenhagen, Denmark; 27Dr Margarete Fischer-Bosch-Institute of Clinical Pharmacology, Stuttgart, Germany; 28iFIT-Cluster of
Excellence, University of Tuebingen, Tuebingen, Germany; 29German Cancer Consortium (DKTK), German Cancer Research Center (DKFZ), Heidelberg, Germany;
30Division of Preventive Oncology, German Cancer Research Center (DKFZ) and National Center for Tumor Diseases (NCT), Heidelberg, Germany; 31Institute for
Prevention and Occupational Medicine of the German Social Accident Insurance, Institute of the Ruhr University Bochum (IPA), Bochum, Germany; 32Department of
Biology, University of Pisa, Pisa, Italy; 33Genomic Epidemiology Group, German Cancer Research Center (DKFZ), Heidelberg, Germany; 34Genomic Medicine Group,
Galician Foundation of Genomic Medicine, Instituto de Investigaci�on Sanitaria de Santiago de Compostela (IDIS), Complejo Hospitalario Universitario de Santiago,
SERGAS, Santiago de Compostela, Spain; 35Centro de Investigaci�on en Red de Enfermedades Raras (CIBERER) y Centro Nacional de Genotipado (CEGEN-PRB2),
Universidad de Santiago de Compostela, Santiago De Compostela, Spain; 36Behavioral and Epidemiology Research Group, American Cancer Society, Atlanta, GA, USA;
37Oncology and Genetics Unit, Instituto de Investigacion Sanitaria Galicia Sur (IISGS), Xerencia de Xestion Integrada de Vigo-SERGAS, Vigo, Spain; 38Department of
Biostatistics, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, MD, USA; 39Department of Oncology, School of Medicine, Johns Hopkins
University, Baltimore, MD, USA; 40Department of Genetics and Computational Biology, QIMR Berghofer Medical Research Institute, Brisbane, Queensland, Australia;
41Westmead Institute for Medical Research, University of Sydney, Sydney, New South Wales, Australia; 42Department of Laboratory Medicine and Pathology, Mayo
Clinic, Rochester, MN, USA; 43Sheffield Institute for Nucleic Acids (SInFoNiA), Department of Oncology and Metabolism, University of Sheffield, Sheffield, UK;
44Academic Unit of Pathology, Department of Neuroscience, University of Sheffield, Sheffield, UK; 45Department of Medical Epidemiology and Biostatistics, Karolinska
Institutet, Stockholm, Sweden; 46Lineberger Comprehensive Cancer Center, University of North Carolina at Chapel Hill, Chapel Hill, NC, USA; 47Institute of Human
Genetics, University Hospital Erlangen, Friedrich-Alexander University Erlangen-Nuremberg, Comprehensive Cancer Center Erlangen-EMN, Erlangen, Germany;
48Channing Division of Network Medicine, Department of Medicine, Brigham and Women’s Hospital and Harvard Medical School, Boston, MA, USA; 49Department of
Epidemiology, Harvard T.H. Chan School of Public Health, Boston, MA, USA; 50Division of Evolution and Genomic Sciences, School of Biological Sciences, Faculty of
Biology, Medicine and Health, University of Manchester, Manchester Academic Health Science Centre, Manchester, UK; 51North West Genomics Laboratory Hub,
Manchester Centre for Genomic Medicine, St Mary’s Hospital, Manchester University NHS Foundation Trust, Manchester Academic Health Science Centre, Manchester,
UK; 52David Geffen School of Medicine, Department of Medicine Division of Hematology and Oncology, University of California at Los Angeles, Los Angeles, CA, USA;
53Usher Institute of Population Health Sciences and Informatics, The University of Edinburgh Medical School, Edinburgh, UK; 54Cancer Research UK Edinburgh Centre,
Edinburgh, UK; 55School of Public Health, Curtin University, Perth, Western Australia, Australia; 56Moores Cancer Center, University of California San Diego, La Jolla,
CA, USA; 57Program in Genetic Epidemiology and Statistical Genetics, Harvard T.H. Chan School of Public Health, Boston, MA, USA; 58Cancer Epidemiology Division,
Cancer Council Victoria, Melbourne, Victoria, Australia; 59Centre for Epidemiology and Biostatistics, Melbourne School of Population and Global Health, The University
of Melbourne, Melbourne, Victoria, Australia; 60Precision Medicine, School of Clinical Sciences at Monash Health, Monash University, Clayton, Victoria, Australia;
61Cancer & Environment Group, Center for Research in Epidemiology and Population Health (CESP), INSERM, University Paris-Sud, University Paris-Saclay, Villejuif,
France; 62Department of Gynaecology and Obstetrics, University Hospital Erlangen, Friedrich-Alexander University Erlangen-Nuremberg, Comprehensive Cancer
Center Erlangen-EMN, Erlangen, Germany; 63Department of Preventive Medicine, Keck School of Medicine, University of Southern California, Los Angeles, CA, USA;
64Institute of Environmental Medicine, Karolinska Institutet, Stockholm, Sweden; 65Department of Oncology, Södersjukhuset, Stockholm, Sweden; 66Molecular
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Abstract

