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Abstract

Background: Prostate cancer (PCa) is heterogeneous, making risk stratification essential for
clinical care. Although polygenic risk scores (PRSs) with main effects of single-nucleotide
polymorphisms (SNPs) can help identify individuals at high risk before biological and clinical
onset, a PRS for predicting PCa aggressiveness remains underdeveloped. The KLK3, which
encodes prostate-specific antigen (PSA), is linked to PCa aggressiveness. Recent findings on
KLK3 SNP-SNP interactions show promise for predicting PCa aggressiveness. The objective of
this study is to develop a PRS (PRS-KLK3int) by examining KLK3 SNP-SNP interaction pairs.
Methods: The PRS-KLK3int was developed based on a discovery set (10,836 PCa patients)
and two validation sets with 14,348 and 16,584 patients of European ancestry. A total of 3,145
SNP pairs and two published PRSs were evaluated. Results: This study developed a PRS-
KLK3int with 284 SNPs, combining an existing PRS with 270 SNPs and 12 SNP-SNP
interaction pairs with 15 SNPs (one overlapped). All these 12 pairs were involved with at least
one SNP from KLK3. The PRS-KLKa3int outperformed two existing PRSs in predicting PCa
aggressiveness (p-values: 3.5x10-18, 9x1014, and 1.7x10?° for the three sets). It effectively
distinguished high-risk from low-risk groups across all datasets. The top 1% high-risk group had
a higher prevalence of PCa aggressiveness than the middle 50% group (45.5% vs. 25.9%,
OR=2.38, p=2.2x10) in the discovery set, and similar results were observed in validation sets
(OR=2.56, p=4.3x10%; OR=2.07, p=2.1x10®). Conclusions: These findings support PRS-
KLK3int as a valuable tool for PCa severity stratification, especially in identifying extremely high-

risk PCa patients.

Plain language summary
Prostate cancer (PCa) can range from mild to very aggressive, so predicting severity early is
important. Genetic tools called polygenic risk scores (PRS) can estimate risk before biological
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signs appear, helping doctors act sooner. Current PRSs don’t predict aggressiveness well. This
study developed a new score, PRS-KLKS3int, using genetic interactions in the KLK3 gene, which
is linked to prostate-specific antigen (PSA) and cancer severity. Researchers analyzed data
from over 10,000 patients and confirmed results in two large groups. PRS-KLK3int, built from
284 genetic markers, outperformed older scores in identifying aggressive cancer. PCa patients
in the top 1% risk group were about twice as likely to have aggressive cancer. This tool could

guide early screening and prevention before PCa progression starts.

Introduction

Precise risk classification is essential for guiding treatment or monitoring decisions for
prostate cancer (PCa) patients. As a heterogeneous disease, PCa accounts for 11% of all
cancer deaths, making it the second leading cause of death in American men in 2024". The risk
of PCa and PCa-specific mortality rates are significantly different in different racial groups, likely
due to a combination of environmental, biological, and genetic factors?. While the 5-year survival
rate for localized and regional PCa is nearly 100%, that of PCa patients with distant metastasis
is only 34%?3. Due to the substantial clinical heterogeneity, distinguishing between indolent and
aggressive PCa at diagnosis remains challenging*. Depending on the nature of selected
biomarkers, risk stratification tools can be utilized at different stages of PCa disease
development. Most current risk stratification tools target early detection of PCa aggressiveness
in the biological or clinical onset stages. D'Amico Risk Classification and the Cancer of the
Prostate Risk Assessment (CAPRA) Score are based on tumor characteristics (such as
prostate-specific antigen (PSA), Gleason score, and clinical stage) for early detection in the
clinical onset stage of PCa aggressiveness®. Gene expression signatures of tumors for PCa
progression (such as Oncotype-DX8 7, and Decipher’) are suitable for early detection in both
biological and clinical onset stages. However, few reliable risk stratification tools were reported
to predict PCa aggressiveness before its biological onset?.
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Genetics plays an important role in PCa development. A large-scale twin study has shown
that genetics contributes to 57% of PCa development®. A handful of inherited genetic variants or
single nucleotide polymorphisms (SNPs) for predicting PCa aggressiveness have been
identified in genome-wide association studies (GWAS)'%'"! Due to the limited predictive power of
individual SNPs, many studies developed polygenic risk scores (PRSs), which are primarily
calculated as a weighted sum of allele dosages from multiple GWAS-identified SNPs'? 13,
However, these conventional PRSs do not consider SNP-SNP interactions. Despite this
limitation, PRSs are increasingly recognized as valuable tools in precision medicine for various

phenotypes, including PCa.

While many PRSs have been developed to assess PCa risk, few specifically address PCa
aggressiveness. One PRS with 290 SNPs predicts age at diagnosis of aggressive PCa, defined
as with Gleason score 27, PSA =10 ng/mL, T3-T4 stage, nodal metastases, or distant
metastases, based on ~72,000 men!4. Another study developed a PRS of predicting age at PCa
diagnosis with 166 SNPs using data from ~76,000 men'®. Because age at PCa diagnosis is
positively associated with PCa-specific mortality'® 17- 18 these two PRSs are related to PCa
aggressiveness. However, these scores’ utility in predicting PCa aggressiveness may be limited
as they were designed with a focus on age at PCa diagnosis rather than disease severity itself,
and included both non-PCa men and PCa patients in developing these scores. Additionally, their
focus on SNP main effects does not account for potential SNP-SNP interactions. This presents

an opportunity for improvement.

SNP-SNP interaction is considered the key to improving prediction accuracy for PRSs. Our
previous study identified 3,145 SNP-SNP interaction pairs for predicting PCa aggressiveness.
The majority (98.6%) of them involved KLK38. KLK3 encodes the PSA, which is used for PCa
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screening, diagnosis, and prognostic monitoring™. Increased levels of PSA in the bloodstream
may suggest the existence of PCa or other prostate-related issues?. Previous studies showed
that SNPs in KLK3 were significantly associated with PSA levels, PCa risk, and aggressiveness
8,21,22,23,24,25 Gijven the substantial role of KLK3 in PCa biology and the prevalence of SNP-
SNP interaction pairs relating to KLK3, we aim to develop and validate a polygenic risk score
(PRS-KLKSint) that integrates these interactions. The objective of this study is to assess
whether this PRS-KLK3int can improve the prediction of PCa aggressiveness compared to

existing PRSs that are based exclusively on SNP main effects.

Methods

Statistics and Reproducibility

The main statistical methods utilized in this study include the SNP Interaction Pattern
Identifier (SIPI) approach, the RR3x3 method (Risk Ratio scoring based on 3x3 genotype pair
combinations), and logistic models. The details and usage of these methods are listed in the
following sections. For the study population, this study included 41,768 PCa patients with
European ancestry and valid PCa aggressiveness data at the OncoArray cohort from the
PRACTICAL consortiumé. For this study, the SNP data in the PCa OncoArray cohort were used.
For independent datasets, we excluded the PCa patients in our previous study?, which was
used to identify the 3,145 SNP interaction pairs. For enhancing the reproducibility of the
proposed genetic risk scores, the participants are divided into 3 independent sets: the United
Kingdom (UK), USA/Canada/Australia (UCA), and other European countries (EU) sets. We
used the UK set as the discovery set (n=10,836), the UCA set (n=14,348), and the EU set
(n=16,584) as the two validation sets. PCa aggressiveness is defined as a Gleason score= 8,
PSA 2100 ng/mL, disease-distant metastasis stage at diagnosis, or death from PCa, consistent

with our previous study 8. This study was approved by the Louisiana State University Health
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Science Center Institutional Review Board under protocol number 5543. Patient consent was

not required because deidentified data were used in this study.

SNP data and quality controls

This study used both genotyped and imputed SNP data. The genotyped SNP data were
generated using the Infinium OncoArray (lllumina, San Diego, CA). The imputed SNP data
were generated based on the genotyped data using three panels of the 1,000 Genomes Project
as reference. Imputation was performed using SHAPEIT2 and IMPUTEZ2. One-step imputation
has also been performed for regions surrounding known susceptibility loci. Strict quality control
was applied for the OncoArray studies. SNPs were excluded if they had a call rate <95% and
departed from Hardy-Weinberg equilibrium at p<1x10-'2 in PCa patients. Samples were
excluded with a call rate of <95%. Ancestry analysis used a principal component analysis based
on 2,318 ancestry informative markers. The details of population stratification and quality control

criteria for the PRACTICAL Consortium cohort were reported previously?6.

Selection of SNP-SNP interaction pairs

Our previous study identified 3,145 SNP-SNP pairs significantly associated with PCa
aggressiveness®. Among them, 3121 pairs were available in the PRACTICAL OncoArray SNP
dataset (Fig. 1). The SNP Interaction Pattern Identifier (SIPI) approach was utilized to test SNP-
SNP interaction pairs in this study?’. SIPI is a machine learning method to test 45 interaction
models for each SNP pair by considering three key factors: model structure, inheritance mode,
and coding direction. In order to increase accuracy for detecting SNP-SNP interactions, the 2-
stage 3pRule+bootstrap approach is suggested?®. Thus, we applied the 2-stage
3pRule+bootstrap approach for selecting SNP-SNP interaction pairs in the UK set, the
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discovery set. In the 15t stage, we applied the 3 p-value rule (3pRule), which is a modified rule to
define significant SNP-SNP interaction pairs based on (1) p-pair of SNP1-SNP2 < p-pair-
criterion (such as Bonferroni correction), (2) p-pair< p-main of SNP1, and (3) p-pair< p-main of
SNP2. The p-pair is the p-value for a SNP-SNP interaction pair, and the p-main is the p-value of
the 15t SNP or 2"@ SNP in a pair. In this study, we applied the SIPI approach to get p-pairs. For
testing SNP main effects, p-main values were obtained based on the minimum p-value of the 3
inheritance modes (dominant, recessive, and additive). In the 2" stage, the bootstrap approach
was applied to create datasets by resampling with replacement and with the same sample size
as the original dataset. In the UK set, the p-pair-criterion was 1.6x10-°(=0.05/3121) for the
3pRule set and was 1x10® for the 500 bootstrap runs. The “SIPI,” “eval3pRule”, and

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

RR3x3 scoring system for SNP-SNP interaction pairs

For scoring SNP-SNP interaction pairs, we developed RR3x3 (Risk Ratio scoring based on
3x3 genotype pair combinations). This RR3x3 scoring especially benefits in maintaining
valuable signals for high-risk genotype groups, usually with a small sample size. Each SNP has
3 potential genotypes (such as GG, GA, and AA). With a pair of SNPs, a 3-by-3 (3x3) table can
be constructed with 9 genotype combinations (called pair-genotypes). While SIPI is powerful in
detecting SNP-SNP interactions, the SIPl-interaction patterns simplify the 9-genotype
combinations for a SNP pair into a few groups (such as 2 groups of high vs. low-risk). This
feature hinders the SIPI-interaction pattern’s prediction accuracy. In order to preserve a
complete risk profile of a SNP pair, we used the RR3x3 scoring approach instead. In this RR3x3
scoring method, a risk ratio of a genotype combination in a SNP pair (called pair-genotype, such
as AA-GG and AG-GGQG) is calculated using an outcome percentage in a specific pair-genotype
divided by the overall outcome percentage in the study. For this study, the outcome percentage
is the percentage of PCa aggressiveness (aggr%), so the RR3x3 scores were calculated based
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on the aggr% for each pair-genotype divided by the overall aggr%. Pairs with a missing SNP in
a pair were imputed based on the SNP main effect. For the pairs selected based on the
3pRule+ Bootstrap, the corresponding RR3x3 scores were calculated accordingly. Using the
stepwise selection (p<0.05) in the logistic model with the candidate pairs, the 12 pairs were
selected. As shown in Equation 1, PRS-12pair was calculated based on the sum of the RR3x3-

scores of these selected 12 pairs.

PRS-12pair= RR3x3-scorepaint+ RR3x3-scorepaint... + RR3x3-scorepairi2 (Equation 1)

Two PRSs with SNP main effects only

We are interested in comparing this PRS-12 pair with the 2 published PRSs, which only
involved SNP main effects without considering SNP-SNP interactions. Two published PRSs with
166 SNPs'S> and 290 SNPs** were selected from the PGS catalog (PGS000742 and
PGS003331)%. PGS000742 and PGS003331 were developed based on age at PCa diagnosis
and age at aggressive PCa (Gleason score 27, PSA = 10 ng/mL, T3-T4 stage, nodal
metastases, or distant metastases), respectively, using time-to-event analyses with both
controls and PCa cases. In these 2 published scores, 155 and 270 biallelic SNPs (PRS-m155
and PRS-m270) were tested in this study. The performance of the PRSs was evaluated based
on the significance level of the selected PRS in logistic regression, adjusting for the first 7
principal components of population stratification as suggested by the PRACTICAL study?'. For
easy comparison, PRS-12pair, PRS-m155, and PRS-m270 were standardized. To leverage the
benefits of the two PRSs, we created a PRS-KLKS3int with 284 SNPs based on the weighted
sum of PRS-12pair and PRS-m270. The weights were generated based on logistic regression.

In addition to testing numeric PRSs, we also tested categorical PRSs with 7 groups. For
clinical usage, it is crucial to identify distinct high- and low-risk groups based on PRSs. Thus, we
classified PCa patients into 7 groups based on PRS’s distribution in each study set. These 7
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groups are the bottom 1%, bottom 1-10%, bottom 11-25%, middle 50%, top 11-25%, top 1-10%,
and top 1%., which were defined based on the PRS’s percentiles of [0, 1), [1, 10), [10, 25), [25,
75), [75, 90), [90, 99), and [99, 100]. An open bracket “( )" indicates the interval does not include
the number itself, and a closed bracket “[ ]” includes the number itself. The significance was
defined based on a p-value <0.05. The Area Under the Receiver Operating Characteristic Curve
(AUC) values for the models were calculated. Furthermore, we were interested in evaluating

PRS performance by adding age at diagnosis.

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

The procedure of selecting SNP pairs based on the UK set for PRS is listed in Fig. 1.
Among the 3,121 candidate SNP pairs, the 2-stage 3pRule+ bootstrap approach was applied to
improve detection accuracy. By applying the 3pRule with p-pair<1.6x10° (=0.05/3121,
Bonferroni correction) as the p-pair criterion, 613 pairs satisfied the 3pRule. In the 2™ stage, 99
pairs were satisfied with the 3pRule in 275% of 500 bootstrap datasets. These 99 pairs were
grouped into the 6 clusters with 6 KLK3 SNPs as a hub. The cluster is defined as several SNP
pairs sharing a common or hub SNP. Among these 99 pairs, 50, 37, 15, 6, 3, and 2 pairs had
rs17632542, rs2569735, rs1058205, rs174776, rs2292185, and rs266876 as the hub,
respectively. Some pairs are involved with 2 KLK3 SNPs. After excluding 16 pairs with >400
missing values, we generated the RR3X3-scores for the remaining 83 pairs for further analyses.
After applying for stepwise selection with a p-value<0.05 in the logistic model, 12 pairs were
selected. Finally, PRS-12pair was calculated based on the sum of the RR3x3-scores of these
12 pairs. All 12 pairs were involved with KLK3 SNPs and consist of only 15 SNPs. These 12

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

General results of 4 polygenic risk scores (PRSs) for PCa aggressiveness
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The descriptive statistics of the 4 PRSs (PRS-12pair, PRS-m155, PRS-m270, PRS-KLK3int)
are listed in Supplementary Table 2, and their distributions are shown in Supplementary Fig. 1.
The distributions of the 2 PRS-main scores were close to a normal distribution. However, the
distribution of PRS-12pair was skewed to the right (positively skewed), indicating that some men
had a considerably high score of PCa aggressiveness. This is a desired feature for PRS to
identify extremely high-risk groups. However, a small variation was observed for the low-value
part of PRS-12pair; therefore, PRS-12pair may not be an ideal tool for distinguishing low-risk
aggressive groups. These results inspired us to create a combined score, PRS-KLK3int, by

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

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

For the 2 published PRSs, the associations between these 2 PRSs with SNP main effects
only and PCa aggressiveness are listed in Supplementary Table 3. PRS-m155 and PRS-m270
can predict PCa aggressiveness for all 3 data sets (all p-values <0.05). Specifically, we
observed that PRS-m270 performed better than PRS-m155 for all 3 data sets, and these 2
PRSs performed better in the UK and EU sets than the UCA sets. Based on the adjusted
results, the p-values for PRS-m155 were 7.5x104, 4.4x104, and 4.8x10-8 for the UK, UCA, and
EU sets, respectively, while the p-values for PRS-m270 were 8.2x10-7, 3.3x10%, and 9.4x10-",
respectively. In addition, the performance of PRS-12pair was better in terms of significance level
than PRS-m155 and PRS-m270 in all 3 sets (Supplementary Table 3). The p-values for PRS-

12pair were 5.4x107'%, 4.0x10-8, and 1.8x10-'3 for the UK, UCA, and EU sets, respectively.

We tested whether PRS-12pair can further improve the performance of the PRS-m270. In
the model with PRS-12pair and PRS-m270 (Supplementary Table 4), PRS-12pair performed
better than PRS-m270 in all 3 sets. For the UK set, the p-values for PRS-m270 and PRS-12pair
were 1.4x10* and 2.9x10-"2. Similar conditions were observed in the UCA and EU sets. After
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adjusting PRS-m270 and the 7 principal components, PRS-12pair can still better predict PCa
aggressiveness than PRS-m270 (p=1.0x10-'9 and 6.4x10"" for the UCA and EU sets,
respectively). Further, PRS-m270 was still significant (p=1.9x102 and 9.6x10 for the UCA and

EU sets, respectively).

Performance evaluation of PRS-KLK3int (continuous score version)

The performance of PRS-KLK3int is shown in Supplementary Table 4. As expected, the
PRS-KLK3int performed better than PRS-12pair and PRS-m270 alone for predicting PCa
aggressiveness. The p-values for PRS-KLK3int were 3.5x10-'8, 9x10-'4, and 1.7x10-2° for the
UK, UCA, and EU sets, respectively. As shown in Supplementary Table 5, the AUC values of
PRS-KLK3int were 0.55, 0.58, and 0.59 after adjusting for the 7 principal components for the
UK, UCA, and EU sets, respectively. Significant improvements were made by adding the 12
pairs into the PRS-m270 in all 3 sets. The p-values of the AUC comparison between PRS-
KLK3int and PRS-m270 were 7.3x10°, 0.004, and 0.051 for the UK, UCA, and EU sets,

respectively.

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

We further identified distinct high- and low-risk groups based on PRS-KLK3int, PRS-m270,
and PRS-m155. For each study set, the PCa patients were classified into 7 groups based on
PRS’s distribution. These 7 groups are bottom 1%, bottom 1-10%, bottom 11-25%, middle 50%
(25-75%), top 11-25%, top 1-10%, and top 1%. PRS-KLKS3int can distinguish high-risk PCa
aggressiveness better than PRS-m270, and PRS-m155. The performance of risk classification
of PCa aggressiveness for the UK, US, and EU sets in terms of PRS percentiles is listed in Fig.

2 and Supplementary Table 6.
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In the UK set, PRS-KLKSint can significantly distinguish the top 1% and top 1-10% from the
majority of the middle 50% group (Table 1 and Supplementary Tables 6 and 7). Based on PRS-
KLK3int, the prevalence of PCa aggressiveness for the middle 50% group was 25.9%. PCa
aggressiveness prevalence for the top 1% group (45.5%) was significantly higher than that in
the middle 50% group (OR=2.38, p= 2.2x10®). This highlights that this PRS-KLk3int is able to
categorize the top 1% of PCa patients at approximately 2-fold higher risk compared with the
normal risk group. The top 1-10% group also had a significantly higher PCa aggressiveness
prevalence than those in the middle 50% group (32.8% vs. 25.9%, OR=1.4, p= 2.2x10%). For
detecting the low-risk groups, PRS-KLK3int did not perform well in distinguishing the extremely
low score group (bottom 19%), but it can significantly distinguish the bottom 10% (OR=0.81,
p=0.010). For the UK set, PRS-m155 and PRS-m270 cannot distinguish the top 1%, top 1-10%,
and bottom 1% compared with the middle 50% group. However, PRS-m155 can distinguish the

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

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

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

significantly distinguish the top 1% and top 1-10% from the majority of the middle 50% group.
For PRS-KLK3int in the UCA set, PCa aggressiveness prevalence was 26.2%, 16.9%, and
12.3% for those in the top 1%, top 1-10% and middle 50% groups, respectively (Supplementary
Table 7). PCa aggressiveness prevalence for the top 1% and top 1-10% groups was
significantly higher than that in the middle 50% group (OR=2.56, p= 4.3x10¢ for top 1%;
OR=1.45, p= 2.5x10° for top 1-10%). For PRS-KLK3int in the EU set, PCa aggressiveness
prevalence was 37.8%, 29.3%, and 23.1% for those in the top 1%, top 1-10%, and middle 50%
groups, respectively. PCa aggressiveness prevalence for the top 1% and top 1-10% groups was
significantly higher than those in the middle 50% group (OR=2.07, p= 2.1x10-for top 1%;
OR=1.38, p= 1.1x10® for top 1-10%). Similarly to the UK set, PRS-m270 and PRS-m155
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performance was inferior to PRS-KLK3int in the UCA and EU sets. For the UCA set, PRS-m270
could distinguish the top 1% and top 1-10% versus the middle 50% for PCa aggressiveness
(OR=2.17, p=1.2x10*%; OR=1.22, p=0.025, respectively). This similar trend of PRS-m270 can be
observed in the EU set. PCa aggressiveness prevalence was significantly higher for the top 1%
and top 1-10% compared with the middle 50% (OR=1.53, p=0.013; OR=1.23, p=0.001,
respectively). For PRS-m155, PCa aggressiveness prevalence was significantly higher for the
top 1% (OR=2.06, p=0.0004) in the UCA set and was significantly lower for the bottom 1%
(OR=0.41, p=0.0003) in the EU set compared with the middle 50%. These results demonstrate
that adding 12 pairs to PRS-m270 can significantly increase prediction accuracy for PCa

aggressiveness, especially for the extremely high-risk group.

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

We evaluated PRS-KLK3int performance by adding age at PCa diagnosis, a known risk
factor of PCa aggressiveness, in models. As shown in Supplementary Table 8, age at diagnosis
is positively associated with PCa aggressiveness for all 3 sets (UK: p=5.0x107; UCA: p=8.1x10"
46: EU: p=4.5x101%%). The age at PCa diagnosis was positively correlated with the risk of PCa
aggressiveness. After adjusting age at diagnosis in the models, PRS-KLK3int remained highly
significant (UK: p=8.0x1017; UCA: p=2.7x108; EU: p=5.8x1014). Adding age at PCa diagnosis to
the models increased the AUC values significantly for the UCA and EU sets but not the UK set
(Supplementary Table 5). The AUC values were 0.56, 0.64, and 0.65 for the UK, UCA, and EU,

respectively.

Discussion

In this study, we developed PRS-KLK3int, could significantly predict PCa aggressiveness
susceptibility more accurately than the other 3 PRSs alone (PRS-12pair, PRS-m270, and PRS-
m155) when we evaluated the 3 large study sets (UK, UCA, and EU). To our knowledge, this is
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the first validated PRS involved SNP-SNP interactions for PCa aggressiveness. The major
component of this score, PRS-12pair, contains 12 KLK3 interaction pairs with only 15 SNPs.
Notably, PRS-12pair outperformed the two other PRSs (PRS-m155 and PRS-m270) for
predicting PCa aggressiveness. The PRS-KLK3int can improve distinguishing PCa patients with
an extremely high risk (the top 1% and top 1-10%) and the bottom 10% compared with the
middle-risk group of PCa aggressiveness. The p-values of PRS-KLK3int for comparing the top
1% with the middle-risk group are in a range of 4.3x10¢ to 2.2x10- for the 3 study sets.
However, PRS-KLK3int did not perform well in differentiating the extremely low-risk group
(bottom 1%) but can significantly predict the low-risk group in the bottom 10% based on its
distribution. These findings demonstrated that PRS-KLK3int combines the advantages of both
scores of PRS-12pair and PRS-m270, allowing it to differentiate between high- and low-risk

groups of PCa aggressiveness.

The PRS-12 pair contains 15 SNPs in 13 genes, including KLK3. Among them, there are 3
KLK3 SNPs (rs17632542, rs2569735, and rs174776). The genes linked to the 12 KLK3 SNP
pairs exhibit biological functions associated with PCa aggressiveness. KLK3 is a gene that
codes for PSA, which is a serine protease only secreted by the prostate gland32. In previous
GWA studies, rs17632542 in KLK3 was associated with various PCa phenotypes, including PSA
level, PCa risk, aggressiveness, and Gleason score?’- 33, In addition, SNP-SNP interactions
involving several KLK3 SNPs (including rs17632542, rs2569735, and rs174776) can
significantly predict PCa aggressiveness®. A meta-analysis study reported a significant
association between rs174776 and PCa risk®*. Among other genes in PRS-12pair, most genes
are involved in PCa and other cancers, such as SMAD3, CCND1, EPHB1, DEPTOR, JAZF1,
PDCDG6IP, and TPM1:LACTB. SMAD3 is overexpressed in advanced prostate tumors and
regulates the expression of enzymes involved in the angiogenesis pathway?% 3. Moreover,
rs35874463 in SMAD3 can predict height 37, which is one of the known risk factors for PCa
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aggressiveness3®. CCND1 and KLK3 are also included in the 8-gene expression signature to
predict the survival of PCa patients. This gene signature is based on circulating tumor cells, and
its performance is better than most clinical variables3®. EPHB1 encodes a receptor tyrosine
kinase involved in cell growth, differentiation, and apoptosis*®, and its overexpression in prostate
tumors suggests it may act as a potential oncogene*'. In addition, expression of DEPTOR in
prostate tumors was downregulated and correlated positively with PCa progression*2. Low
expression of DEPTOR promotes cell proliferation, survival, migration, and invasion, supporting
its role as a potential tumor suppressor3 44, Regarding JAZF1, it is associated with PCa cell
growth and response to polyamine-targeted therapies*®. Moreover, the JAZF1 rs849140 variant
correlates with height*¢, a known risk factor for prostate cancer risk and aggressiveness. As for
PDCDG6IP, previous studies reported a positive correlation between the expression of PDCD6IP
and Gleason Score*’. PDCD6IP expression was significantly different in prostate malignant
tissues when compared to indolent and normal prostate tissues*®. rs2729786 is located in the
intergenic region between TPM1 and LACTB. TPM1 was identified as one of 27 genes for a
PCa progression gene signature®. This evidence highlights the potential biological role of genes

linked to the 12 KLK3 SNP pairs in PCa aggressiveness.

Although both PRS-m270 and PRS-m155 are significantly associated with PCa
aggressiveness, it is important to discuss why these two PRSs showed a protective effect
(OR<1.0) on PCa aggressiveness. Several large-scale longitudinal studies have shown that
men diagnosed with PCa at an older age have a higher risk of PCa-specific mortality, a terminal
phenotype of PCa aggressiveness'® 17- 18 Our study results also indicated that age at PCa
diagnosis is positively associated with PCa aggressiveness across all three sets. Consequently,
a higher score of PRS-m155 and PRS-m270 suggests a higher chance of a younger age at PCa

diagnosis, which may correspond to a lower risk of PCa aggressiveness.
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468 We developed a promising PRS-KLK3int by integrating 12 KLK3 SNP-SNP interaction pairs,
469  which can be used in clinical settings as a valuable adjunct beyond existing tools primarily

470 based on tumor gene expression (Decipher, Prolaris, and Oncotype-DX). This is because PRS-
471  KLKaSint can be used to classify high-risk PCa patients before biological onset, which will be
472  beneficial for a large group of PCa patients under active surveillance. It has been shown that
473  approximately 60% of low-risk PCa patients are under active surveillance®°. Moreover, genetic
474  scores can also play a crucial role in alleviating PCa patients' anxiety stemming from the

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

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

477  progression and survival), even after treatments based on longitudinal studies®'-%2. The strength
478  of this study lies in its rigorous study design and large discovery and validation datasets, which
479  ensure the reliability and validity of the PRS findings. As shown in Fig. 1, the development of the
480 PRS-12pair was through a solid process, including (1) the selection of candidate 3,145 SNP
481  pairs based on our previous solid study?, (2) application of SIPI for testing SNP-SNP

482 interactions?’, (3) the 3pRule+bootstrap SNP pair selection process to reduce false positivity
483  and (4) the RR3x3 scoring system based on the risk of 9 genotype combinations of a SNP pair.
484  The processes 2-4 were developed by our team.

485

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

487  First, PRS-KLK3int, developed in this study to predict PCa aggressiveness, was derived from
488  PCa patients with European ancestry. Thus, its applicability to other racial and ethnic groups
489  remains uncertain and warrants further investigation. Notably, men with African ancestry are
490 known to have a higher risk of incidence, aggressiveness, and poor outcomes than those with
491  European ancestry®3 54, underscoring the importance of validating and potentially adapting this
492  genetic score in diverse populations. Second, the 12 SNP-SNP interaction pairs were selected
493  based on SNP-SNP interactions using candidate genes in 4 major pathways®. A broader or
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genome-wide search level will be necessary to enhance the PRS of PCa aggressiveness. Third,
while PRS-KLK3int shows promising results in terms of statistical significance, its AUC
performance remains limited, indicating that it is not suitable for standalone use. However, it can
be added to the existing tools to improve prediction accuracy. Finally, this study focused on
genetic profiles without considering other factors, such as gene expression; therefore, its

application in clinical settings needs further evaluation.

In conclusion, our findings highlight the PRS-KLK3int as a more effective tool for predicting
PCa aggressiveness. This PRS supports risk stratification and personalized care to improve
patient outcomes. In summary, PRS-KLK3 interaction effectively leverages interaction effects
among biologically relevant SNPs to improve risk prediction for PCa aggressiveness. Its unique
ability to predict PCa aggressiveness or progression before biological onset offers a valuable
complement to existing tools in clinical settings. By refining genetic risk stratification, this model
has the potential to support early decision-making in clinical practice. Future studies should
explore different models of genome-wide interactions and extend validation to various

populations to enhance applicability.
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Figure legends

Fig. 1 Process of selecting SNP-SNP interaction pairs based on the UK discovery
dataset. SIPl: SNP Interaction Pattern Identifier approach; 3pRule: the 3 p-value rule; RR3x3:
Risk Ratio score based on 3x3 genotype pair combinations; stepwise selection is based on
logistic regression.

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

Supplementary Fig. 1 Distributions of four polygenic risk scores for predicting prostate
cancer aggressiveness
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Table 1. