-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Carolina Digital Repository

JNCI ] Natl Cancer Inst (2015) 107(11): djv219

doi:10.1093/jnci/djv219
First published online August 20, 2015
Article

ARTICLE

Height and Breast Cancer Risk: Evidence From

Prospective Studies and Mendelian Randomization

Ben Zhang, Xiao-Ou Shu, Ryan J. Delahanty, Chenjie Zeng,

Kyriaki Michailidou, Manjeet K. Bolla, Qin Wang, Joe Dennis, Wanqing Wen,
Jirong Long, Chun Li, Alison M. Dunning, Jenny Chang-Claude, Mitul Shah,
Barbara J. Perkins, Kamila Czene, Hatef Darabi, Mikael Eriksson,

Stig E. Bojesen, Bgrge G. Nordestgaard, Sune F. Nielsen, Henrik Flyger,
Diether Lambrechts, Patrick Neven, Hans Wildiers, Giuseppe Floris,
Marjanka K. Schmidt, Matti A. Rookus, Katja van den Hurk,

Wim L. A. M. de Kort, Fergus J. Couch, Janet E. Olson, Emily Hallberg,
Celine Vachon, Anja Rudolph, Petra Seibold, Dieter Flesch-Janys,

Julian Peto, Isabel dos-Santos-Silva, Olivia Fletcher, Nichola Johnson,

Heli Nevanlinna, Taru A. Muranen, Kristiina Aittomaki, Carl Blomqvist,
Jingmei Li, Keith Humphreys, Judith Brand, Pascal Guénel, Thérese Truong,
Emilie Cordina-Duverger, Florence Menegaux, Barbara Burwinkel,

Frederik Marme, Rongxi Yang, Harald Surowy, Javier Benitez, M.

Pilar Zamora, Jose I. A. Perez, Angela Cox, Simon S. Cross,

Malcolm W. R. Reed, Irene L. Andrulis, Julia A. Knight, Gord Glendon,
Sandrine Tchatchou, Elinor J. Sawyer, Ian Tomlinson, Michael J. Kerin,
Nicola Miller, Georgia Chenevix-Trench, kConFab Investigators, Australian
Ovarian Study Group, Christopher A. Haiman, Brian E. Henderson,
Fredrick Schumacher, Loic Le Marchand, Annika Lindblom, Sara Margolin,
Maartje J. Hooning, John W. M. Martens, Madeleine M. A. Tilanus-Linthorst, J.
Margriet Collée, John L. Hopper, Melissa C. Southey, Helen Tsimiklis,
Carmel Apicella, Susan Slager, Amanda E. Toland, Christine

B. Ambrosone, Drakoulis Yannoukakos, Graham G. Giles, Roger L. Milne,
Catriona McLean, Peter A. Fasching, Lothar Haeberle, Arif B. Ekici, Matthias

ARTICLE

Received: August 4, 2014; Revised: February 3, 2015; Accepted: July 15, 2015

© The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com.

1of 17


https://core.ac.uk/display/345214291?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.oxfordjournals.org/

%
=3
(9]
a
£

20of 17 | JNCI] Natl Cancer Inst, 2015, Vol. 107, No. 11

W. Beckmann, Hermann Brenner, Aida Karina Dieffenbach, Volker Arndt,
Christa Stegmaier, Anthony J. Swerdlow, Alan Ashworth, Nick Orr,

Michael Jones, Jonine Figueroa, Montserrat Garcia-Closas, Louise Brinton,
Jolanta Lissowska, Martine Dumont, Robert Winqgvist, Katri Pylkas,

Arja Jukkola-Vuorinen, Mervi Grip, Hiltrud Brauch, Thomas Briuning,
Yon-Dschun Ko, Paolo Peterlongo, Siranoush Manoukian, Bernardo Bonanni,
Paolo Radice, Natalia Bogdanova, Natalia Antonenkova, Thilo Dork,

Arto Mannermaa, Vesa Kataja, Veli-Matti Kosma, Jaana M. Hartikainen,
Peter Devilee, Caroline Seynaeve, Christi J. Van Asperen, Anna Jakubowska,
Jan Lubinski, Katarzyna Jaworska-Bieniek, Katarzyna Durda, Ute Hamann,
Diana Torres, Rita K. Schmutzler, Susan L. Neuhausen, Hoda Anton-Culver,
Vessela N. Kristensen, Grethe I. Grenaker Alnzes, the DRIVE Project, Brandon
L. Pierce, Peter Kraft, Ulrike Peters, Sara Lindstrom, Daniela Seminara,
Stephen Burgess, Habibul Ahsan, Alice S. Whittemore, Esther M. John,
Marilie D. Gammon, Kathleen E. Malone, Daniel C. Tessier, Daniel Vincent,
Francois Bacot, Craig Luccarini, Caroline Baynes, Shahana Ahmed,

Mel Maranian, Catherine S. Healey, Anna Gonzalez-Neira, Guillermo Pita,

M. Rosario Alonso, Nuria Alvarez, Daniel Herrero, Paul D. P. Pharoah,
Jacques Simard, Per Hall, David J. Hunter, Douglas F. Easton, Wei Zheng

