
Gynecologic Oncology 136 (2015) 542–548

Contents lists available at ScienceDirect

Gynecologic Oncology

j ourna l homepage: www.e lsev ie r .com/ locate /ygyno
Evaluating the ovarian cancer gonadotropin hypothesis: A candidate
gene study
Alice W. Lee a, Jonathan P. Tyrer b, Jennifer A. Doherty c, Douglas A. Stram a, Jolanta Kupryjanczyk d,
Agnieszka Dansonka-Mieszkowska d, Joanna Plisiecka-Halasa d, Beata Spiewankiewicz e, Emily J. Myers a,
Australian Cancer Study (Ovarian Cancer) f, Australian Ovarian Cancer Study Group f,g,
Georgia Chenevix-Trench f, Peter A. Fasching h,i, Matthias W. Beckmann i, Arif B. Ekici j, Alexander Hein i,
Ignace Vergote k, Els Van Nieuwenhuysen k, Diether Lambrechts l,m, Kristine G. Wicklund n, Ursula Eilber o,
Shan Wang-Gohrke p, Jenny Chang-Claude o, Anja Rudolph o, Lara Sucheston-Campbell q, Kunle Odunsi r,
Kirsten B. Moysich q, Yurii B. Shvetsov s, Pamela J. Thompson t,u, Marc T. Goodman t,u, Lynne R. Wilkens s,
Thilo Dörk v, Peter Hillemanns w, Matthias Dürst x, Ingo B. Runnebaum x, Natalia Bogdanova v, LiisaM. Pelttari y,
Heli Nevanlinna y, Arto Leminen y, Robert P. Edwards z,aa, Joseph L. Kelley z, Philipp Harter ab,ac, Ira Schwaab ad,
Florian Heitz ab,ac, Andreas du Bois ab,ac, Sandra Orsulic ae, Jenny Lester ae, Christine Walsh ae, Beth Y. Karlan ae,
Estrid Hogdall af,ag, Susanne K. Kjaer ah,ai, Allan Jensen ah, Robert A. Vierkant aj, Julie M. Cunningham ak,
Ellen L. Goode aj, Brooke L. Fridley al, Melissa C. Southey am, Graham G. Giles an,ao, Fiona Bruinsma an,
Xifeng Wu ap, Michelle A.T. Hildebrandt ap, Karen Lu aq, Dong Liang ar, Maria Bisogna as, Douglas A. Levine as,
Rachel Palmieri Weber at, Joellen M. Schildkraut at,au, Edwin S. Iversen av, Andrew Berchuck aw,
Kathryn L. Terry ax,ay, Daniel W. Cramer ax,ay, Shelley S. Tworoger ay,az, Elizabeth M. Poole ay,az, Sara H. Olson ba,
Irene Orlow ba, Elisa V. Bandera bb, Line Bjorge bc,bd, Ingvild L. Tangen bc,bd, Helga B. Salvesen bc,bd,
Camilla Krakstad bc,bd, Leon F.A.G. Massuger be, Lambertus A. Kiemeney bf, Katja K.H. Aben bg,bh,
Anne M. van Altena be, Yukie Bean bi,bj, Tanja Pejovic bi,bj, Melissa Kellar bi,bj, Nhu D. Le bk, Linda S. Cook bl,
Linda E. Kelemen bm,bn, Angela Brooks-Wilson bo,bp, Jan Lubinski bq, Jacek Gronwald bq, Cezary Cybulski bq,
Anna Jakubowska bq, Nicolas Wentzensen br, Louise A. Brinton br, Jolanta Lissowska bs, Hannah Yang br,
Lotte Nedergaard bt, Lene Lundvall ai, Claus Hogdall ai, Honglin Song b, Ian G. Campbell am,bu,bv, Diana Eccles bw,
Rosalind Glasspool bx, Nadeem Siddiqui by, Karen Carty bx, James Paul bx, Iain A. McNeish bz, Weiva Sieh ca,
Valerie McGuire ca, Joseph H. Rothstein ca, Alice S. Whittemore ca, John R. McLaughlin cb, Harvey A. Risch cc,
Catherine M. Phelan cd, Hoda Anton-Culver ce, Argyrios Ziogas cf, Usha Menon cg, Susan J. Ramus a,
Aleksandra Gentry-Maharaj cg, Patricia Harrington ch, Malcolm C. Pike a,ba, Francesmary Modugno z,ci,cj,
Mary Anne Rossing n,ck, Roberta B. Ness cl, Paul D.P. Pharoah cm, Daniel O. Stram a,
Anna H. Wu a, Celeste Leigh Pearce a,cn,⁎
a Department of Preventive Medicine, Keck School of Medicine, University of Southern California Norris Comprehensive Cancer Center, Los Angeles, CA, USA
b Department of Oncology, University of Cambridge, Strangeways Research Laboratory, Cambridge, UK
c Department of Epidemiology, The Geisel School of Medicine at Dartmouth, Lebanon, NH, USA
d Department of Pathology, Institute of Oncology, Warsaw, Poland
e Department of Gynecologic Oncology, Institute of Oncology, Warsaw, Poland
f Cancer Division, QIMR Berghofer Medical Research Institute, Brisbane, QLD, Australia
g Peter MacCallum Cancer Institute, East Melbourne, VIC, Australia
h University of California at Los Angeles, David Geffen School of Medicine, Department of Medicine, Division of Hematology and Oncology, Los Angeles, CA, USA
i University Hospital Erlangen, Department of Gynecology and Obstetrics, Friedrich-Alexander-University Erlangen-Nuremberg, Comprehensive Cancer Center Erlangen-EMN, Universitaetsstrasse
21-23, 91054 Erlangen, Germany
j University Hospital Erlangen, Institute of Human Genetics, Friedrich-Alexander-University Erlangen-Nuremberg, Erlangen, Germany
k Division of Gynecological Oncology, Department of Oncology, University Hospitals Leuven, Belgium
l Vesalius Research Center, VIB, Leuven, Belgium
m Laboratory for Translational Genetics, Vesalius Research Center, VIB and KU Leuven, Belgium
⁎ Corresponding author at: 1415 Washington Heights, SPH Tower Office #4642, Ann Arbor, MI 48109-2029, USA. Fax: +1 734 764 3192.
E-mail address: lpearce@umich.edu (C.L. Pearce).

