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Abstract 105 

Background: Prostate cancer (PCa) is heterogeneous, making risk stratification essential for 106 

clinical care. Although polygenic risk scores (PRSs) with main effects of single-nucleotide 107 

polymorphisms (SNPs) can help identify individuals at high risk before biological and clinical 108 

onset, a PRS for predicting PCa aggressiveness remains underdeveloped. The KLK3, which 109 

encodes prostate-specific antigen (PSA), is linked to PCa aggressiveness. Recent findings on 110 

KLK3 SNP-SNP interactions show promise for predicting PCa aggressiveness. The objective of 111 

this study is to develop a PRS (PRS-KLK3int) by examining KLK3 SNP-SNP interaction pairs. 112 

Methods: The PRS-KLK3int was developed based on a discovery set (10,836 PCa patients) 113 

and two validation sets with 14,348 and 16,584 patients of European ancestry. A total of 3,145 114 

SNP pairs and two published PRSs were evaluated. Results: This study developed a PRS-115 

KLK3int with 284 SNPs, combining an existing PRS with 270 SNPs and 12 SNP-SNP 116 

interaction pairs with 15 SNPs (one overlapped). All these 12 pairs were involved with at least 117 

one SNP from KLK3. The PRS-KLK3int outperformed two existing PRSs in predicting PCa 118 

aggressiveness (p-values: 3.5x10-18, 9x10-14, and 1.7x10-20 for the three sets). It effectively 119 

distinguished high-risk from low-risk groups across all datasets. The top 1% high-risk group had 120 

a higher prevalence of PCa aggressiveness than the middle 50% group (45.5% vs. 25.9%, 121 

OR=2.38, p=2.2×10-5) in the discovery set, and similar results were observed in validation sets 122 

(OR=2.56, p=4.3×10-6; OR=2.07, p=2.1×10-5). Conclusions: These findings support PRS-123 

KLK3int as a valuable tool for PCa severity stratification, especially in identifying extremely high-124 

risk PCa patients.  125 

 126 

 127 

Plain language summary  128 

Prostate cancer (PCa) can range from mild to very aggressive, so predicting severity early is 129 

important. Genetic tools called polygenic risk scores (PRS) can estimate risk before biological 130 
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signs appear, helping doctors act sooner. Current PRSs don’t predict aggressiveness well. This 131 

study developed a new score, PRS-KLK3int, using genetic interactions in the KLK3 gene, which 132 

is linked to prostate-specific antigen (PSA) and cancer severity. Researchers analyzed data 133 

from over 10,000 patients and confirmed results in two large groups. PRS-KLK3int, built from 134 

284 genetic markers, outperformed older scores in identifying aggressive cancer. PCa patients 135 

in the top 1% risk group were about twice as likely to have aggressive cancer. This tool could 136 

guide early screening and prevention before PCa progression starts. 137 

 138 

Introduction 139 

Precise risk classification is essential for guiding treatment or monitoring decisions for 140 

prostate cancer (PCa) patients. As a heterogeneous disease, PCa accounts for 11% of all 141 

cancer deaths, making it the second leading cause of death in American men in 20241. The risk 142 

of PCa and PCa-specific mortality rates are significantly different in different racial groups, likely 143 

due to a combination of environmental, biological, and genetic factors2. While the 5-year survival 144 

rate for localized and regional PCa is nearly 100%, that of PCa patients with distant metastasis 145 

is only 34%3. Due to the substantial clinical heterogeneity, distinguishing between indolent and 146 

aggressive PCa at diagnosis remains challenging4. Depending on the nature of selected 147 

biomarkers, risk stratification tools can be utilized at different stages of PCa disease 148 

development. Most current risk stratification tools target early detection of PCa aggressiveness 149 

in the biological or clinical onset stages. D'Amico Risk Classification and the Cancer of the 150 

Prostate Risk Assessment (CAPRA) Score are based on tumor characteristics (such as 151 

prostate-specific antigen (PSA), Gleason score, and clinical stage) for early detection in the 152 

clinical onset stage of PCa aggressiveness5. Gene expression signatures of tumors for PCa 153 

progression (such as Oncotype-DX6, 7, and Decipher7) are suitable for early detection in both 154 

biological and clinical onset stages. However, few reliable risk stratification tools were reported 155 

to predict PCa aggressiveness before its biological onset8. 156 
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 157 

Genetics plays an important role in PCa development. A large-scale twin study has shown 158 

that genetics contributes to 57% of PCa development9. A handful of inherited genetic variants or 159 

single nucleotide polymorphisms (SNPs) for predicting PCa aggressiveness have been 160 

identified in genome-wide association studies (GWAS)10,11 Due to the limited predictive power of 161 

individual SNPs, many studies developed polygenic risk scores (PRSs), which are primarily 162 

calculated as a weighted sum of allele dosages from multiple GWAS-identified SNPs12, 13.  163 

However, these conventional PRSs do not consider SNP-SNP interactions. Despite this 164 

limitation, PRSs are increasingly recognized as valuable tools in precision medicine for various 165 

phenotypes, including PCa.  166 

 167 

While many PRSs have been developed to assess PCa risk, few specifically address PCa 168 

aggressiveness. One PRS with 290 SNPs predicts age at diagnosis of aggressive PCa, defined 169 

as with Gleason score ≥7, PSA ≥ 10 ng/mL, T3-T4 stage, nodal metastases, or distant 170 

metastases, based on ~72,000 men14. Another study developed a PRS of predicting age at PCa 171 

diagnosis with 166 SNPs using data from ~76,000 men15. Because age at PCa diagnosis is 172 

positively associated with PCa-specific mortality16, 17, 18, these two PRSs are related to PCa 173 

aggressiveness. However, these scores’ utility in predicting PCa aggressiveness may be limited 174 

as they were designed with a focus on age at PCa diagnosis rather than disease severity itself, 175 

and included both non-PCa men and PCa patients in developing these scores. Additionally, their 176 

focus on SNP main effects does not account for potential SNP-SNP interactions. This presents 177 

an opportunity for improvement.  178 

 179 

SNP-SNP interaction is considered the key to improving prediction accuracy for PRSs. Our 180 

previous study identified 3,145 SNP-SNP interaction pairs for predicting PCa aggressiveness. 181 

The majority (98.6%) of them involved KLK38. KLK3 encodes the PSA, which is used for PCa 182 
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screening, diagnosis, and prognostic monitoring19.  Increased levels of PSA in the bloodstream 183 

may suggest the existence of PCa or other prostate-related issues20. Previous studies showed 184 

that SNPs in KLK3 were significantly associated with PSA levels, PCa risk, and aggressiveness 185 

8, 21, 22, 23, 24, 25. Given the substantial role of KLK3 in PCa biology and the prevalence of SNP-186 

SNP interaction pairs relating to KLK3, we aim to develop and validate a polygenic risk score 187 