Affiliations of authors:Division of Epidemiology, Department of Medicine, Vanderbilt Epidemiology Center, Vanderbilt-Ingram Cancer Center (BZ, XOS, RJD, CZ,
WW, JL, WZ) and Department of Biostatistics (CL), Vanderbilt University School of Medicine, Nashville, TN; Centre for Cancer Genetic Epidemiology, Department of
Public Health and Primary Care(KM, MKB, QW, JD, PDPP, DFE) and Department of Oncology (AMD, MS, BJP, CL, CB, SA, MM, CSH, PDPP, DFE), University of Cambridge,
Cambridge, UK; Department of Medical Epidemiology and Biostatistics, Karolinska Institutet, Stockholm, Sweden (KC, HD, ME); Copenhagen General Population
Study (SEB, BGN, SFN), Department of Clinical Biochemistry (SEB, BGN, SFN), and Department of Breast Surgery (HF), Herlev Hospital, Copenhagen, Denmark;
Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark (SEB, BGN); Vesalius Research Center (VRC), VIB, Leuven, Belgium (DL);
Laboratory for Translational Genetics, Department of Oncology, University of Leuven, Leuven, Belgium (DL); University Hospitals Leuven and Department of
Oncology, Leuven, Belgium (PN, HW, GF); Netherlands Cancer Institute, Amsterdam, the Netherlands (MKS, MAR); Division Research, Department of Donor Studies,
Sanquin Blood Supply, Amsterdam, the Netherlands (KVDH, WLAMDK); Department of Laboratory Medicine and Pathology (FJC) and Department of Health
Sciences Research (JEO, EH, CV, SS), Mayo Clinic, Rochester, MN; Division of Cancer Epidemiology, German Cancer Research Center (DKFZ), Heidelberg, Germany
(JCC, AR, PS); Department of Cancer Epidemiology/Clinical Cancer Registry and Institute for Medical Biometrics and Epidemiology, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany (DFJ); Department of Non-Communicable Disease Epidemiology, London School of Hygiene and Tropical Medicine,
London, UK (JP, IDSS); Breakthrough Breast Cancer Research Centre, the Institute of Cancer Research, London, UK (OF, NJ); Department of Obstetrics and
Gynecology (HN, TAM), Department of Clinical Genetics (KA), and Department of Oncology (CB), University of Helsinki and Helsinki University Central Hospital,
Helsinki, Finland; Department of Medical Epidemiology and Biostatistics, Karolinska Institutet, Stockholm, Sweden (PH, KH, JB); Human Genetics Division,
Genome Institute of Singapore, Singapore, Singapore (JL); Inserm (National Institute of Health and Medical Research), CESP (Center for Research in Epidemiology
and Population Health), Environmental Epidemiology of Cancer, Villejuif, France (PG, TT, ECD, FM); University Paris-Sud, Villejuif, France (PG, TT, ECD, FM);
Department of Obstetrics and Gynecology (BB, FM, RY, HS) and National Center for Tumor Diseases (FM), University of Heidelberg, Heidelberg, Germany; Molecular
Epidemiology Group, German Cancer Research Center, Heidelberg, Germany (BB, RY, HS); Human Genetics Group, Spanish National Research Center (CNIO),
Human Genotyping Center, Madrid, Spain (JB); Oncology Service, Hospital La Paz, Madrid, Spain (MPZ); Surgery Service, Hospital Monte Naranco, Oviedo, Spain
(JIAP); Department of Oncology (AC, MWRR) and Department of Neuroscience (SSC), University of Sheffield, Sheffield, UK; Department of Molecular Genetics (ILA),
Lunenfeld-Tanenbaum Research Institute of Mount Sinai Hospital (GG, ST), University of Toronto, Toronto, Ontario, Canada; Prosserman Centre for Health
Research, Lunenfeld-Tanenbaum Research Institute of Mount Sinai Hospital, Division of Epidemiology, Dalla Lana School of Public Health, University of Toronto,
Toronto, Ontario, Canada (JAK); Research Oncology, Division of Cancer Studies, Guy’s Hospital, King’s College London, London, UK (EJS); Wellcome Trust Centre for
Human Genetics and Oxford Biomedical Research Centre, University of Oxford, UK (IT); Clinical Science Institute, University Hospital Galway, Galway, Ireland (MJK,
NM); QIMR Berghofer Medical Research Institute, Brisbane, Australia (GCT, Australian Ovarian Cancer Study Group); Peter MacCallum Cancer Center, Melbourne,
Australia (kConFab Investigators, Australian Ovarian Cancer Study Group); Department of Preventive Medicine, Keck School of Medicine, University of Southern
California, Los Angeles, CA (CAH, BEH, FS); Epidemiology Program, Cancer Research Center, University of Hawaii, Honolulu, HI (LLM); Department of Molecular
Medicine and Surgery (AL) and Department of Oncology-Pathology (SM), Karolinska Institutet, Stockholm, Sweden; Family Cancer Clinic, Department of Medical
Oncology (MJH, JWMM), Department of Surgical Oncology (MMATL), and Department of Clinical Genetics (J]MC), Erasmus MC Cancer Institute, Rotterdam, the
Netherlands; Centre for Epidemiology and Biostatistics, Melbourne School of Population and Global Health, the University of Melbourne, Melbourne, Australia
(JLH, CA, GGG, RLM); Department of Pathology, the University of Melbourne, Melbourne, Australia (MCS, HT); Cancer Epidemiology Centre, Cancer Council Victoria,
Melbourne, Australia (GGG, RLM); Anatomical Pathology, the Alfred Hospital, Melbourne, Australia (CM); Department of Molecular Virology, Immunology and
Medical Genetics, Comprehensive Cancer Center, the Ohio State University, Columbus, OH (AET); Roswell Park Cancer Institute, Buffalo, NY (CBA); Molecular
Diagnostics Laboratory, IRRP, National Centre for Scientific Research “Demokritos,” Athens, Greece (DY); Department of Gynecology and Obstetrics, University
Hospital Erlangen, Friedrich-Alexander University Erlangen-Nuremberg, Comprehensive Cancer Center Erlangen-EMN, Erlangen, Germany (PAF, LH, MWB); David
Geffen School of Medicine, Department of Medicine Division of Hematology and Oncology, University of California at Los Angeles, CA (PAF); Institute of Human
Genetics, University Hospital Erlangen, Friedrich-Alexander University Erlangen-Nuremberg, Erlangen, Germany (ABE); Division of Clinical Epidemiology and
Aging Research, German Cancer Research Center (DKFZ), Heidelberg, Germany (HB, AKD, VA); Saarland Cancer Registry, Saarbriicken, Germany (CS); Division of
Breast Cancer Research (AA, NO, AJS) and Division of Genetics and Epidemiology (MJ, AJS), Institute of Cancer Research, London, UK; Division of Cancer



B.Zhangetal. | 3of17

Epidemiology and Genetics, National Cancer Institute, Gaithersburg, MD, (JF, LB); Division of Genetics and Epidemiology and Breakthrough Breast Cancer Research
Centre at The Institute of Cancer Research, London, UK (MGC); Department of Cancer Epidemiology and Prevention, M. Sklodowska-Curie Memorial Cancer Center
& Institute of Oncology, Warsaw, Poland (JL); Centre Hospitalier Universitaire de Québec Research Center and Laval University, Quebec City, Quebec, Canada (JS,
MD); Laboratory of Cancer Genetics and Tumor Biology, Department of Clinical Chemistry and Biocenter Oulu, NordLab Oulu/Oulu University Hospital (RW, KP),
Department of Oncology (AJV), and Department of Surgery (MG), University of Oulu, Oulu, Finland; Dr. Margarete Fischer-Bosch-Institute of Clinical Pharmacology,
Stuttgart, University Tiibingen, German Cancer Consortium (DKTK) and German Cancer Research Center (DKFZ), Heidelberg, Germany (HB, The GENICA Network);
Institute for Prevention and Occupational Medicine of the German Social Accident Insurance, Institute of the Ruhr University Bochum (IPA), Bochum, Germany
(TB, The GENICA Network); Department of Internal Medicine, Evangelische Kliniken Bonn gGmbH, Johanniter Krankenhaus, Bonn, Germany (YDK, The GENICA
Network); Molecular Genetics of Breast Cancer, Deutsches Krebsforschungszentrum (DKFZ), Heidelberg, Germany (The GENICA Network); IFOM, Fondazione
Istituto FIRC di Oncologia Molecolare, Milan, Italy (PP); Unit of Medical Genetics (SM) and Unit of Molecular Bases of Genetic Risk and Genetic Testing (PR),
Department of Preventive and Predictive Medicine, Fondazione IRCCS Istituto Nazionale dei Tumori (INT), Milan, Italy (SM); Division of Cancer Prevention and
Genetics, Istituto Europeo di Oncologia (IEO), Milan, Italy (BB); Department of Radiation Oncology and Department of Obstetrics and Gynaecology (TD), Hannover
Medical School, Hannover, Germany; N. N. Alexandrov Research Institute of Oncology and Medical Radiology, Minsk, Belarus (NA); Imaging Center, Department of
Clinical Pathology (AM, VMK, JMH) and Cancer Center (AM,VK, VMK, JMH), Kuopio University Hospital, Kuopio, Finland; Institute of Clinical Medicine, Pathology
and Forensic Medicine, University of Eastern Finland, Kuopio, Finland (AM, VMK, JMH); Central Finland Hospital District, Jyvdskyla Central Hospital, Jyvéskyld,
Finland (VK); Department of Human Genetics and Department of Pathology (PD) and Department of Clinical Genetics (CJVA), Leiden University Medical Center,
Leiden, the Netherlands (PD); Family Cancer Clinic, Department of Medical Oncology, Erasmus MC-Daniel den Hoed Cancer Centre, Rotterdam, the Netherlands
(CS); Department of Genetics and Pathology, Pomeranian Medical University, Szczecin, Poland (A], JL, KJB, KD); Molecular Genetics of Breast Cancer, German Cancer
Research Center, Heidelberg, Germany (UH, DT); Institute of Human Genetics, Pontificia University Javeriana, Bogota, Colombia (DT); Division of Molecular
Gyneco-Oncology, Department of Gynaecology and Obstetrics and Center of Familial Breast and Ovarian Cancer and Center for Integrated Oncology, University
Hospital of Cologne, Cologne, Germany (RKS); Center for Molecular Medicine Cologne, University of Cologne, Cologne, Germany (RKS); Department of Population
Sciences, Beckman Research Institute of City of Hope, Duarte, CA (SLN); Department of Epidemiology, University of California Irvine, Irvine, CA (HAC); Department
of Genetics, Institute for Cancer Research, Oslo University Hospital, Radiumhospitalet, Oslo, Norway (VNK, GIGA); Institute of Clinical Medicine and Department of
Clinical Molecular Biology, University of Oslo, Oslo, Norway (VNK); Department of Health Studies, the University of Chicago, Chicago, IL (BLP, HA); Program in
Genetic Epidemiology and Statistical Genetics, Department of Epidemiology, Harvard School of Public Health, Boston, MA (PK, SL, DJH); Public Health Sciences
Division, Fred Hutchinson Cancer Research Center, Seattle, WA (UP); Division of Cancer Control and Population Sciences, National Cancer Institute, Bethesda, MD
(DS); Department of Public Health and Primary Care, University of Cambridge, Strangeways Research Laboratory, 2 Worts Causeway, Cambridge, UK (SB);
Department of Medicine and Department of Human Genetics and the University of Chicago Comprehensive Cancer Center, the University of Chicago, Chicago, IL
(HA); Department of Health Research and Policy and Stanford Cancer Institute, Stanford University School of Medicine, Stanford, CA (ASW, EMJ); Cancer
Prevention Institute of California, Fremont, CA (EMJ); Department of Epidemiology, University of North Carolina, Chapel Hill, NC (MDG); Division of Public Health
Sciences, Program in Epidemiology, Fred Hutchinson Cancer Research Center, Seattle, WA (KEM); McGill University and Génome Québec Innovation Centre,
Montréal, QC, Canada (DCT, DV, FB); Human Genotyping-CEGEN Unit, Human Cancer Genetics Program, Spanish National Cancer Research Centre, Madrid, Spain
(AGN, GP, MRA, NA, DH).