http://dx.doi.org/10.1016/j.ygyno.2014.12.017
0090-8258/© 2014 Elsevier Inc. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ygyno.2014.12.017&domain=pdf
http://dx.doi.org/10.1016/j.ygyno.2014.12.017
mailto:lpearce@umich.edu
http://dx.doi.org/10.1016/j.ygyno.2014.12.017
http://www.sciencedirect.com/science/journal/00908258
www.elsevier.com/locate/ygyno


543A.W. Lee et al. / Gynecologic Oncology 136 (2015) 542–548
n Program in Epidemiology, Division of Public Health Sciences, Fred Hutchinson Cancer Research Center, Seattle, WA, USA
o German Cancer Research Center (DKFZ), Division of Cancer Epidemiology, Heidelberg, Germany
p Department of Obstetrics and Gynecology, University of Ulm, Ulm, Germany
q Department of Cancer Prevention and Control, Roswell Park Cancer Institute, Buffalo, NY, USA
r Department of Gynecological Oncology, Roswell Park Cancer Institute, Buffalo, NY, USA
s Cancer Epidemiology Program, University of Hawaii Cancer Center, HI, USA
t Cancer Prevention and Control, Samuel Oschin Comprehensive Cancer Institute, Cedars-Sinai Medical Center, Los Angeles, CA, USA
u Community and Population Health Research Institute, Department of Biomedical Sciences, Cedars-Sinai Medical Center, Los Angeles, CA, USA
v Gynaecology Research Unit, Hannover Medical School, Hannover, Germany
w Clinics of Obstetrics and Gynaecology, Hannover Medical School, Hannover, Germany
x Department of Gynecology, Jena University Hospital— Friedrich Schiller University, Jena, Germany
y Department of Obstetrics and Gynecology, University of Helsinki and Helsinki University Central Hospital, Helsinki, HUS, Finland
z Department of Obstetrics, Gynecology and Reproductive Sciences, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA
aa Ovarian Cancer Center of Excellence, University of Pittsburgh, Pittsburgh, PA, USA
ab Department of Gynecology and Gynecologic Oncology, Kliniken Essen-Mitte, Essen, Germany
ac Department of Gynecology and Gynecologic Oncology, Dr. Horst Schmidt Kliniken Wiesbaden, Wiesbaden, Germany
ad Institut für Humangenetik Wiesbaden, Wiesbaden, Germany
ae Women's Cancer Program at the Samuel Oschin Comprehensive Cancer Institute, Cedars-Sinai Medical Center, Los Angeles, CA, USA
af Institute of Cancer Epidemiology, Danish Cancer Society, Copenhagen, Denmark
ag Molecular Unit, Department of Pathology, Herlev Hospital, University of Copenhagen, Copenhagen, Denmark
ah Department of Virus, Lifestyle and Genes, Danish Cancer Society Research Center, Copenhagen, Denmark
ai Department of Gynecology, Rigshospitalet, University of Copenhagen, Copenhagen, Denmark
aj Department of Health Sciences Research, Mayo Clinic, Rochester, MN, USA
ak Department of Laboratory Medicine and Pathology, Mayo Clinic, Rochester, MN, USA
al Biostatistics and Informatics Shared Resource, University of Kansas Medical Center, Kansas City, KS, USA
am Department of Pathology, University of Melbourne, Parkville, VIC Australia
an Cancer Epidemiology Centre, Cancer Council Victoria, Melbourne, VIC, Australia
ao Centre for Epidemiology and Biostatistics, Melbourne School of Population and Global Health, The University of Melbourne, Victoria, Australia
ap Department of Epidemiology, The University of Texas MD Anderson Cancer Center, Houston, TX, USA
aq Department of Gynecologic Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX, USA
ar College of Pharmacy and Health Sciences, Texas Southern University, Houston, TX, USA
as Gynecology Service, Department of Surgery, Memorial Sloan Kettering Cancer Center, New York, NY, USA
at Department of Community and Family Medicine, Duke University Medical Center, Durham, NC, USA
au Cancer Control and Population Sciences, Duke Cancer Institute, Durham, NC, USA
av Department of Statistical Science, Duke University, Durham, NC, USA
aw Department of Obstetrics and Gynecology, Duke University Medical Center, Durham, NC, USA
ax Obstetrics and Gynecology Epidemiology Center, Brigham and Women's Hospital and Harvard Medical School, Boston, MA, USA
ay Department of Epidemiology, Harvard School of Public Health, Boston, MA, USA
