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ABSTRACT

Genome-wide association studies (GWASSs) have identified about 30 different susceptibility loci associated with
high grade serous ovarian cancer (HGSOC) risk. We sought to identify potential susceptibility genes by
integrating the risk variants at these regions with genetic variants impacting gene expression and splicing of
nearby genes. We compiled gene expression and genotyping data from 2,169 samples for 6 different HGSOC-
relevant tissue types. We integrated these data with GWAS data from 13,037 HGSOC cases and 40,941
controls, and performed a transcriptome-wide association study (TWAS) across >70,000 significantly heritable
gene/exon features. We identified 24 transcriptome-wide significant associations for 14 unique genes, plus 90
significant exon-level associations in 20 unique genes. We implicated multiple novel genes at risk loci, e.g.
LRRC46 at 19921.32 (TWAS P=1x10"°) and a PRC1 splicing event (TWAS P=9x10"®) which was splice-variant
specific and exhibited no eQTL signal. Functional analyses in HGSOC cell lines found evidence of essentiality
for GOSR2, INTS1, KANSL1 and PRC1; with the latter gene showing levels of essentiality comparable to that
of MYC. Overall, gene expression and splicing events explained 41% of SNP-heritability for HGSOC (s.e. 11%,
P=2.5x10*), implicated at least one target gene for 6/13 distinct genome-wide significant regions and revealed

2 known and 26 novel candidate susceptibility genes for HGSOC.

STATEMENT OF SIGNIFICANCE

For many ovarian cancer risk regions, the target genes regulated by germline genetic variants are unknown.
Using expression data from >2,100 individuals, this study identified novel associations of genes and splicing
variants with ovarian cancer risk; with transcriptional variation now explaining over one-third of the SNP-

heritability for this disease.
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INTRODUCTION

Invasive epithelial ovarian cancer (EOC) is a heterogeneous disease with a major heritable component (1).
There are several histological subtypes of invasive EOC, each associated with different genetic and
epidemiological risk factors, clinical features and likely cells of origin; high grade serous (HGSOC) is the most
common histotype, representing about two-thirds of cases. Highly penetrant germline mutations in the
homology directed repair (HDR) genes including BRCA71 and BRCA2 are the most significant genetic risk
factors for HGSOC, and are often associated with familial clustering of EOC cases (1). However, mutations in
these genes are rare in most populations, and only account for about 10% of cases. In total, the known
susceptibility genes account for less than 40% of the heritable risk of EOC. A substantial proportion of the
remaining EOC risk is likely to be due to alleles of greater frequency in the population but of lower penetrance.
Over the last few years, genome-wide association studies (GWAS) have identified 39 different regions of the
genome associated with EOC risk, mainly in European populations; but evidence from GWAS for other
phenotypes suggest that hundreds of additional common low penetrance EOC risk alleles are likely to exist

and await identification (2—4).

Typically, SNPs associated with disease risk are located in the non-protein coding genome suggesting they
function through interactions with non-coding elements (e.g. epigenomic modifications, non-coding RNAs) that
regulate gene expression. However, because there is no precise genetic code for the non-protein coding
genome, there are neither reliable in silico algorithms to predict the functional effects of risk associated SNPs,
nor their likely target genes. Several studies have indicated that the target genes at risk loci are often in close
proximity to the causal risk-associated SNP (i.e. they are cis-regulated)(5-8). Expression quantitative trait
locus (eQTL) analysis can be used to interrogate the associations between risk genotypes and gene
expression and several studies have successfully used this approach to indicate the likely susceptibility gene
at known GWAS risk loci (5-8). These studies have identified several novel candidate EOC susceptibility
genes in risk regions identified by GWAS (5—-12); but unlike high penetrance HGSOC susceptibility genes that
function in HDR pathways, the genes associated with common, non-coding EOC risk variants (e.g. CDC42,
CDCAS8, PAX8, HOXD9, CHMP4C, OBFC1, RCCD1 and ABHDS8) more often function in cell cycle control

pathways or gene regulation and not DNA repair.

More recently, transcriptome-wide association approaches (TWAS) have been developed that leverage
expression data by ‘imputing’ gene expression across a large cohort of genotyped individuals to identify target
genes associated with phenotypes of interest (13-17). For a given gene, TWAS is a test of local genetic
association between gene expression and GWAS risk. Under a model where genetic variation alters gene
expression and leads to changes in disease risk, TWAS will identify genes whose genetically regulated
expression is associated to disease risk. TWAS may additionally increase power versus single SNP
association testing either by reducing the multiple testing burden or aggregating multiple expression-altering

variants into a single test. However, TWAS may also be significant due to pleiotropy between the expression-
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altering and risk-altering variants or variants they tag. TWAS is therefore a first step to prioritize among

putative target genes, with experimental validation needed to establish causality.

In the current study we established the most comprehensive genome-wide genotype-gene expression datasets
available, with >2,000 samples including primary HGSOCs, EOC precursor tissues (ovarian and fallopian
epithelial cells) and other hormonal-related cancers (breast and prostate cancer), to perform TWAS analysis to
specifically identify candidate susceptibility genes associated with EOC risk alleles. Finally, functional
information from a gene knockout screen (18) was used to identify candidate susceptibility genes with a

functional role in HGSOC cells.
RESULTS
Genetic control of gene expression is reprogrammed during tumorigenesis

We first sought to investigate the genetic control of gene expression in EOC precursor tissues and HGSOCs.
We assayed genotype, gene expression, and quantified splicing data for 115 primary OSECs and 70 primary
FTSECs, as well as 394 HGSOCs from The Cancer Genome Atlas (TCGA). The majority of HGSOCs are
thought to derive from fallopian tube secretory epithelial cell (FTSEC) precursors (19-23), although a subset
may also arise from ovarian surface epithelial cells (OSECs) (24—-29). We first quantified the SNP-heritability
(h%;) and genetic correlation (rg) of gene expression and splicing between pairs of tissues (see Methods). For a
given tissue, cis-h%; is defined as the fraction of phenotypic variance explained by SNPs within 500 kb of the
gene boundary. For a pair of tissues, cis-ry is defined as the correlation of causal genetic effects on expression
across all SNPs within 500 kb of the gene boundary. The average cis-h?%; was significant in all tissues with an
average of 0.026 for overall expression and 0.016 for splice variation, as has been generally observed across
diverse tissues (Table S1). Mean cis-ry was highest between FTSECs and HGSOCs (ry= 0.071, standard error
[s.e.] =0.031) compared to OSECs and HGSOCs (ry= -0.022, s.e. = 0.029). We observed a similar, albeit non-
significant, trend for heritable splicing events, with a genetic correlation of 0.024 (s.e. = 0.016) between
HGSOCs and FTSECs, and -0.018 (s.e. = 0.013) between OSECs and HGSOC. These results are consistent
with FTSECs representing the predominant cell-of-origin for HGSOC. Genetic correlation of both overall gene
expression and splicing events was substantially higher when normal OSECs and FTSECs were compared (rg
= 0.359, s.e. = 0.046 for overall expression; rg= 0.302, s.e. = 0.023 for splicing) indicating that genetic control
of gene expression is altered during tumorigenesis. Lastly, we evaluated ry between four molecular subtypes of
HGSOCs characterized by gene expression signatures by TCGA (30) but observed no significant difference

from 1.0 (Table S2). We therefore treated all HGSOCs as a single group for all subsequent analyses.
Overview of TWAS and statistical methods

Next, we performed a transcriptome-wide association study (TWAS) using diverse gene expression models
and GWAS statistics from 13,037 HGSOC cases and 40,941 controls estimated by the Ovarian Cancer
Association Consortium (OCAC). We first constructed the predictive models of gene expression and splicing

using genotypes and expression from the EOC precursor and HGSOC expression data described above, as
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well as tumor datasets for other hormonally-regulated cancers (breast and prostate cancers) that have recently
been shown known to exhibit genetic pleiotropy with EOC: Breast tumors (n = 1,027) with matched normal
precursor tissues (n = 80); and prostate tumors (n = 483) (5,12,31). All data sets were assayed by RNA-seq.
We additionally evaluated exon-exon junction usage as a measure of alternative splicing (see Methods). For
each gene/exon event in a given tissue, we estimated cis-h% using a variance-component model from all
common variants within the cis locus and retained all gene-tissue combinations that were nominally heritable
(cis-h%y P < 0.01). A total of 12,514 significantly heritable genes and 55,618 significantly heritable exon events
were identified across all cohorts. We then trained multiple predictive models using all SNPs in the locus,
including ridge regression / BLUP, lasso, elastic net, and the Bayesian Sparse Linear Mixed Model (BSLMM).
For each model, predictive accuracy was evaluated by five-fold cross-validation against the actual measured
expression. Mean cross-validated predictor R? was 0.062 and highly significant (median P = 1.8x10™ across alll
predictors), consistent with previous findings that low average heritability of gene expression can be
compensated for by sample size sufficient to produce reliable genetic predictors (Table S3). For genes that
were significantly heritable in multiple tissues, we evaluated their concordance by predicting into a held-out
reference cohort of 1000 Genomes Europeans. These predictors were significantly correlated between both
tumor and normal tissue pairs (mean correlation across all tissue pairs = 0.554, s.e. = 0.0057), underscoring

their reproducibility in independent data (Table S4).

We then tested each gene/exon prediction model for association with risk using HGSOC GWAS summary
data. The genetically predicted expression of 24 gene-level models and 90 exon-level models were
significantly associated with risk after Bonferroni correction for 68,132 total tests (Supplementary Fig. S1). We
describe detailed analysis of these associations below. TWAS may identify co-incidental genetic associations
due to partial tagging between the expression and disease causing variants, and so we performed additional
statistical analyses on a locus-by-locus basis to assess this possibility. First, we condition every GWAS
association on the predicted value of each significant TWAS gene to assess how much association signal
remains independent of the TWAS association (see Methods). Residual significant signal after conditioning is
an indicator that the TWAS association is partially tagging the causal variants, or that other independent causal
variants are present at the locus (as with SNP-based conditioning). Second, we perform a “colocalization”
analysis using the COLOC software (58), which evaluates the posterior probability that the genetic association
to the gene/exon is driven by a single shared causal variant with the GWAS risk association (termed “PP4” in
the COLOC notation). This model does not consider colocalization between multiple causal variants, so high
PP4 is a more stringent threshold to clear than the TWAS association and may miss true colocalization at loci
with heterogeneous effects on expression and disease. COLOC additionally estimates the probability that the
expression and GWAS are driven by two distinct causal variants (PP3), and we use low PP3 as a less
stringent threshold for evidence of non-independent association signal (though it may still be confounded by

multiple causal variants).

Gene-level associations validate previous eQTLs and identify novel susceptibility genes for HGSOC
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First we characterized gene level events, identifying 24 TWAS associations (14 unique genes) across the six
tissue types after Bonferroni correction (Table 2, Supplementary Table S5, Fig. S1). The number of
significant associations was strongly correlated with the number of tested genes (R®=0.56) suggesting that
expression reference size and quality, rather than tissue specificity, is the main factor driving TWAS gene
discovery (Fig. S2). A single association was detected in FTSECs: expression of LRRC46 at 17921.32 (TWAS
P = 1.5x10®). Four genes were associated with risk in HGSOCs, all located within an inversion at chromosome
17921.31 - KANSL1, LRRC37A2, ARL17A and RP11-259G18.1 (32). ARL17A was a notable example where
ovary-specific eQTLs explained the local GWAS signal, but significant eQTLs observed in breast and prostate
were independent (Fig. 1). ARL17A has not been previously implicated in ovarian cancer, although KANSL1-
ARL17A gene fusions have been implicated in pancreatic cancer (33). Two previously reported eQTLs at EOC
risk loci identified in ovarian tissues were also detected in other tissue types - CHMP4C at the 8g21 locus (9)
was detected in breast and prostate tumors (TWAS P = 1.3x10™"° and 9.8x10™"°, respectively) and ANKLE1 at
the 19p13 locus (5) was detected in prostate tumors (TWAS P = 1.6x10™"%). A follow-up colocalization analysis
showed that 12/24 TWAS associations exhibited strong evidence of a single shared causal variant (PP4 > 0.8)

and only 5/24 had evidence of joint causal variants (PP3 > 0.2).

We identified two genes that were more significantly associated than any single overlapping SNP: KANSL1
and RP11-259G18.1 at the 17921.31 locus, both in ovarian tumors. The increased significance is indicative of
multiple eQTL signals aggregating risk heritability to increase significance. In particular, the KANSL1
association, driven by 4 SNPs in an elastic net predictive model, was substantially higher than the best
overlapping SNP: TWAS P = 6.9x10™"" versus GWAS P = 8.9x10°. The multi-SNP KANSL1 predictive model
had a cross-validated R? with measured expression of 0.65 (P = 6.5x10°%), compared to the top eQTL having
an R? of 0.49 (P = 1.4x10*°), indicative of significant secondary effects on expression and further supporting a
multi-eQTL/GWAS hypothesis. Conditioning each SNP in the broader locus on the predicted expression of
KANSL1 reduced the lead GWAS SNP association from P = 1.1x10™"" to P = 0.04 and accounted for all

genome-wide significant signal.

We replicated nine out of the 14 TWAS associations using predictors from the Genotype-Tissue Expression
(GTEX) study (after Bonferroni correction for 84,964 GTEXx predictors tested; Supplementary Table S6). Only
two were significant in whole ovary tissues analyzed in GTEx - the paralogs LRRC37A and LRRC37A2, which
were significant in nearly all tissues except for testis and normal prostate tissues. Notably, ARL717A, while
highly significant in HGSOCs was not significant in most GTEXx tissues, suggesting tumor-specific regulatory
effects. The GTEx analysis identified two additional transcriptome-wide significant genes that did not lie in
genome-wide significant HGSOC loci. First, RCCD1 at 15926 was significant in 20 tissues (including breast);
this locus had previously been identified in a meta-analysis of breast and ovarian cancer and this gene
reported as the putative target based on GTEx eQTL analyses (12). Second, DNALI1 at 1p34 was significant in
9 tissues (but not in breast, prostate or ovary); this locus was previously reported as genome-wide significant in

an analysis of serous EOC where the RSPO71 gene was identified as a putative target but did not show an
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eQTL association (34). At both loci, conditioning on the predicted expression accounted for all genome-wide
significant signal, consistent with these genes being potential mediators of the association (Supplementary
Fig. S3, S4).

Multi-tissue exon-level associations implicate novel transcripts in HGSOC development

Next, we performed a splice-TWAS across all significantly heritable exon-exon usage features, identifying 90
splice-TWAS associations with EOC risk in 20 unique genes (after Bonferroni correction; Table 2,
Supplementary Table S7). This included 14 genes that did not have a significant gene-level TWAS
association the TWAS analysis of overall expression. The mean splice-TWAS effect-size was significantly
negative (Z-score of -4.2 s.e. 0.50) suggesting that variants decreasing exon usage are more typically
associated with increased risk. Co-localization analysis (58) showed that 67/90 associations were consistent
with a shared causal variant (posterior on shared > 0.8) and 84/90 were inconsistent with a single distinct
causal variant (posterior on distinct < 0.2). Five loci contained only a single significantly associated gene and

we investigated these loci in detail.