Correspondence to: Wei Zheng, MD, PhD, Vanderbilt Epidemiology Center, Vanderbilt University School of Medicine, 2525 West End Avenue, Eighth Floor, Nashville, TN
37203-1738 (e-mail: wei.zheng@vanderbilt.edu).

Abstract

Background: Epidemiological studies have linked adult height with breast cancer risk in women. However, the magnitude
of the association, particularly by subtypes of breast cancer, has not been established. Furthermore, the mechanisms of the
association remain unclear.

Methods: We performed a meta-analysis to investigate associations between height and breast cancer risk using
data from 159 prospective cohorts totaling 5216 302 women, including 113178 events. In a consortium with
individual-level data from 46 325 case patients and 42482 control subjects, we conducted a Mendelian randomization
analysis using a genetic score that comprised 168 height-associated variants as an instrument. This association was
further evaluated in a second consortium using summary statistics data from 16 003 case patients and 41335 control
subjects.

Results: The pooled relative risk of breast cancer was 1.17 (95% confidence interval [CI] = 1.15 to 1.19) per 10cm increase in
height in the meta-analysis of prospective studies. In Mendelian randomization analysis, the odds ratio of breast cancer
per 10cm increase in genetically predicted height was 1.22 (95% CI = 1.13 to 1.32) in the first consortium and 1.21 (95%

CI =1.05 to 1.39) in the second consortium. The association was found in both premenopausal and postmenopausal women
but restricted to hormone receptor-positive breast cancer. Analyses of height-associated variants identified eight new loci
associated with breast cancer risk after adjusting for multiple comparisons, including three loci at 1q21.2, DNAJC27, and
CCDC91 at genome-wide significance level P < 5x 1078,

ARTICLE

Conclusions: Our study provides strong evidence that adult height is a risk factor for breast cancer in women and certain
genetic factors and biological pathways affecting adult height have an important role in the etiology of breast cancer.

Breast cancer is a leading cause of cancer morbidity and mortal-
ity among women worldwide (1). Adult height has been found
to be positively related to breast cancer risk in many epidemio-
logical studies (2-30), reporting mostly a linear dose-response
relationship. Results from previous studies, however, have been
inconsistent, particularly with regard to the magnitude of the
association and the association by subtypes of breast cancer.
For example, relative risks of breast cancer associated with per
10cm increase in adult height ranged from 1.08 to 1.38 in pre-
vious cohort studies. Furthermore, it remains unclear whether

adult height is causally related to breast cancer risk through
shared underlying genetic factors and biological pathways or
serves only as a surrogate measure of certain environmental
and lifestyle exposures that contribute to breast cancer risk.
Answers to these questions may provide additional insight into
breast tumorigenesis and strengthen the basis for classifying
height as a breast cancer risk factor.

Mendelian randomization analysis can be used to mini-
mize potential biases encountered in conventional observa-
tional studies and to determine the causal association of a
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given exposure with disease risk (31). The causal association
can also be manifested by common genetic and biological
pathways that determine two sequentially developed phe-
notypes, such as adult height and breast cancer risk. Adult
height is a classic quantitative trait determined, to a large
extent, by genetic factors (32). Since 2007, genome-wide
association studies (GWAS) have identified single-nucleotide
polymorphisms (SNPs) in approximately 180 loci related to
adult height (33-38). SNPs identified to date by GWAS explain
approximately 10% of height variation in populations of
European ancestry (38). The alleles associated with adult
height should be randomly assigned to offspring from parents
during mitosis, a process analogous to a random assignment
of subjects to an exposure of interest in randomized clinical
trials. Thus, a genetic score summarizing the effects of these
height-associated SNPs can serve as an instrumental variable
in a Mendelian randomization analysis of adult height and
breast cancer risk (39).

Here we comprehensively assessed epidemiologic evidence
from conventional observational studies regarding the asso-
ciation between height and breast cancer risk by performing
a meta-analysis of 159 prospective cohorts including more
than five million women of European ancestry. To determine
the nature of the association, we conducted two Mendelian
randomization analyses using data from two large consortia
totaling 62328 breast cancer case patients and 83817 control
subjects.

Methods

Meta-Analysis of Prospective Studies

We searched electronic databases to identify prospective
studies that investigated the association between height and
breast cancer risk among women of European ancestry pub-
lished before December 2014 (Supplementary Figure 1, avail-
able online). We combined relative risks (RRs) of breast cancer
with per 10cm increase in height from each of the included
studies using a random effects meta-analysis (40). We also per-
formed subgroup meta-analyses based on method of height
assessment (measured or self-reported), as well as menopau-
sal, estrogen receptor (ER), and progesterone receptor (PR) sta-
tus. We used the Cochran’s Q statistic to test for heterogeneity
(41) and the I? statistic to quantify heterogeneity across studies
(42). Potential publication bias was assessed using Begg’s and
Egger’s approaches (43,44). Sensitivity analyses were performed
to evaluate the robustness of the results. We considered P values
of less than .10 in tests of heterogeneity and publication bias
and P values of less than .05 in the meta-analyses to be statisti-
cally significant. All tests were two-sided, with the exception of
tests of heterogeneity and publication bias. Details of literature
searches, study inclusion criteria, and meta-analysis are pre-
sented in the Supplementary Methods (available online).

Mendelian Randomization Analysis

Our Mendelian randomization analysis was conducted using data
from two consortia, the Breast Cancer Association Consortium
(BCAC), and the Discovery, Biology, and Risk of Inherited Variants
in Breast Cancer (DRIVE) Project (Supplementary Figure 1, avail-
able online). In BCAC, we included individual-level data for
46325 breast cancer case patients and 42482 control subjects
of European ancestry from 39 studies (Supplementary Table 1).
In DRIVE, only summary statistics data were available to our

study, and these data were obtained from 16003 breast cancer
case patients and 41335 control subjects of European ances-
try from 11 studies (Supplementary Table 2, available online).
Details of the methodology used by the BCAC and DRIVE have
been published elsewhere (45-48) and are available on these
websites  (http://ccge.medschl.cam.ac.uk/research/consortia/
icogs/, accessed August 8, 2015, and http://gameon.dfci.harvard.
edu/, accessed August 8, 2015). Study descriptions and methods
for SNP selection, genotyping, and imputation are presented in
the Supplementary Methods (available online).

We examined associations between the 168 SNPs and adult
height (in cm) in the BCAC using general linear models with
adjustment for age and principal components. A weighted height
genetic score (WHGS) was constructed for our primary analysis by
using the 168 SNPs with the formula: wHGS = 9.101559(§ BSNP) ,

i=1

where 9.101559 is the coefficient to rescale the original wHGS
to a mean of 336 risk alleles (Supplementary Table 3, available
online), B, is the regression coefficient of the ith SNP for height,
and SNP, is the dosage of the effect alleles (0,1, or 2) of the ith
SNP. We converted all effect alleles to correspond to taller height
in the SNP-based analyses and construction of the wHGS.
Associations of breast cancer risk with the wHGS and each of the
168 SNPs were evaluated using unconditional logistic regression
models to derive odds ratios (ORs) and 95% confidence intervals
(CIs), adjusting for age and principal components. All analyses
were performed for each study separately, and summary statis-
tics were obtained using a fixed-effects meta-analysis.

