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Nineteengenomic regions havebeen associatedwith high-grade serous ovarian cancer (HGSOC).We
meta-analyzed >22 million variants for 398,238 women from the Ovarian Cancer Association
Consortium (OCAC), UK Biobank (UKBB) and Consortium of Investigators of Modifiers of BRCA1/
BRCA2 (CIMBA) to identify novel HGSOCsusceptibility loci. Eight novel variants were associatedwith
HGSOC risk. An interesting discovery biologically was TP53 3’-UTRSNP rs78378222-T’s association
with HGSOC (per-T-allele relative risk (RR) = 1.44, 95% CI:1.28–1.62, P = 1.76 × 10−9). Polygenic
scores (PGS) were developed usingOCAC andCIMBA data and trained on FinnGen data. The optimal
PGS included 64,518 variants and was associated with an odds ratio of 1.46 (95% CI:1.37–1.54) per
standard deviation when validated in the UKBB. This study represents the largest HGSOC GWAS to
date – demonstrating that improvements in imputation reference panels and increased sample sizes
help to identify HGSOC associated variants that previously went undetected, ultimately improving
PGS which can improve personalized HGSOC risk prediction.

Globally, epithelial ovarian cancer (EOC) is the seventh most common
cancer diagnosed inwomen, with ~314,000 new cases diagnosed each year1.
It is the most lethal gynecological cancer, responsible for ~207,000 deaths
annually1. EOC is a collection of five major histotypes, namely high-grade
serous (HGSOC), endometrioid, clear cell, low-grade serous (LGS) and
mucinous, which are thought to have distinct etiology2. HGSOC is themost
prevalent accounting for 60–70% of EOC diagnoses2,3, and accounting for
most EOCs diagnosed in BRCA1 and BRCA2 pathogenic variant (PV)
carriers4–11. Furthermore, HGSOC accounts for the majority of EOC
mortality12,13.

To date, 40 genomic regions associated with EOC have been iden-
tified through genome-wide association studies (GWAS)14–28. For 19 of
these regions, HGSOC is the most strongly associated histotype14–22,26–28.
These studies have relied on imputation efforts that used the 1000 Gen-
omes Project29 and Haplotype Reference Consortium30 reference panels,
yielding up to ~11 million well-imputed genetic variants. The Trans-
Omics for Precision Medicine (TOPMed) reference panel31 and impu-
tation server32 have recently become publicly available. The TOPMed
panel consists of ~308million variants, yielding greater genomic coverage
than previously available reference panels, with the added benefit of
containing many more low-frequency and rare variants. This prompted

us to re-impute genetic variant data from the population-based Ovarian
Cancer Association Consortium (OCAC)33, and BRCA1/2 carriers from
the Consortium of Investigators of Modifiers of BRCA1 and BRCA2
(CIMBA)34,35 to assesswhether the larger coverage of the genome from the
TOPMed reference panel leads to detection of novel loci associated with
HGSOC risk.We additionallymade use of theUKBiobank (UKBB)36,37 to
boost the sample size and power to detect associations. We combined
these data with summary statistics from FinnGen38,39 and BioBank
Japan40,41 to develop and validate polygenic models (PGM) and scores
(PGS) for non-mucinous OC.

Results
The genome-wide association analyses for HGSOC were based on up to
398,238 women from OCAC (N = 120,248, 30.2%), UKBB (N = 245,377,
61.6%) andCIMBA (N = 32,613, 8.2%) (Table 1, Supplementary Tables 1,
2). A total of 19,883 (5.0%)womenwere classified as beingdiagnosedwith
HGSOC. The mean (standard deviation, SD) age at diagnosis for women
in OCAC and UKBB were 60.2 (10.9) years and 63.5 (10.0) years,
respectively. The mean (SD) censoring ages for BRCA1 and BRCA2 PV
carriers were 43.7 (SD = 12.0) years and 46.2 (SD = 12.9) years,
respectively.
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Re-examining previously identified associations with EOC
We looked up the associations for the lead variants previously reported as
being associated with EOC in our newly generated results (Supplementary
Table 3, Supplementary Figs. 1–41). Most lead variants previously reported
tobe associated specificallywithHGSOCrisk replicated in thepresentmeta-
analysis of OCAC, UKBB and BRCA1/2 carriers at the significance
threshold P < 5 × 10−8. Exceptions were chr2:111138666 (rs17041869)26,
chr2:113216387 (rs895412), chr11: 62126500 (rs7937840)26 and
chr22:28538325 (rs6005807)22 (Supplementary Table 3). However, the
chr2:110525257..111658369 and chr2:112716387..113716387 regions con-
tained other variants that were associated at the genome-wide significance
level in the present analysis, whilst the chr11:61626500..62626500 and
chr22:28038325..29038325 regions did not contain any variants associated
with HGSOC at the genome-wide significance level. It should be noted,
however, that the chr2:111138666 (rs17041869) and chr11:62126500
(rs7937840) variantswere identified througha cross-cancer (breast, ovarian,
and prostate) GWAS26 and were not specifically identified as HGSOC
associated variants.

Novel loci associated with HGSOC
Associations with a total of 5786 variants from 44 loci were significant at
P < 5 × 10−8. We excluded 5778 variants at 37 loci from further considera-
tion, as they were either near known associated regions (Supplementary
Table 3), were not conditionally independent of the lead variant in a nearby
known region, or were likely statistical artifacts arising from strata specific
effects.

There were eight variants associated (P < 5 × 10−8) with HGSOC, at
5q11, 6p12, 8p21, 9p24-23, 16q22, 17p13 and 19q12 (Table 2, Fig. 1, Sup-
plementary Tables 4, 5).