In breast tumors we identified a splice-TWAS association for PRC71 which fully explains the GWAS signal at
the 15026.1 locus (TWAS P = 8.9x10®, PP4 = 1.0), a pleiotropic risk locus previously associated with both
breast and ovarian cancer risk (12) (Fig. 2). Notably, no significant eQTLs were observed for overall
expression of PRC1, highlighting a genetic effect on splicing that is independent of total expression. Predictors
for total PRC1 expression could be computed in three GTEXx tissues, but none resulted in significant TWAS
associations. We separately identified a significant TWAS association for the nearby RCCD1 gene using

expression from GTEX (see above), reproducing the previously identified putative target gene (12).

We detected four splice-TWAS associations for CHMP4C, a previously described eQTL in ovarian tumors (9);
we now detected the same association in prostate tumors. The lead spQTL (rs74758321) is within 300bp of the
splice junction and in perfect linkage disequilibrium with the top GWAS, making it a plausible causal candidate

SNP in addition to the previously implicated missense eQTL.

Lastly, three loci with single gene associations had partial evidence that fully explained the locus. A significant
splicing event was detected for LEKR1 in HGSOCs (TWAS P = 1.5 x 10™"°, PP4 = 0.96), which was the
strongest splice-TWAS association with evidence of co-localization in our study. The lead spQTL for LEKR1
(rs344076) in GTEX is also an eQTL for LEKR1 in 20 tissues and TiPARP in 2 tissues. However, conditioning
on the LEKR1 association did not account for all signal at this locus, indicating only partial tagging of the
underlying causal variant. Likewise, splicing for HOXD-AS1 in ovarian tumors was the only association at 2q31
but had moderate evidence of co-localization (PP4 = 0.78) and did not account for all signal in a conditional
analysis. Besides PRC17, we observed one additional association that did not overlap a genome-wide
significant region: splicing for INTS1 in breast tumors at the 7p22 locus. However, the lead spQTL was only

marginally significant (P = 1.2x10*) and could not be confirmed by colocalization analysis (Supplementary
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Table S7, Supplementary Fig. S5). We therefore cannot consider this a true novel association without

replication in an independent GWAS cohort.

The maijority of associations (64/90) were at the 17q21.31 locus with a inversion polymorphism spanning
~900kb. This region contains hundreds of variants in high linkage disequilibrium that all represent putative
causal alleles and are involved in genetic co-regulation of 14 genes, with evidence of multiple clusters of
independent associations (Supplementary Fig. S6A). We observed a complex co-regulation of >3 unique
genes at one other locus - 19p13.11 - with evidence of multiple independent associations. We performed
stepwise conditional analysis of all significant TWAS/spTWAS associations in the locus to identify the minimal
set of genes that jointly explained all of the genome-wide significant signal. The final model contained four
jointly significant splicing events - CPAMDS8, MAP1S, OCEL1 - reducing the lead GWAS SNP from P = 7.8x10
% to P = 1.4x10° (Supplementary Fig. S6B, S7A). The implication of multiple joint predictors suggests either
the presence of multiple causal variants at this locus, or colocalization with a single gene that was not tested
here. A splicing event for the BABAM1 gene had the highest colocalization posterior in the locus (PP4 = 0.95)
but did not account for all genome-wide significant association in a conditional analysis (Supplementary Fig.
S7B). The 19p13.11 risk locus is also associated with triple-negative breast cancer (5) and BABAM1, a known
BRCA1-interacting protein, is therefore a compelling target. Our previous gene-level functional studies failed to
find compelling evidence to support a role for BABAM1 in early ovarian and breast tumorigenesis and
putatively implicated neighboring genes ABHD8 and ANKLE1 (5); our new analyses suggest characterization
of the function of specific BABAM1 splice variants is also warranted. In addition, further studies are needed to
understand the apparently contradictory results from the conditional and colocalization analyses, suggestive of
multiple causal variants or complex local haplotype structure. The extensive, cross-tissue genetic co-regulation

underscores the complexity of these loci and motivates continued experimental fine-mapping.

Eight out of the 20 unique genes with a splice-TWAS association replicated within one of the other five tested
tissues (after Bonferroni correction for 20x5 tests) (Supplementary Table S8). In particular, splicing for
CPAMDS, INTS1, SNX11, GOSR2, NFE2L1, and SP2 was heritable but not TWAS significant in at least one
other tissue, indicative of tissue-specific regulation (rather than insufficient power to detect the QTL in the other
tissue). Overall, the GWAS contained 13 contiguous genome-wide significant regions, of which 6 were within
500 kb of a TWAS or splice-TWAS association (Supplementary Table S9). These 6 regions implicated a total
of 74 associated features out of a 1,156 tested, demonstrating a substantial number of heritable gene/tissue

combinations that have also been ruled out as likely cis targets.
Pleiotropic associations with breast cancer risk GWAS

We further tested the 114 transcriptome-wide significant features (90 splice events and 24 genes) for
pleiotropic associations with breast cancer risk from a recent GWAS (3). 80 out of 114 features showed
evidence of significant TWAS association (P<0.05/114), which indicates extensive pleiotropy between the
breast and ovarian cancer at these loci. Of these, five were genome-wide significant (P < 5x10®) for breast

cancer, all of which were exon-level events in breast tumors: one for PRC1 and four for LRRC37A2. These
8
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results highlight two robust genome-wide significant loci associated with breast and ovarian cancer that also
exhibit effects on splicing of the same genes. We repeated the same analysis for a recent GWAS for prostate
cancer but did not identify any features with P < 0.05, suggesting that the extensive expression-based

pleiotropy we observe between breast and ovarian cancer is not expected by chance.
Ovarian tumor gene expression and splicing explains the greatest portion of EOC SNP-heritability

We quantified the portion of GWAS heritability explained by all TWAS/splice-TWAS predictors in each tissue
type. As with analyses of polygenic GWAS heritability (35), this approach does not restrict to transcriptome-
wide significant associations but estimates the overall proportion of heritability that can be accounted for by all
TWAS predictors. Ovarian gene expression and splicing explained 41% (P = 2.5x10*) of EOC SNP-heritability,
which is greater than for either breast or prostate cancer despite the smaller sample size of the EOC study
(Table 3). We did not have sufficient power to distinguish the portion of expression heritability between ovarian
tumor and normal tissues. We caution that this estimate includes any tagged genetic effects that alter

expression and risk independently, and should thus be interpreted as an upper bound.
Functional characterization of candidate susceptibility genes

