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ABSTRACT 470 

Polygenic risk scores (PRS) for epithelial ovarian cancer (EOC) have the potential to 471 

improve risk stratification. Joint estimation of Single Nucleotide Polymorphism (SNP) effects 472 

in models could improve predictive performance over standard approaches of PRS 473 

construction. Here, we implemented computationally-efficient, penalized, logistic regression 474 

models (lasso, elastic net, stepwise) to individual level genotype data and a Bayesian 475 

framework with continuous shrinkage, “select and shrink for summary statistics” (S4), to 476 

summary level data for epithelial non-mucinous ovarian cancer risk prediction. We developed 477 

the models in a dataset consisting of 23,564 non-mucinous EOC cases and 40,138 controls 478 

participating in the Ovarian Cancer Association Consortium (OCAC) and validated the best 479 

models in three populations of different ancestries: prospective data from 198,101 women of 480 

European ancestries; 7,669 women of East Asian ancestries; 1,072 women of African 481 

ancestries, and in 18,915 BRCA1 and 12,337 BRCA2 pathogenic variant carriers of European 482 

ancestries. In the external validation data, the model with the strongest association for non-483 

mucinous EOC risk derived from the OCAC model development data was the S4 model 484 

(27,240 SNPs) with odds ratios (OR) of 1.38(95%CI:1.28–1.48,AUC:0.588) per unit standard 485 

deviation, in women of European ancestries; 1.14(95%CI:1.08–1.19,AUC:0.538) in women of 486 

East Asian ancestries; 1.38(95%CI:1.21-1.58,AUC:0.593) in women of African ancestries; 487 

hazard ratios of 1.36(95%CI:1.29–1.43,AUC:0.592) in BRCA1 pathogenic variant carriers and 488 

1.49(95%CI:1.35-1.64,AUC:0.624) in BRCA2 pathogenic variant carriers. Incorporation of the 489 

S4 PRS in risk prediction models for ovarian cancer may have clinical utility in ovarian cancer 490 

prevention programs. 491 

Keywords: polygenic risk score, penalized regression model  492 
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INTRODUCTION 493 

Rare variants in known high and moderate penetrance susceptibility genes (BRCA1, 494 

BRCA2, BRIP1, PALB2, RAD51C, RAD51D and the mis-match repair genes) account for about 495 

40% of the inherited component of EOC disease risk (1,2). Common susceptibility variants, 496 

reviewed in Kar et. al. and Jones et. al., explain about 6% of the heritability of EOC (1,3). 497 

Polygenic risk scores (PRS) provide an opportunity for refined risk stratification in the general 498 

population and in carriers of rare moderate or high risk alleles. 499 

A PRS is calculated as the weighted sum of the number of risk alleles carried for a 500 

specified set of variants. The best approach to identify the variant set and their weights to 501 

optimize the predictive power of a PRS is unknown. A common approach involves selecting a 502 

set of variants that reach a threshold for association based on the p-value for each variant with 503 

or without pruning to remove highly correlated variants (4,5). More complex machine learning 504 

approaches that do not assume variant independence have also been used (6,7), but these 505 

methods have produced only modest gains in predictive power for highly polygenic phenotypes 506 

(6,8). Penalized regression approaches such as the lasso, elastic net and the adaptive lasso have 507 

also been used with individual level data (9), but a major drawback is the computational burden 508 

required to fit the models (9,10).  509 

We present novel, computationally-efficient PRS models using two approaches: 1) 510 

penalized regression models including the lasso, elastic net and minimax concave penalty for 511 

use with individual genotype data; and 2) a Bayesian regression model with continuous 512 

shrinkage priors for use where only summary statistics are available - referred to as the “select 513 

and shrink with summary statistics” (S4) method. We compare these models with two 514 

commonly used methods, stepwise regression with p-value thresholding and LDPred.   515 

MATERIALS (SUBJECTS) AND METHODS 516 

Model Development Study Population 517 
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EOC is a highly heterogeneous phenotype with five major histotypes for invasive 518 

disease – high-grade serous, low-grade serous, endometrioid, clear cell and mucinous 519 

histotype.  The mucinous histotype is the least common and its origin is the most controversial 520 

with up to 60% of diagnosed cases of mucinous ovarian cancer often being misdiagnosed 521 

metastasis from non-ovarian sites (11).  Therefore, in this study, we performed PRS modelling 522 

and association testing for all cases of invasive, non-mucinous EOC. We used genotype data 523 

from 23,564 invasive non-mucinous EOC cases and 40,138 controls with >80% European 524 

ancestries from 63 case-control studies included in the Ovarian Cancer Association Consortium 525 

(OCAC) for model development. The distribution of cases by histotype was high-grade serous 526 

(13,609), low-grade serous (2,749), endometrioid (2,877), clear cell (1,427), and others (2,902). 527 

Sample collection, genotyping and quality control have been previously described (12). 528 

Genotype data were imputed to the Haplotype Reference Consortium reference panel using 529 

470,825 SNPs that passed quality control. Of the 32 million SNPs imputed, 10 million had 530 

imputation r2 > 0.3 and were included in this analysis.  531 

Model Validation Study Populations 532 

We validated the best-fitting PRS models developed in the OCAC data in 657 prevalent 533 

and incident cases of invasive, non-mucinous EOC and 198,101 female controls of European 534 

ancestries from the UK Biobank. Samples were genotyped using either the Affymetrix UK 535 

BiLEVE Axiom Array or Affymetrix UK Biobank Axiom Array (which share 95% marker 536 

content), and then imputed to a combination of the Haplotype Reference Consortium, the 537 

1000Genomes phase 3 and the UK10K reference panels (13).  We restricted analysis to 538 

genetically confirmed females of European ancestries. We excluded individuals if they were 539 

outliers for heterozygosity, had low genotyping call rate <95%, had sex chromosome 540 

aneuploidy, or if they were duplicates (cryptic or intended) (12). All SNPs selected in the model 541 

development phase were available in the UK Biobank. 542 
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We investigated transferability of the best-fitting PRS models to populations of non-543 

European ancestries using genotype data from females of East Asian and African ancestries 544 

genotyped as part of the OCAC OncoArray Project (14,15). Women of East Asian ancestries - 545 

2,841 non-mucinous invasive EOC and 4,828 controls - were identified using a criterion of 546 

>80% Asian ancestries. This included samples collected from studies in China, Japan, Korea 547 

and Malaysia and samples from studies conducted in the US, Europe and Australia (14).  548 

Similarly, women of African ancestries - 368 cases of  non-mucinous invasive EOC and 704 549 

controls - mainly from studies conducted in the US, were identified using a criterion of >80% 550 

African ancestries as  described previously (15).    551 

We also assessed the performance of the best-fitting PRS models in women of European 552 

ancestries (>80% European ancestries) with the pathogenic BRCA1 and BRCA2 variants from 553 

the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA). We used genotype data 554 

from 18,915 BRCA1 (2,053 invasive EOC cases) and 12,337 BRCA2 (717 invasive EOC cases) 555 

pathogenic variant carriers from 63 studies contributing to CIMBA (16). Genotyping, data 556 

quality control measures, intercontinental ancestries assessment and imputation to the HRC 557 

reference panel are as described for the OCAC study population. 558 

Statistical Analysis 559 

Polygenic Risk Models 560 

For all PRS models, we created scores as linear functions of the allele dosage in the 561 

general form  𝑃𝑅𝑆! = ∑ 𝑥!"𝛽"
#
" 	where genotypes are denoted as 𝑥 (taking on the minor allele 562 

dosages of 0, 1 and 2), with 𝑥!" representing the 𝑖th individual for the 𝑗th SNP (out of 𝑝 SNPs) 563 

on an additive log scale and 𝛽" represents the weight - the log of the odds ratio - of the 𝑗th SNP.  564 

We used different approaches to select and derive the optimal weights, 𝛽", in models as 565 

described below. 566 

Penalized logistic regression models 567 
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A penalized logistic regression model for a set of SNPs aims to identify a set of 568 

regression coefficients that minimize the regularized loss function given by 569 

𝑝𝑙𝑟(𝑥; 𝜆, 𝜅) = 4

𝑥 − 𝜆𝑠𝑖𝑔𝑛(𝑥) (1 − 𝜅)					𝑖𝑓|𝑥| < 𝜆 𝜅	𝑎𝑛𝑑	|(𝑥)| > 𝜆⁄⁄

𝑥	𝑖𝑓|𝑥| ≥
𝜆
𝜅

0	𝑖𝑓|(𝑥)| < 𝜆

 570 

where 𝑥 is the effect estimate of a SNP, 𝜆 is the tuning parameter and 𝜅 is the threshold 571 

(penalty) for different regularization paths. 𝜆 and 𝜅 are parameters that need to be chosen during 572 

model development to optimize performance. The lasso, elastic net, minimax concave penalty 573 

(MCP), and p-value thresholds are instances of the function with different 𝜅 values.  We 574 

minimized the winner’s curse effect on inflated effect estimates for rare SNPs by penalizing 575 

rarer SNPs more heavily than common SNPs. Details are provided in the Supplementary 576 

Methods. 577 

We used a two-stage approach to reduce computational burden without a corresponding 578 

loss in predictive power. The first stage was a SNP selection stage using a sliding windows 579 

approach, with 5.5Mb data blocks and a 500kb overlap between blocks. SNP selection was 580 

performed for each block and selected SNPs were collated. Single SNP association analyses 581 

were then run, and all SNPs with a c2 test statistic of less than 2.25 were excluded. The 2.25 582 

cutoff was arbitrary and selected to maximise computational efficiency without loss in 583 

predictive power. Penalized regression models were applied to the remaining SNPs using	𝜆 584 

values of 3.0 and 𝜅 values of 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0. SNPs selected in any of these models 585 

were included in subsequent analyses. In the second stage, we fit penalized regression models 586 

to the training dataset with 𝜆 values ranging from 3.0 to 5.5 in increments of 0.1 iterated over 587 

𝜅 values from -3.0 to 1 in increments of 0.1. The lasso model (𝜅 = 0) for each value of 𝜆  was 588 

fitted first, to obtain a unique maximum. From the fitted maximum the 𝜅  value was changed, 589 

and the model refitted.   590 
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We applied this two-stage approach with five-fold cross-validation (Figure 1). In each 591 

iteration, the data set was split into five, with one part constituting the the test data and the 592 

other four constituting the training data. The variants and their weights from the two-stage 593 

penalized logistic regression modelling in the training data were used to calculate the area 594 

under the receiver operating characteristic curve (AUC) in the test data in each iteration.  AUC 595 

estimates for each combination of l and k were obtained. We repeated this process for each 596 

cross-validation iteration to obtain a mean AUC for each combination of l and k. Finally, we 597 

selected the tuning and threshold parameters from the lasso, elastic net and minimax concave 598 

penalty models with the maximum mean cross-validated AUC and fitted penalized logistic 599 

regression models with these parameters to the entire OCAC dataset to obtain SNP weights for 600 

PRS scores.   601 

Stepwise logistic regression with variable P-value threshold 602 

This model is a general PLR model with 𝜅=1. As with the other PLR models, we 603 

investigated various values for 𝜆 values (corresponding to a variable P-value threshold for 604 

including a SNP in the model). However, we observed that the implementation of this model 605 

on individual level data was more difficult than for other 𝜅 values because the model would 606 

sometimes converge to a local optimum rather than the global optimum. Therefore, we applied 607 

an approximate conditional and joint association analysis using summary level statistics 608 

correcting for estimated LD between SNPs, using a reference panel of 5,000 individual level 609 

genotype OCAC data as described in Yang et.al. (17). Details are provided in the 610 

Supplementary Methods. 611 

LDPred 612 

LDPred is a Bayesian approach that shrinks the posterior mean effect size of each 613 

marker based on a point-normal prior and LD information from an external reference panel. 614 

We derived seven candidate polygenic risk scores assuming the fractions of associated variants 615 
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were 0.001, 0.003, 0.01, 0.03, 0.1, 0.3 and 1.0 respectively using the default parameters as 616 

detailed in Vilhjálmsson et.al. (18) using an LD reference panel of 503 samples of European 617 

ancestries from the 1000 Genomes phase 3 release and effect estimates from the OCAC model 618 

development data.  619 

Select and shrink using summary statistics (S4) 620 

The S4 algorithm is similar to the PRS-CS algorithm (19) - a Bayesian method that uses 621 

summary statistics and between-SNP correlation data from a reference panel to generate the 622 

PRS scores by placing a continuous shrinkage prior on effect sizes. We adapted this method 623 

with penalization of rarer SNPs by correcting for the standard deviation resulting in the 624 

selection of fewer SNPs.  We varied three parameters, a, b, φ, which control the degree of 625 

shrinkage of effect estimates. Φ, the overall shrinkage parameter, is influenced by values of a 626 

which controls shrinkage of effect estimates around 0 and b which control shrinkage of larger 627 

effect estimates. We generated summary statistics for each cross-validation training set and 628 

selected the parameters that gave the best results on average from the cross-validation and 629 

applied these to the set of summary statistics for the complete OCAC data set to obtain the final 630 

set of weights.   631 

PRS based on meta-analysis of OCAC-CIMBA summary statistics 632 

We conducted a meta-analysis of the EOC associations in BRCA1 variant carriers, 633 

BRCA2 variant carriers and the participants participating in OCAC (see Supplementary 634 

Methods) and constructed two PRS models. An S4 PRS was generated by applying the a, b 635 

and φ parameters from the S4 model described above. A stepwise PRS was generated by 636 

selecting all SNPs that were genome-wide significant (p <5x10-8) in the meta-analysis, along 637 

with any independent signals in the same region with p<10-5 from the histotype specific 638 

analyses for low-grade serous, high-grade serous, endometrioid, clear cell ovarian cancer and 639 

non-mucinous invasive EOC.  640 
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Polygenic risk score performance 641 

The best lasso, elastic net, stepwise and S4 models from the model development stage 642 

were validated using two independent data sources: the UK Biobank data and BRCA1/BRCA2 643 

pathogenic variant carriers from the CIMBA. In the UK Biobank data, we evaluated 644 

discriminatory performance of the models using the AUC and examined the association 645 

between standardized PRS and risk of non-mucinous EOC using logistic regression analysis. 646 

For the CIMBA data, we assessed associations for each version of the PRS and invasive non-647 

mucinous EOC risk using weighted Cox regression methods (20). PRSs in the CIMBA data 648 

were scaled to the same PRS standard deviations as the OCAC data, meaning that per standard 649 

deviation hazard ratios estimated on CIMBA data are comparable to PRS associations in the 650 

OCAC and UK Biobank data. The regression models were adjusted for birth cohort (<1920, 651 

1920-1929, 1930-1939, 1940-1949, ≥1950) and the first four ancestries informative principal 652 

components (calculated separately by iCOGS/OncoArray genotyping array) and stratified by 653 

Ashkenazi Jewish ancestries and country. Absolute risks by PRS percentiles adjusting for 654 

competing risks of mortality from other causes were calculated as described in the 655 

Supplementary Material.  656 

Transferability of PRS scores to non-European Ancestries 657 

We implemented two straightforward approaches to disentangle the role of ancestries 658 

on polygenic risk scoring. We selected homogenous ancestral samples by using a high cut-off 659 

criterion of 80% ancestries and we standardized the polygenic risk scores by mean-centering 660 

within each population. These approaches led to a more uniform distribution of polygenic risk 661 

scores within each ancestral population. Further adjustments using principal components of 662 

ancestries did not attenuate risk estimates. 663 
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RESULTS 664 

Model development 665 

The results for the models based on individual level genotype data are shown in Table 666 

1. The elastic net model had the best predictive accuracy (AUC=0.586). The optimal value of 667 

λ obtained from regularization paths for the MCP model was 3.3 meaning the best MCP model 668 

was equivalent to the lasso model. The best-fitting model based on summary statistics was the 669 

S4 (AUC=0.593) and the LDPred model had the poorest performance of the methods tested 670 

(AUC=0.552.  It was not considered for further validation in other datasets. All SNPs selected 671 

and the associated weights for each model are provided in Supplementary Tables 1 – 6. 672 

Model validation in women of European ancestries 673 

Overall the PLR models performed slightly better in the UK Biobank data than the 674 

model development data (Table 2). Of the models developed using the OCAC model 675 

development data, the association was strongest with the S4 PRS.  In BRCA1 and BRCA2 676 

variant carriers, prediction accuracy was generally higher among BRCA2 carriers than BRCA1 677 

carriers. Consistent with results from the general population in the UK Biobank, the S4 PRS 678 

model also had the strongest association and predictive accuracy for invasive EOC risk in both 679 

BRCA1 and BRCA2 carriers. Sensitivity analyses were conducted in which the unadjusted 680 

models for BRCA1 and BRCA2 carriers were progressively adjusted for birth cohort and 6 681 

principal components. There was little difference in HR estimates and association P-values 682 

going from the unadjusted model to the model adjusting for six principal components 683 

(Supplementary Table 7). The PRS models developed using the OCAC-CIMBA meta-analysis 684 

results had better discriminative ability in the UK Biobank than the PRS models developed 685 

using only OCAC data. Compared with the S4 PRS using only OCAC data, the S4 PRS model 686 

derived from the meta-analysis had fewer SNPs, a stronger association with invasive EOC risk 687 

and better predictive accuracy. Similarly, the stepwise model from the OCAC-CIMBA meta-688 
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analysis performed better than the stepwise model from only OCAC data, but included more 689 

SNPs. 690 

The observed distribution of the OR estimates within centiles of the PRS distribution 691 

were consistent with ORs from predicted values under the assumption that all SNPs interact 692 

multiplicatively (Figure 3), with all 95% confidence intervals intersecting with the theoretical 693 

estimates for women of European ancestries. Compared with women in the middle quintile, 694 

women in the top 95th percentile of the lasso derived PRS model had a 2.23-fold increased odds 695 

of non-mucinous EOC (Table 3).   696 

Absolute Risk of Developing Ovarian Cancer by PRS percentiles 697 

We estimated cumulative risk of EOC within PRS percentiles for women in the general 698 

population (Figure 2), by applying the odds ratio from the PRS models to age-specific 699 

population incidence and mortality data for England in 2016. For BRCA1 and BRCA2 700 

pathogenic variant carriers, we applied the estimated hazard ratios from PRS models to age-701 

specific incidence rates obtained from Kuchenbaecker et al. (21). For women in the general 702 

population, the estimated cumulative risks of EOC by age 80 for women at the 99th centile of 703 

the PRS distribution were 2.24%, 2.18%, 2.54% and 2.81% for the lasso, elastic net, stepwise 704 

and S4 models, respectively. In comparison, the absolute risks of EOC by age 80 for women 705 

at the 1st centile were 0.76%, 0.78%, 0.64% and 0.56% for the lasso, elastic net, stepwise and 706 

