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Abstract

Objective—To evaluate whether endometriosis-associated genetic variation affects risk of
ovarian cancer

Design—~Pooled genetic analysis
Setting—~Research unit in a university hospital

Patients/Animals—Genetic data from 46,176 participants (15,361 ovarian cancer cases and
30,815 controls) from 41 ovarian cancer studies

Intervention(s)—None

Main Outcome Measure(s)—Endometriosis-associated genetic variation and ovarian cancer
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Results—There was significant evidence of an association between endometriosis-related genetic
variation and ovarian cancer risk, especially for the high-grade serous and clear cell histotypes.
Overall, we observed 15 significant burden statistics, which was three times more than expected.

Conclusion—BYy focusing on candidate regions from a phenotype associated with ovarian
cancer, we have shown a clear genetic link between endometriosis and ovarian cancer that
warrants further follow-up. The functional significance of the identified regions and SNPs is
presently uncertain, though future fine mapping and histotype-specific functional analyses may
shed light on the etiologies of both gynecologic conditions.

Capsule

There is a clear genetic link between endometriosis and risk of ovarian cancer, especially for the
high-grade serous and clear cell histotypes.

Keywords
endometriosis; ovarian cancer; genetic variation; SNPs

Introduction

Ovarian carcinoma (ovarian cancer) is the most fatal malignancy in the female reproductive
system, accounting for more than 140,000 deaths annually worldwide (1). Endometriosis,
the presence of ectopic endometrial glands and tissue in the peritoneum, is a common
gynecologic condition, occurring in 6 to 10% of the general female population (2). Studies
that have controlled for parity have shown that endometriosis is a well-established ovarian
cancer risk factor, especially for the endometrioid and clear cell histotypes (3). Although the
etiology of endometriosis remains enigmatic, it is influenced by genetic factors, with an
estimated heritability of 51% and an incidence that is approximately seven times higher in
relatives of women with endometriosis than in women without such family history (4,5). To
date, seven variants reaching genome-wide significance have been identified in association
with risk of endometriosis (6-8). In addition, the most recent meta-analysis by Nyholt et al
has identified multiple additional variants associated with risk, albeit some at a sub-genome-
wide significance level (A<1 x 107°) (9).

Genetics also plays a role in the etiology of ovarian cancer as women with first-degree
family histories of the disease have over a two-fold increased risk (10). High-penetrance
susceptibility genes, such as BRCA1 and BRCAZ, as well as 18 published common variants
identified through genome-wide association studies (GWAS) account for a substantial
portion of ovarian cancer’s familial risk, but at least 60% remains unexplained (11-19). Lee
and colleagues have previously shown that the cumulative effect of many risk variants
contribute to disease heritability (20) and hence, it is likely that the germline genetic
contributions to ovarian cancer are not limited to GWAS-identified variants.

Given the important role genetics plays in the etiologies of both endometriosis and ovarian
cancer and the consistent epidemiologic evidence of their association with one another, the
two gynecologic conditions may also have a similar genetic profile. Hence, based on the
results presented by Nyholt and colleagues of their endometriosis GWAS meta-analysis, we
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present the first report that evaluates whether variation in the 18 regions harboring the top 38
endometriosis-associated SNPs is associated with risk of ovarian cancer.

Materials and Methods

All studies included in this report obtained institutional ethics committee approval and all
participating subjects provided written informed consent.

Study Populations

Our analysis included 41 studies participating in the Ovarian Cancer Association
Consortium (OCAC), an international collaboration of ovarian cancer studies founded in
2005. In total, 20 studies were conducted in Europe, 19 in North America, and two in
Australia. Only participants of European ancestry were included, as was determined from
the program LAMP (Local Ancestry in Admixed Populations) (see Statistical Analysis
below). We used a combined total of 46,176 participants (15,361 ovarian cancer cases and
30,815 controls) in our analyses; borderline tumors were excluded. Details regarding sample
quality control have been previously published (15). Supplementary Table 1 provides an
overview of each study’s characteristics and the numbers of subjects included.