We evaluated the joint associations between a new 313-variant PRS (PRS313) and questionnaire-based breast cancer risk fac-
tors for women of European ancestry, using 72 284 cases and 80 354 controls from the Breast Cancer Association Consortium.
Interactions were evaluated using standard logistic regression and a newly developed case-only method for breast cancer
risk overall and by estrogen receptor status. After accounting for multiple testing, we did not find evidence that per-standard
deviation PRS313 odds ratio differed across strata defined by individual risk factors. Goodness-of-fit tests did not reject the as-
sumption of a multiplicative model between PRS313 and each risk factor. Variation in projected absolute lifetime risk of breast
cancer associated with classical risk factors was greater for women with higher genetic risk (PRS313 and family history) and,
on average, 17.5% higher in the highest vs lowest deciles of genetic risk. These findings have implications for risk prevention
for women at increased risk of breast cancer.

Precision prevention and early detection of cancer is a key aim
of cancer research and uses tools such as risk prediction models
for risk stratification (1,2). Many breast cancer risk prediction
models are focused either on classical risk factors or on inher-
ited mutations causing a moderate-to-high risk of cancer and
do not include risk associated with common susceptibility var-
iants (3). Modeling the joint associations of genetic and classical
risk factors could result in substantial improvement in risk
stratification and therefore improved prevention and screening
modalities for breast cancer (4–7).

Combined associations of single nucleotide polymorphisms
(SNPs) can be summarized by a polygenic risk score (PRS);
women in the top 1% of the newly derived 313-SNP PRS (PRS313)
have a fourfold increased risk of breast cancer than women at
population-average risk (8). Previous studies, which evaluated
combined associations between classical risk factors and breast
cancer PRS based on 77 SNPs (9) and 24 SNPs (10), found weak or
no evidence of departure from the multiplicative risk assump-
tion for overall breast cancer. In the current study, we extend
these analyses to assess the combined associations of the
PRS313 and classical risk factors using data from the Breast
Cancer Association Consortium (BCAC). This new PRS has been
validated by prospective studies and shown to be more predic-
tive than the previously reported 77-SNP PRS (11) for risk of
breast cancer overall as well as for estrogen receptor (ER)
subtype-specific breast cancer (8). Additionally, this study found
evidence of interaction for ER-positive disease between PRS313

and family history, indicating the need to consider the joint
effects of these 2 factors (8).

Detailed information on study samples, genetic data, and
risk factor data is provided in the Supplementary Materials
(available online). Briefly, we performed analyses using data
from women of European ancestry from 16 prospective cohorts,
14 population-based case-control studies, and 16
nonpopulation-based studies included in BCAC (Supplementary
Table 1, available online). Samples were genotyped using 2
arrays: iCOGS (12) and OncoArray (13–15). Risk factor data were
derived with respect to a reference age (date at diagnosis for
cases and date at interview for controls). Development of the
PRS is briefly explained in Supplementary Materials (available

online) (8). We standardized the PRS to have unit standard devi-
ation for the controls.

Departure from the assumption of multiplicative combined
effects of standardized PRS313 and each risk factor was assessed
using two methods: unconditional logistic regression model and
likelihood ratio test, and a newly developed case-only method,
which assumes independence between PRS and risk factors in the
underlying population and has greater efficiency compared with
logistic regression (16). Individual models were fitted for each PRS-
risk factor combination for overall and ER-specific breast cancer.
Models were adjusted for reference age, study, and corresponding
10 ancestry-informative principal components for each array.
Array-specific results were meta-analyzed using a fixed-effect in-
verse-variance weighted method. To evaluate global goodness-of-
fit of the multiplicative model between PRS313 and each risk factor,
we performed the Hosmer-Lemeshow test using population-based
studies. Moreover, we assessed goodness-of-fit at the extremes of
the distribution (tails) using a tail-based test (17). Using the iCARE-
BPC3 model (4), we projected absolute lifetime risk of breast cancer
for 50-year-old white non-Hispanic US women up to aged 80 years.
We assessed the distribution of risk because of classical (ie, men-
strual and reproductive and lifestyle) and modifiable risk factors,
respectively, within categories of risk defined by genetic factors (ie,
breast cancer family history and PRS313).