S4 models, respectively.  707 

The absolute risks of developing EOC in BRCA1 and BRCA2 pathogenic variant 708 

carriers were considerably higher than for women in the general population (Figures S1 and 709 

S2). The estimated absolute risk of developing ovarian cancer by age 80 for BRCA1 carriers at 710 

the 99th PRS centiles were 63.2%, 66.3%, 59.0% and 68.4% for the lasso, elastic net, stepwise 711 

and S4 models, respectively. The corresponding absolute risks for women at the 1st PRS centile 712 

were 27.7%, 25.6%, 30.8% and 24.2%. For BRCA2 carriers the absolute risks for women at the 713 
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99th centile were 36.3%, 36.3%, 33.0% and 36.9%; and 7.10%, 7.12%, 8.24% and 6.92% at the 714 

1st centile for the lasso, elastic net, stepwise and S4 models, respectively. 715 

PRS distribution and ancestries 716 

To investigate the transferability of the PRS to other populations, we applied the scores 717 

to women of African (N=1,072) and Asian (N=7,669) ancestries genotyped as part of the 718 

OncoArray project. In general, the distributions of the raw PRS were dependent on both the 719 

statistical methods used in SNP selection and ancestral group. PRS models that included more 720 

variants had less dispersion, such that the elastic net models had the least between individual 721 

variation in all ancestral groups (standard deviation=0.15, 0.19 and 0.22 for individuals of 722 

Asian, African and European ancestries respectively), while the distributions from the stepwise 723 

models were the most dispersed (standard deviation = 0.23, 0.27 and 0.30 for individuals of 724 

Asian, African and European ancestries respectively). As expected, given the variation in 725 

variant frequencies by population, the distribution of polygenic scores was significantly 726 

different across the three ancestral groups, with the least dispersion among women of Asian 727 

ancestries and the most variation in women of European ancestries. The difference in polygenic 728 

risk score distribution was minimized after correction for ancestry by standardizing the PRS to 729 

have unit standard deviation using the control subjects for each ancestral group.  730 

High PRSs were significantly associated with risk of non-mucinous EOC in both Asian 731 

and African ancestries (Table 4), although the effects were weaker than in women of European 732 

ancestries. For example, with the lasso model, the odds ratio per unit standard deviation 733 

increment in polygenic score was 1.16 (1.11–1.22) in women of East Asian ancestries, 1.28 734 

(1.13–1.45) in women of African ancestries and 1.37 (1.27–1.48) in women of European 735 

ancestries (p for heterogeneity < 0.0001). Variability in effect sizes among ancestral groups 736 

was highest for the stepwise model (I2 = 92%) versus 84% and 83% for elastic net and lasso 737 

derived polygenic scores respectively. The best discriminative model among women of East 738 
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Asian and African ancestries were the elastic net PRS (AUC=0.543) and the S4 PRS derived 739 

from OCAC-CIMBA meta-analysis (AUC=0.596). Women of African ancestries in the top 5% 740 

of the PRS had about two-fold increased risk compared to women in the middle quintile (lasso 741 

OR:1.64,95%CI: 0.90–3.00; elastic net OR:1.64,95%CI:0.90–3.00; stepwise OR:2.15, 742 

95%CI:1.17–3.95; S4 OR:1.80, 95%CI:0.99–3.31). Effect estimates were smaller in women of 743 

East Asian ancestries with women in the top 5% of the PRS, having about a 1.5 fold increased 744 

risk compared to women in the middle quintile ( lasso OR:1.40, 95%CI:1.12–1.76; elastic net 745 

OR:1.60, 95% CI:1.28–2.01; stepwise OR:1.32, 95%CI:1.04–1.65; S4 OR:1.32, 95%CI:1.05–746 

1.66).  747 

DISCUSSION 748 

Genetic risk profiling with polygenic risk scores has led to actionable outcomes for 749 

cancers such as breast and prostate (22,23). Previous PRS scores for invasive EOC risk in the 750 

general population and BRCA1/BRCA2 pathogenic variant carriers have been based on genetic 751 

variants for which an association with EOC risk had been established at nominal genome-wide 752 

significance (20,24,25). Here, we explored the predictive performance of computationally-753 

efficient, penalized, regression methods in modelling joint SNP effects for EOC risk prediction 754 

in diverse populations and compared them with common approaches. By leveraging the 755 

correlation between SNPs which do not reach nominal genome-wide thresholds and including 756 

them in PRS models, the polygenic risk scores derived from penalized regression models 757 

provide stronger evidence of association with risk of non-mucinous EOC than previously 758 

published PRSs in both the general population and in BRCA1/BRCA2 pathogenic variant 759 

carriers.  760 

Recently, Barnes et. al derived a PRS score using 22 SNPs that were significantly 761 

associated with high-grade serous EOC risk (PRSHGS) to predict EOC risk in BRCA1/BRCA2 762 

pathogenic variant carriers (20). To make effect estimates obtained in this analysis comparable 763 
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to the effect estimates obtained from the PRSHGS, we standardized all PRSs using the standard 764 

deviation from unaffected BRCA1/BRCA2 carriers and provide estimates which are directly 765 

comparable to the PRSHGS in Supplementary Table 9. All PRS models in this analysis except 766 

the Stepwise (OCAC only) had higher effect estimates (20). The AUC estimates from the 767 

adjusted PLR methods implemented in this analysis, are higher than the corresponding PRSHGS 768 

estimates for BRCA1 carriers (0.604). In BRCA2 carriers, the AUC estimates for the lasso and 769 