az Channing Division of Network Medicine, Brigham and Women's Hospital and Harvard Medical School, Boston, MA, USA
ba Department of Epidemiology and Biostatistics, Memorial Sloan Kettering Cancer Center, New York, NY, USA
bb Cancer Prevention and Control, Rutgers Cancer Institute of New Jersey, New Brunswick, NJ, USA
bc Department of Gynecology and Obstetrics, Haukeland University Hospital, Bergen, Norway
bd Centre for Cancer Biomarkers, Department of Clinical Science, University of Bergen, Bergen, Norway
be Department of Gynaecology, Radboud University Medical Centre, Nijmegen, The Netherlands
bf Department for Health Evidence and Department of Urology, Radboud University Medical Centre, Nijmegen, The Netherlands
bg Department for Health Evidence, Radboud University Medical Centre, Nijmegen, The Netherlands
bh Comprehensive Cancer Center The Netherlands, Utrecht, The Netherlands
bi Department of Obstetrics and Gynecology, Oregon Health and Science University, Portland, OR, USA
bj Knight Cancer Institute, Portland, OR, USA
bk Cancer Control Research, BC Cancer Agency, Vancouver, BC, Canada
bl Division of Epidemiology and Biostatistics, Department of Internal Medicine, University of New Mexico, Albuquerque, NM, USA
bm Alberta Health Services-Cancer Care, Department of Population Health Research, Calgary, AB, Canada
bn Departments of Medical Genetics and Oncology, University of Calgary, Calgary, AB, Canada
bo Canada's Michael Smith Genome Sciences Centre, BC Cancer Agency, Vancouver, BC, Canada
bp Department of Biomedical Physiology and Kinesiology, Simon Fraser University, Burnaby, BC Canada
bq Department of Genetics and Pathology, Pomeranian Medical University, Szczecin, Poland
br Division of Cancer Epidemiology and Genetics, National Cancer Institute, Bethesda, MD, USA
bs Department of Cancer Epidemiology and Prevention, Maria Sklodowska-Curie Memorial Cancer Center and Institute of Oncology, Warsaw, Poland
bt Deptartment of Pathology, Rigshospitalet, University of Copenhagen, Denmark
bu Cancer Genetics Laboratory, Research Division, Peter MacCallum Cancer Centre, Melbourne, VIC, Australia
bv Sir Peter MacCallum Department of Oncology, University of Melbourne, Parkville, VIC, Australia
bw Wessex Clinical Genetics Service, Princess Anne Hospital, Southampton, UK
bx Cancer Research UK Clinical Trials Unit, Glasgow, The Beatson West of Scotland Cancer Centre, University of Glasgow, Glasgow, UK
by Department of Gynaecological Oncology, Glasgow Royal Infirmary, Glasgow, UK
bz Institute of Cancer Sciences, University of Glasgow, Wolfson Wohl Cancer Research Centre, Beatson Institute for Cancer Research, Glasgow, UK
ca Department of Health Research and Policy — Epidemiology, Stanford University School of Medicine, Stanford, CA, USA
cb Prosserman Centre for Health Research, Lunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, Toronto, ON, Canada
cc Department of Chronic Disease Epidemiology, Yale School of Public Health, New Haven, CT, USA
cd Department of Cancer Epidemiology, Moffitt Cancer Center, Tampa, FL, USA
ce Department of Epidemiology, Genetic Epidemiology Research Institute, School of Medicine, University of California Irvine, Irvine, CA, USA
cf Department of Epidemiology, University of California Irvine, Irvine, CA, USA
cg Women's Cancer, Institute for Women's Health, University College London, London, UK
ch Centre for Cancer Genetic Epidemiology, Department of Oncology, University of Cambridge, Cambridge, UK
ci Women's Cancer Research Program, Magee-Women's Research Institute and University of Pittsburgh Cancer Institute, Pittsburgh, PA, USA
cj Department of Epidemiology, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, PA, USA
ck Department of Epidemiology, University of Washington, Seattle, WA, USA
cl The University of Texas School of Public Health, Houston, TX, USA
cm Department of Oncology, Department of Public Health and Primary Care, University of Cambridge, Strangeways Research Laboratory, Cambridge, UK
cn Department of Epidemiology, University of Michigan School of Public Health, Ann Arbor, MI, USA