(PRS-KLK3int) that integrates these interactions. The objective of this study is to assess 188 

whether this PRS-KLK3int can improve the prediction of PCa aggressiveness compared to 189 

existing PRSs that are based exclusively on SNP main effects.   190 

 191 

Methods  192 

Statistics and Reproducibility 193 

The main statistical methods utilized in this study include the SNP Interaction Pattern 194 

Identifier (SIPI) approach, the RR3x3 method (Risk Ratio scoring based on 3×3 genotype pair 195 

combinations), and logistic models. The details and usage of these methods are listed in the 196 

following sections. For the study population, this study included 41,768 PCa patients with 197 

European ancestry and valid PCa aggressiveness data at the OncoArray cohort from the 198 

PRACTICAL consortium8. For this study, the SNP data in the PCa OncoArray cohort were used. 199 

For independent datasets, we excluded the PCa patients in our previous study8, which was 200 

used to identify the 3,145 SNP interaction pairs. For enhancing the reproducibility of the 201 

proposed genetic risk scores, the participants are divided into 3 independent sets: the United 202 

Kingdom (UK), USA/Canada/Australia (UCA), and other European countries (EU) sets. We 203 

used the UK set as the discovery set (n=10,836), the UCA set (n=14,348), and the EU set 204 

(n=16,584) as the two validation sets. PCa aggressiveness is defined as a Gleason score≥ 8, 205 

PSA ≥100 ng/mL, disease-distant metastasis stage at diagnosis, or death from PCa, consistent 206 

with our previous study 26. This study was approved by the Louisiana State University Health 207 

http://practical.ccge.medschl.cam.ac.uk/projects/oncoarray/
http://practical.ccge.medschl.cam.ac.uk/projects/oncoarray/


9 
 

Science Center Institutional Review Board under protocol number 5543. Patient consent was 208 

not required because deidentified data were used in this study. 209 

 210 

SNP data and quality controls  211 

This study used both genotyped and imputed SNP data. The genotyped SNP data were 212 

generated using the Infinium OncoArray (Illumina, San Diego, CA).  The imputed SNP data 213 

were generated based on the genotyped data using three panels of the 1,000 Genomes Project 214 

as reference. Imputation was performed using SHAPEIT2 and IMPUTE2. One-step imputation 215 

has also been performed for regions surrounding known susceptibility loci. Strict quality control 216 

was applied for the OncoArray studies. SNPs were excluded if they had a call rate <95% and 217 

departed from Hardy-Weinberg equilibrium at p<1×10−12 in PCa patients. Samples were 218 

excluded with a call rate of <95%. Ancestry analysis used a principal component analysis based 219 

on 2,318 ancestry informative markers. The details of population stratification and quality control 220 

criteria for the PRACTICAL Consortium cohort were reported previously26.   221 

 222 

 223 

 224 

Selection of SNP-SNP interaction pairs  225 

Our previous study identified 3,145 SNP-SNP pairs significantly associated with PCa 226 

aggressiveness8.  Among them, 3121 pairs were available in the PRACTICAL OncoArray SNP 227 

dataset (Fig. 1). The SNP Interaction Pattern Identifier (SIPI) approach was utilized to test SNP-228 

SNP interaction pairs in this study27. SIPI is a machine learning method to test 45 interaction 229 

models for each SNP pair by considering three key factors: model structure, inheritance mode, 230 

and coding direction. In order to increase accuracy for detecting SNP-SNP interactions, the 2-231 

stage 3pRule+bootstrap approach is suggested28. Thus, we applied the 2-stage 232 

3pRule+bootstrap approach for selecting SNP-SNP interaction pairs in the UK set, the 233 
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discovery set. In the 1st stage, we applied the 3 p-value rule (3pRule), which is a modified rule to 234 

define significant SNP-SNP interaction pairs based on (1) p-pair of SNP1-SNP2 < p-pair-235 

criterion (such as Bonferroni correction), (2) p-pair< p-main of SNP1, and (3) p-pair< p-main of 236 

SNP2. The p-pair is the p-value for a SNP-SNP interaction pair, and the p-main is the p-value of 237 

the 1st SNP or 2nd SNP in a pair. In this study, we applied the SIPI approach to get p-pairs. For 238 

testing SNP main effects, p-main values were obtained based on the minimum p-value of the 3 239 

inheritance modes (dominant, recessive, and additive). In the 2nd stage, the bootstrap approach 240 

was applied to create datasets by resampling with replacement and with the same sample size 241 

as the original dataset. In the UK set, the p-pair-criterion was 1.6x10-5 (=0.05/3121) for the 242 

3pRule set and was 1x10-5 for the 500 bootstrap runs. The “SIPI,” “eval3pRule”, and 243 

“boot3p_SIPI” R functions in the SIPI package were applied 27, 29.   244 

  245 

RR3x3 scoring system for SNP-SNP interaction pairs  246 

For scoring SNP-SNP interaction pairs, we developed RR3x3 (Risk Ratio scoring based on 247 

3×3 genotype pair combinations). This RR3x3 scoring especially benefits in maintaining 248 

valuable signals for high-risk genotype groups, usually with a small sample size. Each SNP has 249 

3 potential genotypes (such as GG, GA, and AA). With a pair of SNPs, a 3-by-3 (3x3) table can 250 

be constructed with 9 genotype combinations (called pair-genotypes). While SIPI is powerful in 251 

detecting SNP-SNP interactions, the SIPI-interaction patterns simplify the 9-genotype 252 

combinations for a SNP pair into a few groups (such as 2 groups of high vs. low-risk). This 253 

feature hinders the SIPI-interaction pattern’s prediction accuracy. In order to preserve a 254 

complete risk profile of a SNP pair, we used the RR3x3 scoring approach instead. In this RR3x3 255 

scoring method, a risk ratio of a genotype combination in a SNP pair (called pair-genotype, such 256 

as AA-GG and AG-GG) is calculated using an outcome percentage in a specific pair-genotype 257 

divided by the overall outcome percentage in the study. For this study, the outcome percentage 258 

is the percentage of PCa aggressiveness (aggr%), so the RR3x3 scores were calculated based 259 
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on the aggr% for each pair-genotype divided by the overall aggr%. Pairs with a missing SNP in 260 

a pair were imputed based on the SNP main effect. For the pairs selected based on the 261 

3pRule+ Bootstrap, the corresponding RR3x3 scores were calculated accordingly. Using the 262 

stepwise selection (p<0.05) in the logistic model with the candidate pairs, the 12 pairs were 263 

selected.  As shown in Equation 1, PRS-12pair was calculated based on the sum of the RR3x3-264 

scores of these selected 12 pairs. 265 

 266 

PRS-12pair= RR3x3-scorepair1+  RR3x3-scorepair2+… +  RR3x3-scorepair12                 (Equation 1) 267 