Genotyping and Imputation Analyses

The genetic data for our analyses came from three population-based ovarian cancer GWAS,
which comprised 2,162 cases and 2,564 controls from a GWAS in North America (“US
GWAS”) (21), 1,763 cases and 6,118 controls from a GWAS in the United Kingdom (“UK
GWAS”) (11), and 443 cases and 441 controls from a second GWAS in North America. In
addition, 11,030 cases and 21,693 controls were genotyped using the iCOGS array, which
was a large-scale genotyping project by the Collaborative Oncological Gene-environment
Study (COGS) (15). The US and UK GWAS included several independent case-control
studies, and samples from these studies were also genotyped using the iCOGS array. All
duplicates were removed from the analyses, resulting in genetic data for 15,361 women
diagnosed with ovarian cancer and 30,815 controls. Study sets were created based on the
scope of genotyping information (GWAS versus COGS) available for imputation. These sets
are indicated in Supplementary Table 1. Details regarding the genotyping platform for each
dataset have been published previously (15).

Imputation of the entire scope of genetic variation in the genome was carried out separately
for iCOGS samples and each of the GWAS. We imputed variants by combining all available
genotype data with information from the April 2012 release of the 1000 Genomes Project
using the program IMPUTE2 (22). In addition, all data were pre-phased using the software
SHAPEIT in order to improve computation efficiency (23).

SNP Selection

The SNPs evaluated here were based on the results of Nyholt et al’s genome-wide
association meta-analysis (9), which included two large endometriosis GWAS: one
conducted in a Japanese sample obtained from BioBank Japan (BBJ) (7) and the other in an
European sample from Australia and the UK by the International Endogene Consortium
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(IEC) (6). Nyholt et al found six SNPs (rs7521902, rs12700667, rs10859871, rs4141819,
rs1537377, rs7739264) that reached genome-wide significance (A<5 x 1078) in their analysis
as well as an additional SNP (rs13394619) that reached genome-wide significance when
combined with the results from a previous meta-analysis of two Japanese case-control
cohorts (8). These seven SNPs, as well as an additional 31 SNPs that showed suggestive
evidence of an association with endometriosis (<1 x 107°), were included in our analyses
for a total of 38 index SNPs. A list of these SNPs is provided in Table 1.

In addition, we evaluated genetic variation in the surrounding regions of each of the 38 index
SNPs. Initially, these regions were defined as the areas 25kb up- and downstream of each
index SNP. All variants in these 50kb regions were analyzed and the SNP with the strongest
ovarian cancer association in each region was identified. The final regions, which we have
labelled as Regions A to R, were defined as including all SNPs with an /2>0.2 with the most
significantly associated ovarian cancer SNPs. Based on each SNP’s linkage disequilibrium
pattern, a total of 18 regions of varying sizes was identified as some of the 38 SNPs were
strongly correlated with each other. Only SNPs with an imputation /2>0.5 and a minor allele
frequency (MAF) =0.05 were considered. In total, 6,981 SNPs (including the original 38
SNPs) were assessed.

Statistical Analysis

We used LAMP to assign intercontinental ancestry based on genotype frequencies in
European populations according to HapMap (24). Subjects were classified as European if
they had 90% or more European ancestry. Principal components analysis (PCA) to control
for population substructure was also performed 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).

We carried out unconditional logistic regression analyses, adjusting for the first five
eigenvalues from the PCA for European ancestry, to determine the association between each
SNP and risk of ovarian cancer. For all ovarian cancer cases combined and for high-grade
serous cases, the analyses were carried out within each study set and the set-specific results
were summarized using a fixed-effects meta-analysis approach. For the less common
histotypes (mucinous, endometrioid, clear cell), the cases and controls were pooled across
all study sets, and study set was included as a term in the model. A log-additive mode of
inheritance was used, with each SNP modeled as an ordinal variable. Hence, the effect
estimates reflect per-allele odds ratios (ORs). All p-values reported herein are two-sided.