544 A.W. Lee et al. / Gynecologic Oncology 136 (2015) 542–548
H I G H L I G H T S

• We examine whether variation in gonadotropin signaling pathway genes is associated with ovarian cancer risk.
• We evaluate individual SNP effects and gene-level effects through burden testing using the admixture likelihood (AML) method.
• Four putative ovarian cancer susceptibility loci near INHBB, LHCGR, GNRH, and FSHB are identified.
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Objective. Ovarian cancer is a hormone-related disease with a strong genetic basis. However, none of its
high-penetrance susceptibility genes and GWAS-identified variants to date are known to be involved in
hormonal pathways. Given the hypothesized etiologic role of gonadotropins, an assessment of how variability
in genes involved in the gonadotropin signaling pathway impacts disease risk is warranted.

Methods. Genetic data from 41 ovarian cancer study sites were pooled and unconditional logistic regression
was used to evaluate whether any of the 2185 SNPs from 11 gonadotropin signaling pathway genes was
associated with ovarian cancer risk. A burden test using the admixture likelihood (AML) method was also used
to evaluate gene-level associations.

Results.We did not find any genome-wide significant associations between individual SNPs and ovarian cancer
risk. However, there was some suggestion of gene-level associations for four gonadotropin signaling pathway
genes: INHBB (p=0.045,mucinous), LHCGR (p=0.046, high-grade serous),GNRH (p=0.041, high-grade serous),

and FSHB (p = 0.036, overall invasive). There was also suggestive evidence for INHA (p = 0.060, overall invasive).

Conclusions. Ovarian cancer studies have limited sample numbers, thus fewer genome-wide susceptibility
alleles, with only modest associations, have been identified relative to breast and prostate cancers. We have evalu-
ated the majority of ovarian cancer studies with biological samples, to our knowledge, leaving no opportunity for
replication. Using both our understanding of biology and powerful gene-level tests, we have identified four putative
ovarian cancer loci near INHBB, LHCGR,GNRH, and FSHB thatwarrant a second look if larger sample sizes and denser
genotype chips become available.
© 2014 Elsevier Inc. All rights reserved.
Introduction

Invasive epithelial ovarian cancer (ovarian cancer) is a hormone-
related cancer with oral contraceptive (OC) use and parity as well-
established protective factors [1]. Long-standing hormonal hypotheses
include incessant ovulation, direct effects of estrogen and progesterone,
and gonadotropin signaling [2–4]. The gonadotropin hypothesis
suggests that ovarian cancer develops from excess stimulation of ovari-
an tissue by the pituitary gonadotropins, follicle stimulating hormone
(FSH) and luteinizing hormone (LH), whose secretion is controlled by
the gonadotropin releasing hormone (GnRH) [4].

Ovarian cancer also has a significant heritable component in which a
first-degree family history of ovarian cancer is associatedwith an approx-
imate two-fold increased risk [5]. This risk may be attributable to high-
penetrance susceptibility genetic mutations as well as several common
variants that have been identified through genome-wide association
studies (GWAS) [6–13]. It was widely expected that genes involved in
hormone signaling and action would be associated with ovarian cancer
risk, but none of the GWAS-identified variants or major genes appears
to be involved in hormonal pathways. Conversely, in other cancers affect-
ed byhormones, such as breast cancer, hormone-related genetic variation
was associated with disease risk [14]. However, a substantial portion of
ovarian cancer's excess familial risk still remains unexplained.

Detailed analyses of gene-level effects of genes involved in gonado-
tropin signaling have not been undertaken. Three population-based
case–control studies have assessed the effects of genetic variants in
the FSH receptor gene (FSHR), but with conflicting results [15–17].
Hence, we have carried out a comprehensive multi-center analysis to
determinewhether genetic variation in 11 genes involved in the gonad-
otropin signaling pathway is associated with ovarian cancer risk.