 268 

Two PRSs with SNP main effects only 269 

We are interested in comparing this PRS-12 pair with the 2 published PRSs, which only 270 

involved SNP main effects without considering SNP-SNP interactions. Two published PRSs with 271 

166 SNPs15 and 290 SNPs14 were selected from the PGS catalog (PGS000742 and 272 

PGS003331)30. PGS000742 and PGS003331 were developed based on age at PCa diagnosis 273 

and age at aggressive PCa (Gleason score ≥7, PSA ≥ 10 ng/mL, T3-T4 stage, nodal 274 

metastases, or distant metastases), respectively, using time-to-event analyses with both 275 

controls and PCa cases. In these 2 published scores, 155 and 270 biallelic SNPs (PRS-m155 276 

and PRS-m270) were tested in this study. The performance of the PRSs was evaluated based 277 

on the significance level of the selected PRS in logistic regression, adjusting for the first 7 278 

principal components of population stratification as suggested by the PRACTICAL study31. For 279 

easy comparison, PRS-12pair, PRS-m155, and PRS-m270 were standardized. To leverage the 280 

benefits of the two PRSs, we created a PRS-KLK3int with 284 SNPs based on the weighted 281 

sum of PRS-12pair and PRS-m270. The weights were generated based on logistic regression.   282 

In addition to testing numeric PRSs, we also tested categorical PRSs with 7 groups. For 283 

clinical usage, it is crucial to identify distinct high- and low-risk groups based on PRSs. Thus, we 284 

classified PCa patients into 7 groups based on PRS’s distribution in each study set.  These 7 285 
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groups are the bottom 1%, bottom 1-10%, bottom 11-25%, middle 50%, top 11-25%, top 1-10%, 286 

and top 1%., which were defined based on the PRS’s percentiles of [0, 1), [1, 10), [10, 25), [25, 287 

75), [75, 90), [90, 99), and [99, 100]. An open bracket “( )” indicates the interval does not include 288 

the number itself, and a closed bracket “[ ]” includes the number itself. The significance was 289 

defined based on a p-value <0.05. The Area Under the Receiver Operating Characteristic Curve 290 

(AUC) values for the models were calculated. Furthermore, we were interested in evaluating 291 

PRS performance by adding age at diagnosis.  292 

 293 

Results 294 

Detection of SNP-SNP interaction pairs for PRS-12pair  295 

The procedure of selecting SNP pairs based on the UK set for PRS is listed in Fig. 1. 296 

Among the 3,121 candidate SNP pairs, the 2-stage 3pRule+ bootstrap approach was applied to 297 

improve detection accuracy. By applying the 3pRule with p-pair<1.6x10-5 (=0.05/3121, 298 

Bonferroni correction) as the p-pair criterion, 613 pairs satisfied the 3pRule. In the 2nd stage, 99 299 

pairs were satisfied with the 3pRule in ≥75% of 500 bootstrap datasets. These 99 pairs were 300 

grouped into the 6 clusters with 6 KLK3 SNPs as a hub. The cluster is defined as several SNP 301 

pairs sharing a common or hub SNP. Among these 99 pairs, 50, 37, 15, 6, 3, and 2 pairs had 302 

rs17632542, rs2569735, rs1058205, rs174776, rs2292185, and rs266876 as the hub, 303 

respectively. Some pairs are involved with 2 KLK3 SNPs. After excluding 16 pairs with >400 304 

missing values, we generated the RR3X3-scores for the remaining 83 pairs for further analyses. 305 

After applying for stepwise selection with a p-value<0.05 in the logistic model, 12 pairs were 306 

selected. Finally, PRS-12pair was calculated based on the sum of the RR3x3-scores of these 307 

12 pairs. All 12 pairs were involved with KLK3 SNPs and consist of only 15 SNPs. These 12 308 

pairs and their gene information are listed in Supplementary Table 1. 309 

 310 

General results of 4 polygenic risk scores (PRSs) for PCa aggressiveness   311 
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The descriptive statistics of the 4 PRSs (PRS-12pair, PRS-m155, PRS-m270, PRS-KLK3int) 312 

are listed in Supplementary Table 2, and their distributions are shown in Supplementary Fig. 1. 313 

The distributions of the 2 PRS-main scores were close to a normal distribution. However, the 314 

distribution of PRS-12pair was skewed to the right (positively skewed), indicating that some men 315 

had a considerably high score of PCa aggressiveness. This is a desired feature for PRS to 316 

identify extremely high-risk groups. However, a small variation was observed for the low-value 317 

part of PRS-12pair; therefore, PRS-12pair may not be an ideal tool for distinguishing low-risk 318 

aggressive groups. These results inspired us to create a combined score, PRS-KLK3int, by 319 

integrating PRS-12pair and PRS-m270 to take advantage of both scores.  320 

 321 

Comparison of PRS-12pair with the 2 PRSs with SNP main effects only  322 

For the 2 published PRSs, the associations between these 2 PRSs with SNP main effects 323 

only and PCa aggressiveness are listed in Supplementary Table 3. PRS-m155 and PRS-m270 324 

can predict PCa aggressiveness for all 3 data sets (all p-values <0.05).  Specifically, we 325 

observed that PRS-m270 performed better than PRS-m155 for all 3 data sets, and these 2 326 

PRSs performed better in the UK and EU sets than the UCA sets. Based on the adjusted 327 

results, the p-values for PRS-m155 were 7.5x10-4, 4.4x10-4, and 4.8x10-8 for the UK, UCA, and 328 

EU sets, respectively, while the p-values for PRS-m270 were 8.2x10-7, 3.3x10-5, and 9.4x10-11, 329 

respectively. In addition, the performance of PRS-12pair was better in terms of significance level 330 

than PRS-m155 and PRS-m270 in all 3 sets (Supplementary Table 3). The p-values for PRS-331 

12pair were 5.4x10-15, 4.0x10-8, and 1.8x10-13 for the UK, UCA, and EU sets, respectively. 332 

 333 

We tested whether PRS-12pair can further improve the performance of the PRS-m270. In 334 

the model with PRS-12pair and PRS-m270 (Supplementary Table 4), PRS-12pair performed 335 

better than PRS-m270 in all 3 sets. For the UK set, the p-values for PRS-m270 and PRS-12pair 336 

were 1.4x10-4 and 2.9x10-12. Similar conditions were observed in the UCA and EU sets. After 337 

https://www.pgscatalog.org/score/PGS003331
https://www.pgscatalog.org/score/PGS003331
https://www.pgscatalog.org/score/PGS003331
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adjusting PRS-m270 and the 7 principal components, PRS-12pair can still better predict PCa 338 

aggressiveness than PRS-m270 (p=1.0x10-10 and 6.4x10-11 for the UCA and EU sets, 339 

respectively). Further, PRS-m270 was still significant (p=1.9x10-2 and  9.6x10-8 for the UCA and 340 