Finally we explored the functional role of the 28 candidate susceptibility genes identified through our TWAS
and spTWAS analyses. We mined publicly available data from a gene essentiality screen (18); knockout data
were available for 24 genes in 13 HGSOC cell lines (Figure 3). Four genes showed evidence of essentiality
(CERES Score < 0.5) - golgi SNAP receptor complex member 2 (GOSR2, median CERES score = -0.72, s.d.
= 0.11), integrator complex subunit 1 (INTS1, median CERES score =-0.97, s.d. = 0.10), KAT8 regulatory NSL
complex subunit 1 (KANSL1, median CERES score = -0.53, s.d. = 0.15) and protein regulator of cytokinesis 1
(PRC1, median CERES score = -1.17, s.d. = 0.14), with the latter gene showing similar levels of essentiality as
MYC, a key oncogenic transcription factor in many tumor types, including ovarian (36). The mean CERES
score across significant splice-TWAS genes (-0.24 s.e. 0.02) was significantly lower (more essential) than that
of significant TWAS genes not associated through splicing (-0.08 s.e. 0.01; P=4.4x10" for difference by
Wilcoxon rank sum test), suggesting that risk variants that affect splicing (and thus actual protein structure)
may be more relevant to OvCa cell essentiality than risk variants that affect transcription (i.e. protein
abundance). We caution, however, that the CERES data may not be reflecting changes to the precise

transcript that is implicated by the splice-TWAS.
DISCUSSION

Genome-wide association studies (GWAS) have identified multiple of common variants associated with risks of
high grade serous ovarian cancer (HGSOC); but for the vast majority of risk variants the underlying functional
mechanisms, including the susceptibility genes targets, are unknown. In this work we integrate tissue specific
gene expression and genotyping data with the largest GWAS available for HGSOC to identify susceptibility
genes for HGSOC. We functionally validate 24 candidate susceptibility genes and find four genes to show

evidence for essentiality.
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Key to our approach is transcriptome measurements in tissues that are relevant to HGSOC pathogenesis; and
so we compiled whole genome genotyping and gene expression data from 2,169 different patients
representing 6 different tissue types. This represents the largest and most comprehensive gene expression
and genotyping catalogue so far compiled to identify genotype-gene expression associations for ovarian
cancer, and includes previously unpublished gene expression profiling data for normal precursor tissues for
HGSOC, and primary ovarian, breast and prostate tumors. Transcript expression can be highly tissue and
disease specific, and genotype-gene expression associations are also likely to be tissue specific. While our
transcriptome-wide significant findings were primarily driven by reference panel size, our polygenic findings
support this: a greater proportion of GWAS heritability was explained by all expression in the ovarian tumor
tissues rather than breast and prostate tumors. Moreover, the genetic correlation between FTSECs and
HGSOCs was higher than between OSECs and HGSOCs; published data strongly suggest that FTSECs are
the most common precursor cell type for HGSOC (19-23), although some data suggest that OSECs may be a
precursor cell type for specific molecular subgroups of HGSOC (37-39). Furthermore, only 2/21 genes we
identified were transcriptome-wide significant in ovary tissues from the GTEx Consortium (with 11/21
significant across all GTEXx tissues); likely because whole ovaries are predominantly composed of stromal

(rather than epithelial) cells and the sample size in GTEx is small (n=54).

We conclude with several caveats of our approach. It remains likely that our TWAS analysis missed a
unquantifiable proportion of true associations, while some associations may represent false positive findings
due to chance co-regulation. HGSOCs are genomically unstable and accumulate copy number variations
during their development, such variation will likely influence the patterns of gene expression and consequently
the outcome of our TWAS analyses. Also, in building catalogues of gene expression profiles for multiple tissue
types, we may not have included all relevant tissues, such as microenvironmental cell populations that
influence disease risk via non-cell autonomous pathways (e.g. immune cells). Finally, compared to other
TWAS studies, our study was limited by sample size and therefore statistical power to identify genotype-gene
expression associations. Future studies to improve the power of TWAS analysis in ovarian cancer will need to
establish substantially larger gene expression and genotyped datasets for normal precursor tissues, for

HGSOC and for other EOC histotypes that were not evaluated in the current study.

Pleiotropy, defined here as a risk locus that shows evidence of susceptibility to two or more phenotypes, has
emerged as a feature of GWAS risk loci. We have recently performed meta-analyses of GWAS datasets for
different phenotypes to identify loci associated with risks of ovarian, breast and prostate cancer (12). This
suggests that the functional mechanisms (and target susceptibility genes) underlying pleiotropic risk loci are
likely to be similar for the different phenotypes. Thus, incorporating transcriptomic datasets for the ovarian,
breast and prostate tumors in our TWAS may identify susceptibility genes that are associated with the different
cancers. Consistent with this hypothesis, we observed a striking overlap between significant TWAS genes in
GWAS for HGSOC and a recent GWAS of breast cancer (3). These findings merit further studies to identify

evidence of pleiotropy and common cancer susceptibility genes for these two cancers.
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Most risk variants identified by GWAS lie in non-protein coding regions and are postulated to influence the
expression of target susceptibility genes in cis. Variants can alter gene expression through multiple
mechanisms. Some SNPs may modify levels of primary transcript expression or structure (e.g. genetic
variation in gene promoters, distal regulatory elements and splicing), while other variants may modulate post-
transcriptional control of gene expression (e.g. variants in long non-coding RNAs or microRNAs). In the current
analysis, we performed a TWAS to evaluate associations between genetic variation and both primary transcript
expression (eQTL) and splice site variation (spQTL). Our TWAS validates previously described eQTL
associations, including CHMP4C, ANKLE1, and RCCD1 (5,9), and also identified candidate genes at risk loci
where previous cis-eQTL studies have been unsuccessful, such as LEKR1 splicing at the 3925 locus.
Moreover, the splice-TWAS analysis identified 19 genes that were not implicated by overall TWAS, nearly
doubling the number of susceptibility genes. This included PRC1 (at 15926.1) which explained all of the GWAS
signal while exhibiting no eQTL association and was not previously identified in an eQTL-based analysis. This
highlights the power of TWAS to identify novel candidate susceptibility genes. Our findings indicate that
primary transcript expression is not the sole mechanism by which target gene expression can be altered at
GWAS susceptibility loci, and that QTL-based studies need to evaluate alternative mechanisms to find the

target genes associated with common risk variants.

Establishing a functional role for candidate genes and their associated risk alleles in disease is beyond the
scope of the current study. However for each candidate gene we evaluated the evidence for their possible role
in cancer biology from their known or predicted functions. High penetrance susceptibility genes so far identified
in the development of HGSOC - BRCA1, BRCA2, BRIP1, RAD51C, RAD51D (1) - are all involved in double-
strand DNA break repair. However, for EOC, the genes associated with low penetrance risk loci that have so
far been characterized are more often involved transcriptional regulation and cell cycle control (6,11,40).
Consistent with this, some of our target genes are involved in modifying the epigenome. This includes KANSL1
which acetylates lysine residues of nucleosomal histone H4. KANSL1 has not been directly implicated in
ovarian cancer biology previously, although it has been shown to form a fusion gene product with a G-protein
coupled receptor for corticotropin-releasing factor, CRH1 in a small proportion of primary EOCs (41). In
addition, KANSL1 and other several of the candidate susceptibility genes are involved in mitosis and genome
replication, biological processes known to play a key role in HGSOC development (42). Perturbations in vital
cell cycle checkpoints allow cells to enter mitosis in spite of DNA damage, enabling cells to acquire additional
genetic alterations that promote neoplastic development. In the splice-TWAS we identified PRC1, a key
regulator of cytokinesis required for spindle formation which reportedly acts as an oncogene during bladder
cancer development (43). Strikingly, in data from a knockout screen PRC1 shows similar levels of essentiality
as MYC (a known essential gene and likely GWAS target gene in HGSOC (44)) strongly indicating PRC1 plays
a functional role in the development of ovarian tumors. In this same functional category is CHMP4C
(chromatin-modifying protein 4C), a protein involved in the final steps of cell division, coordinating midbody
resolution with the abscission checkpoint (45). CHMP4C expression has been implicated in several cancers

and has been proposed as a diagnostic tumor marker and therapeutic target for ovarian cancer (46,47).
11


https://doi.org/10.1101/330613

bioRxiv preprint doi: https://doi.org/10.1101/330613; this version posted May 25, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

