
Combined Effect of a Polygenic Risk Score and Rare Genetic 
Variants on Prostate Cancer Risk

Burcu F. Darsta,*, Xin Shenga, Rosalind A. Eelesb,c, Zsofia Kote-Jaraib, David V. Contia, 
Christopher A. Haimana

aCenter for Genetic Epidemiology, Department of Preventive Medicine, Keck School of Medicine, 
University of Southern California/Norris Comprehensive Cancer Center, Los Angeles, CA, USA

bThe Institute of Cancer Research, London, UK

cThe Royal Marsden NHS Foundation Trust, London, UK

Abstract

Although prostate cancer is known to have a strong genetic basis and is influenced by both 

common and rare variants, the ability to investigate the combined effect of such genetic risk 

factors has been limited to date. We conducted an investigation of 81 094 men from the UK 

Biobank, including 3568 prostate cancer cases, to examine the combined effect of rare pathogenic/

likely pathogenic/deleterious (P/LP/D) germline variants and common prostate cancer risk 

variants, measured using a polygenic risk score (PRS), on prostate cancer risk. The absolute risk of 

prostate cancer for HOXB13, BRCA2, ATM, and CHEK2 P/LP/D carriers ranged from 9% to 

56%, and the absolute risk in noncarriers ranged from 2% to 31%, by age 85 yr, for men in the 

lowest and highest PRS decile, respectively. The high-penetrant HOXB13 G84E prostate cancer 

risk variant was most common in cases in the lowest PRS quintile (4.4%) and least common in 

cases in the highest PRS quintile (0.5%; p = 0.005), whereas there was no statistically significant 

difference in frequencies by PRS in controls. While rare and common variants strongly and 
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distinctly influence prostate cancer onset, consideration of rare and common variants in 

conjunction will lead to more precise estimates of a man’s lifetime risk of prostate cancer.

Patient summary:

We found that the risk of prostate cancer conveyed by rare variants could vary depending on an 

individual’s genetic profile of common risk variants. This implies that in order to comprehensively 

assess genetic risk of prostate cancer, it is important to consider both rare and common variants.
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Prostate cancer (PCa) is a leading cause of death, with high heritability and risk among 

family members suggesting a strong genetic basis of this disease [1,2]. Rare germline 

genetic variants have been shown to increase PCa risk [3,4], as have common variants in 

aggregate as measured by polygenic risk scores (PRSs), with men in the highest PRS decile 

having approximately four-fold increased odds of PCa than men in the average 40–60% PRS 

category [5]. Until recently, the ability to investigate the combined influence of rare and 

common variants has been limited. Recent studies have shown that common variants modify 

the influence of rare variants on breast cancer, colorectal cancer, and coronary artery disease 

risk [6,7], and the influence of rare BRCA2 and HOXB13 variants on PCa risk has been 

shown to vary by common variants [8–10]. Here, we investigated the combined effect of rare 

and common germline variants on PCa risk using whole-exome sequencing and genome-

wide genotype data in a large sample of 81 094 European ancestry men from the UK 

Biobank (October 2020 release of 200K whole-exome sequences), including 3568 PCa cases 

and 77 526 controls.

We first performed exome-wide gene-based analyses to determine whether novel PCa risk 

genes could be identified from rare pathogenic/likely pathogenic/deleterious (P/LP/D) 

variants. Across 14 905 tested genes, only HOXB13 (odds ratio [OR] = 4.63, 95% 

confidence interval [CI] = 3.26–6.59, p = 1.4 × 10−17) and CHEK2 (OR = 2.06, 95% CI = 

1.51–2.80, p = 4.9 × 10−6) reached genome-wide significance (Supplementary Fig. 1). 

Limiting to 151 DNA repair genes, which have been implicated in PCa risk [4,11], only 

CHEK2 (see above) and BRCA2 (OR = 2.15, 95% CI = 1.40–3.28, p = 4.2 × 10−4) were 

significantly associated with PCa risk after multiple testing adjustment (Supplementary Fig. 

2). By testing individual exome-wide P/LP/D variants, two significant associations were 

identified: known rs138213197 (G84E) in HOXB13 (control carrier frequency = 0.31%, 

case carrier frequency = 1.29%, p = 6.9 × 10−18) and novel rs769540160 in MYO3A 
(control carrier frequency = 0.004%, case carrier frequency = 0.11%, p = 1.1 × 10−7; 

Supplementary Fig. 3). Although MYO3A was not genome-wide significant in gene-based 

tests, results were suggestive of carriers having 1.67-fold increased odds of PCa (95% CI = 

1.06–2.65, p = 0.027). The carrier frequency of rs769540160 in 32 330 cancer-free European 

ancestry individuals in gnomAD was 0.009% [12], while it was four-fold more common in a 

whole-exome sequencing study of 5545 European ancestry men with aggressive and 
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nonaggressive PCa, with a carrier frequency of 0.04% (carried by two men both of whom 

died due to PCa and had Gleason scores ≥8) [4]. Given the extreme rarity of this variant, 

additional large-scale PCa sequencing studies are necessary to further validate this novel 

association.

Combined rare and common variant analyses focused on carrier status of P/LP/D variants in 

known PCa risk genes (HOXB13 and DNA repair genes BRCA2, BRCA1, PALB2, ATM, 

CHEK2, NBN, and MSH2) [4,11,13] and our recently developed multiancestry PRS [5]. 

HOXB13, BRCA2, ATM, and CHEK2 had sufficient numbers of P/LP/D carriers for 

analyses and were consequently the focus of our investigation. Analyses jointly evaluating 

the PRS and carrier status excluded HOXB13 G84E and/or CHEK2 1100delC from the PRS 

when carrier status included either of these variants. Of the total 1576 carriers of P/LP/D 

alleles in these four genes, 19 men carried two P/LP/D alleles (including two cases) and the 

remaining 1557 men carried one P/LP/D allele (including 143 cases). As expected, these 

four genes showed strong associations with PCa risk, as did the multiancestry PRS, which 

had stronger effects than a previously developed European ancestry PRS [14] 

(Supplementary Tables 1 and 2). In aggregate, P/LP/D carriers had 2.52-fold increased odds 

of PCa (2.10–3.04, p = 1.40 × 10−22) and 4.73-fold increased odds of dying due to PCa 

(95% CI = 2.82–7.94, p = 4.1 × 10−9). Although we had insufficient clinical data to further 

evaluate aggressive or lethal disease (220 men died due to PCa, of whom 16 carried P/LP/D 

alleles in these genes), we previously reported that P/LP/D variants in ATM and BRCA2 
were more common in men with aggressive (and lethal) disease than in men with 

nonaggressive PCa [4]. Aggregate effects of P/LP/D variants in these genes did not differ 

significantly in men with and without a first-degree family history of PCa or in men ≤60 or 

>60 yr of age (Supplementary Tables 3 and 4). PRS effects also did not differ significantly 

by family history; however, the PRS had significantly larger effects in younger than in older 

men (Supplementary Tables 5 and 6), consistent with previous findings [5].

Relative to noncarriers in the average 40–60% PRS category, ORs ranged from 0.28 (95% 

CI = 0.22–0.36) to 4.34 (95% CI = 3.87–4.87) for noncarriers and from 1.06 (95% CI = 

0.43–2.64) to 10.21 (95% CI = 6.53–15.96) for carriers in the lowest and highest PRS decile, 

respectively (Fig. 1A). The absolute risk of PCa by age 85 yr ranged from 2% to 31% for 

noncarriers and from 9% to 56% for carriers in the lowest and highest PRS decile, 

respectively (Fig. 1B). The absolute risk for carriers in the 90–100% PRS category (56%) 

was similar to the 55% absolute risk for men in the 99–100% PRS category (independent of 

carrier status) and two-fold higher than the 26% absolute risk for carriers (independent of 

PRS). The absolute risk for carriers in the 0–10% PRS category (9%) was similar to the 11% 

absolute risk for noncarriers (independent of PRS; Fig. 1C). Effects and absolute risks were 

slightly weaker when excluding HOXB13 G84E from carrier status (Supplementary Fig. 4). 

Evaluation of the four genes separately revealed similar findings (Supplementary Fig. 5–8), 

with HOXB13 G84E carriers having notably increased PCa risk compared with noncarriers 

across PRS quintiles (used instead of deciles, given the smaller numbers of carriers within 

individual genes). Across PRS quintiles, ORs for HOXB13 G84E carriers ranged from 2.96 

(95% CI = 1.19–7.34) to 10.10 (95% CI = 5.03–20.28; relative to HOXB13 G84E 

noncarriers in the average 40–60% PRS category), while absolute risks for HOXB13 G84E 

carriers ranged from 23% to 56% by age 85 yr (Supplementary Fig. 5). We observed a 
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statistically significant interaction between the continuous PRS and carrier status for 

HOXB13 (p = 0.041), but not for the other genes separately or in aggregate (p ≥ 0.14; 

Supplementary Table 1).

