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Abstract
Rare and low frequency variants are not well covered in most germline genotyping arrays and are understudied in relation to
epithelial ovarian cancer (EOC) risk. To address this gap, we used genotyping arrays targeting rarer protein-coding variation in
8,165 EOC cases and 11,619 controls from the international Ovarian Cancer Association Consortium (OCAC). Pooled association
analyses were conducted at the variant and gene level for 98,543 variants directly genotyped through two exome genotyping
projects. Only common variants that represent or are in strong linkage disequilibrium (LD) with previously-identified signals at
established loci reached traditional thresholds for exome-wide significance (P<5.0�10� 7). One of the most significant signals
(Pall histologies¼1.01�10� 13;Pserous¼3.54�10� 14) occurred at 3q25.31 for rs62273959, a missense variant mapping to the LEKR1
gene that is in LD (r2¼0.90) with a previously identified ‘best hit’ (rs7651446) mapping to an intron of TIPARP. Suggestive associa-
tions (5.0�10� 5>P�5.0�10� 7) were detected for rare and low-frequency variants at 16 novel loci. Four rare missense variants
were identified (ACTBL2 rs73757391 (5q11.2), BTD rs200337373 (3p25.1), KRT13 rs150321809 (17q21.2) and MC2R rs104894658
(18p11.21)), but only MC2R rs104894668 had a large effect size (OR¼9.66). Genes most strongly associated with EOC risk included
ACTBL2 (PAML¼3.23� 10� 5; PSKAT-o¼9.23�10� 4) and KRT13 (PAML¼1.67� 10� 4; PSKAT-o¼1.07�10� 5), reaffirming variant-level
analysis. In summary, this large study identified several rare and low-frequency variants and genes that may contribute to EOC
susceptibility, albeit with possible small effects. Future studies that integrate epidemiology, sequencing, and functional assays
are needed to further unravel the unexplained heritability and biology of this disease.

Introduction
Epithelial ovarian cancer (EOC) has a strong heritable compo-
nent, with an estimated three-fold increased risk among
women with a first-degree relative having the disease (1). The
excess familial risk that is not attributed to high penetrance
mutations in genes such as BRCA1 and BRCA2 may be due to a
combination of common and rare alleles that confer low- to
moderate penetrance (2,3). Genome-wide association studies
(GWAS) of EOC that have been conducted using most of the
samples included in the current investigation have identified
common variants at approximately 22 loci that collectively ac-
count for 4% of the estimated heritability (4–13). Few data exist
regarding the contribution of rare (minor allele frequency
(MAF)<0.5%) and low frequency (MAF 0.5–5%) protein-coding
variants to EOC risk. This reflects the fact that protein- coding

variants have not been targeted by conventional GWAS (14) de-
spite prediction that their effects could be substantial (15) and
imputation is known to be challenging for rare variants (16).

Following GWAS arrays of the mid-2000s, exome-based ar-
rays were developed in 2012. The Affymetrix Axiom VR Exome
Genotyping Array and the Illumina HumanExome Beadchip
each contain>245,000 putative functional coding variants and
other categories of variants selected from 16 exome sequencing
initiatives that included approximately 12,000 individuals of di-
verse ethnic backgrounds and a range of diseases (17)
(Supplementary Material, Table 1). Variants were included as
‘fixed’ content on the arrays if they occurred at least three times
and were seen in two or more of the 16 studies (17). Here, we re-
port the first large-scale genetic association study of uncommon
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exome-wide variants and EOC risk among nearly 20,000 women
(Supplementary Material, Table 2).

Results
Of the 98,299 polymorphic variants successfully genotyped as
part of EOC case-control set 1 and set 2 (7,308 cases and 10,773
controls; Supplementary Material, Fig. 1), most (68%) were rare
(MAF< 0.5%), many (20%) were common (n¼ 19,565, MAF>5%),
and 12% (n¼ 12,175) were low frequency (MAF between 0.5%
and 5%). The majority of these variants were non-synonymous
(87%) with 81% missense, 1% nonsense, 4% located in splice
sites, and<1% resulting in a frame shift.