In summary, we have performed a TWAS based on the integration of GWAS data for HGSOC and gene
expression data for both normal and tumor tissues associated with HGSOC pathogenesis, to identify candidate
susceptibility genes associated with HGSOC risk alleles. Uniquely, this study established splice-TWAS
associations (in addition to total expression associations) as a major component of HGSOC heritability,
highlighting the significance of a variety mechanisms of transcriptional regulation at GWAS risk loci. This study
emphasizes the significance of tissue-specific transcript wide expression and the need to evaluate both normal
and cancer tissues associated with disease pathogenesis to identify candidate susceptibility genes, principles

that apply not just to the analysis of ovarian cancer, but to many other phenotypes.
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METHODS
Data processing and QC

Genotypes. Germline DNA from normal OSEC and FTSEC samples were genotyped using the Oncoarray
platform (10). For TCGA data, SNP genotype calls using Birdsuite were downloaded from the TCGA legacy
archive and imputed using the EAGLE pipeline provided by the Michigan imputation server. The following
genotype QC was performed across all studies: SNPs were retained if they had imputation INFO>0.9; locus
missingness <5%; Hardy-Weinberg equilibrium p-value > 5x10°%; and minor allele frequency > 1% (thresholds
based on GTEx Consortium recommendations). Individuals were excluded if they had more than 5% missing
sites. Two genotype principal components were computed to account for ancestry and included as covariates

in all subsequent analyses.

Gene/exon expression in HGSOC precursor tissues. OSECs and FTSECs were harvested from histologically
normal ovaries and fallopian tubes removed from women diagnosed with ovarian, uterine or cervical cancer.
Short-term cultures were established (48,49). OSECs were harvested using a cytobrush and cultured in
NOSE-CM media containing 15% fetal bovine serum (FBS, Hyclone), 34 ug ml™ bovine pituitary extract, 10 ng
ml” epidermal growth factor (Life Technologies), 5 ug ml™" insulin and 500 ng ml" hydrocortisone (Sigma-
Aldrich). Fallopian epithelia were dissociated from stromal tissues by Pronase/DNase | digestion (Roche and
Sigma-Aldrich, respectively) for 48-72 hours at 4°C. Purified epithelia were cultured on collagen | (Sigma-
Aldrich) using DMEM/F12 base media supplemented with 2% Ultroser G (Pall Corporation). At ~80%
confluency, cells were lysed using the QIAzol reagent and RNA extracted using the RNeasy Mini kit (both
QlAgen). RNA sequencing was performed by the University of Southern California Epigenome Core Facility
using 50bp single end reads. All data processing was performed using ‘R’ and ‘Bioconductor’, and packages

therein.

RNAseq data for 394 HGSOC samples was obtained from The Cancer Genome Atlas (TCGA) data portal as
protected data (raw sequencing, fastq files) and downloaded via CGHub’s geneTorrent. Data was aligned to a
reference genome (hg19) using STAR. And quality control of aligned samples performed using RSeQC. GC
bias and batch effect corrections were performed using EDASeq and ‘sva’. To adjust for batch effects we used

an empirical Bayes framework (comBat), available in ‘sva’.

Exon-level events were called directly from the aligned reads using LeafCutter (50) with default parameters.
LeafCutter was then used to compute intron excision ratios and remove any introns used in <40% of samples.
Finally, all excision ratios were quantile normalized and three expression principal components were computed

and included as covariates in all subsequent analyses to account for latent confounders.

Gene/exon expression in non-ovarian TCGA samples. Normalized gene and exon level events were
downloaded from the TCGA FireCloud. Exon usage was previously quantified using MapSplice. Finally, all
expression/exon measurements were quantile normalized. As with the ovarian data, all expression/exon

measurements were quantile normalized and three expression principal components were computed and used
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as covariates in all subsequent analyses.

Gene expression in GTEx samples. Processed and normalized expression and genotypes were downloaded
from dbGAP and the GTEx Portal as described in (51). For each tissue the following covariates were included
in all analyses: three genetic principal components, sex, platform, and 14-35 expression factors (52) as

selected by the main GTEx analysis.
Heritability and genetic correlation

Mean heritability and genetic correlation were estimated using Haseman-Elston regression (53) as
implemented in GCTA (54). All SNPs within 500kb of the gene boundary were used to define the cis locus and

construct the corresponding kinship matrix. Standard errors for genetic correlation were estimated as in (55).
TWAS analyses

GWAS data. GWAS data from the Ovarian Cancer Association Consortium as described in (10) was
downloaded and aligned to hg19 HapMap3 SNPs (excluding A/T or C/G SNPs due to strand ambiguity). These
SNPs are consistently imputed with high accuracy across diverse genotyping platforms and were used to

compute all TWAS weights.

TWAS predictors. TWAS predictors were computed using the FUSION software (see Data Availability). Briefly,
for each gene or splice variant, SNPs from +/-500kb of the feature boundary were extracted and used to
estimated cis-SNP-heritability (54). Features that had nominally significant cis-SNP-heritability (LRT P<0.01)
were retained, and the genotypes were used to train TWAS predictive models using BLUP, elastic net, BSLMM
(for BRCA data only) and LASSO models. Five-fold cross-validation was performed for each model and the
best scoring model (out-of-sample) was used for the TWAS test. Across all tissues and features, the top eQTL
was the best predictor only 26% of the time. Surprisingly, the BLUP predictor - which has the weakest
penalization in favor of sparsity - was the most common best predictor (best 33% of the time), suggesting a
greater degree of effect heterogeneity in this data than studies of normals where cis-expression effects are
typically sparse (56). For GTEx analyses, TWAS expression weights were previously computed as described
in (13), and downloaded from the FUSION website.

TWAS tests. The FUSION software was used to perform TWAS tests across all predictive models (14). Models
were considered “transcriptome-wide significant” if they passed Bonferroni correction for all 68,132 genes and

exon events tested.

Summary-based conditional analyses between TWAS and GWAS associations were performed using FUSION
(67). For a given significant TWAS association, the gene/exon expression was predicted into the 1000
Genomes EUR samples to estimate the LD between the predicted model and each SNP in the locus. Each
GWAS SNP was then conditioned on the predicted model using the LD estimate to quantify the amount of
residual association signal. Stepwise model selection was performed by including each TWAS-associated

feature (from most significant to least) into the model until no feature remained conditionally significant.
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Summary-based conditional analyses for individual SNPs were performed using GCTA-COJO (57).
Colocalization analyses were performed using the COLOC software (58) and the marginal eQTL/spQTL

statistics for a given feature.
Functional analyses

Differential gene expression analyses were performed using the OSEC, FTSEC and HGSOC data sets
described above. Processed CERES knockout data were downloaded (18) and data for the 13 HGSOC lines

included in this study were used in our analyses.

Ethics Approval

This study was performed with the approval of the Cedars-Sinai Medical Center Institutional Review Board.
Data and Code Availability

Code and documentation for all methods has been made available on the TWAS/FUSION web-site

(http://qusevlab.org/projects/fusion/). Trained TWAS models for all genes and splice variants and

corresponding OvCa TWAS association statistics will be made available on the TWAS/FUSION web-site upon

publication.
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Table 1. Genetic correlation of expression and splicing in ovarian tissues. Genetic variance/covariance

was estimated across all significantly heritable genes (in any panel) using HE-regression, averaged, and

transformed to genetic correlation (r;). Standard error shown in parentheses.