In the first Mendelian randomization analysis, we estimated
the potential causal association between height (X) and breast
cancer risk (Y) by using the wHGS (G) as an instrumental vari-
able. Specifically, the causal effect (8,,) was calculated by using

B

the Wald estimator: f,, = (49), and the standard error for

XG
the causal effect (SE,) was derived using the delta method:

2 2
S
SE,, :\/[(Sch +( xcﬁvc) _2TSXGS\;GﬁYG (50), where B, is the

ﬁXG [i)(G4 ﬁXG

natural log-scale OR of breast cancer risk associated with the
wHGS, B, is the regression coefficient of the wHGS on height, S
and S, are the corresponding standard errors, and r is the cor-
relation between B, and B,. Sensitivity analyses were performed
(Supplementary Table 3, available online), and the strength of
instrumental variables was evaluated using F statistic (51). The sec-
ond Mendelian randomization analysis was conducted using the
inverse-variance weighted method for summary statistics data to
further evaluate the association (52). Specifically, the causal effect
(B,,) was estimated using a fixed-effects meta-analysis model:

§ ( BxaiPai )
2 . . . .
Bux = % , with its standard error (SE,,) estimated using

(Bt
S\ Svai

formula: SE,, =

1 . .

mﬁiz , Where f, . is the regression coeffi-
Pxci

;( SYGi)

cient of the ith SNP on height obtained from approximately
110500 women included in a GWAS of adult height published
previously (38), and g, and S, are the natural log-scale odds
ratio of breast cancer risk associated with the ith SNP and the
corresponding standard error, obtained from the DRIVE Project.
Details of methodology for statistical analyses are presented in
the Supplementary Methods (available online).


http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://ccge.medschl.cam.ac.uk/research/consortia/icogs/
http://ccge.medschl.cam.ac.uk/research/consortia/icogs/
http://gameon.dfci.harvard.edu/
http://gameon.dfci.harvard.edu/
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1

5o0f 17

B. Zhanget al.

JT011LV

‘dn-mof[oj Jo uoneInp jo S3ULl 10 UBIPIW 10 UBSN §

‘D39d pue ‘[[-SdD ‘I-SdD Ul S9skd 190URD 1seaIq [ele] a1am s1uaad +
‘Apnas papniout 3y} Jo %08< 10j pariodar se uonendod
"2ATIETITU] Y3[ESH S,USWIOM 33 = [HM ‘193(01d 8ur[ood ay3 = dd.1. ‘[eli], SUIUAIDS 19dUED UBLIEAQ PUE ‘[€1D310[0D ‘SUNT 91e1S01d Y} = 0D'1d ‘ApNiS YI[edH S,USUWION
Ay1SI9ATUN JI0X MON 93 = SHMNAN ‘Apnis 100D Y[esH Pue S[AISSJIT S,USWON YSIPIMS pue UBISIMION U} = SOHTMSN {901A19S SUTUSIDS YI[ESH [BUONIEN ABMION = SSHNN ‘901a19S Aydeidorpey ssey [eUOTIEN = SYAN Apnis
I[eSH PUE 131J SUOSISJ PIINSY JO UOHRIDOSSY UBILISWIY-UI[EIH JO S:IMINSU] [RUONEN Y3 = JYVV-HIN ‘I ApniS Y3[esH ,S9SINN 33 = [I-SHN ‘A9AINS uoneurwexy UONLINN pUe YI[esH [BUoneN 1s1y 3y = [-SINVHN ‘d[qe[rese
2I9M BIBp OU = y/N ‘Apnig UsWwop UOT[[IA U3} = SMIN 303(01d 190UBD pue SWOoIpuAks dI[OGeISIN 33 = UBD-I ‘100D JIUYIRIHNA Y3 = DI ‘APNiS 110Y0D SATIBIOGR[[0D SWINOGRIN 93 = SODIN ‘Apnis 1010e] SIY IB[NOSBAOIPIED
DIpUR[AD] 3} = SIYDI ‘UOTIBIOQR[[0D SI030e] STy Surdrawig oyl = DIYT 1I0Y0D UOHLIINN pue I9dUue) 0jul uonednsaau] aandadsold ueadoing ayy = DIdT 100D WOOUIDIBDEWWEN J20ZI3PUQ Ydsnsouserq yoing ayl = NOd 1oy
-0D Y3[BIH pue I19dueD 131 YSIued 3y} = HOJ 10yoD Apnis s1sydea], BIUIOJI[ED 3y} = SID ‘Suruasios yi[eaH USpams [eNUD = SHSD ‘191s189y Sp1023y Yi[eaH [0oyds uaSeyuadon ayl = YYHSD ‘I ApniS uonusaaid 19oue) s,A19
-1D0S 190UED UBDLIBWY 3} = [[-SdD ‘I ApNiS Uonuaaald I19due) A19100S 19dUBD ULdLSWY 3y} = [-SdD ‘Apnis Surusaidg 1sealg [eUOnEN UBIPBUERD U3 = SSIND APNis papnout oy} ut pajiodaI-J[as 10 PINSEaU I9YIL sem JUSIBH ,

S[qeLIEANNN S0t 9661-S661 6916 $15261 vsn ueadoing T pauoder-3s  dYVV-HIN 102 (0€) 1B
S[qeLIRALNN LT1 S00Z-2/61 1919 9ST /6T ardnnn uesdoing L painses|y ued-aN $10¢ (62) uaILM
S[qeLIEANNN 0zt 8661661 8649 T0L¥VT vsn ueadoing 1 painsesiy IHM €102 (82) 1eqe
S1qRLIBARMA 80T 000Z-7661 1056 00990€ a1dnmn ueadoing 1 painseay DId3 €102 (¢£z) omrg
S[qrLIRALNN €T V/N 9z6€ £STTTS ardninn uesadoing 1zl painses|y RS z10z (92) 19swrom
S[qeLIBANNN 4] S861-0861 vzey 95788 epeue) ueadoing P painsesiy SSAND €102 (S2) 1eqe
S[qeLIBATNN 81l £661-661 60T $98€C srewusQ ueadoing T paInsesy HDA [4%014 (v¢) 10w
S[qeLIBANNA 1zt 96615661 1T€C T9Ts vsn ueadoing T psuodai-jies SILD z10z (€2) BlOUDUED
S[qeLIBANNN 11-8 9661661 ce8 S1861 vsn ueadoing T pamodai-}es DAN z10z (z2) aum
S[qeLIBATNIN 6 10029661 66C6¢ S ZAVATAY N ueadoing T payodai-jes SMIN 110 (12) usa1n
S[qRLIBARMA 86'% 100Z-£661 S80¢ S/S0L vsn ueadoing 1 pamodai-}es 0D1d 6002 (02) L3001
S[qeLeAnnN 4 6361 STET 628801 vsn ueadoing 1 payodai-jes II-SHN 9002 (61) 194G
S[qeLeAn NN (014 7861 [4452 9€T0gY vsn ueadoing 1 payodai-jes 11-SdD 5002 (81) ySnoqmooN
S[qeLIRATNA 16 661-0661 15¢€ 86S€ET erensny ueadoing 1 painsesy SDDIN $00¢ (£1) stuupeN
S[qeLEeARNN ¥'8C V/N ovee STV /1T srewuaq ueadoing 1 painsesiy WIHSD %002 (91) ua1B[yY
SqeLEeAnnN 9 7661-1661 geL (1166 uspamg pue AemIoN ueadoing 1 pauoder-jdS  SDHIMSN  $00T (sT) ssediaprem
S[qeLIBAINA € /861-9/6T S8l 618/€E€ ardninin ueadoing L pa1iodai-}es ddlL 000z (p1) 3pueig usp uea
S[qeLEARNN 99 16615861 65¢C 91¥8 vsn ueadoing 1 psuodei-J9S  SHMNAN 6661 (1) uteypsuauuog
S[qeLeAnNN 90T 9861861 SLT 08V 1T SPUBLISYISN YL ueadoing 1 paInseay Woda 866T (¢1) sxeex
S[qeLRANNN [T 1661-£961 6c¥ 08STT pue[ad[ ueadoing 1 paInsesay SIIDI £66T (11) snrurmy
S[qeLEAnNN 6T S/61-0L6T 434 [44)a vsn ueadoing 1 paInsesy I-SINVHN 9661 (o1) tua1g
a8v €T 0961-6S6T 9zee £598TY vsn ueadoing 1 payodai-}as 1-SdD 9661 (6) PueId-S[PYIIN
S[qRHRARNN 01/12 S861-896T 891 90£9 N ueadoing 14 painseay Kssurenn £66T (8) eroa®s 8@
S[qeLEARNN ¥ [161-VL6T 162 £96ST KemioN ueadoing 1 painsesy SSHNN z661 (£) uanen
SqeLEeAnNN 81-9 S/61-€961 [TV8 €€€/95 KemioN ueadoing 1 painseay SYNN 6861 (9) ma1L
S[qeLreAnNN 0z-8T S96T-€96T z811T 0459% usapams ueadoing 1 painseay SHSD 8361 (s) 8raquuioy,
[epour ut £ ‘§dn-morog JUSWIHNIDDL Fsjuaas EYAS Anunop Juonerndog S}110Y0d Ay3eH Apmis 189X (9oua1a301) TOINY
jusunsnipy JO sIeax Jo IoquInN 1oyoD JO I_qUINN