To evaluate whether overall genetic variation implicated in risk of endometriosis also plays a
role in risk of ovarian cancer, we calculated burden statistics using the admixture likelihood
(AML) method (25). We used the AMLcalc program to accomplish this using 1000
simulations with the maximum proportion 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. We calculated burden statistics across the 38 SNPs
identified by Nyholt et al as well as across each of the 18 regions for ovarian cancer overall
risk and for the four main histotypes. This allowed us to take a global approach to assess
whether the combined variation that exists among the 38 endometriosis-associated SNPs or
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across the 18 regions plays a role in ovarian cancer risk after accounting for the correlation
between SNPs.

Manhattan plots were generated by plotting the —log P versus the chromosomal position
using GraphPad Prism 6 to provide a picture of the distribution of p-values by histotype
across each region. This plotting was done for all regions except Region A since it was
presented in a recent meta-analysis by OCAC and the Consortium of Investigators of
Modifiers of BRCA1/2 (CIMBA) (19). Linkage disequilibrium plots depicting pairwise
correlation data from the 1000 Genomes CEU (Utah residents (CEPH) with Northern and
Western European ancestry) population were generated using HaploView. Epigenomic data
made available from the ENCODE and Roadmap Epigenomics Consortia were obtained and
visualized in the UCSC Genome Browser.

In total, 38 SNPs with a A<1 x 10~° spanning 18 unique, uncorrelated regions were
identified from the endometriosis GWAS meta-analysis carried out by Nyholt and colleagues
(see Table 1) (9). Table 1 presents the association between each of those 38 SNPs and risk of
ovarian cancer. Eight SNPs (rs7515106, rs7521902, rs742356, rs4858692, rs1603995,
rs4241991, rs6907340, rs10777670) from five different regions (Regions A, F, 1, J, R)
showed statistically significant associations with ovarian cancer risk (£<0.05), with the most
significantly associated SNP being rs7515106 from Region A on chromosome 1 (P=4.9 x
1076). When considering all 38 SNPs together, the calculated AML burden statistic showed
significant evidence of an association with ovarian cancer risk (£=0.001); it slightly
attenuated when the SNPs from Region A were excluded (P=0.052).

Given that each region was defined by the area containing SNPs with an 2>0.2 with the
SNP most significantly associated with ovarian cancer risk, Table 2 presents the coordinates
as well as the number of SNPs with genotyped or imputed data available for each region.
Overall, a total of 6,981 SNPs across 18 regions were evaluated. Region O was the largest,
spanning almost 500 kb, but Region R included the largest number of SNPs with a
MAF=0.05 and an imputation /220.8 (n=1,309).

Table 2 also presents the burden statistics for each region for all ovarian cancers combined
and for the four main histotypes. In total, there were 15 significant burden statistics at a
F<0.05 level, covering eight different regions. Of these, the most significant burden statistic
was for Region A (P=5.0 x 1075 for overall). However, there was a total of six regions (A, C,
D, I, P, R) that showed a significant association with ovarian cancer overall and among them,
five regions also had significant histotype-specific burden statistics. High-grade serous and
clear cell cancers had the greatest number of significant burden statistics, each with four and
both sharing Region A. When burden statistics were calculated globally across all 18
regions, significant evidence of an association was found between overall genetic variation
and risk of all ovarian cancers combined (~£=0.002) as well as risk of the high-grade serous
and clear cell histotypes (P=0.002 and ~P=0.039, respectively).
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ORs and 95% Cls for the most significant SNPs associated with ovarian cancer are
presented in Table 3. Region A contained the most significant SNP, rs10917151 (OR=1.11,
P=4.0 x 1077), but Regions L, P, and R also had SNPs of notable significance (P=3.3 x 107
for rs73007780, P=2.5 x 1074 for rs1333052, P=1.2 x 107> for rs7397212, respectively).
Supplementary Tables 2 and 3 present the most significant SNPs for each region by
histotype (high-grade serous and mucinous in Supplementary Table 2, endometrioid and
clear cell in Supplementary Table 3). Similar to the results for ovarian cancer overall, Region
A for high-grade serous cancer contained the most significant SNP, rs3754496 (P=5.3 x
1078), while Region R for high-grade serous cancer harbored the largest number of
significant SNPs (n=327) when looking across the four histotypes. Other SNPs of notable
significance were found in Region R for high-grade serous cancer (rs6538605, P=1.2 x
1074) and endometrioid cancer (rs11107893, P=4.3 x 107%) as well as in Regions A
(rs4654785, P=1.3 x 10™4) and L (rs71575922, P=1.4 x 10~4) for clear cell cancer.