Methods

This study was approved by the ethics committees of each institu-
tion. Each subject provided written informed consent prior to inclusion
in the study.
Study populations

In total, 41 study sites from the Ovarian Cancer Association
Consortium (OCAC), which constituted 31 study sets, have been includ-
ed in this analysis; study siteswere grouped into sets based on the scope
of genotyping data (genome-wide versus targeted approaches) as well
as the geographic region. Briefly, 20 study sites were conducted in
Europe, 19 in North America, and two in Australia. Nine study sites
were case-only so their cases were pooled with case–control study
sites from the same geographic region. In addition, the three Polish
case–control study sites were combined into a single study set. An over-
view of each site's characteristics and number of cases and controls are
presented in Supplementary Table S1. Our analyses excluded partici-
pants who were not of European ancestry (n = 4605), as determined
by the program LAMP (Local Ancestry in Admixed Populations) (see
“Statistical analysis”), or were missing ethnicity information (n = 23).
In addition, only invasive epithelial ovarian cancer cases were
considered. Hence, a combined total of 46,176 participants (n =
15,361 cases and 30,815 controls) was used in our final analyses. De-
tails regarding sample quality control have been published
previously [9].
Imputation analyses

These analyses were based on genotype data from three GWAS and
replication efforts [8,18] as well as the large-scale genotyping array by
the Collaborative Oncological Gene-environment Study (COGS) [12].
Details of these large-scale genotyping efforts have been published
previously.

To account for different marker sets and improve genome coverage,
imputation of the entire scope of genetic variation in the genome was
carried out by combining the available genotyped data as well as infor-
mation from theMarch 2012 release of the 1000 Genomes Project using
the program IMPUTE2 [19]. The data were pre-phased using SHAPEIT
software to reduce computation time [20].
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Gene and SNP selection

Eleven gonadotropin signaling pathway geneswere evaluated in our
analyses: ACVR1, ACVR2, CGA, FSHB, FSHR, GNRH, GNRHR, INHA, INHBA,
INHBB, and LHCGR. SNPs found within each gene as well as SNPs within
25 kbupstreamanddownstreamof each genewere assessed. Only SNPs
with an imputation r2 ≥ 0.5 and a minor allele frequency (MAF) ≥ 0.05
were considered in the analyses. Hence, our final analyses included
2185 SNPs.

Statistical analysis

The program LAMP was used to assign intercontinental ancestry
based on genotype frequencies in European, Asian, and African popula-
tions [21]. Participants with 90% or more European ancestry were
classified as European. To adjust for ancestry within the European
population, a principal components analysis (PCA) was performed
within our subjects using a set of 37,000 unlinked markers as well as
an in-house program written in C++ that used the Intel MKL library
for eigenvectors (http://ccge.medschl.cam.ac.uk/software/pccalc).

Coverage referred to the total proportion of genetic variation being
captured for each gene at an r2 ≥ 0.8. It was determined by calculating
the pairwise r2 between the SNPs we had genotypes for (with an impu-
tation r2 ≥ 0.5 and a MAF ≥ 0.05) and all of the 1000 Genomes SNPs in
each gene that had a MAF ≥ 0.05.

Unconditional logistic regression was used to assess the association
between each SNP in the gonadotropin signaling pathway genes and
ovarian cancer risk. All analyses took into consideration study set and
adjusted for population substructure by including the first five PCA
eigenvalues in the model. This was done for all invasive ovarian cancer
as well as for the four ovarian cancer histological subtypes (high-grade
serous, mucinous, endometrioid, clear cell). Per-allele log odds ratios
(ORs) and 95% confidence intervals (CIs) were estimated. All reported
p-values were two-sided.

Because wewere interested in identifyingwhether or not individual
genes (versus the individual SNPs) were associatedwith ovarian cancer
risk, a burden testwas performed using the admixture likelihood (AML)
method [22] to determine whether overall genetic variation in each
gonadotropin signaling gene was associated with disease risk after
accounting for the correlation between the SNPs in each gene.

The AML method postulates that within a set of SNPs, a given
proportion α is associated with the outcome, and the effect size of
each associated SNP will fall on a non-central χ2 distribution with
non-centrality parameter η. The η parameter is a measure closely relat-
ed to that SNP's contribution to the genetic variance of the outcome var-
iable. The AML method estimates values for α and η using a pseudo-
maximum likelihood method. Due to a lack of independence among
our SNPs, it is not possible to assess the significance of the estimated pa-
rameters by a simple likelihood ratio test so the AML method was used
to assess significance by simulation instead.

We used the AMLcalc program (http://ccge.medschl.cam.ac.uk/
software/aml) to perform the burden test using 1000 simulations with
themaximumproportion of associated SNPs set to 0.2 on the genotyped
and imputed data and adjusting for the first five ancestry principal
components. p-Values for the AML trend test are provided.