SISATRUB-BISW S} UI PSPN[DUI SIIPNIS 110Y0d 3A1Dadso1d Jo sonsLIalderey) T S[qeL



6 of 17 | JNCIJ Natl Cancer Inst, 2015, Vol. 107, No. 11

Analyses were performed using SAS (version 9.3), R (version meta-analyses (Table 1). Of these, 22 articles reported results
3.0.0), and PLINK (version 1.07). All tests were two-sided, and P from individual cohorts, while the remaining four articles pro-
values of less than .05 were considered statistically significant vided results from combined analyses of two to 121 cohorts.
unless stated otherwise. After excluding overlapping cohorts, 5216302 participants of

European ancestry were included in our analyses, including
Results 113178 women with breast cancer. Figure 1 presents relative

risks (RRs) of breast cancer associated with per 10cm increase
in height for each of the published studies, all studies combined,
and study subgroups. The pooled relative risk of breast cancer
was 1.17 (95% confidence interval [CI] =1.15 to 1.19, P < .001) per
We identified 26 articles (5-30), containing information from 10cm increase in height for all studies combined, with strong
159 prospective cohorts that were eligible for inclusion in our evidence of heterogeneity across studies (P W < .001,

heterogeneity

Meta-Analysis of Association Between Height and
Breast Cancer Risk

Author (published year)  Total samples (N) Events (n) ; RR (95% CI)
| per 10 cm increase
Measured height :
Kabat (2013) 88256 4224 —.—: 1.12 (1.06 to 1.17)
Wormser (2012) 522257 3926 o 1.13 (1.07 to 1.18)
Kabat (2013) 144701 6798 ‘- 1.14 (110 to0 1.18)
Kaaks (1998) 11480 275 : 1.14 (0.92 to 1.41)
Ritte (2013) 306600 9307 . 1.18 (1.15 t0 1.22)
Tornberg (1988) 46570 1182 — 1.21 (110 to 1.34)
Mellemkjaer (2012) 23864 1209 - 1.23 (1.13 o 1.35)
Ahigren (2004) 117415 3340 —— 1.23 (1.16 to 1.31)
Wiren (2014) 297156 6161 :—.— 1.23 (1.18 to 1.29)
Tretli (1989) 567333 8427 X E B 1.24 (1.19 to 1.29)
Vatten (1992) 25967 291 —_ 1.25 (1.13 to 1.39)
Macinnis (2004) 13598 357 : 1.27 (1.07 to 1.52)
Tulinius (1997) 11580 439 . 1.31 (1.10 to 1.55)
Freni (1996) 7622 182 | 1.36 (1.02 to 1.81)
De Stavola (1993) 6706 168 X 1.38 (1.21 to 1.57)
Subtotal 2191105 46286 © 1.20 (1.17 to 1.23)
1
Self-reported height :
Sonnenschein (1999) 8416 259 — 1.08 (0.90 to 1.30)
White (2012) 19815 835 B 1.09 (0.98 to 1.21)
Kabat (2014) 192514 9169 . X 1.09 (1.06 to 1.13)
Lacey (2009) 70575 2085 T—— 1.1 (0.98 to 1.26)
Canchola (2012) 52642 2321 —.—:— 1.12 (1.05 to 1.20)
van den Brandt (2000) 337819 4385 1 1.12 (1.07 to 1.18)
E‘S Michels-Blanck (1996) 428653 2226 —.—:— 1.12 (1.05 0 1.21)
g Green (2011) 1297124 39299 . 117 (11510 1.19)
5 McCullough (2005) 409093 4265 —— 1.19 (1.12 to 1.26)
Weiderpass (2004) 99717 733 | 1.22 (1.00 to 1.34)
Baer (2006) 108829 1315 1.23 (1.12 o 1.36)
Subtotal 3025197 66892 <>: 1.14 (1.1 to 1.17)
All studies combined 5216302 113178 ‘IP'::::::Z'V <610021 1.17 (1.15 to 1.19)
By subgroups
Premenopausal 2801907 15439 <> 1.16 (1.12t0 1.21)
Postmenopausal 3111070 63606 <.I> 1.17 (1.14 to 1.21)
ER+ 433810 7947 —_ 1.18 (1.13 t0 1.23)
ER- 433810 1845 _— 1.00 (0.87 to 1.14)
PR+ 359242 5176 —_— 1.16 (1.10 to 1.22)
PR- 359242 1640 —_ 1.11 (1.02 to 1.20)
ER+/PR+ 359242 5176 _ 1.16 (1.10 to 1.22)
ER-/PR- 359242 1302 I 1.08 (0.9 to 1.18)
I
T L T 1
0.75 1.00 1.25 1.50 1.75

Figure 1. Meta-analysis of associations between height and risk of breast cancer in prospective cohort studies. All tests for meta-analyses were two-sided. CI = confi-
dence interval; ER = estrogen receptor; PR = progesterone receptor; RR = relative risk.



I? = 61%). Removal of the smallest, the largest, the first signifi-
cant, or the study with adjustment only for age did not change
the pooled risk estimate. There was little evidence of publication
bias (P > .33).

The association between height and breast cancer risk
was stronger in the meta-analysis of studies with meas-
ured height than in the studies with self-reported height
(RR = 1.20, 95% CI = 1.17 to 1.23 vs RR = 1.14, 95% CI = 1.11 to
1.17, Ppierogenciy = -001). The association was similar among
postmenopausal and premenopausal women (RR = 1.17, 95%
Cl=1.14 to 1.21 vs RR = 1.16, 95% CI = 1.12 to 1.2, P, . =
.79). Statistically significant associations of height with breast
cancer risk were found for ER-positive case patients (RR = 1.18,
95% CI = 1.13 to 1.23), PR-positive case patients (RR = 1.16, 95%
CI = 1.10 to 1.22), and ER/PR-positive case patients (RR = 1.16,
95% CI = 1.10 to 1.22). The association was not statistically sig-
nificant for ER-negative and ER/PR-negative breast cancer and
was only nominally significant for PR-negative breast cancer
(P=.01).

Mendelian Randomization Analyses of Association
Between Height and Breast Cancer Risk

Of the 168 height-associated variants, 146 showed an associa-
tion with height at P values of less than .05 in the BCAC in the
same direction and with comparable effect sizes as reported in
previous GWAS (Supplementary Table 4, available online). The
wHGS, constructed using all the 168 SNPs, ranged from 257 to
407 (mean = 336, standard deviation [SD] = 16.17) in BCAC par-
ticipants, explaining approximately 8.99% of the height varia-
tion. A clear relation between the wHGS and height was found
in the study (Table 2). The wHGS was associated, at a P value of
.02 or lower, with age at menarche, parity, age at first live birth,
use of menopausal hormone therapy, weight, and body mass
index (BMI), and these associations were no longer statistically
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significant after adjusting for height. No association was
observed between wHGS and other risk factors for breast can-
cer. The mean wHGS was higher in case patients than in control
subjects (336.02 vs 335.98, P < .001). The wHGS was positively
associated with breast cancer risk (P = 6.97 x107) with an odds
ratio of 1.22 (95% CI = 1.13 to 1.32) by an increment of the wHGS
corresponding to a 10cm increase in height (Figure 2). There was
little evidence of heterogeneity across studies (P, .ogencity = 27,
I* = 11%). This positive association between breast cancer risk
and wHGS remained essentially unchanged after adjustment
for breast cancer risk factors, including age at menarche, age
at menopause, parity, family history of breast cancer, age at the
first live birth, breast feeding, and use of oral contraceptive or
postmenopausal hormone (data not shown). A 13% elevated
risk of breast cancer was found to be associated with per 10cm
increment in measured or self-reported height in the BCAC
(Table 3). Adjustment for measured/self-reported height elimi-
nated the association between the wHGS and breast cancer risk
(P = .20). On the other hand, the significant association between
measured/self-reported height remained unchanged (OR = 1.13,
95% CI = 1.10 to 1.17, P < .0001) after adjusting for wHGS.