EU sets, respectively).   341 

 342 

Performance evaluation of PRS-KLK3int (continuous score version)  343 

The performance of PRS-KLK3int is shown in Supplementary Table 4. As expected, the 344 

PRS-KLK3int performed better than PRS-12pair and PRS-m270 alone for predicting PCa 345 

aggressiveness. The p-values for PRS-KLK3int were 3.5x10-18, 9x10-14, and 1.7x10-20 for the 346 

UK, UCA, and EU sets, respectively. As shown in Supplementary Table 5, the AUC values of 347 

PRS-KLK3int were 0.55, 0.58, and 0.59 after adjusting for the 7 principal components for the 348 

UK, UCA, and EU sets, respectively. Significant improvements were made by adding the 12 349 

pairs into the PRS-m270 in all 3 sets. The p-values of the AUC comparison between PRS-350 

KLK3int and PRS-m270 were 7.3x10-5, 0.004, and 0.051 for the UK, UCA, and EU sets, 351 

respectively.  352 

 353 

 354 

Performance evaluation of PRS-KLK3int (risk-group version)  355 

We further identified distinct high- and low-risk groups based on PRS-KLK3int, PRS-m270, 356 

and PRS-m155. For each study set, the PCa patients were classified into 7 groups based on 357 

PRS’s distribution.  These 7 groups are bottom 1%, bottom 1-10%, bottom 11-25%, middle 50% 358 

(25-75%), top 11-25%, top 1-10%, and top 1%. PRS-KLK3int can distinguish high-risk PCa 359 

aggressiveness better than PRS-m270, and PRS-m155. The performance of risk classification 360 

of PCa aggressiveness for the UK, US, and EU sets in terms of PRS percentiles is listed in Fig. 361 

2 and Supplementary Table 6.  362 

 363 

https://www.pgscatalog.org/score/PGS003331
https://www.pgscatalog.org/score/PGS003331
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In the UK set, PRS-KLK3int can significantly distinguish the top 1% and top 1-10% from the 364 

majority of the middle 50% group (Table 1 and Supplementary Tables 6 and 7). Based on PRS-365 

KLK3int, the prevalence of PCa aggressiveness for the middle 50% group was 25.9%. PCa 366 

aggressiveness prevalence for the top 1% group (45.5%) was significantly higher than that in 367 

the middle 50% group (OR=2.38, p= 2.2x10-5). This highlights that this PRS-KLk3int is able to 368 

categorize the top 1% of PCa patients at approximately 2-fold higher risk compared with the 369 

normal risk group. The top 1-10% group also had a significantly higher PCa aggressiveness 370 

prevalence than those in the middle 50% group (32.8% vs. 25.9%, OR=1.4, p= 2.2x10-5). For 371 

detecting the low-risk groups, PRS-KLK3int did not perform well in distinguishing the extremely 372 

low score group (bottom 1%), but it can significantly distinguish the bottom 10% (OR=0.81, 373 

p=0.010). For the UK set, PRS-m155 and PRS-m270 cannot distinguish the top 1%, top 1-10%, 374 

and bottom 1% compared with the middle 50% group. However, PRS-m155 can distinguish the 375 

bottom 1-10% vs the middle 50% (OR=0.81, p=0.012), but PRS-m270 cannot.  376 

 377 

The performance of PRS-KLK3int in terms of PCa aggressiveness risk classification in the 378 

UCA and EU sets is similar to the UK set. For the UCA and EU sets, PRS-KLK3int can 379 

significantly distinguish the top 1% and top 1-10% from the majority of the middle 50% group. 380 

For PRS-KLK3int in the UCA set, PCa aggressiveness prevalence was 26.2%, 16.9%, and 381 

12.3% for those in the top 1%, top 1-10% and middle 50% groups, respectively (Supplementary 382 

Table 7). PCa aggressiveness prevalence for the top 1% and top 1-10% groups was 383 

significantly higher than that in the middle 50% group (OR=2.56, p= 4.3x10-6 for top 1%; 384 

OR=1.45, p= 2.5x10-5 for top 1-10%). For PRS-KLK3int in the EU set, PCa aggressiveness 385 

prevalence was 37.8%, 29.3%, and 23.1% for those in the top 1%, top 1-10%, and middle 50% 386 

groups, respectively. PCa aggressiveness prevalence for the top 1% and top 1-10% groups was 387 

significantly higher than those in the middle 50% group (OR=2.07, p= 2.1x10-5 for top 1%; 388 

OR=1.38, p= 1.1x10-6 for top 1-10%). Similarly to the UK set, PRS-m270 and PRS-m155 389 
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performance was inferior to PRS-KLK3int in the UCA and EU sets. For the UCA set, PRS-m270 390 

could distinguish the top 1% and top 1-10% versus the middle 50% for PCa aggressiveness 391 

(OR=2.17, p=1.2x10-4; OR=1.22, p=0.025, respectively). This similar trend of PRS-m270 can be 392 

observed in the EU set. PCa aggressiveness prevalence was significantly higher for the top 1% 393 

and top 1-10% compared with the middle 50% (OR=1.53, p=0.013; OR=1.23, p=0.001, 394 

respectively). For PRS-m155, PCa aggressiveness prevalence was significantly higher for the 395 

top 1% (OR=2.06, p=0.0004) in the UCA set and was significantly lower for the bottom 1% 396 

(OR=0.41, p=0.0003) in the EU set compared with the middle 50%. These results demonstrate 397 

that adding 12 pairs to PRS-m270 can significantly increase prediction accuracy for PCa 398 

aggressiveness, especially for the extremely high-risk group.  399 

 400 

PRS-KLK3int and age at PCa diagnosis for predicting PCa aggressiveness  401 

We evaluated PRS-KLK3int performance by adding age at PCa diagnosis, a known risk 402 

factor of PCa aggressiveness, in models. As shown in Supplementary Table 8, age at diagnosis 403 

is positively associated with PCa aggressiveness for all 3 sets (UK: p=5.0x10-7; UCA: p=8.1x10-404 

46; EU: p=4.5x10-116). The age at PCa diagnosis was positively correlated with the risk of PCa 405 

aggressiveness. After adjusting age at diagnosis in the models, PRS-KLK3int remained highly 406 

significant (UK: p=8.0x10-17; UCA: p=2.7x10-8; EU: p=5.8x10-14). Adding age at PCa diagnosis to 407 

the models increased the AUC values significantly for the UCA and EU sets but not the UK set 408 

(Supplementary Table 5). The AUC values were 0.56, 0.64, and 0.65 for the UK, UCA, and EU, 409 

respectively.  410 

 411 

Discussion 412 

In this study, we developed PRS-KLK3int, could significantly predict PCa aggressiveness 413 

susceptibility more accurately than the other 3 PRSs alone (PRS-12pair, PRS-m270, and PRS-414 

m155) when we evaluated the 3 large study sets (UK, UCA, and EU). To our knowledge, this is 415 
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the first validated PRS involved SNP-SNP interactions for PCa aggressiveness. The major 416 

component of this score, PRS-12pair, contains 12 KLK3 interaction pairs with only 15 SNPs. 417 