Single variant associations

The quantile-quantile (Q-Q) plot of the distribution of test sta-
tistics for the comparison of genotype frequencies in cases and
controls showed slight inflation in the median test statistics of
the likelihood ratio tests (k¼ 1.15; Supplementary Material, Fig.
2). This slight inflation may be explained by the properties of
the likelihood ratio test which make it sensitive to rare variants
(18). No rare or low-frequency variants were statistically signifi-
cantly associated with EOC risk (P< 5.0�10� 7); only common
variants that represent or are in strong linkage disequilibrium
(LD) with previously-identified signals at established loci (2q31.
1, 3q25.31, 8q24.21, 9p22.2, 17q12, 17q21.3, and 19p13.1) reached
traditional thresholds for exome-wide significance (P< 5.
0�10� 7) (Fig. 1A and B, Supplementary Material, Table 3).
Briefly, the most statistically significant association was ob-
served at 9p22.2 for a previously identified intronic variant near
the BNC2 (basonuclin2) gene (4), rs38114113, with an odds ratio
(OR), 95% confidence interval (CI), and P-value of 0.78 (0.75-0.82)

(P¼ 2.96 �10� 24) and 0.75 (0.72-0.79) (P¼ 3.32�10� 28) among all
histologies and serous histology, respectively. rs38114113 is cor-
related (r2¼0.57-0.95) with two other detected SNPs (P¼ 10� 18)
near BNC2. The full genome-wide set of summary association
statistics are given in Supplementary Material, Table 4.

The next most significant signal was at 3q25.31, with
rs62273959 P¼ 1.01�10 � 13 and P¼ 3.54�10� 14 in all histologies
(OR¼ 1.41) and serous only (OR¼ 1.45) analyses. rs62273959 is a
missense variant mapping to the LEKR1 (leucine, glutamate and ly-
sine rich 1) gene which is in LD (r2¼0.90) with a previously identi-
fied ‘best hit’, rs7651446(12) that is located in an intron of
TIPARP (TCDD-inducible poly(ADP- ribose) polymerase). Imputation
of the region (see Supplementary Material, Methods) identified
rs78561123 (T>C) (P¼ 2.97�10 � 15), a novel top-ranking variant
that maps within 0.5kb of the 3’UTR for LINC00886 (long intergenic
non-protein coding RNA 886) and is in strong LD with rs7651446
(r2¼0.97) and rs62273959 (r2¼0.93) (Supplementary Material,
Fig. 3A). The minor alleles of these three variants are located
within the same haplotype associated with an increased risk
among all histologies (OR (95% CI¼ 1.41 (1.29–1.55), P¼ 3.
14�10� 13). A fixed-effect meta-analysis of our study with an
imputed dataset from the COGS genotyping initiative (7) also re-
vealed stronger associations for variants located near TIPARP
and LINC00886 (Supplementary Material, Fig. 3B). The combined
analysis of set 1 and set 2 also confirmed the existence of
known common EOC susceptibility alleles or their proxies at
17q12, 8q24.21, 17q21.3, and 19p13.1 (P< 5.0�10� 7)
(Supplementary Material, Table 3).

Associations for variants reaching a less stringent thresh-
old (5.0�10 � 5>P�5.0 �10 � 7) were detected among all histolo-
gies, serous histology, or endometrioid histology at 16 novel
loci (1p36.33, 2p22.1, 3p25.1, 3p14.2, 5q11.2, 6p22.1, 6p21.33,
6q25.2, 6p12.1, 8q21.13, 11q13.1, 15q12, 16q22.3, 17q.21.2,
18p11.21, and 22q11.2) (Table 1; Fig. 2A and B). Of the novel var-
iants that were identified, most were common and four were
rare (MAFcontrols<0.003). The four rare missense variants (map
to actin, beta-like 2, ACTBL2 (5q11.2), biotinidase, BTD (3p25.1),
keratin 13 type I, KRT13 (17q21.2), and melanocortin 2 receptor,
MC2R (18p11.21). Visual inspection of cluster plots for all four
rare variants underscored that the variant calling was good.
Regional association plots for each of these rare variants re-
veal that they do not appear to be strongly correlated with
other genotyped variants (Fig. 3). The identified rare variants
mapping to ACTBL2, BTD, and MC2R are predicted to be damag-
ing per Polyphen-2 (Table 1). Due to low heterozygous geno-
type counts, it was not possible to estimate ORs for variants at
ACTBL2 and BTD. For rs150321809 in KRT13 and rs104894658 in
MC2R, the magnitudes of association were relatively high, with
ORs of 2.24 and 9.66, respectively, among all histologies.
Analysis of 883 invasive endometrioid cancers identified three
common variants at P< 5.0�10 � 5 (Fig. 2C; Table 1). We
recently described the contribution of deleterious coding var-
iants in seven putative EOC susceptibility genes (BRIP1, BARD1,
PALB2, NBN, RAD51B, RAD51C, and RAD51D) to EOC risk (19,20).
The pooled exome dataset was used to examine associations
for 68 variants that reside in these seven genes. None of
these variants reached levels of statistical significance
(P< 5.0�10 � 5) in overall, serous, or endometrioid specific anal-
yses. The most significant rare variant in overall and se-
rous analyses was BRIP1 rs4988345 (MAF¼ 0.0047; P¼ 0.022 and
P¼ 0.024, respectively), whereas PALB2 rs57605939
(MAF¼ 0.0002) was the variant most significantly associated
with endometrioid cancer risk (P¼ 0.007). Similarly, we fol-
lowed up on an exome sequencing study of 429 serous EOC