Associations between PRS313 and overall and ER-specific
breast cancer risk are likely to be overestimated because there
was substantial overlap between the SNP discovery samples
and our dataset (Supplementary Figure 1, available online). The
number of cases and controls varied for each risk factor, ranging
from 61 617 cases and 74 698 controls for ever parous to 14 576
cases and 19 640 controls for pack-years smoked for overall
breast cancer risk (Supplementary Table 2, available online).
Based on the population-based case-control and prospective co-
hort studies, the associations of the risk factors with overall and
ER subtype-specific breast cancer were of the expected magni-
tude and direction (Supplementary Table 3, available online).

After accounting for multiple testing using Bonferroni ad-
justment (Pint < .05/16¼ .003), none of the interactions between
PRS313 and any classical risk factor was statistically significant
except for family history (Table 1). All statistical tests were 2-
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Figure 1. Distribution of absolute lifetime risk explained by (a) all classical risk factors and (b) modifiable classical risk factors within decile categories of genetic risk,

due to 313-variant polygenic risk score (PRS) and family history, for 50-year-old white non-Hispanic women in the United States before aged 80 years. The solid hori-

zontal lines represent the mean risk within each decile, and the dashed horizontal line across the plot represents the population lifetime mean risk (10.9%). Lifetime

risk is estimated using the iCARE-BPC3 model and refers to absolute risk from aged 50 to 80 years. The genetic component includes the 313-variant PRS and breast can-

cer family history. The classical risk factor component includes the following risk factors: age at menarche, age at menopause, parity, age at first birth, height, body

mass index (BMI), alcohol intake, smoking status, ever and current use of hormone replacement therapy (HRT), and HRT type among ever users. The modifiable classi-

cal risk factor component includes BMI, ever or current use of HRT, smoking status, and alcohol consumption. Outliers defined as points beyond 1.5 times the inter-

quartile range below the first quartile or above the third quartile were excluded from the plot.
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sided. The observed interaction between PRS313 and family his-
tory for ER-positive breast disease is consistent with what has
been previously published based on an overlapping dataset (8).
Such an interaction was also found for overall and ER-negative
breast cancer risk. There was no evidence for a clear dose-
response in the estimated ORs associated with classical risk fac-
tors when stratified by PRS percentiles (Supplementary Figures
2–4, available online). Neither global nor tail-based goodness-of-
fit tests supported departure from the multiplicative model for
any risk factor for both overall and ER-positive breast cancer
(Supplementary Table 4, available online). Goodness-of-fit tests
were not performed for ER-negative breast cancer because of
the relatively small sample size.

Lack of evidence for substantial departure from the multipli-
cative assumption between the PRS313 and risk factors using
this large study implies that the absolute risk associated with
each classical risk factor is greater for women with higher poly-
genic risk (5,18). This is illustrated by our projections, which
show that the lifetime risk due to classical risk factors was
higher with a wider variation across women who are at a higher
risk due to genetic factors (PRS313 and family history) (Figure 1,
a) and consistent with a recent study of body mass index com-
bined with a measure of familial risk based on multigenera-
tional family history (18). The predicted average lifetime risk
due to all classical risk factors for women in the lowest and
highest deciles of the genetic risk was 21.9% and 4.4%, respec-
tively, so the difference in risk was 17.5%. The difference in risk
between these 2 deciles associated with the subset of modifi-
able risk factors was 16.5% (Figure 1, b). However, the absolute
risk projections shown in Figure 1 should be viewed with cau-
tion because they assume perfect model calibration. In addition,
these absolute risk projections require validation.

Our analyses using the current PRS313 are based on a sample
size 3 times larger than that used in previously published BCAC
analyses (9), although the dataset for ER-negative breast cancer
is still limited. Our previous work on the PRS313 development (8)
and the current analyses is based on European ancestry and
may not be generalizable to other populations, highlighting the
need for more studies in populations of non-European or mixed
ancestry.

Overall, the combined associations of the newly developed
PRS313 and the classical risk factors on breast cancer risk are
well explained by a multiplicative model, except for family his-
tory, and will inform the development of overall and ER-specific
risk prediction models in the future. Most important, our find-
ings suggest that preventive strategies aimed at modifying indi-
vidual risk factors could have stronger impact on absolute risk
reduction for women at higher genetic risk.
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