S4 models did slightly better than the PRSHGS AUC estimate (0.667), while the stepwise did 770 

slightly worse and the elastic net estimate was comparable. The AUC estimates for women in 771 

the general population, as estimated from the UK Biobank, are slightly higher than estimates 772 

from previously published PRS models for overall EOC risk by Jia  et al (AUC=0.57) and Yang 773 

et al (AUC=0.58) (25,26). 774 

The level of risk for women above the 95th percentile of the PRS is similar to that 775 

conferred by pathogenic variants in moderate penetrance genes such as FANCM (RR=2.1, 776 

95%CI=1.1–3.9) and PALB2 (RR=2.91 95%CI=1.40–6.04) (27,28). The inclusion of other risk 777 

factors such as family history of ovarian cancer, presence of rare pathogenic variants, age at 778 

menarche, oral contraceptive use, hormone replacement therapy, parity, and endometriosis in 779 

combination with the PRS could potentially improve risk stratification as implemented in the 780 

CanRisk tool (www.canrisk.org), which currently uses a 36-SNP PRS with the potential to use 781 

other PRS models (29,30).  782 

We found that the discrimination of the PRS varied by ancestry with greater 783 

discrimination in women of European ancestries than in women of African and East Asian 784 

ancestries. The better performance in African than East Asian populations is in contrast to what 785 

one would expect given human demographic history, and the performance of PRS for other 786 

phenotypes in African populations.  This may simply be the play of chance given the small 787 

number of samples of African ancestries. Alternatively it reflects the fact that the allele 788 
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frequencies of the PRS SNPs were more similar between the African and European populations 789 

than they were with the East Asian population (Supplementary Tables 10-14).  790 

Further optimization of the models could be achieved by varying the penalization 791 

function based on prior knowledge. For example, varying the penalty function to select more 792 

SNPs from genomic regions with know susceptibility variants given that susceptibility variants 793 

tend to cluster together. Alternatively, the penalty functions could be modified to incorporate 794 

information about functionally active regions of the genome such a promoters, enhancers and 795 

transcription factor binding sites. However, incorporating functional annotation has resulted in 796 

limited gains in prediction accuracy for complex traits such as breast cancer, celiac disease, 797 

type 2 diabetes and rheumatoid arthritis (31). 798 

Machine/deep learning approaches are alternative ways to constructing PRS, but 799 

methods such as the neural net, support vector machine and random forest have been shown to 800 

be computationally prohibitive or produce inferior results to other approaches (32,33).Other 801 

machine learning methods, such as those based on gradient boosting do not perform well in 802 

genomic regions where strong genetic interactions are present, for which alternative 803 

approaches such as the LDPred may perform better (18). Our approach has several benefits 804 

over alternative machine learning methods, including its simplicity, and intrinsic robustness to 805 

minor misspecification of LD or association strength. 806 

In conclusion, our results indicate that using the lasso model for individual level 807 

genotype data and the S4 model for summary level data in polygenic risk score construction 808 

provide an improvement in risk prediction for non-mucinous EOC over more common 809 

approaches. Our approach overcomes the computational limitations in the use of penalized 810 

methods for large scale genetic data, particularly in the presence of highly-correlated SNPs and 811 

the use of cross-validation for parameter estimation is preferred. In practical terms, the 812 

polygenic risk score provides sufficient discrimination, particularly for women of European 813 
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ancestries, to be considered for inclusion in risk prediction and prevention approaches for EOC 814 

in the future.  Further studies are required to optimize these polygenic risk scores in ancestrally 815 

diverse populations and to validate their performance with the inclusion of other genetic and 816 

lifestyle risk factors. 817 

Data Availability 818 

OncoArray germline genotype data for the OCAC studies have been deposited at the 819 

European Genome-phenome Archive (EGA; https://ega-archive.org/), which is hosted by the 820 
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the OncoArray germline genotype data for the CIMBA studies are publically available through 824 
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Acknowledgements and Funding 829 

See Supplementary Material 830 

Conflicts of Interest 831 

Anna DeFazio has received a research grant from AstraZeneca, not directly related to 832 

the content of this manuscript. Matthias W. Beckmann conducts research funded by Amgen, 833 

Novartis and Pfizer. Peter A. Fashing conducts research funded by Amgen, Novartis and Pfizer. 834 

He received Honoraria from Roche, Novartis and Pfizer. Allison W. Kurian reports research 835 

funding to her institution from Myriad Genetics for an unrelated project. Usha Menon owns 836 

stocks in Abcodia Ltd.  Rachel A. Murphy is a consultant for Pharmavite. The other authors 837 

declare no conflicts of interest. 838 



 27 

Ethics Statement 839 

All study participants provided written informed consent and participated in research 840 

or clinical studies at the host institute under ethically approved protocols. The studies and their 841 

approving institutes are listed in the Supplementary Material (Ethics Statement) 842 

  843 

References 844 

1.  Jones MR, Kamara D, Karlan BY, Pharoah PDP, Gayther SA. Genetic epidemiology of 845 

ovarian cancer and prospects for polygenic risk prediction. Gynecol Oncol. 2017 846 

Dec;147(3):705–13.  847 

2.  Lyra PCM, Rangel LB, Monteiro ANA. Functional Landscape of Common Variants 848 

Associated with Susceptibility to Epithelial Ovarian Cancer. Curr Epidemiol Rep. 2020 849 

Mar 1;7(1):49–57.  850 

3.  Kar SP, Berchuck A, Gayther SA, Goode EL, Moysich KB, Pearce CL, et al. Common 851 

Genetic Variation and Susceptibility to Ovarian Cancer: Current Insights and Future 852 

Directions. Cancer Epidemiol Biomark Prev Publ Am Assoc Cancer Res Cosponsored 853 

Am Soc Prev Oncol. 2018 Apr;27(4):395–404.  854 

4.  Wray NR, Goddard ME, Visscher PM. Prediction of individual genetic risk to disease 855 

from genome-wide association studies. Genome Res. 2007 Oct;17(10):1520–8.  856 

5.  International Schizophrenia Consortium, Purcell SM, Wray NR, Stone JL, Visscher PM, 857 

O’Donovan MC, et al. Common polygenic variation contributes to risk of schizophrenia 858 

and bipolar disorder. Nature. 2009 Aug 6;460(7256):748–52.  859 



 28 

6.  Abraham G, Kowalczyk A, Zobel J, Inouye M. Performance and robustness of penalized 860 

and unpenalized methods for genetic prediction of complex human disease. Genet 861 