Figure 1. Manhattan plot of association for 98,299 variants from a pooled analy-

sis of Affymetrix and Illumina exome genotyping arrays. Plots show the strength

of association versus chromosomal position for (A) all invasive EOC risk and (B)

serous invasive EOC risk. The red line represents exome-wide significance

(5.0�10� 7). Exome-wide significant variants are annotated for the gene in

which they are located. Known variants previously reported to have the stron-

gest association signal are indicated by a black diamond.
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Figure 2. Manhattan plot of association for sub-exome-wide (P� 5.0�10� 7) variants from a pooled analysis of Affymetrix and Illumina exome genotyping arrays. SNPs

with P<5.0�10� 7 were filtered out and the strength of genetic association versus chromosomal position was plotted for the remaining 98,287 SNPs for the risk of (A)

all invasive EOCs, (B) serous invasive EOCs, and (C) endometrioid invasive EOCs. Known variants previously reported to have the strongest association signal are indi-

cated by a black diamond. Sub- exome-wide significant SNPs (P<5.0�10� 5) are annotated for the gene in which they are located.
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cases and 557 controls by Kanchi et al. (21) in which rare trun-
cation and missense variants were detected in known EOC
susceptibility genes including BRCA1, BRCA2, CHEK2, and
PALB2 and in genes not previously associated with EOC sus-
ceptibility such as NF1 and CDKN2B. Only four of the rare trun-
cation or missense variants they (21) identified were
represented on either of the genotyping arrays utilized in
the current investigation. Applying a threshold of P< 0.05 for
these four variants (BRCA1_772, CLTC_1498, ERCC2_635,
and ITK_448) only BRCA1_772 (p.Val772Ala; rs80357467,
MAF¼ 0.00033) was associated with overall EOC susceptibility
in our pooled analysis (OR (95%CI):¼4.64 (1.22–17.7)), with
P¼ 0.014 (serous OR¼ 3.79, P¼ 0.043). This variant is classified
as non-pathogenic for the purposes of clinical management
but may have a mild to moderate impact on risk (22). Thus,
previously- detected rare variants were not strongly associated
with EOC susceptibility in our larger dataset.

We also evaluated association results for the 80,178 set 1
variants (n¼ 5,431 case and 5,639 controls) that were not in the
pooled dataset (Supplementary Material, Fig. 1). Results for the
most statistically significant (P< 5.0�10 � 5) set 1 variants are
displayed in Supplementary Material, Fig. 4A–C and are summa-
rized in Supplementary Material, Table 5. Of six set 1 variants
that were detected at the P< 5.0�10� 5 threshold of statistical
significance, the most statistically significant association was
again with a common variant at a known locus rs62273902

(MAF¼ 0.06) in the 5’ untranslated region of LEKR1 showing an
increased EOC risk among all histologies (OR¼ 1.42, P¼ 1.
91�10� 9) and serous histology (OR¼ 1.46, P¼ 9.48�10� 10) that
is strongly correlated (r2¼0.95) with rs62273959, a variant iden-
tified in the pooled analysis (Supplementary Material, Table 3).
Of the remaining five variants, one is rare and two have low fre-
quencies. Rare variant rs115783655 (T>C) (MAF¼ 0.005) maps to
an intron in IZUMO4 (IZUMO family member 4) and was associ-
ated with endometrioid cancer risk (P¼ 3.32 � 10� 5) while low
frequency missense variants chr19:38572993 (A>G, MAF¼ 0.02)
in SIPA1L3 (signal-induced proliferation- associated 1 like 3) and
rs148738146 (T>C, MAF¼ 0.01) in PLA2G12A (phospholipase A2,
group XIIA) were associated with decreased risks of EOC in all
histologies and serous histology analyses (Supplementary
Material, Table 5).

Eight of 9,600 indels assessed in set 1 only reached a thresh-
old of P< 9.0�10� 4, and only one of these (rs147613544 at
8p21.3) is rare (MAF¼ 0.0009) and was associated with a de-
creased risk for EOC (OR¼0.16, P¼ 5.0�10� 4). Set 1 also assessed
146 variants in the mitochondrial genome; only one rare
(MAF¼ 0.003) non- synonymous variant c.6480G>A
(p.Val193Ile) located within cytochrome c oxidase subunit 1 (COI)
was strongly associated with decreased EOC susceptibility
among all histologies (OR¼ 0.54, P¼ 0.0009) and serous histology
(OR¼ 0.24, P¼ 0.0008). G6480A has been associated with an in-
creased risk for prostate cancer in African Americans (23).