Table 3 presents associations of breast cancer risk with
adult height as predicted using the wHGS as the instrument in
Mendelian randomization analysis. As a comparison, results
derived from the meta-analysis of prospective studies and the
meta-analysis of studies included in BCAC are also presented.
A 10cm increase in height as predicted by the wHGS was asso-
ciated with an approximately 22% elevated risk of breast can-
cer for all women combined (OR = 1.22, 95% CI = 1.13 to 1.32,
P = 7.52x107), compared with the meta-analysis of prospec-
tive cohort studies and the meta-analysis of BCAC case-control
studies, which showed a 17% and a 13% elevated risk per 10cm
increment in height, respectively (Table 3). Odds ratios associ-
ated with genetically predicted height did not vary by meno-
pausal status (P,...... = -36)- The association, however, was
restricted primarily to hormone receptor-positive breast cancer.

Table 2. Associations of the weighted height genetic score with height and traditional breast cancer risk factors

Number of Summary Standard
Variable participants effect” error P -
o
Height, cmt E
All participants 50706 0.11 0.002 <1x107% -4
Control subjects 20458 0.11 0.003 <1x1072% <
Case patients 30248 0.11 0.002 <1x1020
Traditional risk factors
Age,y 80455 -0.0033 0.002 17
Age at menarche,y 53990 0.0015 0.0004 2.67x10*
Menopausal status, post vs pre 61686 0.00043 0.0008 .61
Age at menopause, y 26921 -0.0013 0.002 .54
Family history of breast cancer, yes vs no 47417 0.00097 0.0007 .19
Parous, yes vs no 62683 -0.0012 0.0007 .09
Parity, numbers 61837 -0.00071 0.0003 .02
Age at first live birth, y 44736 0.0047 0.001 8.50x10*
Use of oral contraceptives, ever vs never 28941 0.00073 0.0009 42
Use of menopausal hormone therapy, ever vs never 30983 0.0018 0.0008 .02
Breastfeeding, ever vs never 43321 -0.00076 0.0007 .26
Smoking, ever vs never 39562 -0.000068 0.0006 .92
Weight, kg 51634 0.070 0.004 2.01x10%
BMI, kg/m? 47221 -0.0074 0.001 1.21x107

* Regression coefficient is presented for continuous variables and natural log-scale odds ratio for dichotomous variables, per unit increase of the weighted height
genetic score. BMI = body mass index.

1 There was no heterogeneity in the association of the weighted height genetic score with height among case patients and control subjects (P = .72). All tests were
two-sided.
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1
1
Study Control Case ! OR (95% CI)
subjects patients ! per 10 cm increase
1
1
SZBCS 315 365 0.47 (0.18 to 1.23)
1
OBCS 414 507 . 0.54 (0.23 to 1.29)
ESTHER 502 478 o : 0.65 (0.31 to 1.37)
CTS 71 68 : 0.65 (0.07 to 6.32)
PBCS 424 519 : 0.82 (0.37 to 1.81)
BSUCH 954 852 o : 0.84 (0.47 to 1.50)
1
SKKDKFZS 168 136 ' 0.86 (0.21 to 3.62)
MCBCS 1931 1862 — 0.90 (0.62 to 1.32)
KARBAC 662 722 o : 0.91 (0.46 to 1.80)
ABCS 1429 1325 ——— 0.91 (0.58 to 1.42)
OFBCR 511 1175 o : 0.92 (0.47 to 1.79)
BBCC 458 564 of— 0.94 (0.46 to 1.94)
BIGGS 719 836 : 0.98 (0.47 to 2.06)
GC-HBOC 0 0 X
MARIE 1778 1818 — - — 1.06 (0.73 to 1.56)
MCCS 511 614 - 1.08 (0.54 to 2.14)
CGPS 4086 2901 —f 1.10 (0.83 to 1.46)
1
ORIGO 327 357 . 1.10 (0.44 t0 2.72)
LMBC 1388 2671 — - 1.10 (0.71 to 1.73)
HEBCS 1234 1664 = 1.14 (0.64 t0 2.02)
MBCSG 400 488 : 1.18 (0.52 to 2.64)
ABCFS 551 790 = 1.19 (0.63 t0 2.27)
1
CNIO-BCS 876 902 o 1.21(0.69 to 2.13)
SEARCH 8069 9347 l 1.23 (1.03 to 1.46)
BBCS 1397 1554 —_—) 1.30 (0.78 t0 2.15)
TNBCC 424 756 La 1.33 (0.64 to 2.80)
PKARMA 5537 5434 —— 1.39 (1.08 t0 1.78)
1
UKBGS 470 476 — 1.40 (0.67 t0 2.93)
RBCS 699 664 = 1.42 (0.75 to 2.66)
GENICA 427 465 ; 1.52 (0.68 to 3.41)
CECILE 999 1019 Y 1.63 (0.99 to 2.69)
SASBAC 1378 1163 - 1.75 (1.10 t0 2.79)
HMBCS 130 690 . 1.79 (0.55 to 5.78)
KBCP 251 445 : 1.80 (0.70 to 4.61)
MTLGEBCS 436 489 . 1.88 (0.84 t0 4.22)
SBCS 848 843 : o 1.93 (1.08 to 3.47)
kConFab/AOCS 897 613 : o 2.11 (1.13 to 3.93)
MEC 741 731 ' = 2.59 (1.39 to 4.82)
1
NBCS 70 22 ; 14.31 (0.63 to 326.5)
1
1
Overall 42482 46325 ‘ 1.22 (1.13t0 1.32)
: Pheterogeneity =.27
! [-squared = 11%
1
1
I : T 1

0.40

1.00 2.00 4.00

Figure 2. Association of the weighted height genetic score with breast cancer risk in the Breast Cancer Association Consortium. CI = confidence interval; OR = odds ratio.

For example, the odds ratios were 1.26 (95% CI = 1.14 to 1.38)
and 1.02 (95% CI = 0.87 to 1.18), respectively, for ER-positive and
ER-negative breast cancer (P, ..., = -02), similar to the results
obtained from meta-analyses of previous cohort studies and
BCAC case-control studies. Sensitivity analyses were performed
to evaluate the robustness of the associations between breast
cancer risk and various height-associated genetic scores (all F
statistics > 3500) (Figure 3). All analyses yielded similar results,
with little evidence of heterogeneity (P > .66 for all tests). In

the second Mendelian randomization analysis using summary
statistics data from DRIVE for breast cancer risk and published
GWAS for height, we found that a 10cm increase in height as pre-
dicted by the 168 height-associated SNPs was associated with an
approximately 21% elevated risk of breast cancer (OR = 1.21,95%
CI=1.05 to 1.39, P =.008), highly consistent with that observed in
the analysis using individual-level data from BCAC. Sensitivity
analyses similar to those performed in the analysis of data from
BCAC described above yielded similar results (data not shown).
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Height genetic score (HGS) evaluated* SNPs, n

Internal weight:

All SNPs (WHGS1) 168

SNPs with P < .05 for height (WHGS2) 146

SNPs not in LD with BC-related SNPs (WHGS3) 165
External weight:

All SNPs (ewHGS1) 168

SNPs with P < .05 for height (ewHGS2) 146

SNPs not in LD with BC-related SNPs (ewHGS3) 165

No weight:

All SNPs (HGS1) 168

SNPs with P < .05 for height (HGS2) 146

SNPs not in LD with BC-related SNPs (HGS3) 165

.
1
1
1
Variation, %t  F statistic 1 OR (95% CI) P value
| per 10 cm increase
1
1
|
8.99 5009 —.— 1.22 (113 to 1.32) 7.52%107
8.86 4929 —.— 1.22 (113 to 1.32) 9.23x107
8.87 4934 —.— 1.22 (113 to 1.33) 8.01x107
1
1
1
8.67 4810 - 1.23 (113 to 1.33) 1.55%10°°
8.69 4833 —.— 1.23 (113 to 1.34) 7.24%107
8.55 4743 —.— 1.24 (114 to 1.35) 474%107
1
1
1
1
7.41 4057 —Jl— 1271610139 1.28x107
1
7.58 4161 —— 12804710140 3.30x10°
1
7.29 3985 1.29 (118 to 1.41 3.08x10°%
Sl memen s
:
1

0.50

1.00 2.00

Figure 3. Sensitivity analyses for associations between genetically predicted height and breast cancer risk in the Breast Cancer Association Consortium. *The details
of the formula to construct height genetic score are presented in Supplementary Table 3 (available online). tPhenotypic variation of height explained by height genetic
scores in the study population. BC = breast cancer; HGS = height genetic score; LD = linkage disequilibrium; SNP = single-nucleotide polymorphism.