Expression Overall rq (se) Splicing ry (se)
Tumor HGSOC Normal OSEC -0.022 (0.029) -0.018 (0.013)
Tumor HGSOC Normal FTSEC 0.071 (0.031) 0.024 (0.016)
Normal OSEC Normal FTSEC 0.359 (0.046) 0.302 (0.023)

Table 2. TWAS analyses in ovarian cancer. FTSEC, fallopian tube secretory epithelial cell; OSEC, ovarian
surface epithelial cell; HGSOC, high-grade serous ovarian cancer.

Site Type Samples Tested Tested| Significant| Significant| Significant

genes splice genes splice splice

variants variants variant

genes

Breast Normal tissue 80 769 3485 3 21 4

Breast Tumor tissue 1027 4215 21582 6 40 12

Ovary Normal FTSEC 70 572 1409 1 0 0

Ovary Normal OSEC 115 541 1399 0 0 0

Ovary Tumor tissue 394 2956 12580 4 9 6
(HGSOC)

Prostate | Tumor tissue 483 3461 15163 10 20 8

Table 3. Ovarian cancer heritability explained

tumor/normal predictors.

by cis-regulated gene expression from combined

h?g se| p-value % h?, | # features h?, per

feature

Ovarian 0.015 0.0041 2.5x10™ 41% 19,501 7.7TE-07
Prostate 0.009 0.0033 6.5x107 25% 18,646 4.8E-07
Breast 0.014 0.0041 6.5x10* 38% 29,326 4.8E-07
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FIGURE LEGENDS

Figure 1. Ovary-specific TWAS association for ARL17A. The ARL17A gene is under strong genetic control
in multiple tissues but only colocalizes with GWAS in ovarian tumors. Each panel shows Manhattan plot before
(gray) and after (blue) conditioning on the TWAS predictor trained on ovarian tumor expression: A, GWAS
associations, with signal fully explained after conditioning on the predictor; B, ovarian tumor eQTLs; C, breast
tumor eQTL; D, prostate tumor eQTL. A and B show associations are explained by the ovarian TWAS
predictor, whereas C and D show associations are independent of the ovarian TWAS predictor.

Figure 2. Splice-TWAS association at PRC1 implicates novel target gene independent of genetic effects
on total expression. Panels A, B, D show Manhattan plot before (gray) and after (blue) conditioning on the
top splice-QTL. Panels C, E show box and scatter plots of normalized intron (top) and overall (bottom)
expression, stratified by lead GWAS SNP genotype.

Figure 3. Functional analyses show evidence of essentiality for 3 TWAS/spTWAS genes. A, Gene
knockout experiments in 13 HGSOC cell lines to determine gene essentiality. CERES Score is a copy number
corrected indicator of depletion of gene-targeting guide RNAs, the lower the CERES Score, the more essential
the gene. MYC is a known essential gene and is included as a positive control. CERES Score thresholds
corresponding to the median score for non-essential and essential genes are indicated with a blue dashed line
at 0 and red dashed line at -1, respectively. Genes with a CERES Score < -0.5 (and therefore showing
evidence of essentiality) are highlighted with purple boxes. B, Relative expression of each gene in OSECs,
FTSECs and HGSOCs. In each plot the center line denotes the median, box limits represent upper and lower
quartiles, whiskers show 1.5x interquartile range and any discrete data points show outliers.

SUPPLEMENTARY TABLE LEGENDS

Supplementary Table S1: Number of samples/features and mean heritability in each analyzed cohort.
Supplementary Table S2: Genetic correlation across HGSOC subtypes.

Supplementary Table S3: Prediction accuracy for significantly heritable genes in each cohort.

Supplementary Table S4: Correlation of genetic predictors across cohorts for shared significantly
heritable genes.

Supplementary Table S5: Significant TWAS associations for total expression.
Supplementary Table S6: TWAS Z-score across all tissues for each significant TWAS gene.
Supplementary Table S7: Significant splice-TWAS associations for total expression.

Supplementary Table S8: Splice-TWAS Chi-squared statistic across all tissues for each gene with a
significant splicing association.

Supplementary Table S9: Number of gene/splicing predictors evaluated in 13 genome-wide significant
regions.

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure S1. TWAS association Manhattan plots. Plot of physical position (x-axis) and TWAS
association p-value (y-axis) across each expression reference panel. Transcriptome-wide significant
associations highlighted in red.

Supplementary Figure S2. Relationship between tested and significant genes. The number of TWAS
17
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significant genes (y-axis) is plotted as a as a function of the total number of significantly heritable (predictable)
genes (x-axis). The black line indicates linear regression fit. SP: splicing; BRCA: breast; OVCA: ovarian;
PRAD: prostate.

Supplementary Figure S3: Conditional analysis of TWAS association for RCCD1. (top) Local Manhattan
plot for GWAS association before (gray) and after (blue) conditioning on the predicted RCCD1 expression from

GTEXx. (bottom) corresponding local Manhattan plot for eQTL associations to RCCD1.

Supplementary Figure S4: Conditional analysis of TWAS association for DNAL1. (top) Local Manhattan
plot for GWAS association before (gray) and after (blue) conditioning on the predicted DNAL1 expression from

GTEXx. (bottom) corresponding local Manhattan plot for eQTL associations to DNALT.

Supplementary Figure S5: Conditional analysis of splice-TWAS association for INTS1. (top) Local
Manhattan plot for GWAS association before (gray) and after (blue) conditioning on the predicted INTS1
splicing in breast tumor. (bottom) corresponding local Manhattan plot for sp-QTL associations for this INTS1

splicing event.

Supplementary Figure S6: Correlation of predictors. A, B, at the 17q21.31 locus; C, at the 19p13 locus.

Heatmaps of pairwise predictor correlation for all transcriptome-wide significant genes/exons.

Supplementary Figure S7: Conditional analysis of TWAS and sp-TWAS associations at chr19p13 locus.
A, Model selection was performed to identify four jointly significant TWAS associations (see Methods)
highlighted in green. Local Manhattan plot shows GWAS signal before (gray) and after (blue) joint conditioning
on the predicted expression of these four genes. B, (top) Local Manhattan plot for GWAS association before
(gray) and after (blue) conditioning on the predicted BABAM1 splicing in breast tumor. (bottom) corresponding
local Manhattan plot for sp-QTL associations for this BABAM1 splicing event.

18


https://doi.org/10.1101/330613

bioRxiv preprint doi: https://doi.org/10.1101/330613; this version posted May 25, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Bibliography

1. Jones MR, Kamara D, Karlan BY, Pharoah PDP, Gayther SA. Genetic epidemiology of ovarian cancer
and prospects for polygenic risk prediction. Gynecol Oncol. 2017;147:705-13.

2. Michailidou K, Beesley J, Lindstrom S, Canisius S, Dennis J, Lush MJ, et al. Genome-wide association
analysis of more than 120,000 individuals identifies 15 new susceptibility loci for breast cancer. Nat
Genet. 2015;47:373-80.

3. Michailidou K, Lindstrém S, Dennis J, Beesley J, Hui S, Kar S, et al. Association analysis identifies 65
new breast cancer risk loci. Nature. 2017;551:92—4.

4. Luciano M, Hagenaars SP, Davies G, Hill WD, Clarke T-K, Shirali M, et al. Association analysis in over
329,000 individuals identifies 116 independent variants influencing neuroticism. Nat Genet. 2018;50:6—
11.

5. Lawrenson K, Kar S, McCue K, Kuchenbaeker K, Michailidou K, Tyrer J, et al. Functional mechanisms
underlying pleiotropic risk alleles at the 19p13.1 breast-ovarian cancer susceptibility locus. Nat Commun.
2016;7:12675.