Figure 3. Regional association plots for rare variants associated with EOC susceptibility. (A) BTD rs200337373 (3p25.1), (B) ACTBL2 rs73757391 (5q11.2), (C) KRT13

rs150321809, (17q21.2), and D) MC2R rs104894658 (18p11.21)). Linkage disequilibrium (LD, r2) between the strongest signal (noted by a purple diamond) and other vari-

ants is indicated by the color scheme.
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Gene-level associations

In a combined analysis of Affymetrix- and Illumina-based data,
thirteen genes had P-values less than 5�10� 4 for an association
with EOC susceptibility overall based on the RAML test (24) (Fig.
4). Consistency was observed when comparing gene-level find-
ings from RAML to those based on the SKAT-O (25) tests (Table 2).
The genes that were most strongly associated with EOC risk using
RAML included actin, beta-like 2, ACTBL2 (PAML¼3.23 � 10� 5;
PSKAT-o¼9.23�10� 4) and keratin 13, KRT13 (PAML¼1.67 � 10� 4;
PSKAT-o¼1.07�10� 5); these genes contained individual variants
(rs73757391 and rs150321809) associated with EOC risk
(5.0�10� 5>P�5.0�10� 7) highlighted in Table 1. Details regarding
the set of rare variants that contributed to gene-level findings for
ACTBL2 and KRT13 are summarized in Supplementary Material,
Table 6. ACTBL2 and KRT were also statistically significant in the
serous- only analysis after multiple correction testing using an
FDR threshold of 15% (26). Of the genes featured in Table 2, MC2R
also contained individual rare variants associated with EOC risk
(5.0�10�5>P�5.0�10�7) (Table 1). When comparing primary high-
grade serous EOC tumors and normal fallopian tube tissues in the
TCGA dataset, two of the aforementioned genes were differen-
tially expressed: KRT13 was overexpressed in tumor versus
normal tissue (P¼ 0.034) while MC2R was under-expressed
(P¼ 0.004), though neither finding was significant after adjust-
ment for multiple comparisons.

Gene-level results for the 15,042 genes encompassed by set 1
only variants did not highlight ACTBL2, KRT13, or MC2R. Rather,
leukocyte receptor tyrosine kinase (LTK) (P¼ 2.22�10 � 5), ATPase
NAþ/Kþ transporting alpha 3 polypeptide (ATP1A3) (P¼ 8.33�10� 5),
and son of sevenless homolog 2 (SOS2) (P¼ 4.55�10 � 5) were identi-
fied as the most strongly associated genes among all histolo-
gies, serous histology, and endometrioid histology, respectively
(Supplementary Material, Table 7; Supplementary Material, Fig.
5). Collectively, all genotyped uncommon variants (MAF< 0.
05%) explained 4.7% of the phenotypic variation in our subjects
(27). Only 2% (.11/4.7) of this variation can be attributed to vari-
ants with P< 5.0�10� 5 (Supplementary Material, Methods).

Discussion
We report an EOC risk association analysis of 98,299 variants
enriched for rare and low frequency protein-coding changes
among nearly 20,000 women using commercially available gen-
otyping arrays. Assuming a disease prevalence of 1.4%, our
sample size was adequately powered (�89%) to detect associa-
tions with low frequency variants included on the exome arrays
and moderate effect sizes (OR> 1.35) should they exist, but we
did not identify any novel uncommon variants at exome-wide
levels of statistical significance (P< 5.0�10� 7). Instead, associa-
tion with common variants (MAF> 5%) at known EOC loci
(2q31.1, 3q25.31, 8q24.21, 9p22.2, 17q12, 17q21.3, and 19p13.1)(4–
6,10) were identified; most of these variants were (or were in
strong LD with) the previously reported top-ranking variant at
the locus. Importantly, 16 novel loci with low-frequency or rare
variants at P< 5.0�10 � 5 were detected. Four rare variants were
identified (ACTBL2 rs73757391 (5q11.2), BTD rs200337373
(3p25.1), KRT13 rs150321809 (17q21.2), and MC2R rs104894658
(18p11.21)), and gene-level analyses revealed statistically signifi-
cant associations with variation in three of these genes. These
results are consistent with the known landscape of common ge-
netic variation in EOC risk and the utility of multi-marker test-
ing for rare variation. They suggest that the effect sizes of rare
coding variants with MAF that are in the range included on the

exome arrays may be less than 1.35, requiring larger sample
sizes and the use of a family-based approach for their discovery.
Indeed, recent simulation studies suggest that sample sizes of
60,000–100,000 will be needed to detect small effect sizes for
rare variants (MAF< 0.5%) when using exome genotyping arrays
(28).

Among the four rare variants that were identified,
rs73757391, rs200337373, and rs104894658 are non-synonymous
and predicted to be damaging. Moreover, according to the
ClinVar database (22), BTD rs200337373 (G>A) and MC2R
rs104894658 (C>A) are reported to be pathogenic for biotinidase
deficiency and adrenocorticotropic hormone (ACTH) resistance
observed in familial glucocorticoid deficiency (29), respectively.
Importantly, gene-level analysis using different methods high-
lighted ACTBL2, KRT13, and MC2R as being strongly associated
with EOC risk overall and serous disease. Whereas ACTBL2 is a
cytoskeletal protein abundantly expressed in vascular smooth
muscle cells (30) that has no reported link to cancer, BTD (bioti-
nidase) is a putative biomarker of breast cancer (31), papillary
thyroid cancer aggressiveness (32), and lymph node involve-
ment in patients with early stage cervical cancer (33). In vivo a
deficiency of biotinidase affects the expression of central-
carbon metabolism genes (34), a pathway important in the de-
velopment and progression of EOC (35,36). KRT13 encodes a cy-
toskeletal protein downregulated in an estrogen receptor (ER)
positive ovarian cancer cell line (37) and contributes to breast
cancer growth and metastasis through its interaction with es-
tradiol and the selective estrogen receptor modulators, tamoxi-
fen and raloxifene (38). MCR2 belongs to a family of
melanocortin receptors involved in the regulation of food in-
take, inflammation, skin pigmentation, sexual function, and
steroidogenesis, in part by binding to adrenocorticotropic hor-
mone (ACTH) (39,40). ACTH-producing ovarian tumors have
been reported (41–43), but this has been in the context of
Cushing’s syndrome and non-epithelial ovarian cancers. Taken
together, there is biological plausibility to explain some but not
all of the current association results.

Independent replication of novel rare variant associations is
important but challenging because of the lack of appropriate
replication panels. The large COGS EOC meta-GWAS (7) with im-
putation to Phase I 1000 genome project data was completed af-
ter the onset of this study. As a form of replication, we
attempted to interrogate this dataset (7) for the most strongly
associated novel rare variants. Unfortunately, rare variants and
their proxies were not represented in the imputed dataset, pre-
cluding the possibility of replication and the opportunity to
evaluate associations between germline genotype and gene ex-
pression via expression quantitative trait locus analysis.
Furthermore, our attempt to replicate associations with rare
variants identified in studies of EOC that were much smaller
than ours (19–21) did not yield statistically significant findings.

The limited evidence for novel rare or low frequency coding
variants at exome-wide levels of significance is consistent with
studies of other complex diseases (myocardial infarction (44),
Alzheimer’s disease (45), and insulin processing and secretion
(46) that used these exome genotyping arrays. Published inves-
tigations of exome genotyping array data are limited for other
cancers, precluding comparison of findings across cancer types.
The limited evidence for rare or low-frequency coding variants
may be expected when using rare variant chips for cohorts or
diseases for which they were not originally designed.
Integration of sequencing data in very large sample sizes may
be an effective strategy for discovering additional rare EOC al-
leles in the future since the arrays do not provide complete
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coverage of all functional variants at each locus and the accu-
racy of imputation for rare variants is suboptimal. Even with
such limitations, the current study suggests that rare coding
variants with large effects may exist, although they did not ac-
count for a significant fraction of EOC heritability within our
data. In total, rare variants accounted for 4.7% of the phenotypic
variation in our subjects (27) with only 2% (.11/4.7) of this varia-
tion from variants with P< 5.0�10 � 5 (Supplementary Material,
Methods). The remaining 98% of variance attributable to rare
variants in this study could be due to small effect sizes that did
not reach statistical significance. In the absence of opportunities
to significantly increase sample sizes, future studies should rely
on closer integration of epidemiology and laboratory assays of
functional effects to further unravel the etiology of this disease.

Materials and Methods
Study population and genotyping

Study participants came from 27 independent studies in the inter-
national Ovarian Cancer Consortium (OCAC) (47) (Supplementary
Material, Table 2). In brief, cases were women with pathologically-
confirmed primary invasive EOC, fallopian tube cancer, or perito-
neal cancer, and controls were women without EOC, with at least
one ovary intact, and for most studies were frequency-matched to
controls on age group and self-reported race. Specimens and data
were collected according to protocols approved by local institu-
tional review and ethics boards. Germline DNA samples from 19
studies (Set 1, 7,060 EOC cases and 6,712 controls) were genotyped
on the Affymetrix Axiom Exome Genotyping Array at the
Affymetrix Service Lab (Santa Clara, CA, USA), and those from eight
studies (Set 2, 2,109 cases, 5,646 controls) were genotyped on the
Illumina HumanExome Beadchip at the Strangeways Research Lab
(University of Cambridge, UK).