The associations at 5q11 (rs528577783-G; RR = 5.15, 95%
CI:2.96–8.96), 6p12 (rs1013698558-T; RR = 2.35, 95% CI:1.76–3.14), 8p21
(rs540569242-A; RR = 25.60, 95% CI:9.32–70.31), and 9p24-p23
(rs768719522-T; RR = 10.04, 95% CI:4.38-22.99) were all single rare var-
iants (MAF ≤ 0.15%) associated with largeHGSOC effects. The single SNPs
associated with HGSOC at 16q22 (rs6979-G; RR = 1.07, 95% CI:1.04-1.09)
and19q12 (rs62107113-A;RR = 1.08, 95%CI:1.05–1.11)were commonand
conferred modest effects on HGSOC risk. There were two moderately
correlated (TOPMed European42 r2 = 0.46, D’ = 0.89) low-frequency (MAF:
1.2% and 2.1%) variants at the 17p13 locus. The TNFS13/TNFSF12-
TNFSF13 intronic variant rs143094271-G was associated with a per-allele
RR = 1.28 (95% CI:1.18–1.39, P = 7.61 × 10−9); and rs78378222-T, a TP53
3’-UTR variant, with a per-allele RR = 1.44 (95% CI:1.28–1.62,
P = 1.76 × 10−9). The association effect size estimates at 16q22, 19q12 and
17p13 were consistent between OCAC/UKBB and BRCA1/2 PV carriers.

Bayesian false-discovery probabilities (BFDPs) indicated that six of
these associations are likely to be true, although two rare variants,
rs540569242 and rs768719522, had noticeably larger BFDPs (Table 2).

Under a model assuming 1:1,000 truly associated variants, the BFDPs were
3.2% for rs540569242 and 11% for rs768719522. The other variants all had
BFDP ≤ 0.42%.

Credible causal variants (CCVs)
We defined 52 CCVs across the seven novel regions (Supplementary Table
6, Supplementary Figs. 42–48). Four regions (5q11, 6p12, 8p21, 9p24-23)
had only the lead variant as a CCV, whilst the 16q22 (N = 5), 17p13 (N = 3)
and 19q12 (N = 40) loci had several CCVs.

Association of the PGS with HGSOC
Of the 1102 PGMs developed using OCAC and CIMBA data, the PGM
that performed best in the FinnGen data comprised of 64,518 variants
(Supplementary Data 1), denoted PGS64518. In the UKBB validation, the
ORper SD of PGS64518 was estimated to be 1.46 (95%CI:1.37–1.54), with
discriminatory ability of AUROC = 0.607 (95% CI:0.590–0.623)
(Table 3). The association of PGS64518 was strongly attenuated in the BBJ
validation (East Asian ancestry women), where the OR per SD was 1.12
(95% CI:1.05–1.20).

When restricting the PGS to include only genotyped variants from the
64,518 genotyped and imputed variants, which may make their imple-
mentation easier, PGS with 5957 (all genotyped variants from the 64,518)
and 400 variants had similar performance characteristics. Relative to the
PGS64518, a PGS considering the 400 most strongly associated genotyped
variants, denoted PGS400, resulted in a small decrease in the AUROC to
0.603, and a marginally attenuated OR per SD (OR = 1.43, 95%
CI:1.35–1.52) in the UKBB.

Predicted absolute risks for the general population andBRCA1/2
pathogenic variant carriers
Absolute lifetime risks of developing EOC by age 80 years for a woman
from the general population were calculated to be 0.9%, 1.6% and 3.0% at
the 5th, 50th and 95th percentiles of the PGS64518 (Table 3, Fig. 2). The
absolute lifetime risks (at age 80 years) for BRCA1 PV carriers were
predicted to be 25.9%, 42.8% and 64.7% at the 5th, 50th and 95th percentiles
of the PGS64518 distribution, respectively (Table 3, Fig. 2). The corre-
sponding risks for PGS64518 for BRCA2 PV carriers at the same PGS
percentiles were predicted to be 9.3%, 16.7% and 28.9%, respectively
(Table 3, Fig. 2). The range of predicted percentile specific risks for the
previously published 36 variant PGS43 was narrower, with risks for the
same percentiles of 27.7%, 43.0% and 62.3% for BRCA1 PV carriers,
respectively, and 10.1%, 16.9% and 27.5% for BRCA2 PV carriers,
respectively. The PGS400 yielded absolute riskswhichwere approximately
at the midpoint of the 36 and 64,518 variant PGS absolute risks (BRCA1
PV carriers: 26.7%, 42.9% and 63.6% at the 5th, 50th and 95th percentiles,
respectively; BRCA2 PV carriers: 9.7%, 16.8% and 28.3% at the 5th, 50th

and 95th percentiles, respectively).

Table 1 | Summary of European ancestry samples and imputed variants used in individual variant association analyses

Population Study/
consortium

Study design Genotyping array Imputation
panel

N controls/
unaffecteda

N cases/
affectedb

N variantsc

Population-
based

OCAC Case-control GWAS panelsd TOPMed 9071 1745 142,163,775

iCOGS TOPMed 28,706 2661 142,163,775

OncoArray TOPMed 67,110 10,955 142,163,775

UKBB Nested case-
control

UK BiLEVE Axiom Array and
UK Biobank Axiom Array

UK10K and HRC 244,529 848 59,918,121

BRCA1/2
carriers

CIMBA Retrospective
cohort

iCOGS TOPMed 3947 632 80,292,260

OncoArray TOPMed 24,992 3042 104,435,671

OCAC Ovarian Cancer Association Consortium, UKBB UK Biobank, CIMBA Consortium of Investigators of Modifiers of BRCA1 and BRCA2.
aNumber of controls for population-based studies. UKBBanalyses considered prevalent and incident cases tomaximise number of cases. Number of carriers censored as unaffected forBRCA1/2 carriers.
bNumber of EOC cases for population-based studies. Number of carriers censored as affected with EOC for BRCA1/2 carriers.
cNumber of genotyped and well-imputed (imputation accuracy r2 > 0.30) genetic variants available for statistical analyses.
dThe five GWAS panels were from the UK GWAS, US GWAS, Poland GWAS, Mayo Clinic Ovarian Cancer Study GWAS and the Brigham and Women’s Hospital GWAS.
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There was a total reclassification of BRCA2 PV carriers at the 10% risk
threshold when considering PGS400 and PGS64518 of 4.8% and 5.4%,
respectively, compared to the 36 variant PGS (Supplementary Table 7).