Notably, PRS-12pair outperformed the two other PRSs (PRS-m155 and PRS-m270) for 418 

predicting PCa aggressiveness. The PRS-KLK3int can improve distinguishing PCa patients with 419 

an extremely high risk (the top 1% and top 1-10%) and the bottom 10% compared with the 420 

middle-risk group of PCa aggressiveness. The p-values of PRS-KLK3int for comparing the top 421 

1% with the middle-risk group are in a range of 4.3x10-6 to 2.2x10-5 for the 3 study sets. 422 

However, PRS-KLK3int did not perform well in differentiating the extremely low-risk group 423 

(bottom 1%) but can significantly predict the low-risk group in the bottom 10% based on its 424 

distribution. These findings demonstrated that PRS-KLK3int combines the advantages of both 425 

scores of PRS-12pair and PRS-m270, allowing it to differentiate between high- and low-risk 426 

groups of PCa aggressiveness.  427 

 428 

The PRS-12 pair contains 15 SNPs in 13 genes, including KLK3. Among them, there are 3 429 

KLK3 SNPs (rs17632542, rs2569735, and rs174776). The genes linked to the 12 KLK3 SNP 430 

pairs exhibit biological functions associated with PCa aggressiveness. KLK3 is a gene that 431 

codes for PSA, which is a serine protease only secreted by the prostate gland32.  In previous 432 

GWA studies, rs17632542 in KLK3 was associated with various PCa phenotypes, including PSA 433 

level, PCa risk, aggressiveness, and Gleason score21, 33. In addition, SNP-SNP interactions 434 

involving several KLK3 SNPs (including rs17632542, rs2569735, and rs174776) can 435 

significantly predict PCa aggressiveness8. A meta-analysis study reported a significant 436 

association between rs174776 and PCa risk34. Among other genes in PRS-12pair, most genes 437 

are involved in PCa and other cancers, such as SMAD3, CCND1, EPHB1, DEPTOR, JAZF1, 438 

PDCD6IP, and TPM1:LACTB. SMAD3 is overexpressed in advanced prostate tumors and 439 

regulates the expression of enzymes involved in the angiogenesis pathway35, 36.  Moreover, 440 

rs35874463 in SMAD3 can predict height 37, which is one of the known risk factors for PCa 441 
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aggressiveness38.  CCND1 and KLK3 are also included in the 8-gene expression signature to 442 

predict the survival of PCa patients. This gene signature is based on circulating tumor cells, and 443 

its performance is better than most clinical variables39.  EPHB1 encodes a receptor tyrosine 444 

kinase involved in cell growth, differentiation, and apoptosis40, and its overexpression in prostate 445 

tumors suggests it may act as a potential oncogene41. In addition, expression of DEPTOR in 446 

prostate tumors was downregulated and correlated positively with PCa progression42. Low 447 

expression of DEPTOR promotes cell proliferation, survival, migration, and invasion, supporting 448 

its role as a potential tumor suppressor43, 44. Regarding JAZF1, it is associated with PCa cell 449 

growth and response to polyamine-targeted therapies45. Moreover, the JAZF1 rs849140 variant 450 

correlates with height46, a known risk factor for prostate cancer risk and aggressiveness. As for 451 

PDCD6IP, previous studies reported a positive correlation between the expression of PDCD6IP 452 

and Gleason Score47. PDCD6IP expression was significantly different in prostate malignant 453 

tissues when compared to indolent and normal prostate tissues48. rs2729786 is located in the 454 

intergenic region between TPM1 and LACTB. TPM1 was identified as one of 27 genes for a 455 

PCa progression gene signature49. This evidence highlights the potential biological role of genes 456 

linked to the 12 KLK3 SNP pairs in PCa aggressiveness. 457 

 458 

Although both PRS-m270 and PRS-m155 are significantly associated with PCa 459 

aggressiveness, it is important to discuss why these two PRSs showed a protective effect 460 

(OR<1.0) on PCa aggressiveness. Several large-scale longitudinal studies have shown that 461 

men diagnosed with PCa at an older age have a higher risk of PCa-specific mortality, a terminal 462 

phenotype of PCa aggressiveness16, 17, 18. Our study results also indicated that age at PCa 463 

diagnosis is positively associated with PCa aggressiveness across all three sets. Consequently, 464 

a higher score of PRS-m155 and PRS-m270 suggests a higher chance of a younger age at PCa 465 

diagnosis, which may correspond to a lower risk of PCa aggressiveness.  466 

 467 
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We developed a promising PRS-KLK3int by integrating 12 KLK3 SNP-SNP interaction pairs, 468 

which can be used in clinical settings as a valuable adjunct beyond existing tools primarily 469 

based on tumor gene expression (Decipher, Prolaris, and Oncotype-DX). This is because PRS-470 

KLK3int can be used to classify high-risk PCa patients before biological onset, which will be 471 

beneficial for a large group of PCa patients under active surveillance.  It has been shown that 472 

approximately 60% of low-risk PCa patients are under active surveillance50. Moreover, genetic 473 

scores can also play a crucial role in alleviating PCa patients' anxiety stemming from the 474 

uncertainty of long-term PCa outcomes. Studies have shown that PCa patients’ anxiety and 475 

depression are common and are significantly associated with poor prognosis (such as PC 476 

progression and survival), even after treatments based on longitudinal studies51, 52. The strength 477 

of this study lies in its rigorous study design and large discovery and validation datasets, which 478 

ensure the reliability and validity of the PRS findings. As shown in Fig. 1, the development of the 479 

PRS-12pair was through a solid process, including (1) the selection of candidate 3,145 SNP 480 

pairs based on our previous solid study8, (2) application of SIPI for testing SNP-SNP 481 

interactions27, (3) the 3pRule+bootstrap SNP pair selection process to reduce false positivity 482 

and (4) the RR3x3 scoring system based on the risk of 9 genotype combinations of a SNP pair. 483 

The processes 2-4 were developed by our team.  484 

 485 

While these study findings are promising, we are aware that there are some limitations. 486 

First, PRS-KLK3int, developed in this study to predict PCa aggressiveness, was derived from 487 

PCa patients with European ancestry. Thus, its applicability to other racial and ethnic groups 488 

remains uncertain and warrants further investigation. Notably, men with African ancestry are 489 

known to have a higher risk of incidence, aggressiveness, and poor outcomes than those with 490 