Genotyping quality control (QC)

Set 1 genotyping was performed in batches grouped according to
sample type (genomic blood, genomic saliva, whole genome-
amplified (WGA) blood, WGA saliva). Affymetrix Genotyping
ConsoleTM Software was used for automated allele calling for each
batch, followed by initial sample and variant QC performed per
protocol (http://media.affymetrix.com/support/downloads/man
uals/axiom). Since significant batch effects were observed, intensity
data from the genomic samples were combined into a single batch
to enable the automated clustering algorithm to more accurately
detect rare variants (48). WGA samples were not recalled as one
batch because of known chemistry differences between the com-
ponent batches (personal communication, Affymetrix, Inc). Four
hundred thirty-seven samples were genotyped in duplicate and
were identified with 99.8% concordance. As shown in
Supplementary Material, Fig. 1, of 13,772 unique samples that were
genotyped, 454 (3.3%) were excluded because they failed
Affymetrix QC metrics (<97% call rate or dish QC< 0.82) and an ad-
ditional 545 samples were excluded because of ambiguous gender,
replicate discordance, sample relatedness, or failure to meet eligi-
bility criteria for the primary analysis. Of 302,461 variants on the
Affymetrix array, 123,934 variants (41%) were excluded for QC rea-
sons which mostly included failed Affymetrix cluster QC, mono-
morphism, deviation from Hardy Weinberg Equilibrium (HWE)
P< 10� 7 in controls, or discordant B allele frequencies between the
genomic and WGA samples. A total of 12,773 samples (6,288 case
and 6,485 controls) and 178,527 variants genotyped on the
Affymetrix platform passed QC steps. HapMap DNA samples for

European (CEU, n¼ 60), African (YRI, n¼ 53) and Asian (JPTþCHB,
n¼ 88) populations were also genotyped, and the program LAMP
(49) was used to estimate intercontinental ancestry based on the
HapMap (release no. 23) genotype frequency data for the European,
Asian, and African populations. Subjects with greater than 90%
European ancestry were included in analyses (5,431 cases, 5,639
controls) (Supplementary Material, Fig. 1). Genotype data for set 1
are being released into dbGAP per NIH guidelines.

Set 2 genotyping was performed for 7,612 samples, and ge-
notype calling was carried out according to Best Practice
Guidelines (48) using the GenCall (50) module in Illumina’s
Genome Studio with a default GenCall threshold of 0.15. After
initial sample QC, zCall (51) was calibrated to a z-value of 8 and
run for all variants. One hundred and forty-three samples were
genotyped in duplicate and identified with 92% concordance.
Initial sample QC excluded 248 samples with low call rates
(<70%). After zCall calibration and variant recall, we further ex-
cluded 221 (3%) samples for reasons including<99% call rate,
high or low heterozygosity at a significance level of 10� 16, am-
biguous gender, relatedness, or genotypes discordant with prior
genotypes from the international Collaborative Oncological
Gene-Environment Study (iCOGS) genotyping array (7).
Genotyping also included HapMap DNA samples (CEU, n¼ 95;
YRI, n¼ 82; JPTþCHB, n¼ 93), and ancestry was assessed using
the IBS matrix for all samples combined with HapMap samples
over the uncorrelated variants. Using this multi-dimensional
scaling on a weighted identity by state matrix, non-European
samples at a distance of greater than 10% were excluded (n¼ 97)
(Supplementary Material, Fig. 1). Of the 247,870 markers on the
Illumina array, we excluded 94,231 variants (38%) for reasons in-
cluding call rate<95%, poor cluster separation, duplicate
probes, monomorphism, and deviation from HWE
(Supplementary Material, Fig. 1). We tested for HWE using a
Robertson and Hill test statistic stratified by study (52) and an
exact test. Variants that failed both tests were excluded using
exclusion thresholds of P-values< 10� 12 and 10� 6 for cases and
controls, respectively. After all exclusions there were 7,046
European ancestry samples (1,878 cases and 5,168 controls) and
153,639 variants genotyped on the Illumina platform
(Supplementary Material, Fig. 1). Thirty-five samples were geno-
typed in common as part of set 1 and set 2; the genotype concor-
dance rate was 99.66%.