Figure 1 presents the Manhattan and linkage disequilibrium plots for Region P, the region
showing the most significant burden statistic across all 18 regions excluding Region A
(P=0.002 for ovarian cancer overall). A clear elevation of p-values is present, especially
when looking at ovarian cancer overall, with the most significant SNP rs1333052 (P=2.5 x
1074 indicated. In addition, Supplementary Figure 1 presents the Manhattan plots for the
remaining regions with significant burden statistics whereas Supplementary Figure 2
presents these plots for the regions that did not have significant burden statistics. With the
exception of Region L showing some elevation of p-values for clear cell cancer, reasonable
given its borderline significant burden statistic (P=0.07), all plots in Supplementary Figure 2
look relatively flat.

Discussion

We took a novel approach toward evaluating endometriosis-associated SNPs with ovarian
cancer risk and found appreciable support for a shared genetic etiology between these two
gynecologic conditions. Across the 18 regions harboring putative endometriosis SNPs, we
calculated a total of 15 significant burden statistics for ovarian cancer risk compared to
approximately 5 expected by chance at the £<0.05 level (i.e., 18 regions x 5 types of ovarian
cancer (overall, high-grade serous, mucinous, endometrioid, clear cell) = 90 total), a
conservative estimate due to the strong correlation between overall and high-grade serous.

Endometriosis and ovarian cancer were first linked because of their frequent co-occurrence
in surgical specimens. Most recently, a pooled analysis of 13 case-control studies by Pearce
et al showed that after adjusting for oral contraceptive use and parity, women with a history
of endometriosis were 46% more likely to develop ovarian cancer, with the association
primarily restricted to the endometrioid and clear cell histotypes (3). Endometriosis may be
a precursor lesion for endometrioid and clear cell ovarian cancer, but the process of its
malignant transformation is not well-understood (26,27). The two gynecologic conditions
are likely to have a shared pathophysiology given evidence from pathology case series
reporting endometrioid and clear cell ovarian cancers arising from endometriotic foci as well
as epidemiologic studies that highlight their similar hormone-related risk factors, such as

Fertil Steril. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leeetal.

Page 7

nulliparity (27). In addition, both traits appear to thrive in similar hormonal and immune
environments, highlighting a possible shared inflammatory etiology.

Some of these results are contrary to what we expected. Consistent with our hypothesis, we
calculated a significant global burden statistic for clear cell ovarian cancer when considering
all endometriosis SNPs together. However, we did not see this association for the
endometrioid histotype despite its well-established association with endometriosis. In
addition, we observed a link with the high-grade serous histotype, which previous
epidemiologic studies have not found to be associated with endometriosis; we did not
observe any associations with the low-grade serous histotype (data not shown due to small
numbers). Our findings suggest that while endometriosis is not a precursor lesion for high-
grade serous ovarian cancer, the genetic pathways related to risk of these two diseases are
shared. This finding paves the way for interesting lines of inquiry related to shared
pathways. Perhaps women with endometriosis are more likely to have endosalpingiosis,
which is common but infrequently noted in pathology reports, and which may predispose to
high-grade serous ovarian cancer.