European ancestry53, 54, underscoring the importance of validating and potentially adapting this 491 

genetic score in diverse populations. Second, the 12 SNP-SNP interaction pairs were selected 492 

based on SNP-SNP interactions using candidate genes in 4 major pathways8. A broader or 493 
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genome-wide search level will be necessary to enhance the PRS of PCa aggressiveness. Third, 494 

while PRS-KLK3int shows promising results in terms of statistical significance, its AUC 495 

performance remains limited, indicating that it is not suitable for standalone use. However, it can 496 

be added to the existing tools to improve prediction accuracy.  Finally, this study focused on 497 

genetic profiles without considering other factors, such as gene expression; therefore, its 498 

application in clinical settings needs further evaluation.  499 

 500 

In conclusion, our findings highlight the PRS-KLK3int as a more effective tool for predicting 501 

PCa aggressiveness. This PRS supports risk stratification and personalized care to improve 502 

patient outcomes. In summary, PRS-KLK3 interaction effectively leverages interaction effects 503 

among biologically relevant SNPs to improve risk prediction for PCa aggressiveness. Its unique 504 

ability to predict PCa aggressiveness or progression before biological onset offers a valuable 505 

complement to existing tools in clinical settings. By refining genetic risk stratification, this model 506 

has the potential to support early decision-making in clinical practice. Future studies should 507 

explore different models of genome-wide interactions and extend validation to various 508 

populations to enhance applicability. 509 

 510 

Competing interests 511 

The authors declare no competing interests. 512 

 513 

Data availability 514 

The data used in this project are available from the Prostate Cancer Association Group to 515 

Investigate Cancer Associated Alterations in the Genome Consortium (PRACTICAL Consortium, 516 

https://practical.icr.ac.uk/), but restrictions apply to the availability of these data. Data access 517 

requests should be directed to practical@icr.ac.uk. 518 

 519 



21 
 

Code availability 520 

The SIPI function in the SIPI R package can be downloaded from the GitHub website29.  521 

 522 

Acknowledgments  523 

This work was supported by the Department of Defense (HT9425-23-1-0438, PI: H. Lin).  524 

We thank the high-performance computational clusters provided by the Louisiana State 525 

University Health Sciences Center and the Louisiana Optical Network Infrastructure. Additional 526 

members from the PRACTICAL consortium (http://practical.icr.ac.uk/) are provided in 527 

Supplementary Information. 528 

 529 

 530 

Author contributions 531 

H.L., I.S., H.M., and P.H. conducted data analyses. H.L. and J.Y.P. were mainly responsible for 532 

study design. H.L. drafted the initial version of the paper. H.M., I.S., P.H., and J.Y.P. were part 533 

of the writing group and were mainly responsible for the interpretation of the data and critical 534 

commenting on the initial draft versions of the paper. K.R.M., J.S., N.P., J.B., D.E.N., H.G., 535 

S.F.N., B.G.N., C.M.T., R.J.M., A.W., D.A., R.C.T., J.L.S., L.A.M., A.S.K., O.C., S.I.B., S.K., 536 

K.D.S., C.C., E.M.G., J.H., C.M., R.J.H., B.S.R., A.V., M.K., F.W., K.L.P., M.R.T., H.B., E.M.J., 537 

R.K., C.J.L., S.L.N., K.D.R., P.O., M.G., N.U., F.C., J.E.C., P.A.T., Z.K.J., C.A.H., R.A.E. were 538 

responsible for cohort-level data collection, cohort-level data analyses, and critical reviews of 539 

the draft paper. The consortium (UKGPCS collaborators, APCB BioResource, The IMPACT 540 

Study Steering Committee and Collaborators, The Profile Study Steering Committee, and the 541 

PRACTICAL consortium) also assisted with cohort-level data collection and cohort-level data 542 

analyses. All authors approved the final version of the paper submitted to the journal.  543 

  544 

References 545 



22 
 

1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J Clin 74, 12–49 (2024). 546 

 547 
2. Berglund A, et al. Epigenome-wide association study of prostate cancer in African American men 548 

identified differentially methylated genes. Cancer Med 13, e70044 (2024). 549 

 550 
3. American Cancer Society. Cancer Facts & Figures 2024 In: Survival Rates for Prostate Cancer). 551 

Atlanta, American Cancer Society (2024). 552 

 553 
4. Ye H, Sowalsky AG. Molecular correlates of intermediate- and high-risk localized prostate cancer. 554 

Urol Oncol 36, 368–374 (2018). 555 

 556 
5. May M, et al. Validity of the CAPRA score to predict biochemical recurrence-free survival after 557 

radical prostatectomy. Results from a european multicenter survey of 1,296 patients. J Urol 178, 558 
1957–1962; discussion 1962 (2007). 559 

 560 
6. Klein EA, et al. A 17-gene assay to predict prostate cancer aggressiveness in the context of 561 

Gleason grade heterogeneity, tumor multifocality, and biopsy undersampling. Eur Urol 66, 550–562 
560 (2014). 563 

 564 
7. Cui F, Tang X, Man C, Fan Y. Prognostic value of 17-Gene genomic prostate score in patients with 565 

clinically localized prostate cancer: a meta-analysis. BMC Cancer 24, 628 (2024). 566 

 567 
8. Lin HY, et al. KLK3 SNP-SNP interactions for prediction of prostate cancer aggressiveness. Sci Rep 568 

11, 9264 (2021). 569 

 570 
9. Mucci LA, et al. Familial Risk and Heritability of Cancer Among Twins in Nordic Countries. JAMA 571 

315, 68–76 (2016). 572 

 573 
10. Berndt SI, et al. Two susceptibility loci identified for prostate cancer aggressiveness. Nat 574 

Commun 6, 6889 (2015). 575 

 576 
11. Amin Al Olama A, et al. A meta-analysis of genome-wide association studies to identify prostate 577 

cancer susceptibility loci associated with aggressive and non-aggressive disease. Hum Mol Genet 578 
22, 408–415 (2013). 579 

 580 
12. Lewis CM, Vassos E. Polygenic risk scores: from research tools to clinical instruments. Genome 581 

Med 12, 44 (2020). 582 

 583 
13. Choi SW, Mak TS, O'Reilly PF. Tutorial: a guide to performing polygenic risk score analyses. Nat 584 

Protoc 15, 2759–2772 (2020). 585 



23 
 

 586 
14. Huynh-Le MP, et al. Prostate cancer risk stratification improvement across multiple ancestries 587 

with new polygenic hazard score. Prostate Cancer Prostatic Dis 25, 755–761 (2022). 588 

 589 
15. Karunamuni RA, et al. Additional SNPs improve risk stratification of a polygenic hazard score for 590 

prostate cancer. Prostate Cancer Prostatic Dis,  (2021). 591 

 592 
16. Clark R, Vesprini D, Narod SA. The Effect of Age on Prostate Cancer Survival. Cancers (Basel) 14,  593 

(2022). 594 

 595 
17. Pettersson A, Robinson D, Garmo H, Holmberg L, Stattin P. Age at diagnosis and prostate cancer 596 

treatment and prognosis: a population-based cohort study. Ann Oncol 29, 377–385 (2018). 597 

 598 
18. Bernard B, Burnett C, Sweeney CJ, Rider JR, Sridhar SS. Impact of age at diagnosis of de novo 599 

metastatic prostate cancer on survival. Cancer 126, 986–993 (2020). 600 

 601 
19. Lawrence MG, Lai J, Clements JA. Kallikreins on steroids: structure, function, and hormonal 602 

regulation of prostate-specific antigen and the extended kallikrein locus. Endocr Rev 31, 407–446 603 
(2010). 604 

 605 
20. Penney KL, et al. Association of KLK3 (PSA) genetic variants with prostate cancer risk and PSA 606 

levels. Carcinogenesis 32, 853–859 (2011). 607 

 608 
21. Sullivan J, et al. An analysis of the association between prostate cancer risk loci, PSA levels, 609 

disease aggressiveness and disease-specific mortality. Br J Cancer 113, 166–172 (2015). 610 

 611 
22. Kotarac N, Dobrijevic Z, Matijasevic S, Savic-Pavicevic D, Brajuskovic G. Association of KLK3, 612 

VAMP8 and MDM4 Genetic Variants within microRNA Binding Sites with Prostate Cancer: 613 
Evidence from Serbian Population. Pathol Oncol Res 26, 2409–2423 (2020). 614 

 615 
23. Chen C, Xin Z. Single-nucleotide polymorphism rs1058205 of KLK3 is associated with the risk of 616 

prostate cancer: A case-control study of Han Chinese men in Northeast China. Medicine 617 
(Baltimore) 96, e6280 (2017). 618 

 619 
24. Helfand BT, et al. Associations of prostate cancer risk variants with disease aggressiveness: 620 

results of the NCI-SPORE Genetics Working Group analysis of 18,343 cases. Hum Genet 134, 621 
439–450 (2015). 622 

 623 
25. Batra J, O'Mara T, Patnala R, Lose F, Clements JA. Genetic polymorphisms in the human tissue 624 

kallikrein (KLK) locus and their implication in various malignant and non-malignant diseases. Biol 625 
Chem 393, 1365–1390 (2012). 626 



24 
 

 627 
26. Amos CI, et al. The OncoArray Consortium: A Network for Understanding the Genetic 628 

Architecture of Common Cancers. Cancer Epidemiol Biomarkers Prev 26, 126–135 (2017). 629 

 630 
27. Lin HY, et al. SNP interaction pattern identifier (SIPI): an intensive search for SNP-SNP interaction 631 

patterns. Bioinformatics 33, 822–833 (2017). 632 

 633 
28. Lin HY, et al. Cluster effect for SNP-SNP interaction pairs for predicting complex traits. Sci Rep 14, 634 

18677 (2024). 635 

 636 
29. Lin HY, Huang PY. SIPI R Package: https://github.com/LinHuiyi/SIPI. (2024). 637 

 638 
30. Lambert SA, et al. The Polygenic Score Catalog as an open database for reproducibility and 639 

systematic evaluation. Nat Genet 53, 420–425 (2021). 640 

 641 
31. Schumacher FR, et al. Association analyses of more than 140,000 men identify 63 new prostate 642 

cancer susceptibility loci. Nat Genet 50, 928–936 (2018). 643 

 644 
32. Sutherland GR, et al. Human prostate-specific antigen (APS) is a member of the glandular 645 

kallikrein gene family at 19q13. Cytogenet Cell Genet 48, 205–207 (1988). 646 

 647 
33. Knipe DW, et al. Genetic variation in prostate-specific antigen-detected prostate cancer and the 648 

effect of control selection on genetic association studies. Cancer Epidemiol Biomarkers Prev 23, 649 
1356–1365 (2014). 650 

 651 
34. Li H, Fei X, Shen Y, Wu Z. Association of gene polymorphisms of KLK3 and prostate cancer: A 652 

meta-analysis. Adv Clin Exp Med 29, 1001–1009 (2020). 653 

 654 
35. Lu S, Lee J, Revelo M, Wang X, Lu S, Dong Z. Smad3 is overexpressed in advanced human 655 

prostate cancer and necessary for progressive growth of prostate cancer cells in nude mice. Clin 656 
Cancer Res 13, 5692–5702 (2007). 657 

 658 
36. Jeon HY, et al. SMAD3 promotes expression and activity of the androgen receptor in prostate 659 

cancer. Nucleic Acids Res 51, 2655–2670 (2023). 660 

 661 
37. Lanktree MB, et al. Meta-analysis of Dense Genecentric Association Studies Reveals Common 662 

and Uncommon Variants Associated with Height. Am J Hum Genet 88, 6–18 (2011). 663 

 664 
38. Lophatananon A, et al. Height, selected genetic markers and prostate cancer risk: results from 665 

the PRACTICAL consortium. Br J Cancer 118, e16 (2018). 666 

https://github.com/LinHuiyi/SIPI


25 
 

 667 
39. Haas NB, et al. Blood-based gene expression signature associated with metastatic castrate-668 

resistant prostate cancer patient response to abiraterone plus prednisone or enzalutamide. 669 
Prostate Cancer Prostatic Dis 24, 448–456 (2021). 670 

 671 
40. Pasquale EB. Eph receptors and ephrins in cancer: bidirectional signalling and beyond. Nat Rev 672 

Cancer 10, 165–180 (2010). 673 

 674 
41. Phan NN, et al. Overexpressed gene signature of EPH receptor A/B family in cancer patients-675 

comprehensive analyses from the public high-throughput database. Int J Clin Exp Pathol 13, 676 
1220–1242 (2020). 677 

 678 
42. Chen X, et al. DEPTOR is an in vivo tumor suppressor that inhibits prostate tumorigenesis via the 679 

inactivation of mTORC1/2 signals. Oncogene 39, 1557–1571 (2020). 680 

 681 
43. Peterson TR, et al. DEPTOR is an mTOR inhibitor frequently overexpressed in multiple myeloma 682 

cells and required for their survival. Cell 137, 873–886 (2009). 683 

 684 
44. Cui D, et al. DEPTOR is a direct p53 target that suppresses cell growth and chemosensitivity. Cell 685 

Death Dis 11, 976 (2020). 686 

 687 
45. Rosario SR, Jacobi JJ, Long MD, Affronti HC, Rowsam AM, Smiraglia DJ. JAZF1: A Metabolic 688 

Regulator of Sensitivity to a Polyamine-Targeted Therapy. Mol Cancer Res 21, 24–35 (2023). 689 

 690 
46. Johansson A, et al. Common variants in the JAZF1 gene associated with height identified by 691 

linkage and genome-wide association analysis. Hum Mol Genet 18, 373–380 (2009). 692 

 693 
47. Hamada S, et al. Elevated fatty acid synthase expression in prostate needle biopsy cores predicts 694 

upgraded Gleason score in radical prostatectomy specimens. Prostate 74, 90–96 (2014). 695 