Discussion
We conducted the largest GWAS to date for HGSOC, both in terms of the
sample size and thenumber of genetic variants assessed.Todo this,wemade
use of large international consortia (OCAC and CIMBA), and harnessed
data from the UKBB to bolster the sample size. We also utilized recent
advances in imputation reference panels, namely theTOPMedpanel, which
allowed us to investigate the largest number of genetic variants to date. We
identified eight independent variants at seven loci to be genome-wide sta-
tistically significant for association with HGSOC risk, including four rare
variants (MAF < 1%) and two low-frequency polymorphisms (MAF1–5%),
demonstrating that GWAS with greater genomic coverage for imputation
can contribute to identify previously undiscovered rare variant associations.
Based on these associations, we defined 52 CCVs that have the strongest
statistical evidence for being the likely causal variant for each locus.We also
developed a polygenicmodel that exhibited improved discriminatory ability
compared to previously published models.

The four rare variants were associated with large effect sizes, with RR
estimates ranging from 2.35 to 25.6. The large effect sizes seem implausible
and may reflect a winner’s curse effect with true effect sizes actually being
lower than these estimates44. Moreover, they may represent false positive
associations, hence we estimated BFDPs45 for the eight novel variants to
determine the likelihood of this. Six variants had lowBFDPs, indicating they
are likely true associations. However, 8p21 rs540569242 and 9p24-p23
rs768719522 had noticeably larger BFDPs and are more likely to represent
false positive associations.

Variant rs78378222, in the TP53 3’-UTR, with the major T-allele (AF
98.8%) is associated with an increased risk of HGSOC. The same allele has
been associatedwith an increased risk of triple-negative breast cancer46 with
a per-allele relative risk of 1.45, similar to its association with HGSOC
(RR = 1.44). In contrast, the minor (G) allele of rs78378222 is associated
with increasedrisks of skin47–51, brain51–55 andprostate cancers47,56.One study
also found rs78378222 to be associatedwith standing height, leanbodymass
and basalmetabolic rate51. Theminor allele has been shown to impedeTP53
3’-endprocessing, resulting in downregulatedp53mRNA levels andprotein
levels, and decreased apoptosis57. Furthermore, germline and somatic var-
iations in TP53 are well established factors in cancer development and
progression through its role as a tumor suppressor58–61 and theTP53 3’-UTR
germline variant has been shown to interact with tumor TP53 mutation
status62. A previous study by theOCAC found five SNPs in theTP53 region,
within ±21 kb of rs78378222, to be associated with invasive EOC63. How-
ever, none of these SNPs are in LD with rs78378222.

rs528577783 is a rare intergenic variant between the FST andNDUFS4
genes. FST encodes follistatin, a single-chain gonadal protein that specifi-
cally inhibits follicle-stimulating hormone release and is moderately
expressed in human reproductive tissues (Supplementary Table 5)64. A
linkage study identified FST as a candidate gene for polycystic ovary syn-
drome (PCOS)65. PCOS may be associated with an increased risk of bor-
derline or postmenopausal ovarian cancer66, although a recent Mendelian
Randomization study found that genetically predicted PCOSwas associated
with decreased risk of ovarian cancer67. A GWAS of African ancestry
women found rs37792nearFST to be genome-wide statistically significantly
associated with HGSOC in African ancestry women68.

The 6p12 variant rs1013698558, located ~9.7 kb from theGCLC gene,
wasmoderately associatedwithHGSOC.A study found a synthetic lethality
relationship between GCLC and ARID1A-deficient OC cells69, whilst
another reports thatGCLC inhibition causes apoptosis inARID1A-deficient
cancer cells70.ARID1A has been implicated as a tumor suppressor gene71. It
may be that the association we find for rs1013698558 with HGSOC is a
result of the interplay between GCLC and ARID1A. The 8p21 variant
rs540569242 is 156 kb from CDCA2 and was associated with HGSOC with
the largest RR that we report. CDCA2 is involved in the cell division cycleT
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and response to DNA damage. One study found CDCA2 expression is
upregulated in ovarian tumor tissue compared with normal tissue72. This
study also found that CDCA2 and its 100 most co-expressed genes were
primarily involved in cell cycle, oocyte meiosis, progesterone-mediated
oocyte maturation, p53 signaling and pyruvate metabolism pathways. We
found that the PTPRD intronic variant rs768719522 at the 9p24-p23 locus
had a large association RR with HGSOC. PTPRD has been implicated as a
tumor suppressor gene73. This gene encodes a protein from the protein
tyrosine phosphatase (PTP) family – PTPs are signaling molecules reg-
ulating processes such as cell growth, cell differentiation, the mitotic cycle
and oncogenic transformation74. The common ACD missense variant

rs6979 at 16q22 conferred a small per-allele RR to HGSOC risk. This gene
encodes telomere protein TPP1, which is involved in maintenance of telo-
mere length and protecting telomere ends. In addition to the 17p13TP53 3’-
UTR variant association, there was another independent variant associated
with HGSOC risk at this locus. The rs143094271 variant is intronic in
TNFSF13/TNFSF12-TNFSF13. These genes are members of the tumor
necrosis factor family, which are involved in various cellular processes,
including survival, proliferation, differentiation, and apoptosis.
rs143094271-G has been associated with a decreased risk of having uterine
fibroids (OR = 0.70)75. Women with uterine fibroids have been found to be
at increased riskofdevelopingOC76.However, despite rs143094271-Gbeing

rs528577783

rs1013698558

rs191420549

rs768719522

rs143094271

rs78378222

rs6979

rs62107113

Fig. 1 | Manhattan plot showing the associations with HGSOC from themeta-analysis of OCAC, UKBB and CIMBA summary association data. The dashed line is the
genome-wide statistical significance level (P = 5 × 10−8). The eight independent genome-wide statistically significant variants at seven novel loci are shown as red triangles.