Thus, a combined total of 18,081 unique subjects of European
ancestry (7,308 cases, 10,773 controls) were genotyped and passed
sample QC. Of the 18,081 subjects, 5,138 (997 cases and 4,141 con-
trols) were not previously genotyped as part of a previously de-
scribed EOC GWAS or post-GWAS initiative (4,5,7). Of the variants
passing QC for each set, 98,543 were present on both platforms
and available for pooled analysis (Supplementary Material, Fig. 1),
excluding non-autosomal variants (n¼ 1,983) and those with dis-
cordant B allele frequencies between the two sets (n¼ 32). On this
combined dataset, we carried out principal components analysis
(PCA) to examine the sub-European population structure using a
linkage-disequilibrium-pruned set of 27,335 autosomal markers
with MAF> 1% and HWE P value> 10� 7. We inspected the first 10
principal components (PC) for evidence of population stratifica-
tion in the pooled samples.

Single variant analysis

Each variant was tested for a per allele association with EOC risk
using a likelihood ratio test comparing the deviance (-2� log-like-
lihood) of two generalized linear models with and without the
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Figure 4. Gene-level association of rare variants (MAF<1%) using the Rare Admixture Maximum Likelihood (RAML) association test. Results of association with all in-

vasive EOC risk are shown for 15,118 genes, adjusting for study and first 5 PCs. Genes with P<5.0�10� 4 are annotated.

Table 2. Genes most strongly associated with epithelial ovarian cancer risk, with P< 5.0�10-4 by RAML

Gene Information Rare Admixture Maximum Likelihood (RAML) test1 Sequence Kernel Association Test (SKAT)1

All Invasive Serous Endometrioid All Invasive Serous Endometrioid

Gene Region N SNPs
(total/rare)

P-value2 FDR P-value2 FDR P-value2 FDR P-value2 FDR P-value2 FDR P-value2 FDR

ACTBL2 5q11.2 6/6 3.23E-05 0.38 2.00E-05 0.15 2.99E-01 1 9.23E-04 0.56 1.50E-03 0.46 2.60E-01 0.98
KRT13 17q21.2 7/7 1.67E-04 0.38 2.94E-05 0.15 2.65E-01 1 2.04E-05 0.15 5.24E-06 0.08 3.62E-01 0.98
CLCNKA 1p36.13 3/3 2.00E-04 0.38 8.33E-05 0.25 5.60E-01 1 2.98E-04 0.48 6.08E-05 0.14 5.61E-01 0.98
MYO19 17q12 14/11 2.00E-04 0.38 7.50E-04 0.37 1.84E-02 1 5.41E-03 0.64 9.30E-03 0.66 1.76E-02 0.74
TNFSF15 9q32 8/3 2.20E-04 0.38 5.56E-05 0.21 2.56E-01 1 2.79E-04 0.48 4.39E-05 0.14 2.62E-01 0.98
TRIB1 8q24.13 4/2 2.80E-04 0.38 3.67E-04 0.29 7.76E-01 1 4.90E-04 0.51 3.09E-04 0.26 7.25E-01 0.99
MC2R 18p11.21 6/6 3.25E-04 0.38 2.00E-04 0.29 9.62E-02 1 1.32E-01 0.91 2.01E-01 0.93 8.26E-02 0.98
LIG3 17q12 7/6 3.33E-04 0.38 1.70E-03 0.46 3.59E-02 1 4.91E-03 0.64 9.80E-03 0.66 4.62E-03 0.55
CAMSAP3 19p13.2 4/3 3.67E-04 0.38 2.40E-04 0.29 3.54E-01 1 1.10E-04 0.37 6.76E-05 0.14 4.20E-01 0.98
GSDMB 17q21.1 15/7 3.67E-04 0.38 4.33E-04 0.31 5.41E-01 1 2.78E-01 0.95 2.47E-01 0.93 2.49E-01 0.98
KIAA1586 6p12.1 3/2 4.00E-04 0.38 3.33E-04 0.29 1.80E-01 1 4.70E-04 0.51 2.00E-04 0.26 1.53E-01 0.98
SPTBN1 2p16.2 9/8 4.00E-04 0.38 2.10E-03 0.48 2.06E-01 1 1.16E-05 0.15 2.20E-04 0.26 3.88E-02 0.97
STPG1 1p36.11 9/3 4.50E-04 0.40 7.50E-04 0.37 2.21E-01 1 4.50E-01 0.95 1.71E-01 0.92 1.84E-01 0.98
GPATCH2 1q41 8/7 5.00E-04 0.42 3.67E-04 0.29 7.06E-01 1 3.26E-02 0.81 5.37E-02 0.84 1.00Eþ00 1.00
CCDC136 7q33 12/11 5.33E-04 0.42 1.43E-04 0.26 7.47E-01 1 1.07E-02 0.75 8.68E-03 0.66 7.53E-01 0.99
WDR59 16q23.1 10/8 1.00E-03 0.50 3.67E-04 0.29 2.58E-01 1 2.81E-03 0.61 2.67E-03 0.55 4.51E-01 0.98
NEXN 1p31.1 3/3 1.00E-03 0.50 3.67E-04 0.29 1.91E-01 1 5.46E-03 0.64 3.64E-03 0.61 4.53E-01 0.98
MMP11 22q11.23 5/4 1.20E-03 0.50 4.33E-04 0.31 2.98E-01 1 2.69E-01 0.95 4.25E-02 0.83 1.87E-01 0.98
BCL9L 11q23.3 2/2 1.30E-03 0.50 1.57E-04 0.26 4.52E-01 1 1.31E-03 0.57 1.58E-04 0.26 4.99E-01 0.98
PYGM 11q12- q13.2 11/11 3.10E-03 0.66 3.33E-04 0.29 3.52E-01 1 1.56E-01 0.92 5.24E-02 0.83 3.13E-01 0.98
ATMIN 16q23.2 7/6 5.06E-02 0.94 3.27E-01 1 3.67E-04 1 1.23E-01 0.91 5.30E-01 0.94 9.09E-04 0.30
SOS2 14q21 9/9 1.30E-01 0.99 3.71E-01 1 6.88E-05 1 8.85E-02 0.89 1.83E-01 0.92 6.34E-02 0.98
OR7G1 19p13.2 9/3 1.97E-01 1.00 3.85E-01 1 2.40E-04 1 9.47E-02 0.90 3.00E-01 0.94 4.23E-04 0.23
PRR5 22q13 5/4 3.71E-01 1.00 6.75E-01 1 3.67E-04 1 4.08E-01 0.95 8.36E-01 0.94 7.86E-02 0.98