6. Lawrenson K, Li Q, Kar S, Seo J-H, Tyrer J, Spindler TJ, et al. Cis-eQTL analysis and functional
validation of candidate susceptibility genes for high-grade serous ovarian cancer. Nat Commun.
2015;6:8234.

7. Li Q, Stram A, Chen C, Kar S, Gayther S, Pharoah P, et al. Expression QTL-based analyses reveal
candidate causal genes and loci across five tumor types. Hum Mol Genet. 2014;23:5294-302.

8. Li Q, Seo J-H, Stranger B, McKenna A, Pe’er |, Laframboise T, et al. Integrative eQTL-based analyses
reveal the biology of breast cancer risk loci. Cell. 2013;152:633—41.

9. Pharoah PDP, Tsai Y-Y, Ramus SJ, Phelan CM, Goode EL, Lawrenson K, et al. GWAS meta-analysis
and replication identifies three new susceptibility loci for ovarian cancer. Nat Genet. 2013;45:362-70,
370e1.

10. Phelan CM, Kuchenbaecker KB, Tyrer JP, Kar SP, Lawrenson K, Winham SJ, et al. Identification of 12
new susceptibility loci for different histotypes of epithelial ovarian cancer. Nat Genet. 2017;49:680-91.

11. Kelemen LE, Lawrenson K, Tyrer J, Li Q, Lee JM, Seo J-H, et al. Genome-wide significant risk
associations for mucinous ovarian carcinoma. Nat Genet. 2015;47:888-97.

12. Kar SP, Beesley J, Amin Al Olama A, Michailidou K, Tyrer J, Kote-Jarai Zs, et al. Genome-Wide Meta-
Analyses of Breast, Ovarian, and Prostate Cancer Association Studies Identify Multiple New
Susceptibility Loci Shared by at Least Two Cancer Types. Cancer Discov. 2016;6:1052-67.

13. Mancuso N, Shi H, Goddard P, Kichaev G, Gusev A, Pasaniuc B. Integrating Gene Expression with
Summary Association Statistics to Identify Genes Associated with 30 Complex Traits. Am J Hum Genet.
2017;100:473-87.

14. Gusev A, Ko A, Shi H, Bhatia G, Chung W, Penninx BWJH, et al. Integrative approaches for large-scale
transcriptome-wide association studies. Nat Genet. 2016;48:245-52.

15. Zhu Z, Zhang F, Hu H, Bakshi A, Robinson MR, Powell JE, et al. Integration of summary data from
GWAS and eQTL studies predicts complex trait gene targets. Nat Genet. 2016;48:481-7.

16. Xu Z, Wu C, Wei P, Pan W. A Powerful Framework for Integrating eQTL and GWAS Summary Data.
Genetics. 2017;207:893-902.

17. Gamazon ER, Wheeler HE, Shah KP, Mozaffari SV, Aquino-Michaels K, Carroll RJ, et al. A gene-based
association method for mapping traits using reference transcriptome data. Nat Genet. 2015;47:1091-8.
19


https://doi.org/10.1101/330613

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

bioRxiv preprint doi: https://doi.org/10.1101/330613; this version posted May 25, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Meyers RM, Bryan JG, McFarland JM, Weir BA, Sizemore AE, Xu H, et al. Computational correction of
copy number effect improves specificity of CRISPR-Cas9 essentiality screens in cancer cells. Nat Genet.
2017;49:1779-84.

Leeper K, Garcia R, Swisher E, Goff B, Greer B, Paley P. Pathologic findings in prophylactic
oophorectomy specimens in high-risk women. Gynecol Oncol. 2002;87:52-6.

Paley PJ, Swisher EM, Garcia RL, Agoff SN, Greer BE, Peters KL, et al. Occult cancer of the fallopian
tube in BRCA-1 germline mutation carriers at prophylactic oophorectomy: a case for recommending
hysterectomy at surgical prophylaxis. Gynecol Oncol. 2001;80:176—80.

Carcangiu ML, Radice P, Manoukian S, Spatti G, Gobbo M, Pensotti V, et al. Atypical epithelial
proliferation in fallopian tubes in prophylactic salpingo-oophorectomy specimens from BRCA1 and
BRCA2 germline mutation carriers. Int J Gynecol Pathol. 2004;23:35-40.

Callahan MJ, Crum CP, Medeiros F, Kindelberger DW, Elvin JA, Garber JE, et al. Primary fallopian tube
malignancies in BRCA-positive women undergoing surgery for ovarian cancer risk reduction. J Clin
Oncol. 2007;25:3985-90.

Gilks CB, Irving J, Kébel M, Lee C, Singh N, Wilkinson N, et al. Incidental nonuterine high-grade serous
carcinomas arise in the fallopian tube in most cases: further evidence for the tubal origin of high-grade
serous carcinomas. Am J Surg Pathol. 2015;39:357-64.

Auersperg N, Maines-Bandiera S, Booth JH, Lynch HT, Godwin AK, Hamilton TC. Expression of two
mucin antigens in cultured human ovarian surface epithelium: influence of a family history of ovarian
cancer. Am J Obstet Gynecol. 1995;173:558-65.

Dyck HG, Hamilton TC, Godwin AK, Lynch HT, Maines-Bandiera S, Auersperg N. Autonomy of the
epithelial phenotype in human ovarian surface epithelium: changes with neoplastic progression and with
a family history of ovarian cancer. Int J Cancer. 1996;69:429-36.

He Q-Y, Zhou Y, Wong E, Ehlen TG, Auersperg N, Chiu J-F, et al. Proteomic analysis of a preneoplastic
phenotype in ovarian surface epithelial cells derived from prophylactic oophorectomies. Gynecol Oncol.
2005;98:68—76.

Casey MJ, Bewtra C, Hoehne LL, Tatpati AD, Lynch HT, Watson P. Histology of prophylactically
removed ovaries from BRCA1 and BRCA2 mutation carriers compared with noncarriers in hereditary
breast ovarian cancer syndrome kindreds. Gynecol Oncol. 2000;78:278-87.

Lu KH, Garber JE, Cramer DW, Welch WR, Niloff J, Schrag D, et al. Occult ovarian tumors in women
with BRCA1 or BRCA2 mutations undergoing prophylactic oophorectomy. J Clin Oncol. 2000;18:2728-
32.

Adler E, Mhawech-Fauceglia P, Gayther SA, Lawrenson K. PAX8 expression in ovarian surface
epithelial cells. Hum Pathol. 2015;46:948-56.

Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature.
2011;474:609-15.

Ross-Adams H, Ball S, Lawrenson K, Halim S, Russell R, Wells C, et al. HNF1B variants associate with
promoter methylation and regulate gene networks activated in prostate and ovarian cancer. Oncotarget.
2016;7:74734-46.

Permuth-Wey J, Lawrenson K, Shen HC, Velkova A, Tyrer JP, Chen Z, et al. Identification and molecular
characterization of a new ovarian cancer susceptibility locus at 17921.31. Nat Commun. 2013;4:1627.

Goecks J, EI-Rayes BF, Maithel SK, Khoury HJ, Taylor J, Rossi MR. Open pipelines for integrated tumor

20


https://doi.org/10.1101/330613

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

bioRxiv preprint doi: https://doi.org/10.1101/330613; this version posted May 25, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

genome profiles reveal differences between pancreatic cancer tumors and cell lines. Cancer Med.
2015;4:392-403.

Kuchenbaecker KB, Ramus SJ, Tyrer J, Lee A, Shen HC, Beesley J, et al. Identification of six new
susceptibility loci for invasive epithelial ovarian cancer. Nat Genet. 2015;47:164—71.