Table 3 | Associations of polygenic scores (PGS) in UK Biobank and BioBank Japan

Nvariants Selectiona Thresholdb UKBB associationsc BioBank Japan
associationsd

BRCA1 carrier lifetime risks at
PGS percentiles (%)e

BRCA2 carrier lifetime risks at
PGS percentiles (%)e

AUC OR (95% CI) OR (95% CI) 5th centile Median 95th

centile
5th centile Median 95th

centile

64,518 All 0.02 0.607 1.46 (1.37–1.54) 1.12 (1.05–1.20) 25.9 42.8 64.7 9.3 16.7 28.9

5957f All 0.02 0.603 1.45 (1.37–1.54) 1.14 (1.07–1.22) 26.2 42.8 64.4 9.4 16.7 28.7

3448f All 0.01 0.604 1.45 (1.37–1.54) 1.14 (1.06–1.22) 26.2 42.8 64.3 9.5 16.7 28.7

400f Filter 0.0005 0.603 1.43 (1.35–1.52) 1.13 (1.06–1.21) 26.7 42.9 63.6 9.7 16.8 28.3

36g All Ad hoc 0.595 1.40 (1.32–1.48) 1.13 (1.06–1.21) 27.7 43.0 62.3 10.1 16.9 27.5

PGS polygenic score, UKBB UK Biobank, AUC area under the receiver operator classification (ROC) curve, OR odds ratio per standard deviation, CI confidence interval.
aSet of variants considered for inclusion. “All”means that all imputed variants were considered. “Filter”means only non-indel variants genotyped on the OncoArray were considered.
bThe P-value:LD-r2 ratio used to select variants for inclusion in the PGM.
cAssociation of the PGS estimated in 245,611 European ancestry women from UK Biobank (244,529 controls, 1082 cases).
dAssociation of the PGS estimated in 61,457 East Asian ancestry women from BioBank Japan (60,614 controls, 843 cases).
eLifetime risks of developing ovarian cancer (at age 80 years) at the 5th, 50th (median), and 95th percentiles of the PGS distribution for a BRCA1/2 pathogenic variant carrier. Calculations assume ovarian
cancer incidence rates for BRCA1/2 pathogenic variant carriers from Kuchenbaecker et al.130.
fSubset of the most predictive variants from the 64,518 variant PGS that were well genotyped on the OncoArray.
g36 variant PGM developed by Dareng et al.43.
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associated with women being less likely to have uterine fibroids, we found
that rs143094271-G yielded an increased risk of developing HGSOC. The
19q12 common variant rs62107113 is located ~15 kb from theCCNE1 gene
and was associated with a modest increased risk of developing HGSOC.
CCNE1 encodes cyclin E1, which regulate cyclin-dependent kinases.
Overexpression of CCNE1 has been observed in genomically unstable
tumors, notably HGSOC77–81 and triple-negative breast cancer78,82–84.
Moreover, it has been shown that replication stress in cells overexpressing
CCNE1 is likely a consequence of replication initiation, ultimately resulting
in DNA damage and genomic instability85. There is evidence indicating
CCNE1 amplification is mutually exclusive to BRCA inactivation79. CCNE1
is an exciting novel therapeutic target, Gallo et al. developed an orally
bioavailable PKMYT1 inhibitor that activated CDK1 in CCNE1 over-
expressed cells, promoting early mitosis in cells undergoing DNA
synthesis86.

In addition to the 40 loci previously found to be associated with
EOC14–27, we have identified genetic variants at a further seven loci asso-
ciated with HGSOC, taking the number of loci associated with EOC to 47,
26 specificallywithHGSOC.Thepreviousknown loci (52 variants at 40 loci)
explained 8.5% of the polygenic variance of OC, assuming a total polygenic
variance of 2.004 from Lee et al.87. The six variants that we report to be
associatedwithHGSOCwith lowBFDP explain an additional 2.8%,making
the total variance explained by GWAS identified variants to be 11.3%.

For previously identified variants, the estimated associations from
general population data (combined OCAC and UKBB) ORs were broadly
consistent with the estimated HRs for BRCA1 and BRCA2 PV carriers
(Supplementary Table 3). Furthermore, testing for heterogeneity of effects
resulted in a small number of variants exhibiting differences in effect sizes
between population-based ORs and carrier HRs. None of the eight novel
associations exhibited any heterogeneous effects between population-based
ORs and BRCA1/2 PV carrier HRs (Supplementary Table 4).

Using the S4method, we developed a 64,518 variant PGM,whose PGS
was associated with a per SD OR of 1.46 (95% CI:1.37–1.54) and had
discriminatory ability of AUROC= 0.607 (95%CI:0.590–0.623). There was
a small improvement over the previous best performing PGMdeveloped by
Dareng et al.43 (18,007 variants; OR per unit SD = 1.42; AUROC= 0.596)
developed using similar methodology. The PGS400 could be more practical
to implement in a clinical setting, since it contains fewer variants, all of
which are known to successfully genotype from theOncoArray experiment,
compared to the best performing PGS64518 which requires imputation. We
found that the PGS400 had similar performance to the optimal PGS64518.
This also suggests that most of the predictive ability of the PGS may derive
from genotyped SNPs with the largest variance contributions.

When eachof the PGSwere tested in individuals of EastAsian ancestry
from BBJ, the PGS associations were strongly attenuated, each to a similar

degree. For women of East Asian ancestry, the PGS consisting of genotyped
variants with 5957 and 3448 variants performed marginally better, with a
slightly larger OR per PGS SD. The observed attenuations for East Asian
women compared with European women are likely a result of the PGM
derivation data being strongly weighted towards Europeans, as themajority
of OCAC and CIMBA samples came from this ancestry group.