1Both the RAML and SKAT methods were limited to rare variants (MAF<1%). No weighting by minor allele frequency was used in either method.
2Analyses are adjusted for site and the first five principal components representing European ancestry.
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variant. The models were adjusted for set (1 versus 2) and the
first five PCs representing sub-European ancestry. When ad-
justed for study alone, there was an inflation of the test statis-
tics (k¼ 1.20, k1000¼1.024) which was reduced to k¼ 1.15,
(k1000¼1.018) after adjustment for five principal components (53).
Visual inspection of intensity cluster plots resulted in the elimi-
nation of 244 variants with poor differentiation between a hetero-
zygote and homozygote calls (Supplementary Material, Fig. 1).
Subgroup analysis was conducted for the two most common his-
tologic subtypes: serous and endometrioid. Using a stringent
Bonferroni correction for 98,299 tests, we considered variants
with P< 5.0�10� 7 to be statistically significant. Because of the
greater number of variants and samples in set 1, we also explored
associations for 80,178 variants from set 1 that passed visual clus-
ter inspection and were not included in the Illumina array; for
these analyses, we adjusted for the first three PCs.

Gene-level analysis

Given the emphasis of each array on exomic coverage (54), gene-
level tests were also conducted, mapping variants within 50 kb to
genes based on Genome Build 37 coordinates and gene annota-
tion that was curated by Affymetrix from UCSC Genome Bowser
data tables. In total, 71,044 variants mapped to 15,118 genes of
which 12,123 genes contained more than one variant and were
evaluated for the pooled gene-level analysis. Two methods were
used for gene-level analyses because of some similarity in as-
sumptions and the ability to include covariates in the underlying
regression model: a) the rare admixture maximum likelihood test
(RAML) (55), which makes no assumptions about the proportion
of variants that are associated with the phenotype of interest or
the magnitude and direction of their effect and b) the Sequence
Kernel Association Test -Optimal unified test (SKAT-O) (56), a
score-based variance-component test that is powerful when the
direction of association for variants can be increased or de-
creased. Both methods considered only rare variants (MAF<1%)
and were not weighted based on MAF. False discovery rate (FDR)
is used to adjust for multiple comparisons and FDR of 15% is
used to declare significance. Similarly, we also conducted gene-
level analysis with the larger set of variants in set 1 which totaled
15,042 genes and 128,992 variants. For genes that were most
strongly associated with EOC susceptibility, we mined publicly
available gene expression data from the Cancer Genome Atlas
Project (TCGA) (57) and compared gene expression between 568
high-grade serous ovarian tumors and 10 normal fallopian tube
tissues according to previously described methods (9).

Supplementary Material
Supplementary Material is available at HMG online.
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