Our ovarian cancer susceptibility GWAS have identified thousands of nominally significant
associations, but most are due to chance. Deciphering the noise from true signals is difficult
despite our large sample size. In this analysis, we took a novel two-pronged approach, first
selecting candidate regions from a phenotype linked to ovarian cancer and then assessing
whether the burden of associations in these regions was significant. The burden statistics
implicate some of these regions in risk of ovarian cancer although the exact relevance of the
regions remains unknown. Region A includes the most significantly associated SNP among
all 6,981 considered, rs3754496 (P=5.4 x 1078 for high-grade serous), an imputed SNP
located near W74, a gene involved in steroidogenesis and in the development of the
ovarian follicle and the female reproductive tract, biological functions that make its role in
the development of both endometriosis and ovarian cancer compelling (28). Our data from
OCAC for Region A have previously been combined with those of CIMBA and a genome-
wide significant association was observed (19).

In addition, Table 1 shows that an association with the remaining regions may exist even
after excluding Region A (P=0.052). Only three of the 15 significant burden statistics
presented in Table 2 are found in Region A, with the other 12 spanning seven other regions.
Region P had the most significant burden statistic (£=0.001 for ovarian cancer overall) with
rs1333052 as its most significant SNP (P=2.5 x 1074). This SNP is located adjacent to
CDKNZB, a tumor suppressor gene whose methylation has been commonly seen in ovarian
carcinogenesis (29). In addition, rs1333052 lies within a binding site for GATAZ2, one of six
factors that constitute the GATA family of transcriptional regulatory proteins which has been
shown to play a role in ovarian function; it was identified by genome-wide ChIP-sequencing
(30). Rs12331507 in Region I, which, other than Region A, had the greatest number of
significant burden statistics, lies in an intergenic region approximately 20 kb upstream of
KDR, a gene that encodes one of the two receptors for vascular endothelial growth factor
(VEGF); VEGF has been shown to be expressed by tumor cells in ovarian cancer (31).
Interestingly, the most significant SNP in Region C, rs142034631, is located in GREBI, an
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estrogen-responsive gene that modulates tumor progression in models of ovarian cancer
(32).

While the specific relevance of these genes and regions as well as the functional significance
of their most significantly associated SNPs cannot be determined at this time, these results
suggest that additional real associations exist between ovarian cancer risk and variation in
the endometriosis-related regions. More importantly, they highlight the presence of a genetic
commonality that high-grade serous and clear cell ovarian cancers and endometriosis are
likely to share.

In conclusion, we have shown significant evidence of a genetic link between endometriosis
and ovarian cancer that warrants further follow-up. Whether the association between these
two gynecologic conditions is causal remains unknown. However, fine mapping studies of
the regions we have identified will greatly contribute to our knowledge regarding the
etiologies of both diseases as well as shed some light on their likely shared pathophysiology.
The clinical implications of these results remain to be established, but next steps would
include fine mapping of the regions with significant burden statistics (Regions A, B, C, D, F,
I, P, R) and functional analyses of the most likely causal SNP(s).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Manhattan and linkage disequilibrium plots for Region P
These plots depict the results for all 184 SNPs in Region P (chromosome 9p21, position

22140648 — 22201586). The Manhattan plot includes ovarian cancer overall (“invasive™) and
its four histotypes, with the x-axis corresponding to the chromosomal position (in Mb), the
y-axis to the —log 2, and the line to £=5.0 x 1078. Rs1333052, the most significant SNP in
the region (P=2.5 x 10~4 for ovarian cancer overall), is indicated. The linkage disequilibrium
plot depicts pairwise correlation data from the 1000 Genomes CEU population. Epigenomic
data from the ENCODE and Roadmap Epigenomics Consortia were obtained and visualized
in the UCSC Genome Browser.
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