We calculated lifetime risks of developing EOC by PGS percentiles for
the optimal 64,518 variant PGS forBRCA1/2 carriers. The risks ranged from
25.9% to 64.7% for BRCA1 carriers, and 9.3% to 28.9% for BRCA2 carriers,
at the 5th and 95th percentiles, respectively. The range of risks for the 36
variant PGS that is currently implemented in the CanRisk ovarian cancer
risk prediction algorithm43,87 werenarrower than those for thePGS64518. The
lifetime risks based on the PGS400 that used a subset of 400 reliably geno-
typed variants included in the PGS64518 at these percentiles sat approxi-
mately at themidpoints of the risks from the 64,518 and 36 variant PGS.We
compared what risk reclassification (lower risk, <10%, or higher risk, ≥10%
lifetime risk) would occur when using the PGS64518 or PGS400 versus the 36
variant PGS for BRCA2 PV carriers. We were unable to assess reclassifica-
tion forBRCA1 carriers as the lifetime absolute risks at the lowest percentiles
of the PGS distributions were always above 10%. We found that the
PGS64518 andPGS400 led to total reclassification of risk groups of around 5%
versus the 36 variant PGS. Most reclassification shifted women from lower
risk (<10%) using the 36 variant PGS to higher risk (≥10%) using the
alternative PGS64518 or PGS400. Taken together, these estimated lifetime
risks and risk reclassifications will help to more accurately determine a
carriers’ risk and inform clinical management of risk, such as the timing of
risk reducing surgery or the initiation of cancer surveillance. In practice,
PGS should be used in combination with pathogenic variants in ovarian
cancer susceptibility genes and other risk lifestyle/hormonal factors in
validatedmultifactorial cancer risk predictionmodels, such as CanRisk87–89,
to improve comprehensive risk assessment. The clinical implementation of
PGMs ismainly in the context of riskmanagement forwomenwith a family
historyof ovarian cancer.TheCanRiskbreast/ovarian cancer riskprediction
model87–89 currently incorporates polygenic scores for both breast and
ovarian cancer, together with lifestyle risk factors, family history and
moderate/high penetrance risk alleles. The familial risk used in themodel is
the risk after exclusion of the contribution of polygenic risk as the polygenic
risk explains ~11.3% of the excess familial risk. A key assumption that
underlies the model is that the effects of the various risk factors are multi-
plicative (log-additive). There is a large body of evidence supporting this
assumption90–99.

Strengths of this study include using the TOPMed imputation refer-
ence panel, enabling us to assess a larger number of low-frequency and rare
variants than previous studies. A further strength was its power to detect
low-frequency and rare variant associations, as well as previously

Fig. 2 | Predicted cumulative risks of developing EOC by PGS percentiles. Pre-
dicted cumulative risks of developing EOC based on the PGS64518 at various per-
centiles of the PGS distribution for: a the general population (0.7% for 1st percentile

to 3.9% for the 99th percentile), b BRCA1 PV carriers (20.7% for 1st percentile to
74.1% for the 99th percentile), and c BRCA2 PV carriers (7.3% for 1st percentile to
35.7% for the 99th percentile).
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unidentified commonvariant associations. Thiswas facilitated by additional
genotyped samples included in both OCAC and CIMBA and using
population-based data from UKBB, resulting in the largest sample size
analyzed for assessing genetic variant associations with HGSOC risk.

Limitations include the fact that the GWAS discovery data available
were primarily of European ancestry; the associations of these variants are
likely to differ for women of non-European ancestries, as they are likely to
have different frequencies and LD patterns. A limitation of the PGM was
that the derivation data differed from the GWAS discovery data presented
here. Ideally, all the discovery GWAS data would have been used for PGM
development.However, itwas essential to validate thePGMon independent
data, hence the OCAC and CIMBA data were used for development, whilst
the UKBB data were reserved for validation. Lastly, the PGM training data
(FinnGen) did not have specific histotypes available, meaning we were only
able to consider overall EOC in the PGM training. As we were investigating
non-mucinous OC, we would ideally have had specific EOC histotypes
available at each stage of the PGM development, training and validation.
However, given that HGSOC is the most prevalent EOC histotype, it is
unlikely to have a major impact on the PGM hyperparameter fine-tuning.

Future research may aim to fine-map the novel loci identified here, to
refine the candidate causal variants associated with HGSOC risk; and in-
silico analyses may identify candidate target genes or pathways for further
experimental studies100. Additionally, future research could aim to identify
novel variants associated with other OC histotypes and to discover novel
associations for other ancestries.

We have shown that improvements in imputation reference panels
that have larger genomic coverage and increased sample sizes can assist in
identification of novel HGSOC associated variants that previously went
undetected, either from absence from genotyping or imputation reference
panels, or from lack of power to detect associations. Furthermore, these
associations can be used to develop PGM that outperform previous best
efforts that can be incorporated into cancer risk prediction algorithms to
improve personalized risk prediction for HGSOC.

Methods
Study samples
OCACparticipantswere enrolled in 65 studies from16 countries and a large
Europeanmultinational nested case-control study (SupplementaryTable 1).
OCAC individual participant data were used for GWAS discovery analyses
and developing polygenic models (PGMs).

CIMBA study participants were enrolled in 64 studies from 28 coun-
tries (Supplementary Table 2). Eligibility was restricted to women aged at
least 18years at the timeof recruitmentwhocarried aPV in eitherBRCA1or
BRCA2. Data collected included year of birth, PV description, age at
recruitment, age at last follow-up, and age at breast and ovarian cancer
(invasive, fallopian tube and peritoneal) diagnoses, and age or date of
prophylactic surgeries (bilateral mastectomy and bilateral oophorectomy).
Most participants were recruited through cancer genetics clinics and
enrolled in regional/national research studies. CIMBA individual partici-
pant data were used in the GWAS discovery and in PGM development.