Height-Associated Variants and Breast Cancer Risk

Statistically significant associations with breast cancer at P val-
ues of less than .05 in the same direction as observed for height
were found for 16 SNPs in BCAC and 18 SNPs in DRIVE, both
higher than expected by chance (P = .01 for BCAC and P = .002 for
DRIVE) (Supplementary Tables 4 and 5, available online). In the
combined analysis of data from both consortia, 25 SNPs were
associated with breast cancer risk at P value sof less than .05
in the same direction as observed for height (Supplementary
Table 6, available online). In particular, the association for eight
SNPs remained statistically significant after adjusting for multi-
ple comparisons of 168 independent SNPs, significantly higher
than expected by chance (P < 10%) (Table 4). The association for
three SNPs, 1s11205277 near the SF3B4 gene at 1921.2, rs4665736
in the DNAJC27 gene at 2p23.3, and 152638953 in the CCDCI1
gene at 12p11.22, reached the genome-wide significance level of
P values of less than 5.0x 10 (Table 4 and Figure 4). These three
loci have not been previously reported in GWAS to be associated
with breast cancer risk.

Discussion

The association between adult height and breast cancer risk in
women has been investigated in many epidemiological studies
(2-4). However, the magnitude of this association, particularly for
subtypes of breast cancer, has not been established. In our meta-
analysis of data from more than five million women, including
approximately 110000 breast cancer events, we estimated that
a 10cm increase in height was associated with a 17% elevated
risk of breast cancer. The association was stronger in the meta-
analysis of studies with measured height than in meta-anal-
ysis of studies with self-reported height. This association was
confirmed in our Mendelian randomization analysis including
62328 breast cancer case patients and 83817 control subjects
from two large consortia, in which a 21% to 22% elevated risk of
breast cancer was associated with per 10cm increase in geneti-
cally predicted height. The weaker association observed in the

meta-analysis of previous cohort studies was expected because
some of these conventional observational studies may have
suffered from possible biases, including confounding biases
and measurement errors. In both meta-analysis of prospective
studies and Mendelian randomization analysis, the association
between height and breast cancer risk was observed in both
premenopausal and postmenopausal women but was limited
primarily to hormone receptor—positive breast cancer. Using the
Mendelian randomization approach, our study provides strong
evidence for a possible causal association between adult height
and breast cancer risk. Results from this study have clarified the
nature of the height and breast cancer association and provided
additional insight into the genetic and biological basis of breast
cancer development.

The genetic score used in our Mendelian randomization
analysis explains approximately 10% of the height variation in
populations of European ancestry. The remaining 90% of height
variation would be explained by both environmental factors
and genetic variants not yet identified. Given the small height
variation explained by the genetic score used in our study, we
expected that the association between measured/reported
height and breast cancer risk should be similar with or with-
out adjusting for the height-associated genetic score. Indeed,
this is what we observed in the study. It has been reported that
in addition to genetic factors, adult height is influenced by
energy intake and socioeconomic status during growth spurts
(53). It has been suggested that certain nutritional factors dur-
ing childhood and adolescence may be related to breast cancer
risk (2-4). Height is also influenced by the timing of puberty,
which is affected by endogenous estrogen, a hormone that
plays a central role in breast cancer etiology (2-4). However,
very few studies have collected sufficiently detailed data on
childhood and adolescent nutrition and health status and
pubertal development to clearly disentangle the association
of breast cancer risk with adult height from these exposures
that could also contribute to breast cancer risk (54). Therefore,
it has been unclear whether height is just a simple surrogate
measure of early life exposures of breast cancer risk factors, in


http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv219/-/DC1

11 of 17

B. Zhang et al.

JT011LV

"PapIS-0M] 1M $1S3] [[V 's-0T X § > d [9A] 1UEDYTIUSIS 9PIM-dWOUS 1 JSLI I9dULD 1SBIq YIUM PILIDOSSE d1am (zZ'T1deT pue £'czde ‘7' 1zbT) 100] 991U L "IATNA PUE DYDF WOIJ PIALISP 1M (N]eA d PUE ‘ID %56 YO IVY) SINSY §
‘3B 20USISJAI ‘ZI[A[[Y ‘ApNis [ENTUI UT JYSISY PIsSeaIdUl YIIM PIJRIDOSSE (S[3[[. JSU) TI[R[Y ‘(¢/T) SIPV
*(s)auad 1sesopd ay L +
‘wistydiowAod aprjospnu-s[3urs = NS ‘Aousnbaij o[3[[e SU = VY ‘O13BI SPPO = YO ‘I9dUED 1SESIg Ul SYUBLIE/A PIILISYU] JO ST
pue ‘A3o101g 1940210 = TATIJ [BAISIUT 9DUIPYUOD = [ {WNTIOSUOD UOTIRIDOSSY I9dURD 1seald = DVDE '€'9¢ pling ‘Oseqeiep uoneurioju] A30[ouyalo1g 10J I91UsD [eUONEN S} U0 paseq st uonisod esisAyd sawosowoIyd ayL,,

+0I*x1€T  (SOT0120'T) €0'T €0’ (80T 10T)¥0°T S€0 £00° (SOT01T0T) €0'T S€0 /D ZINN-TINN  9¥/6659% €e'1ehb/T €12509%51
+0TXE6'E (90101 20°T) ¥0°T 10’ (80T 0110T)SOT 190 +OTXHT'T (90T 0120T)%0T 790 v/D Saviv 6¥18819C z11b/T 6T¥H9/EST
1-0TXS6F (80'T01%0°T) 90°'T SOTXVLT (c1'101%0° 1) 80T 890 +0T%06'C (80T 01€0T)SO'T 890 /D 162d0D 7895T¥8¢ ze1rder £568£9¢51
s0TxTEL (ITT0€0T) £0T 6¢ (I1101960) €01 €60 s0T%9/'S (c1101%0T) 80'T €6°0 1/D TVDSSS S6££6059 1°€1b1T 68078/€S1
+OIXELT (90101 20°T) ¥0°T og’ (£01 0186°0) Z0'T 6T°0 +0IXTST (£0T0120T)SOT 610 o/L IVON £€T81SLS z1by SE6T80LTSI
0T *x¥9'8 (90T 03€0T)SOT 600" (80T 0110°T) SO'T SH0 5-01%88°C (£0T01€0T) SO'T S0 v/D sedldz 097885THL gzbe 910¥T/S1
s 0T%XS9°C (80T 01 %0°T) 90°T z0 (80T 10T)¥0°T 150 LOTXTIT'E (60T 03 %0°'T) 90'T €50 O/L £ZDIVNA €0T1¥0SC ¢ggde 9€/599%51
0T *20°C (L0121 %0°T) 90°T 80" (80T 01007T) €0°T S¥0  0I%8S¥% (80T 01%0°T)90°T €50 v/9 »geds 96¥6ST8VT T1eb1 ££TSOTTTSI

g (1D %S6) 9O P (ID %S6) WO vy Pt (1D %S6) 4O vy (e/m) lousn L,uonisod SNo07] dNS