Results

The number of SNPs analyzed for each gene and the number of SNPs
statistically significantly associatedwith invasive ovarian cancer risk (at
a nominal p ≤ 0.05 significance level) are presented in Table 1. Neither
GNRH nor GNRHR harbored a SNP associated with overall invasive ovar-
ian cancer at the p ≤ 0.05 level (Table 1). LHCGR had the most strongly
associated single SNP, rs72618637 (p = 0.001; Table 1), but FSHB
showed some evidence of a gene-level association (p = 0.036;
Table 1). A borderline statistically significant gene-level association
between INHA and invasive ovarian cancer was also observed (p =
0.060). However, when all SNPs across the 11 genes were considered
together (“global”), no evidence of an association between genetic
variation in the gonadotropin signaling pathway and invasive ovarian
cancer risk was observed (p = 0.33).

Results of the most significant association for each gene by histolog-
ical subtype are presented in Tables 2A and 2B. FSHB had the most
strongly associated single SNP, rs7951733 (p = 4.62 × 10−5; Table 2B
and Supplementary Fig. S1) across all histological subtypes, including
overall invasive, and also showed suggestive evidence of a gene-level
association with the invasive endometrioid subtype (p= 0.063). In ad-
dition, while genetic variation across the 11 genes did not show evi-
dence of a global association with any of the four histological
subtypes, there was evidence of gene-level associations between
LHCGR and GNRH and the invasive high-grade serous subtype (p =
0.046 and p=0.041, respectively) aswell as between INHBB and the in-
vasive mucinous subtype (p= 0.045). However, there was no evidence
of any gene-level association with the invasive clear cell subtype.

Discussion

The gonadotropin hypothesis has been one of the leading hypothe-
ses concerning ovarian cancer development. After evaluating this path-
way,we found individual SNP associations at the p≤ 0.05 level, which is
intriguing, but none was statistically significant after considerations for
multiple comparisons. Rs7951733, which was an imputed SNP in our
dataset (r2 = 0.95) with a MAF = 0.08, was particularly interesting
given its strong association with the endometrioid ovarian cancer sub-
type (p = 4.62 × 10−5, Supplementary Fig. S1). It is located approxi-
mately 5 kb downstream of the FSHB gene, which encodes the beta
polypeptide of FSH, a gonadotropin involved in reproduction. However,
the relevance of this SNP remains uncertain.

In this case where many nominally significant associations were
observed, an alternative method for evaluating whether variation in
this pathway is associated with risk is needed. A standard approach
would be to attempt replication. However, to our knowledge, our anal-
ysis includes the majority of ovarian cancer cases and controls available
worldwide for genetic studies. Hence, we conducted burden testing
using the AML approach to evaluate evidence of gene-level associations.
This method did provide some evidence of gene-level associations. A
total of 55 burden testswere carried out (i.e., 11 genes × 5 types of ovar-
ian cancer (overall invasive plus the four subtypes of ovarian cancer)),
in which four significant associations (FSHB, LHCGR, GNRH, and INHBB)
and one borderline significant association (INHA) were observed, com-
pared to 2.8 expected by chance at the p≤ 0.05 level. This lends support
to a possible role for genetic variation in this pathwaywith ovarian can-
cer risk.

Given that most ovarian cancer patients present at a postmenopaus-
al stage when circulating FSH and LH levels are high and remain high
due to the lack of negative feedback mechanisms by ovarian steroids,
an association between chronically elevated gonadotropin levels and
ovarian carcinogenesis has been suggested [23]. This is further support-
ed by elevated gonadotropin levels in cyst and peritoneal fluid from
ovarian cancer patients, although their relevance when the carcinogen-
esis has already occurred is uncertain [24]. Epidemiological evidence in-
directly supporting the role of gonadotropins in ovarian carcinogenesis
includes the well-established protective effects of pregnancies and OC
use, which suppress gonadotropin secretion by the pituitary gland
[25]. The gonadotropin hypothesis has also prompted substantial
work on the potential risk-enhancing effects of infertility treatments,
which include high-doses of gonadotropins to induce ovulation [26].
Hence, while gonadotropins alone may not reconcile all of the data
pertaining to ovarian cancer etiology and progression, the evidence sug-
gests that they are at least partly involved; it has been hypothesized that
high gonadotropin levels could stimulate ovarian epithelial cells and
initiate or promote tumorigenesis.

http://ccge.medschl.cam.ac.uk/software/pccalc
http://ccge.medschl.cam.ac.uk/software/aml
http://ccge.medschl.cam.ac.uk/software/aml


Table 1
Gene-level AML test and most significantly associated SNP (MAFa ≥ 0.05) in each gonadotropin signaling gene for all invasive ovarian cancers.