TheUKBiobank (UKBB) is a large-scale biomedical research resource,
with detailed genetic and health data on half a million UK participants36,37.
For the purposes of these analyses, data from 245,377 female participants of
European ancestry were used. UKBB individual participant data were used
in the GWAS discovery analyses and to independently validate PGS.

FinnGen is a large collection of newly recruited and legacy samples
fromFinnish biobanks, research institutes, universities, university hospitals,
international pharmaceutical partners, the Finnish Blood Service, the Fin-
nishBiobankCooperative, and the Finnish Institute forHealth andWelfare,
utilizing Finnish longitudinal health register data collected on every resident
of Finland since 196938,39. FinnGen summary statistics (data freeze 8) based
on 150,658 women (149,394 controls, 1264 EOC cases of any histotype)
were used to train PGM hyperparameters.

BioBank Japan (BBJ) is a large biobank resource containing clinical and
genetic data on over 300,000 participants40,41. BBJ summary statistics based

on 61,457 women (60,614 controls, 843 EOC cases) were used for assessing
PGS associations for women of East Asian ancestry101.

Genotyping and re-imputation using the TOPMed
reference panel
Genotyping of OCAC and CIMBA samples were performed on one of two
custom single nucleotide polymorphism (SNP) genotyping arrays, the
iCOGS23,102 array or OncoArray22,103,104. The iCOGS array included ~210,000
SNPs that were selected for previous evidence of association with breast,
ovarian and prostate cancer. The OncoArray is a custom genotyping chip
consisting of ~533,000 SNPs, approximately half of which is a GWAS
backbone that tags common SNPs. A standard quality control (QC) process
was applied, including assessment of SNP call rate, allele frequency, geno-
typing intensity clustering, Hardy-Weinberg equilibrium, and SNP con-
cordance from duplicated samples104. OCAC had additional samples
genotyped on GWAS arrays14–16. These data were imputed to the TOPMed
reference panel (version R2 on GRCh38, with 97,256 samples)31 using the
Michigan Imputation Server32,105. Phasing was performed with Eagle2106 and
imputation with Minimac107,108. Prior to imputation, variants were excluded
from imputation genotype files if they: (1) were not in Hardy-Weinberg
equilibrium (P < 1 × 10−7 in controls, or P < 1 × 10−12 in cases); (2) had poor
cluster plots; or (3) had a call rate <95% (common variants), or a call rate
<98% (rare variants, MAF < 1%). We used https://www.well.ox.ac.uk/
~wrayner/tools/ script HRC-1000G-check-bim-v4.3.0.pl to remove variants
not on the TOPMed reference panel or align them to the correct strand. This
tool excludedvariantswhere the genotyped frequencydiffered fromthepanel
bymore than0.20. Sampleswere randomized into batches of <25,000 tomeet
themaximum sample requirement of the imputation server31,32,105. The same
list of variants was included for each genotype batch. Details of the UKBB
genotyping and imputation to a combinedUK10K109,110 andHRC30 reference
panel have been described elsewhere36,37. The OCAC, CIMBA and UKBB
analyses were based on 142million, 104million and 60millionwell-imputed
(imputation r2 > 0.30) variants, respectively (Table 1). Downstream meta-
analyses were restricted to variants that had minor allele counts (MACs) of
MAC> 5 and did not have heterogeneous effects (Cochran Q-statistic,
Phet > 1 × 10

−8) in themeta-analysis of OCAC studies. Variants were aligned
to the Genome Reference Consortium Human Build 38 (GRCh38/hg38).

Analyses including FinnGen and BBJ data made use of summary
statistic data only. Details of FinnGen and BBJ genotyping and imputation
have been described elsewhere38–41,101.

Statistical analyses of OCAC and UKBB data
We examined the associations between genotypes and HGSOC risk in the
OCACdatausing logistic regression (using customsoftware).Analyseswere
conducted separately for OncoArray, iCOGS, and five GWAS
datasets14–16,111 and were combined by fixed-effects inverse-variance
weighted meta-analysis (Fig. 3). We included project-specific principal
components (PCs) as covariates in themodel with the number of PCs based
on the inflection point observed in a scree plot (Supplementary Fig. 49). PCs
for OncoArray data were calculated using 33,661 uncorrelated (r2 < 0.10)
common (MAF > 0.05) variants. Calculations were performed using a
custom program (PCAcalc), available at https://github.com/CCGE-
Cambridge/OCAC_CIMBA_HGSOC. Details of PC calculations for the
other genotype data has been previously described elsewhere19,23. All women
were of European ancestry and unrelated, determined using genetic
data22,103. Ancestry was evaluated using the FastPop software112. Women
with >80% European ancestry were retained for statistical analyses. Relat-
edness was checked by genetic concordance statistics. This process has been
described previously22. Briefly, women with concordance statistics between
0.74 and 0.86 were considered to be related (values > 0.86 considered
duplicates). In instances of case-control pairs, the case was retained for
statistical analyses and the control was excluded. For instances of case-case
and control-control pairs, the sample with the lower call rate was excluded.

The UKBB analysis was restricted to women with European ancestry,
selected based on their PCs. EOChistotypes were classified using diagnostic
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codes provided by UKBB, with “serous”, “undifferentiated”, or “other”
classified as HGSOC, a methodology similar to that used in OCAC22.
Association analyses between genotypes and HGSOC risk were assessed by
logistic regression (Fig. 3). We adjusted for the top four PCs and age at
recruitment.