Epidemiol. 2013 Feb;37(2):184–95.  862 

7.  Habier D, Fernando RL, Kizilkaya K, Garrick DJ. Extension of the bayesian alphabet for 863 

genomic selection. BMC Bioinformatics. 2011 May 23;12:186.  864 

8.  Szymczak S, Biernacka JM, Cordell HJ, González-Recio O, König IR, Zhang H, et al. 865 

Machine learning in genome-wide association studies. Genet Epidemiol. 2009;33 Suppl 866 

1:S51-57.  867 

9.  Privé F, Aschard H, Blum MGB. Efficient Implementation of Penalized Regression for 868 

Genetic Risk Prediction. Genetics. 2019 May;212(1):65–74.  869 

10.  Mak TSH, Porsch RM, Choi SW, Zhou X, Sham PC. Polygenic scores via penalized 870 

regression on summary statistics. Genet Epidemiol. 2017 Sep;41(6):469–80.  871 

11.  Perren TJ. Mucinous epithelial ovarian carcinoma. Ann Oncol Off J Eur Soc Med Oncol. 872 

2016 Apr;27 Suppl 1:i53–7.  873 

12.  Phelan CM, Kuchenbaecker KB, Tyrer JP, Kar SP, Lawrenson K, Winham SJ, et al. 874 

Identification of 12 new susceptibility loci for different histotypes of epithelial ovarian 875 

cancer. Nat Genet. 2017 May;49(5):680–91.  876 

13.  Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. The UK Biobank 877 

resource with deep phenotyping and genomic data. Nature. 2018 Oct;562(7726):203–9.  878 

14.  Lawrenson K, Song F, Hazelett DJ, Kar SP, Tyrer J, Phelan CM, et al. Genome-wide 879 

association studies identify susceptibility loci for epithelial ovarian cancer in east Asian 880 

women. Gynecol Oncol. 2019 May;153(2):343–55.  881 



 29 

15.  Manichaikul A, Peres LC, Wang X-Q, Barnard ME, Chyn D, Sheng X, et al. Identification 882 

of novel epithelial ovarian cancer loci in women of African ancestry. Int J Cancer. 2020 883 

Jun 1;146(11):2987–98.  884 

16.  Phelan CM, Kuchenbaecker KB, Tyrer JP, Kar SP, Lawrenson K, Winham SJ, et al. 885 

Identification of 12 new susceptibility loci for different histotypes of epithelial ovarian 886 

cancer. Nat Genet. 2017 May;49(5):680–91.  887 

17.  Yang J, Ferreira T, Morris AP, Medland SE, Genetic Investigation of ANthropometric 888 

Traits (GIANT) Consortium, DIAbetes Genetics Replication And Meta-analysis 889 

(DIAGRAM) Consortium, et al. Conditional and joint multiple-SNP analysis of GWAS 890 

summary statistics identifies additional variants influencing complex traits. Nat Genet. 891 

2012 Mar 18;44(4):369–75, S1-3.  892 

18.  Vilhjálmsson BJ, Yang J, Finucane HK, Gusev A, Lindström S, Ripke S, et al. Modeling 893 

Linkage Disequilibrium Increases Accuracy of Polygenic Risk Scores. Am J Hum Genet. 894 

2015 Oct 1;97(4):576–92.  895 

19.  Ge T, Chen C-Y, Ni Y, Feng Y-CA, Smoller JW. Polygenic prediction via Bayesian 896 

regression and continuous shrinkage priors. Nat Commun. 2019 Apr 16;10(1):1776.  897 

20.  Barnes DR, Rookus MA, McGuffog L, Leslie G, Mooij TM, Dennis J, et al. Polygenic 898 

risk scores and breast and epithelial ovarian cancer risks for carriers of BRCA1 and 899 

BRCA2 pathogenic variants. Genet Med Off J Am Coll Med Genet. 2020 Jul 15;  900 

21.  Kuchenbaecker KB, Hopper JL, Barnes DR, Phillips K-A, Mooij TM, Roos-Blom M-J, 901 

et al. Risks of Breast, Ovarian, and Contralateral Breast Cancer for BRCA1 and BRCA2 902 

Mutation Carriers. JAMA. 2017 20;317(23):2402–16.  903 



 30 

22.  Mavaddat N, Michailidou K, Dennis J, Lush M, Fachal L, Lee A, et al. Polygenic Risk 904 

Scores for Prediction of Breast Cancer and Breast Cancer Subtypes. Am J Hum Genet. 905 

2019 Jan 3;104(1):21–34.  906 

23.  Schumacher FR, Al Olama AA, Berndt SI, Benlloch S, Ahmed M, Saunders EJ, et al. 907 

Association analyses of more than 140,000 men identify 63 new prostate cancer 908 

susceptibility loci. Nat Genet. 2018 Jul;50(7):928–36.  909 

24.  Kuchenbaecker KB, McGuffog L, Barrowdale D, Lee A, Soucy P, Dennis J, et al. 910 

Evaluation of Polygenic Risk Scores for Breast and Ovarian Cancer Risk Prediction in 911 

BRCA1 and BRCA2 Mutation Carriers. J Natl Cancer Inst. 2017 Jul 1;109(7).  912 

25.  Yang X, Leslie G, Gentry-Maharaj A, Ryan A, Intermaggio M, Lee A, et al. Evaluation 913 

of polygenic risk scores for ovarian cancer risk prediction in a prospective cohort study. 914 

J Med Genet. 2018 Aug;55(8):546–54.  915 

26.  Jia G, Lu Y, Wen W, Long J, Liu Y, Tao R, et al. Evaluating the Utility of Polygenic Risk 916 

Scores in Identifying High-Risk Individuals for Eight Common Cancers. JNCI Cancer 917 

Spectr. 2020 Jun;4(3):pkaa021.  918 

27.  Song H, Dicks EM, Tyrer J, Intermaggio M, Chenevix-Trench G, Bowtell DD, et al. 919 

Population-based targeted sequencing of 54 candidate genes identifies PALB2 as a 920 

susceptibility gene for high-grade serous ovarian cancer. J Med Genet. 2021 921 

May;58(5):305–13.  922 

28.  Yang X, Leslie G, Doroszuk A, Schneider S, Allen J, Decker B, et al. Cancer Risks 923 

Associated With Germline PALB2 Pathogenic Variants: An International Study of 524 924 