Gene Coverage
(at imputation r2 ≥ 0.8)

Number of
SNPs

Number of significant
SNPs (at ≤0.05)

AML burden
testb

Most significant
SNP

MAFa Imputation
r2

ORc p-Value

ACVR1 0.55 101 1 0.73 rs35160507 0.07 0.77 1.07 0.030
ACVR2 0.98 163 1 0.52 rs17742573 0.07 0.56 0.93 0.046
CGA 0.97 140 15 0.29 rs7745823 0.24 0.83 0.96 0.035
FSHB 0.99 111 18 0.036 rs12805742 0.22 0.94 1.04 0.018
FSHR 0.90 746 15 0.57 chr2:49204261:D 0.07 0.70 0.91 0.007
GNRH 1.00 108 0 0.65 N/A – – – –

GNRHR 0.94 126 0 0.59 N/A – – – –

INHA 0.86 81 15 0.060 rs12720063 0.21 1.00 0.95 0.007
INHBA 1.00 77 1 0.80 rs17776182 0.15 1.00 0.95 0.010
INHBB 0.82 109 22 0.098 rs11900747 0.06 0.55 1.13 0.004
LHCGR 0.97 423 52 0.091 rs72618637 0.19 0.68 1.07 0.001
Global – 2185 140 0.33 – – – – –

Note: “N/A” reflects genes with no significant SNPs at p ≤ 0.05. “Global” refers to when all genes are considered.
a MAF = minor allele frequency.
b AML = admixture maximum likelihood, taking into account the first five ancestry principal components; p-values for trend reported.
c OR= per allele odds ratio, taking into account study set and the first five ancestry principal components.
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It was previously suggested that variants in FSHR (rs6165 and
rs6166) may affect susceptibility of women to ovarian cancer [15–17].
However, the results from three studies that investigated this were
conflicting. Our analysis of 746 SNPs in this gene included these two
variants, but neither was found to be associated with risk of ovarian
cancer (p = 0.46 and p = 0.45, respectively).

Our results suggest that theremay be other genes involved in the go-
nadotropin signaling pathway that might affect risk of developing ovar-
ian cancer and specific subtypes of ovarian cancer as well. In addition,
the molecular function of such genes makes their involvement in ovar-
ian carcinogenesis biologically plausible. GNRH is predominantly re-
sponsible for the release of the pituitary gonadotropins, FSH and LH,
whichmakes it a likely gene to be involved in this pathway. INHBB or in-
hibin beta B is a subunit of inhibin, which is produced by the granulosa
cells of the ovary and has been found to be a possible marker of ovarian
cancer [27]. The potential association we report with the mucinous
ovarian cancer subtype is interesting given case reports describing a
combination of granulosa cell tumor and mucinous cystadenoma of
the ovary [28,29]. It joins the alpha subunit of inhibin (INHA) to form
a pituitary FSH secretion inhibitor. LHCGR or luteinizing hormone/
choriogonadotropin receptor produces a protein that acts as a receptor
for two ligands: LH, which plays a role in ovulation, and chorionic
gonadotropin, which is necessary for pregnancy. In addition, evidence
suggests an association between genetic variability in LHCGR and risk
of ovarian hyperstimulation syndrome [30]. FSHB encodes the beta
polypeptide of FSH, which has long been thought to play a role in
Table 2A
Gene-level AML test and most significantly associated SNP (MAFa ≥ 0.05) in each gonadotropi

Gene Coverage
(at r2 ≥ 0.8)

Serous high grade (n = 6258)

No. of
signif.
SNPs

AML
burden
testb

Most significant
SNP

MAFa Imput.
r2

ORc

ACVR1 0.55 0 0.47 N/A – – –

ACVR2 0.98 1 0.66 rs57870939 0.05 0.60 1.13
CGA 0.97 0 0.69 N/A – – –

FSHB 0.99 1 0.35 rs7925340 0.21 0.99 1.05
FSHR 0.90 31 0.52 rs116044731 0.07 0.80 0.87
GNRH 1.00 12 0.041 chr8:25283745:D 0.42 0.62 1.07
GNRHR 0.94 0 0.34 N/A – – –

INHA 0.86 5 0.24 rs77120825 0.06 0.51 1.16
INHBA 1.00 2 0.52 rs17719440 0.08 0.98 1.11
INHBB 0.82 12 0.15 rs4328642 0.05 0.58 0.86
LHCGR 0.97 90 0.046 rs13426172 0.12 1.00 0.91
Global – 154 0.24 – – – –

Note: “N/A” reflects genes with no significant SNPs at p ≤ 0.05. “Global” refers to when all gen
a MAF = minor allele frequency.
b AML = admixture maximum likelihood, taking into account the first five ancestry princip
c OR= per allele odds ratio, taking into account study set and the first five ancestry princip
ovarian carcinogenesis due to well-established protective factors that
suppress its secretion [25].

Despite three genome-wide scans andmultiple large-scale genotyp-
ing efforts, only 18 genome-wide significant ovarian cancer susceptibil-
ity alleles have been identified, compared to 76 in breast and 77 in
prostate [unpublished results, 31]. This is largely attributable to limited
sample numbers available in each study, which emphasizes the impor-
tance of collaborative efforts, such as OCAC. In addition, because of
limited numbers, new statistical methods are needed to better
understand the role of genetics in ovarian cancer etiology. This study
highlights one such method. By linking biology with burden testing,
we were able to find some evidence of an association between the go-
nadotropin signaling genes GNRH, INHBB, FSHB, and LHCGR and ovarian
cancer risk.

None of the individual SNP associations we observed showed
genome-wide significance (p = 5 × 10−8) and are thus circumstantial.
However, we applied burden testing to evaluate gene-level effects as
well, and although this does not allow us to identify the specific
disease-associated variant, it does shed some light on potential genes
to focus on in future studies. In addition, although much of the genetic
data used were imputed, we restricted our analyses to only SNPs with
an imputation r2 ≥ 0.5 and a MAF ≥ 0.05, which is a common method
used for filtering imputed data [32].

While these findings cannot be directly applied to a clinical setting,
they demonstrate both a biological and genetic basis to the role of
gonadotropins in ovarian carcinogenesis, which could impact how
n signaling gene for invasive high-grade serous and mucinous ovarian cancers.

Mucinous (n = 991)

p-Value No. of
signif.
SNPs

AML
burden
testb

Most significant
SNP

MAFa Imput.
r2

ORc p-Value

– 1 0.76 rs17804523 0.07 0.67 0.79 0.042
0.038 6 0.38 rs11681013 0.08 0.74 1.23 0.025
– 1 0.50 chr6:87820107:I 0.29 0.89 1.11 0.039
0.049 37 0.11 rs12577729 0.22 0.95 1.14 0.018
0.003 45 0.33 rs12997920 0.39 0.88 1.13 0.010
0.010 0 0.40 N/A – – – –

– 0 0.78 N/A – – – –

0.013 0 0.43 N/A – – – –

0.008 0 0.55 N/A – – – –

0.010 26 0.045 rs6542591 0.39 0.67 1.17 0.003
0.005 21 0.67 rs55871926 0.10 0.80 1.26 0.004
– 137 0.54 – – – – –

es are considered.

al components; p-values for trend reported.
al components.



Table 2B
Gene-level AML test and most significantly associated SNP (MAFa ≥ 0.05) in each gonadotropin signaling gene for invasive endometrioid and clear cell ovarian cancers.

Gene Coverage
(at r2 ≥ 0.8)

Endometrioid (n = 2148) Clear cell (n = 1013)

No. of
signif.
SNPs

AML
burden
testb

Most significant
SNP

MAFa Imput.
r2

ORc p-Value No. of
signif.
SNPs

AML
burden
testb

Most significant
SNP

MAFa Imput.
r2

ORc p-Value

ACVR1 0.55 2 0.47 chr2:158719453:D 0.06 0.85 1.14 0.042 0 0.87 N/A – – – –

ACVR2 0.98 1 0.25 rs17742573 0.07 0.56 0.84 0.045 12 0.21 rs55816333 0.42 0.97 0.89 0.018
CGA 0.97 0 0.95 N/A – – – – 0 0.58 N/A – – – –

FSHB 0.99 27 0.063 rs7951733 0.08 0.95 0.76 4.62 × 10−5 0 0.46 N/A – – – –

FSHR 0.90 19 0.34 rs191446440 0.05 0.62 1.30 0.002 45 0.20 rs55926033 0.12 0.87 1.21 0.007
GNRH 1.00 0 0.13 N/A – – – – 1 0.35 chr8:25290793:D 0.09 0.55 1.23 0.038
GNRHR 0.94 2 0.53 rs148964181 0.13 0.55 1.12 0.045 3 0.31 rs17637021 0.17 0.52 1.18 0.026
INHA 0.86 3 0.14 rs6436158 0.40 0.52 0.91 0.042 0 0.86 N/A – – – –

INHBA 1.00 0 0.58 N/A – – – – 0 0.94 N/A – – – –

INHBB 0.82 15 0.16 rs12475606 0.47 0.55 0.90 0.016 2 0.70 rs4528762 0.26 0.60 0.81 0.003
LHCGR 0.97 8 0.65 rs4293599 0.20 1.00 1.12 0.005 9 0.69 rs3884614 0.07 0.66 1.29 0.005
Global – 77 0.33 – – – – – 72 0.53 – – – – –

Note: “N/A” reflects genes with no significant SNPs at p ≤ 0.05. “Global” refers to when all genes are considered.
a MAF = minor allele frequency.
b AML = admixture maximum likelihood, taking into account the first five ancestry principal components; p-values for trend reported.
c OR= per allele odds ratio, taking into account study set and the first five ancestry principal components.
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researchers and clinicians viewovarian cancer etiology. Based on our re-
sults, the gonadotropin hypothesis would be worth re-evaluating when
larger samples with denser genotyping chips become available so that
there is more power with less reliance on imputation, allowing for
fine mapping to be carried out.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygyno.2014.12.017.
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