FsopeIY

(£18€8/82€¢9) paulquioD

§3ARIA

§ovDd

(€000 > d) suosuredwod aydnnw g91 103 3unsn(pe 1s)e JUedYIUSIS A[[Ed1ISTIL)S PAUTBWAI 1B} SINS Pa1eId0sSse-1y31at] 1YSIS YIIM SLI 19dUED 1SeaIq JO UOTIRIDOSSY ‘¥ S[qeL



12 of 17 | JNCI] Natl Cancer Inst, 2015, Vol. 107, No. 11

A B
Plotted SNPs ] YT LS T T T T R L T Plotted SNPs
L rs11205277 r 100 10 rsd665736 100
» 08
08
8 » o os|- 80 &
02 8 8 80
£} =4 ° .
T 6 . 60 g 8
H -3 - 3
a ° n g g g
] . 2 g 2
. . 8 g g
? 4 L 40 2
5 > 4 3
K o
= & s
2 g 7 3
=
g
0 L »
L MISTZMB~ < HSTHREE S SVEA ~MIWRT!
| MSTHHA=  HISTIHEAC— -sran —omora
S TaH3A ~HIST2HAB
s aor+
—NLEJ?M.‘EM L
‘—lﬂ?r?ﬂl?m -—Pml '-—Dl““‘.!c?? ‘-—P?\m —m'mf
--mstzﬂ?ac cgjr;o— W'EZL-_AQS‘_
] T T T
149.8 149.85 149.9 149.95 248 25 252 254 256
Position on chr1 (Mb) Position on chr2 (Mb)
C
Plotted SNPs
8~ 52638953 Al e
* 08
L] (Jdl
25 02
80
g
20 - o g
) 60 T
E ~ £
T g
a 15 3
2 L] Fl
g 3
: 2
10 =
4
=
5

282 284

2886 28.8 29

Position on chri12 (Mb)

Figure 4. Regional association plots of the three new loci associated with breast cancer risk in the Breast Cancer Association Consortium. The three plots represent:
(A) 1921.2, (B) 2p23.3, and (C) 12p11.22. For each plot, the -log,, (P values) (y-axis) of single-nucleotide polymorphisms (SNPs) are shown according to their chromosomal
positions (x-axis) in National Center for Biological Information (NCBI) Build 37. Blue lines represent the estimated recombination rates from the HapMap Project (NCBI
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their LD (r?, the 1000 Genomes Project Europeans), with the index SNP shown as a purple diamond at each locus.

which height per se is not causally related to breast cancer risk.
It is also possible that the height-breast cancer association is
causal, in which genetic and/or environmental factors deter-
mine height and subsequently contribute to breast cancer risk
through the shared underlying biology. Using the Mendelian
randomization approach, our study provides strong evidence
for a possible causal association between adult height and
breast cancer risk, suggesting that factors, both genetic variants
and environmental exposures, that determine adult height, col-
lectively, may be causally related to breast cancer risk. The pri-
mary goal of Mendelian randomization analyses is to minimize
possible biases commonly encountered in conventional obser-
vational studies in order to provide strong evidence for causal
influence. Like any other Mendelian randomization study, we
cannot estimate the relative contribution of genetic variants
and environmental exposures to the association between adult
height and breast cancer risk in our study, particularly because

many additional genetic variants related to height have not
yet been identified. Given the incomplete understanding of the
genetic component for complex traits, such as adult height,
body weight, and blood lipids, no Mendelian randomization
study conducted to date has attempted to determine relative
contribution of genetics and environment in the association
between these traits and disease risk (69-74).

Adult height is the result of various growth and development
processes that are determined by many biological pathways.
Among them, the insulin-like growth factor (IGF) signaling path-
way is of particular interest. Multiple genetic variants in the IGF
signal pathway have been identified by GWAS to be related to
height (55). In fact, it is known that IGFs, particularly IGF1, are
major regulators of growth in utero and during childhood and
adolescence (56). IGF1 also plays an important role in carcino-
genesis through promotion of epithelial cell proliferation and
inhibition of apoptosis (57). Circulating IGF1 levels were found



to be higher among taller compared with shorter women and
were positively associated with breast cancer risk in a recent
pooled analysis of 17 prospective studies (58). In contrast, low
levels of IGF1 due to mutations in the GHR gene were associ-
ated with severe short stature and absence of breast cancer (or
overall cancer) in individuals with Laron dwarfism in a prospec-
tive study (59). In addition to the IGF signal pathway, multiple
other biological pathways have also been identified by GWAS
to be associated with adult height, including Hedgehog, MARK,
TGF-B, WNT, BMP, and mTOR (38,55,60). Some of these may also
be involved in the pathogenesis of breast cancer (61-66). To our
knowledge, to date no genetic variants in these pathways have
been conclusively associated with breast cancer risk. Our study
suggests that height and breast cancer susceptibility share
some common genes and biological pathways, and thus focused
search in future studies for variants in genes and biological
pathways established for height may help to identify additional
genetic risk variants for breast cancer.

By analyzing height-associated SNPs, we identified eight vari-
ants associated with breast cancer risk after adjusting for mul-
tiple comparisons. In particular, the association with three loci
previously not reported in relation to breast cancer risk reached
the genome-wide significance level of P values of less than
5.0x10%. At locus 1921.2, the risk-associated SNP rs11205277 is
located in an intergenic region between SV2A and SF3B4. Two
other genes, MTMR11 and OTUDYB, are also included in the link-
age disequilibrium (LD) block tagged by the SNP. At the 2p23.3
locus, the risk-associated variant rs4665736 lies in intron 2 of the
DNAJC27 gene. This SNP is related to the expression of the ADCY3
and DNAJC27 genes in peripheral blood samples (67). At the
12p11.22 locus, 1s2638953 maps to intron 6 of the CCDCI1 gene.
Data from the ENCODE Project suggest that rs2638953 and other
highly correlated SNPs (r? > 0.8) in the LD block might have regula-
tory functions (68). Additional studies are warranted to fine-map
and functionally characterize the regions identified in our study.

Our analysis based on height-associated genetic score is
consistent with a Mendelian randomization. The instrumental
variable (WHGS) was strongly associated with adult height, the
exposure of interest. The large F-statistic value (>3500) indicated
that wHGS is a very strong instrumental variable. Although
wHGS was related to some known breast cancer risk factors,
all of the observed associations were much weaker than adult
height, and all of the association can be explained by height.
Indeed, we have shown that the associations between the wHGS
and these breast cancer risk factors all disappeared after adjust-
ing for measured/reported height. One possible limitation for
the Mendelian randomization analysis is that of the 168 height-
associated SNPs included in our study, 145 were imputed in
BCAC, which could lead to an overall less precise estimate for
the genetic association with height, underestimating the asso-
ciation between genetically predicted height and breast cancer
risk. However, this bias should not be substantial because the
imputation R? was greater than 0.50 for all of the SNPs included
in the analysis with a mean value of 0.88. Furthermore, results
from BCAC were replicated in DRIVE, and the results from these
two large consortia were very close. Our meta-analysis of pro-
spective cohort studies may be subject to potential biases inher-
entin the original studies. To minimize these biases, we included
only prospective studies with age or multivariable-adjusted rela-
tive risks and excluded non-European studies from our analysis
to minimize heterogeneity. We also conducted subgroup meta-
analyses and found that the association of breast cancer risk
was stronger with measured height than self-reported height.
Most studies participating in BCAC are case-control studies,
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with height information obtained after cancer diagnosis. This
may have contributed to the lower risk estimates for the associ-
ation between adult height and breast cancer risk in BCAC than
those obtained from the meta-analysis of prospective studies
and the Mendelian randomization analysis. We present results
from the analyses of prospective cohort studies, Mendelian ran-
domization, and case-control studies in parallel to illustrate a
potential biased estimate of the association between height and
breast cancer risk from conventional case-control studies.

To our knowledge, this is the largest Mendelian randomiza-
tion analysis conducted to date for any cancer. With 62328 breast
cancer case patients and 83817 control subjects, our study has
excellent power to quantify the association with overall breast
cancer and by breast cancer subtypes. Our study, with data
from a large meta-analysis of prospective cohort studies and
Mendelian randomization analysis, provides strong evidence
that adult height is a risk factor for breast cancer in women and
that the association between adult height and breast cancer risk
is likely to be causal. Furthermore, our study revealed that there
are shared underlying genetic pathways affecting both height
and the pathogenesis of breast cancer.
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