Statistical analyses of BRCA1 and BRCA2 pathogenic variant
carriers
Analyses of CIMBA data were limited to carriers of European ancestry,
determined by genetic data and multidimensional scaling22,103. We used
33,661 common uncorrelated variants (the same set used to calculate
PCs) to calculate kinship coefficients between all CIMBA participants
and 267 HapMap samples (CHD, JPT, YRI and CEU ancestries). These
kinship coefficients were converted to distances and then underwent
multidimensional scaling. Using the top two PCs, the proportion of
European ancestry for each participant was calculated. Women with
>27% non-European ancestry were excluded, ensuring that women with
Ashkenazi Jewish ancestry were retained for statistical analyses. Asso-
ciation analyses were performed separately by genotyping array (iCOGS
or OncoArray), and separately for BRCA1 and BRCA2 PV carriers
(Fig. 3). iCOGS and OncoArray associations were combined by fixed-
effects inverse-variance weighted meta-analysis to estimate BRCA1 and
BRCA2 PV carrier specific associations. The association analysis was
carried out within a survival analysis framework, by modeling the ret-
rospective likelihood of observing the genotypes conditional on the
disease phenotypes to adjust for the non-random ascertainment with
respect to disease phenotypes113,114. The censoring process followed car-
riers from birth until the first occurrence of: EOC (including fallopian
tube and peritoneal cancers) diagnosis, risk-reducing salpingo-oophor-
ectomy, or study entry. Breast cancer diagnoses were not considered to be
a censoring event and EOC was the endpoint of interest. Associations
were then assessed using the score test statistic based on the retrospective
likelihood113,114 assumingBRCA1 andBRCA2 PV carrier specific and age-
cohort specific EOC incidences88. Analyses were stratified by country and
Ashkenazi Jewish ancestry, and to account for relatedness between
individuals we calculated kinship adjusted variances115. Only variants
that were available through OncoArray genotyping and imputation were
considered, as the majority of samples were available from this geno-
typing platform (Table 1). As HGSOC is the predominant histotype for
both BRCA1 and BRCA2 PV carriers, the associations were combined by
fixed-effects and inverse variance weighted meta-analysis using the
METAL software116.

Meta-analyses
We pooled the combined OCAC and UKBB summary association data
(per-allele odds ratios, ORs) with the combined BRCA1 and BRCA2 PV
carrier summary association data (per-allele hazard ratios, HRs) by fixed-
effects inverse-variance weighted meta-analysis using METAL116 to give
per-allele relative risks (RRs, a combination of population-based ORs and
BRCA1/2 carrier HRs) (Fig. 3).

Eliminating likely statistical artifacts
The associations of all variants with genome-wide significant associations
and falling outside known regions were re-evaluated to eliminate likely
spurious associations potentially due to unstable effect estimates from strata
with small numbers. For this purpose, the associations were re-analyzed,
pooling individual level data fromOCAC andUKBB, incorporating 29 PCs
derived across all genotypingprojects (PCs set to0 forwomennot in specific
studies/projects). The UKBB data were also adjusted for age (set to 0 for the
OCAC samples). Any variant with imputation accuracy r2 < 0.30 within a
panel were consideredmissing for that particular panel. The associations for
BRCA1/2 PV carriers were reassessed assuming all study participants came
from a single stratum.

We also re-evaluated potentially novel associations with variants in
regions proximal to known regions by performing approximate conditional
analyses117. This approach utilized summary statistics from the combined
OCAC, UKBB and BRCA1/2 PV carrier meta-analysis and the linkage
disequilibrium (LD) structure from 111,304 women genotyped on the
OncoArray from OCAC and CIMBA.

For variants passing these checks, we calculated Bayesian false-
discovery probabilities (BFDPs)45. BFDPs are approximate Bayes factors,
statistical measures of the strength of evidence in favor of a given statistical
model over another. They are akin to false-positive reporting probabilities,
aiming to control the number of false positive associations whilst not dis-
missing too many associations that may merit scientific interest, by
including Bayesian priors on an effect or association. BFDPs are especially
useful in contexts where many statistical tests are performed, such as
GWAS. We assumed prior probabilities of 1:1000 and 1:10,000 variants
being truly associated. BFDPs were calculated using the BFDP function
from the R gap package118.

Genomic database searches
Variants found to be associatedwithHGSOC at the genome-wide statistical
significance level that also passed the additional checks detailed above, and
the nearest genes to these variants, were looked up in genomic resource

Popula�on-based analyses CIMBA BRCA1/2 carrier analyses

OncoArray

Retrospec�ve likelihood score test; L(genotype | phenotype)
Stra�fied: country, AJ, birth cohort. Kinship adjusted variance

OCAC UK Biobank BRCA1 carriers BRCA2 carriers

Logis�c regression
PC adjusted

iCOGS5 GWAS

OCAC meta-analysis
104,887 controls,

15,361 cases

OncoArrayiCOGS OncoArrayiCOGS

BRCA1 meta-analysis
16,898 unaffected,

2,777 affected

BRCA2 meta-analysis
12,041 unaffected,

897 affected

Logis�c regression
PC and age adjusted

CIMBA BRCA1+BRCA2 meta-analysis
28,939 unaffected, 3,674 affected

244,529 controls,
848 cases

OCAC+UKBB meta-analysis
349,416 controls, 16,209 cases

OCAC+UKBB+CIMBA meta-analysis
378,355 controls/unaffected, 19,883 cases/affected

Fig. 3 | Schema describing the analytical process for the GWAS analyses from OCAC, UKBB and CIMBA, and subsequent meta-analyses.
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databases. We accessed dbSNP74, Phenoscanner (version 2)119–121, PheWeb
(version 1.3.15)122, GTEx64 and eQTLGen123,124 (accessed on 15thMay 2023).

Defining credible causal variants
The leadvariant (variantwith the smallestP-value) at eachnovel regionmay
not be causal. Therefore, we identified lists of credible causal variants
(CCVs) that are likely to contain the genetic variant responsible for altering
HGSOC risk defined as the set of variants within ±500 kb of the lead variant
whose P-value was within two orders of magnitude of the lead variant’s
P-value125.

Development of polygenic risk models
Previous analyses of PGMs specific to HGS, LGS, and mucinous histo-
types showed that all histotypes, except mucinous, were associated with
either the HGSOC PGS or LGSOC PGS28. Genetic correlations between
mucinous ovarian cancer and other ovarian cancer histotypes have been
estimated to be 0.24, 0.21, 0.23 and −0.21 with high-grade serous
ovarian cancer, low-grade serous ovarian cancer, endometrioid ovarian
cancer and clear cell, respectively28. Whereas the genetic correlations are
stronger for pairs of the other non-mucinous histotypes28. Thus, the
non-mucinous histotypes were combined here126. The PGMs were
developed on summary statistics using associations obtained from a
meta-analysis of the OCAC and CIMBA data (Fig. 4). To maximize
sample size and genetic diversity, the OCAC summary statistics came
from a meta-analysis of European (133,369 controls, 25,707 cases), East
Asian (3871 controls, 2736 cases) and African (1099 controls, 556 cases)
ancestry women, considering the associations with non-mucinous OC.
Hence, these OCAC summary statistics differed from those obtained
from the analyses described in ‘Statistical analyses of OCAC and UKBB
data’, as a result of analyzing additional cases from non-mucinous his-
totypes (and further controls from studies previously excluded because
they had no HGSOC cases), and additional women of East Asian and
African ancestry. The CIMBA summary statistics were identical to those
generated in the analyses described in ‘Statistical analyses of BRCA1 and
BRCA2 pathogenic variant carriers’.

We developed 1102 PGMs (sets of variants and their weights) for non-
mucinous OC using the Select and Shrink with Summary Statistics (S4)
method43,126. We used two P-value to LD r2 ratios to select variants: (i)
P:r2 < 0.02 that resulted in ~64k variants (562 PGMs tested) and (ii)

P:r2 < 0.15 resulting in~394k variants (540models tested). TheLDstructure
was weighted to reflect the average effects from each ancestry based on a
subset of OCAC OncoArray data. Each model had different combinations
of model hyperparameters (shrinkage parameters controlling small and
large variant effect sizes, and an overall shrinkage parameter) that were
trained using summary statistics based on 150,658 women (149,394 con-
trols, 1264EOCcases) fromFinnGen (data freeze 8)38,39. EOChistotype data
was not available for FinnGen, hence we used the associations with overall
EOC for PGM training.

Polygenic scores (PGS) are PGMs applied to observed or imputed
genotypes.We used the resultant PGM to calculate PGS on individual-level
data in the UKBB36,37 to test its association with HGSOC and calculated its
discriminatory ability for HGSOC by estimating the area under the ROC
(AUROC) curve. AUROCs were calculated using the R pROC package auc
function127.

We assessed the performance of the PGS for women of East Asian
ancestry using BBJ data. As individual-level data were unavailable, we used
association summary statistics from BBJ101 and assessed the PGS perfor-
mance using a previously described method for evaluating PGS on sum-
mary statistic data126. The reference panel used consisted of individuals of
East Asian ancestry from the 1000 Genomes Project29.

We also created candidate PGMs consisting of genotyped variants
that could be more easily applied in clinical settings by selecting variants
known to reliably genotype from the OncoArray103, many of which had
been chosen for their relevance to ovarian cancer. We selected a subset of
genotyped variants, based on “relative importance”, where the importance
of each variant is approximately proportional to p*(1-p)*β2, where β is the
log-RR andp is theminor allele frequency for that variant.We ranked each
variant based on relative importance and selected the top N desired
variants.

Absolute risks of EOC by PGS percentile
We calculated predicted lifetime risks (to age 80 years) of developing EOC
forwomen in the general population (unselected for PV status),BRCA1 and
BRCA2 PV carriers at the 1st, 5th, 20th, 50th (median), 80th, 95th and 99th

percentiles of the various PGS distributions, following previously published
methodology128. To ensure consistency with known EOC risks for the
general population, BRCA1 and BRCA2 PV carriers, average age-specific
EOC incidence rates were constrained over PGS percentiles to agree with

Fig. 4 | Schema describing the development of polygenicmodels, determining the
optimalmodel, and validating the resultant polygenic score inEuropean ancestry
women from UKBB and East Asian ancestry women from BBJ. S4 select and

shrink using summary statistics, PGM polygenic model, NMOC non-mucinous
ovarian cancer, LD linkage disequilibrium.
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external EOC incidence rates for the general population129 and BRCA1/2
carriers130.

We examined the number of BRCA2 PV carriers genotyped on the
OncoArray that would transition between risk groups (low (<10%) or high
(≥10%) lifetime risk) of developing EOC, based on their observed PGS
percentile. These risk reclassification analyses were limited to BRCA2 car-
riers as their lifetime risks transition over the 10% lifetime risk threshold,
whereas a BRCA1 carrier is already at substantially increased lifetime risk.
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Data availability
GWAS summary statistics from OCAC and CIMBA are publicly available
from the GWAS Catalog under study accession identifiers GCST90455658
(OCAC), GCST90455659 (CIMBA BRCA1 PV carriers), GCST90455660
(CIMBA BRCA2 PV carriers). The summary statistics from the meta-
analysis of OCAC, UKBB and CIMBA associations are also available under
study accession identifier GCST90455661. Variants included in the poly-
genic scores and their correspondingweights are publicly available from the
PGS Catalog under identifiers PGS005086 (PGS64518), PGS005087
(PGS5957), PGS005088 (PGS3448) and PGS005089 (PGS400). The FinnGen
summary statistics used were from data freeze 8. The summary statistics
across all data freezes are available at https://www.finngen.fi/en/access_
results and the data freeze 8 summary statistics are available at https://r8.
finngen.fi/. The Biobank Japan summary statistics used were from Sakaue
et al.101. The summary statistic data for all traits are available at https://
pheweb.jp/ and the ovarian cancer summary statistic data can be accessed
here https://pheweb.jp/pheno/OvC.

Code availability
Code and software used to implement analyses is publicly available at
https://github.com/CCGE-Cambridge/OCAC_CIMBA_HGSOC.
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