Finucane HK, Bulik-Sullivan B, Gusev A, Trynka G, Reshef Y, Loh P-R, et al. Partitioning heritability by
functional annotation using genome-wide association summary statistics. Nat Genet. 2015;47:1228-35.

Reyes-Gonzalez JM, Armaiz-Pefia GN, Mangala LS, Valiyeva F, Ivan C, Pradeep S, et al. Targeting c-
MY C in Platinum-Resistant Ovarian Cancer. Mol Cancer Ther. 2015;14:2260-9.

Auersperg N, Siemens CH, Myrdal SE. Human ovarian surface epithelium in primary culture. In Vitro.
1984;20:743-55.

Kruk PA, Auersperg N. Human ovarian surface epithelial cells are capable of physically restructuring
extracellular matrix. Am J Obstet Gynecol. 1992;167:1437—43.

Park KJ, Patel P, Linkov I, Jotwani A, Kauff N, Pike MC. Observations on the Origin of Ovarian Cortical
Inclusion Cysts in Women Undergoing Risk-Reducing Salpingo-Oophorectomy. Histopathology. 2017;

Kar SP, Adler E, Tyrer J, Hazelett D, Anton-Culver H, Bandera EV, et al. Enrichment of putative PAX8
target genes at serous epithelial ovarian cancer susceptibility loci. Br J Cancer. 2017;116:524-35.

Earp MA, Raghavan R, Li Q, Dai J, Winham SJ, Cunningham JM, et al. Characterization of fusion genes
in common and rare epithelial ovarian cancer histologic subtypes. Oncotarget. 2017;8:46891-9.

Meunier S, Shvedunova M, Van Nguyen N, Avila L, Vernos |, Akhtar A. An epigenetic regulator emerges
as microtubule minus-end binding and stabilizing factor in mitosis. Nat Commun. 2015;6:7889.

Kanehira M, Katagiri T, Shimo A, Takata R, Shuin T, Miki T, et al. Oncogenic role of MPHOSPH1, a
cancer-testis antigen specific to human bladder cancer. Cancer Res. 2007;67:3276-85.

Goode EL, Chenevix-Trench G, Song H, Ramus SJ, Notaridou M, Lawrenson K, et al. A genome-wide
association study identifies susceptibility loci for ovarian cancer at 2q31 and 89g24. Nat Genet.
2010;42:874-9.

Carlton JG, Caballe A, Agromayor M, Kloc M, Martin-Serrano J. ESCRT-IIl governs the Aurora B-
mediated abscission checkpoint through CHMP4C. Science. 2012;336:220-5.

Fujita K, Kume H, Matsuzaki K, Kawashima A, Ujike T, Nagahara A, et al. Proteomic analysis of urinary
extracellular vesicles from high Gleason score prostate cancer. Sci Rep. 2017;7:42961.

Nikolova DN, Doganov N, Dimitrov R, Angelov K, Low S-K, Dimova I, et al. Genome-wide gene
expression profiles of ovarian carcinoma: Identification of molecular targets for the treatment of ovarian
carcinoma. Mol Med Report. 2009;2:365-84.

Lawrenson K, Benjamin E, Turmaine M, Jacobs |, Gayther S, Dafou D. In vitro three-dimensional
modelling of human ovarian surface epithelial cells. Cell Prolif. 2009;42:385-93.

Karst AM, Levanon K, Drapkin R. Modeling high-grade serous ovarian carcinogenesis from the fallopian
tube. Proc Natl Acad Sci USA. 2011;108:7547-52.

Li YI, Knowles DA, Humphrey J, Barbeira AN, Dickinson SP, Im HK, et al. Annotation-free quantification
of RNA splicing using LeafCutter. Nat Genet. 2018;50:151-8.

GTEx Consortium. Human genomics. The Genotype-Tissue Expression (GTEX) pilot analysis:
multitissue gene regulation in humans. Science. 2015;348:648-60.

Stegle O, Parts L, Piipari M, Winn J, Durbin R. Using probabilistic estimation of expression residuals
21


https://doi.org/10.1101/330613

53.

54.

55.
56.

57.

58.

bioRxiv preprint doi: https://doi.org/10.1101/330613; this version posted May 25, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(PEER) to obtain increased power and interpretability of gene expression analyses. Nat Protoc.
2012;7:500-7.

Haseman JK, Elston RC. The investigation of linkage between a quantitative trait and a marker locus.
Behav Genet. 1972;2:3-19.

Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for genome-wide complex trait analysis. Am J
Hum Genet. 2011;88:76-82.

Falconer DS, Mackay TFC. Introduction to Quantitative Genetics (4th Edition). 4th ed. Pearson; 1996.

Wheeler HE, Shah KP, Brenner J, Garcia T, Aquino-Michaels K, GTEx Consortium, et al. Survey of the
Heritability and Sparse Architecture of Gene Expression Traits across Human Tissues. PLoS Genet.
2016;12:e1006423.

Yang J, Ferreira T, Morris AP, Medland SE, Genetic Investigation of ANthropometric Traits (GIANT)
Consortium, DIAbetes Genetics Replication And Meta-analysis (DIAGRAM) Consortium, et al.
Conditional and joint multiple-SNP analysis of GWAS summary statistics identifies additional variants
influencing complex traits. Nat Genet. 2012;44:369-75, S1.

Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingorani AD, Wallace C, et al. Bayesian test for
colocalisation between pairs of genetic association studies using summary statistics. PLoS Genet.
2014;10:e1004383.

22


https://doi.org/10.1101/330613

—log10 P

—log10 P

—log10 P

—log10 P

OVCA GWAS

12 )
10 Main
8 * Conditioned
.
51 .t . bkl it cliiie gt roata.
— T
44.0 445 45.0 455
physical position
OVCA_TUMOR eQTL
20
15
10
5
0
physical position
BRCA_TUMOR eQTL
20 LR
15 cee I, .
o ” . el v
44.0 445 45.0 455
physical position
PRAD_TUMOR eQTL
15
10

physical position


https://doi.org/10.1101/330613

-log10P

-log10P

-log10P

12
10

o N A~ O

12
10

o N A~ O

GWAS

Main
« Conditioned

Position

SpQTL

91.0 91.2 91.4 91.6 91.8 92.0

Position

eQTL

91.0 91.2 91.4 91.6 91.8 92.0

Position

Intron Splicing

Overall Expression

Top GWAS SNP spQTL

P=9.6e-07
-
adkd -
$ape |
) » .
1
L4 ] 3 i
N [k -4
slo -

T T T
0 1 2
Genotype
Top GWAS SNP eQTL

P=0.84
{1 -
i N ES
)
f
L]
. |
471 & -
-
T T T
0 1 2

Genotype



https://doi.org/10.1101/330613

#

| e - Wb T
TR BT A

=
B

-

== __

Median Effect
of Essential Genes

| OAN

L ELNM

1 2dS

| FEXNS

1S 1dHd

| 1O4dd

| OdNd

11300

| Sdd3dN

| F1¢34dN

 VE1dHIN

|SHAVIN

| 970dHY’]

|V .E0HYH]

Gene Symbol

V/.E04HY ]

N3=MEN

| ISNVM

| LS1NI

| cdXOH

1¢dS0D

| 8AINVHO

| OVdINHO

| HANVEvd

V2114V

| FFTIMNY

| =

o 0 o 1O o 1O
. _. L
uolssaldxg ausy

81005 S3HIAD POZI[BULION

E3 OSECE3a FTSEC BEHGSOC


https://doi.org/10.1101/330613