Families. J Clin Oncol Off J Am Soc Clin Oncol. 2020 Mar 1;38(7):674–85.  925 



 31 

29.  Lee A, Mavaddat N, Wilcox AN, Cunningham AP, Carver T, Hartley S, et al. 926 

BOADICEA: a comprehensive breast cancer risk prediction model incorporating genetic 927 

and nongenetic risk factors. Genet Med Off J Am Coll Med Genet. 2019 Aug;21(8):1708–928 

18.  929 

30.  Welcome to CanRisk [Internet]. [cited 2021 Aug 15]. Available from: https://canrisk.org/ 930 

31.  Hu Y, Lu Q, Powles R, Yao X, Yang C, Fang F, et al. Leveraging functional annotations 931 

in genetic risk prediction for human complex diseases. PLoS Comput Biol. 2017 932 

Jun;13(6):e1005589.  933 

32.  Gola D, Erdmann J, Müller-Myhsok B, Schunkert H, König IR. Polygenic risk scores 934 

outperform machine learning methods in predicting coronary artery disease status. Genet 935 

Epidemiol. 2020 Mar;44(2):125–38.  936 

33.  Paré G, Mao S, Deng WQ. A machine-learning heuristic to improve gene score prediction 937 

of polygenic traits. Sci Rep. 2017 Oct 4;7(1):12665.  938 

 939 

  940 



 32 

Figure captions 

Figure 1: PRS model development using penalized regression and LDPred Bayesian 

approach 

 

Figure 2: Cumulative risk of ovarian cancer between birth and age 80 by PRS percentiles 

and PRS models. Shown are the cumulative risk of ovarian cancer risk in UK women by 

polygenic risk score percentiles. The lasso (A) and elastic net (B) penalized regression models 

were applied to individual level genotype data, while the stepwise (C) and S4 (D) models were 

applied to summary level statistics. Note that the median and the mean risk differ because the 

distribution of the relative risk in the population is left-skewed (the log relative risk is a Normal 

distribution) 

 

Figure 3: Association between the PLR PRS models and non-mucinous ovarian cancer 

by PRS percentiles. Shown are estimated odds ratios (OR) and confidence intervals for 

women of European ancestries by percentiles of polygenic risk scores derived from lasso (A), 

elastic net (B), stepwise (C) and S4 (D) models relative to the middle quintile. 

 

 
 









SUPPLEMENTARY MATERIAL 

Supplementary Method 

Penalized logistic regression models: the lasso, elastic net and minimax concave penalty. 

A penalized logistic regression model for a set of SNPs aims to identify a set of regression 

coefficients that minimize the regularized loss function. The aim is to correct the effect 

estimates towards zero in order to account for prior likelihood. The regularized loss function 

is given by 

𝑝𝑙𝑟(𝑥; 𝜆, 𝜅) = ,

𝑥 − 𝜆𝑠𝑖𝑔𝑛(𝑥) (1 − 𝜅)					𝑖𝑓|𝑥| < 𝜆 𝜅	𝑎𝑛𝑑	|(𝑥)| > 𝜆⁄⁄

𝑥	𝑖𝑓|𝑥| ≥
𝜆
𝜅

0	𝑖𝑓|(𝑥)| < 𝜆

 

where 𝑥 is the estimate of SNP effect, 𝜆 is the tuning parameter and 𝜅 is the threshold 

(penalty) for different regularization paths. 𝜆 and 𝜅 are parameters that need to be chosen 

during model development to optimize performance. The lasso, elastic net, minimax concave 

penalty (MCP), and p-value thresholds are instances of the function with different 𝜅 values.  

At 𝜅 = 0, the function is a lasso regularization path and several regression coefficients are 

shrunk to zero. When 𝜅 < 0, the function is an elastic-net solution. The MCP model is 

obtained when 0 £ k £ 1.  When 𝜅 = 1, the function is equivalent to a P-value threshold 

model. 

 

As the winner’s curse effect can result in inflated estimates for rarer SNPs, it is desirable to 

penalize rarer SNPs more heavily than common SNPs.  We therefore rescaled and 

normalized the imputed SNP genotypes (coded as number of alternate alleles carried) as 

follows: 

The alternate allele dose, di, is first rescaled so that the mean value is zero 

𝑑!"#$%&'#( =	𝑑! −𝑚𝑒𝑎𝑛(𝑑) 



The rescaled alternate allele dose is then normalized: 

𝑑!)*"+&'!,#( =
𝑑!"#$%&'#(

?(∑ 𝑝!(1 − 𝑝!! ))(𝑣𝑎𝑟(𝑑) + 0.008)/𝑣𝑎𝑟(𝑑)
 

where pi is the estimated probability of individual i being a case based on a simple logistic 

regression model.  This conversion penalizes rarer SNPs and also means that the tuning 

parameter, λ, used in a penalized logistic regression model corresponds closely to a threshold 

for including a SNP if the SNP z-score for association is greater than λ. 

 

There are two general problems with fitting penalized models to high dimensional genetic 

data: the large number of SNPs which need to be fitted into memory and the correlation 

between SNPs. We used a two-stage approach to reduce computational burden without a 

corresponding loss in predictive power. The first stage was a selection stage to reduce the set 

of SNPs to a manageable number by excluding those unlikely to be included in a final model.  

We used a sliding windows approach and split the data into 5.5Mb blocks with a 500kb 

overlap between blocks. The SNP selection analysis was carried out for each block and the 

selected SNPs collated. Single SNP association analyses were run, and all SNPs with a X2 

test statistic of less than 2.25 were excluded. Lasso regression models were then run on the 

remaining SNPs using lambda values of 3.0 and kappa values (penalty score) of 0.0, 0.2, 0.4, 

0.6, 0.8 and 1.0. SNPs selected in any of these models were included in subsequent analyses. 

In the second stage, we fit penalized regression models to the training dataset with 𝜆 values 

from 3.0 to 5.5 in increments of 0.1 iterated over 𝜅 values from -3.0 to 1 in increments of 0.1.  

The lasso model (𝜅 = 0) for each value of lambda was fitted first, which has a unique 

maximum. From the fitted maximum the kappa value is changed, and the model fitted again.  

This helps to ensure that the final fitted model is close to the global maximum for non-zero 



values of kappa. For small lambda values the larger kappa values were not analysed as these 

would not fit the data well and require significant computational resources and time. 

 

We applied this two-stage approach with five-fold cross-validation by splitting the dataset 

into five groups, and randomly assigning each individual to one of the five groups. We 

restricted to OCAC studies with at least five controls and five cases, so that each group in the 

cross-validation analyses would have cases and controls from all studies in the OCAC data 

(Figure 1). In each iteration, four-groups were used as the training set and the fifth group 

used as the test set. The variants and their weights from the two-stage penalized logistic 

regression modelling in the training data were used to calculate the area under the receiver 

operating characteristic curve (AUC) in the test data. We repeated this process for each cross-

validation iteration to obtain a mean AUC for each combination of l and k. 

 

Finally, we selected the tuning and threshold parameters from the lasso, elastic net and 

minimax concave penalty models with the maximum mean cross-validated AUC and fitted 

penalized logistic regression models with these parameters to the entire OCAC dataset to 

obtain SNP weights for PRS scores. Details of the workflow are provided in Figure 1. 

We developed a custom program written in C++ to implement the penalized logistic 

regression PLR models using individual level genotype data. This used the coordinate 

descent algorithm where the loss of function for each variable is optimized using a 

univariable Newton step while keeping other variables constant to obtain the optimum 

penalized likelihood function (36). 

 



Stepwise logistic regression with variable P-value threshold 

This model is a general PLR model with 𝜅 = 1. As with the other PLR models, we 

investigated various values for 𝜆 values (corresponding to a variable P-value threshold for 

including a SNP in the model). However, we observed that the implementation of this model 

on individual level data was more difficult than for other 𝜅 values because the model would 

sometimes converge to a local optimum rather than the global optimum. Therefore, we 

applied an approximate conditional and joint association analysis using summary level 

statistics correcting for estimated LD between SNPs using a reference panel of 5,000 

individual level genotype OCAC data as described in Yang et.al (37). In brief, to initiate the 

model, we identified the most significant SNP at a specified 𝜆 value threshold, and 

subsequently investigated all other SNPs across the genome conditional on the SNP already 

selected. If a new SNP being jointly tested had correlation r2 > 0.9, it was left out of the 

analysis. The SNP with the minimum conditional SNP lower than the cut-off threshold was 

selected. This process was repeated until no new SNPs could be selected. All selected SNPs 

were jointly fitted in the model and SNPs with the largest p-value greater than the cut-off 

threshold were dropped.  This process was repeated until no new SNPs were selected or 

dropped using the training data. As with the PLR models, we investigated several 𝜆 values.  

We used the same cross-validated sets as were used by the PLR methods. The lambda 

coefficient that gave the best average likelihood increase in the cross-validation test set was 

applied to the full OCAC data set to obtain the final set of weights. 

 

Meta-analysis of OCAC-CIMBA summary statistics 

We conducted a meta-analysis of the EOC associations in BRCA1 pathogenic variant carriers, 

BRCA2 pathogenic variant carriers and the participants participating in OCAC using 

previously described methodological approaches (3). In brief, the primary analyses of SNPs 



and EOC risk in BRCA1/BRCA2 pathogenic variant carriers included samples genotyped on 

the iCOGS and OncoArray genotyping chips (with a preference for data from the OncoArray 

chip when samples were genotyped on both platforms), excluded all overlapping OCAC 

samples (148 BRCA1 and 51 BRCA2) and SNPs not included in the OncoArray chip. 

Association analyses were carried out separately for BRCA1 pathogenic variant carriers and 

BRCA2 pathogenic variant carriers, within a survival analysis framework, with time to 

ovarian cancer diagnosis as the end point. Hazards ratios (HRs) from BRCA1 and BRCA2 

pathogenic variants carriers were pooled to give an overall BRCA1+BRCA2 effect estimate. 

SNPs exhibiting evidence of heterogeneity (Phet<1x10-4) were not considered for downstream 

analyses. Per-allele HR estimates from BRCA1+BRCA2 pathogenic variant carriers were 

combined with per allele odds ratios from OCAC to provide an overall relative risk invasive 

EOC. SNPs with allele frequencies <0.5% were excluded from consideration. All meta-

analyses were fixed-effects inverse-variance weighted and implemented using the METAL 

software (39). 

 

Absolute risk calculations 

We calculated the absolute risk of EOC by PRS percentiles adjusting for competing risks of 

mortality from other causes. We obtained incidence rates of EOC associated with an average 

risk profile and mortality estimates from 2016 population-based registries in the UK.  The 

absolute risk of EOC in PRS percentiles at a given age (ARprs (t)) is calculated as 

𝐴𝑅-./(𝑡) = I 𝐼-./(𝑢). 𝑆-./(𝑢). 𝑆+(𝑢)
0

123

 

Where 𝐼-./(𝑢) is the EOC incidence associated with the PRS at age t, 𝑆-./(𝑡) is the PRS-

percentile specific probability of being free of ovarian cancer up to age t and 𝑆+(𝑡) is the 

probability of surviving to age t, i.e., not dying from a cause other than EOC 
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Table S1: Effect estimates (weights) of SNPs selected for lasso PRS model. 

Table S2: Effect estimates (weights) of SNPs selected for elastic net PRS model. 
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model. 

Table S5: Effect estimates (weights) of SNPs selected for Stepwise (OCAC-CIMBA) PRS 

model. 

Table S6: Effect estimates (weights) of SNPs selected for Slect and Shrink (OCAC-CIMBA) 

PRS model. 

 

SUPPLEMENTARY FIGURES 

Figure S1: Cumulative risk of ovarian cancer risk in BRCA1 carriers by polygenic risk score 

percentiles. The lasso (A) and elastic net (B) penalized regression models were applied to 

individual level genotype data, while the stepwise (C) and S4 (D) models were applied to 

summary level statistics. 

Figure S2: Cumulative risk of ovarian cancer risk in BRCA2 carriers by polygenic risk score 

percentiles. The lasso (A) and elastic net (B) penalized regression models were applied to 

individual level genotype data, while the stepwise (C) and S4 (D) models were applied to 

summary level statistics. 
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