Interestingly, among cases, HOXB13 G84E was most common in the lowest PRS quintile 

(4.4%) and least common in the highest PRS quintile (0.5%), whereas control carrier 

frequencies across PRS quintiles were consistently 0.3% (Fig. 2A). Accordingly, the average 

PRS was higher in HOXB13 G84E noncarriers than in carriers among cases (p = 0.005) and 

did not significantly differ by carrier status among controls (p = 0.3; Fig. 2B). The frequency 

of CHEK2 P/LP/D carriers was also most common in cases in the lowest PRS quintile 

(2.3%) and least common in the highest PRS quintile (1.3%; Supplementary Fig. 9); 

however, PRS did not differ significantly by carrier status (p = 0.3; Supplementary Fig. 10). 

The HOXB13 G84E finding was validated using genome-wide association study (GWAS) 

data in an independent sample of 5197 cases and 115 796 controls in the UK Biobank, with 

cases having a carrier frequency of 3.2% in the lowest PRS quintile and 1.2% in the highest 

PRS quintile (Supplementary Fig. 11). Similar results were observed in the full UK Biobank 

sample (8765 cases and 193 322 controls; Supplementary Fig. 12). This finding suggests 

that HOXB13 G84E may account for more PCa in men with low versus high PRS. While 

carrying rare or common risk variants could serve as independent pathways to PCa onset, 

our results suggest that carrying rare variants in these genes and having high PRS compound 

PCa risk.

Findings from this investigation suggest that PCa risk may vary depending on an 

individual’s genetic profile of common risk variants, measured by PRS, and carrier status for 

rare P/LP/D variants in HOXB13 and BRCA2, with novel evidence for variants in CHEK2 
and ATM. In particular, men in the top PRS decile had a higher absolute risk of PCa than 

carriers (31% vs 25%); however, considering the PRS and carrier status jointly, the absolute 

risk for noncarriers in the top PRS decile was 31%, while it increased to 56% for carriers in 

the top PRS decile. This is supported by previous findings of rare and common variants 

collectively improving discriminative ability of PCa risk models [15] and could have 

important clinical implications, such as informing decisions regarding PCa screening, with 

P/LP/D carriers and/or men with a high PRS potentially benefiting from earlier and more 

frequent screening. Further studies are underway and needed to evaluate the impact of such 

clinical implementations. Consistent with studies of other diseases [16], our findings also 

suggest that rare and common variants could independently lead to PCa onset, with low PRS 

cases being more likely to carry HOXB13 G84E, for example. Whole-genome sequencing 

efforts could have improved the power to identify additional moderate- to high-penetrant 

rare PCa risk variants by prioritizing low PRS cases, as extreme sampling has been shown to 

improve the power to detect rare variants [17]. It will be important to extend this to clinical 

investigations to determine whether PRS in conjunction with carrier status for rare P/LP/D 

variants could better discern aggressive PCa, which we were unable to investigate in this 

study. Further, similar investigations in non-European ancestry men will be critical, 

particularly in men of African ancestry, given the established genetic contribution to high 

PCa incidence rates in this population [5].
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 - 
Aggregate effect of P/LP/D variants in ATM, BRCA2, CHEK2, and HOXB13 and a 

polygenic risk score (PRS) on prostate cancer risk. (A) Odds of prostate cancer by PRS 

category and carrier status. ORs are calculated with respect to the referent noncarrier 40–

60% PRS category. Percentage of total cases are annotated for each effect estimate, and 

sample sizes of carriers and noncarriers by case status and PRS category are indicated below 

the figure. In the 40–60% PRS category, 0.76% and 14.15% of total cases are carriers and 

noncarriers, respectively. ORs are plotted on a log scale. (B) Absolute risk (AR) of prostate 

cancer by age and the combination of carrier status and PRS category. The 40–60% PRS 

noncarrier line estimates baseline AR by age (8.4% lifetime AR). (C) AR of prostate cancer 

by age and carrier status (independent of PRS) and PRS category (independent of carrier 

status). The 40–60% PRS line (8.1% lifetime AR) and noncarrier line (11.3% lifetime AR) 

estimate baseline AR by age. CI = confidence interval; OR = odds ratio.
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Fig. 2 - 
Polygenic risk score (PRS) distribution of HOXB13 G84E carriers. (A) HOXB13 G84E 

carrier frequency by PRS category and prostate cancer status. (B) PRS distribution by 

HOXB13 G84E carrier status and prostate cancer status. PRS differences between carriers 

and noncarriers are calculated using a two-sided t test.
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