 696 
48. Johnson IR, et al. Endosomal gene expression: a new indicator for prostate cancer patient 697 

prognosis? Oncotarget 6, 37919–37929 (2015). 698 

 699 
49. Wang R, Xiao Y, Pan M, Chen Z, Yang P. Integrative Analysis of Bulk RNA-Seq and Single-Cell RNA-700 

Seq Unveils the Characteristics of the Immune Microenvironment and Prognosis Signature in 701 
Prostate Cancer. J Oncol 2022, 6768139 (2022). 702 

 703 
50. Cooperberg M, Meeks W, Fang R, Gaylis F, Catalona W, Makarov D. Mp43-03 Active Surveillance 704 

for Low-Risk Prostate Cancer: Time Trends and Variation in the Aua Quality (Aqua) Registry. 705 
Journal of Urology 207,  (2022). 706 

 707 



26 
 

51. Li X, Zhang Y, Wang Y. A 5-year follow-up assessment of anxiety and depression in postoperative 708 
prostate cancer patients: longitudinal progression and prognostic value. Psychol Health Med 28, 709 
529–539 (2023). 710 

 711 
52. Hu S, Li L, Wu X, Liu Z, Fu A. Post-surgery anxiety and depression in prostate cancer patients: 712 

prevalence, longitudinal progression, and their correlations with survival profiles during a 3-year 713 
follow-up. Ir J Med Sci 190, 1363–1372 (2021). 714 

 715 
53. Powell IJ, Vigneau FD, Bock CH, Ruterbusch J, Heilbrun LK. Reducing prostate cancer racial 716 

disparity: evidence for aggressive early prostate cancer PSA testing of African American men. 717 
Cancer Epidemiol Biomarkers Prev 23, 1505–1511 (2014). 718 

 719 
54. Fuletra JG, Kamenko A, Ramsey F, Eun DD, Reese AC. African-American men with prostate cancer 720 

have larger tumor volume than Caucasian men despite no difference in serum prostate specific 721 
antigen. The Canadian journal of urology 25, 9193–9198 (2018). 722 

 723 

UKGPCS collaborators 724 

Kenneth R. Muir3, Zsofia Kote-Jarai64, Rosalind A. Eeles64,66 725 

 726 

APCB BioResource (Australian Prostate Cancer BioResource) 727 

Jyotsna Batra8,9,10  728 

 729 
Figure legends 730 
 731 
Fig. 1 Process of selecting SNP-SNP interaction pairs based on the UK discovery 732 
dataset. SIPI: SNP Interaction Pattern Identifier approach; 3pRule: the 3 p-value rule; RR3x3: 733 
Risk Ratio score based on 3×3 genotype pair combinations; stepwise selection is based on 734 
logistic regression.   735 

 736 
Fig. 2 Prevalence of prostate cancer aggressiveness by 2 polygenic risk scores’ 737 
percentiles in the 3 study sets. UK: the United Kingdom set; UCA: the USA/Canada/Australia 738 
set; and EU: the set of other European countries. The stars (*) are for p-value<0.05 compared 739 
with the middle 50% (25-74.9%) risk group based on the two-sided Wald chi-square tests in the 740 
logistic model adjusting for the 7 principal components of population stratification. The error bars 741 
represent 95% confidence intervals. The data can be found in Supplementary Table 6. 742 

 743 
Supplementary Fig. 1 Distributions of four polygenic risk scores for predicting prostate 744 
cancer aggressiveness  745 

  746 
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Table 1. Comparisons of genetic-guided risk groups based on the polygenic risk scores (PRSs) for the 3 study sets  747 

Study set a Top 1% vs.  
middle 50%  

 Top 1-10% vs. 
middle 50% 

 Bottom 1% vs. 
middle 50%  

 Bottom 1-10% 
vs. middle 50% 

 Bottom 0-10% vs. 
middle 50% 

 

 OR (95% CI)b p-value OR (95% CI)b p-value OR (95% CI)b p-value OR (95% CI)b p-value OR (95% CI)b p-value 

UK           

   PRS-m155 1.38 (0.92, 2.08) 0.120 1.04 (0.89, 1.22) 0.595 1 (0.65, 1.54) 0.984 0.81 (0.69, 0.95) 0.012 0.83 (0.71, 0.97) 0.017 

   PRS-m270 1.40 (0.94, 2.10) 0.101 1.09 (0.94, 1.27) 0.260 0.85 (0.54, 1.34) 0.482 0.86 (0.73, 1.01) 0.070 0.86 (0.74, 1.00) 0.056 

   PRS-KLK3int 2.38 (1.60, 3.56) 2.2x10-5 1.40 (1.20, 1.63) 2.2x10-5 0.83 (0.52, 1.34) 0.448 0.80 (0.68, 0.95) 0.012 0.81 (0.68, 0.95) 0.010 

           

UCA           

   PRS-m155 2.06 (1.39, 3.07) 0.0004 1.12 (0.94, 1.33) 0.216 0.77 (0.44, 1.34) 0.352 0.89 (0.74, 1.07) 0.216 0.88 (0.73, 1.05) 0.151 

   PRS-m270 2.17 (1.46, 3.22) 1.2x10-4 1.22 (1.03, 1.44) 0.025 0.78 (0.45, 1.36) 0.382 0.83 (0.69, 1.01) 0.057 0.83 (0.69, 0.99) 0.041 

   PRS-KLK3int 2.56 (1.71, 3.82) 4.3x10-6 1.45 (1.22, 1.72) 2.5x10-5 0.65 (0.35, 1.21) 0.175 0.83 (0.68, 1.02) 0.073 0.81 (0.67, 0.99) 0.036 

              

EU           

   PRS-m155 1.4 (1, 1.96) 0.052 1.12 (0.99, 1.28) 0.078 0.41 (0.25, 0.67) 0.0003 0.89 (0.78, 1.02) 0.097 0.84 (0.74, 0.96) 0.008 

   PRS-m270 1.53 (1.09, 2.14) 0.013 1.23 (1.09, 1.40) 0.001 0.61 (0.40, 0.93) 0.022 0.87 (0.76, 1.00) 0.051 0.85 (0.74, 0.96) 0.012 

   PRS-KLK3int 2.07 (1.48, 2.90) 2.1x10-5 1.38 (1.21, 1.57) 1.1x10-6 0.78 (0.52, 1.17) 0.233 0.82 (0.71, 0.95) 0.009 0.82 (0.71, 0.94) 0.005 
a The United Kingdom (UK), USA/Canada/Australia (UCA), and other European countries (EU) sets  748 
b Adjusted odds ratio (95% confidence interval) with a reference group using the middle 50% group. All models had a PRS and the 7 principal components of population stratification. 749 
Significant results with p-value<0.05 based on the two-sided Wald chi-square tests in the logistic model were bold.   750 
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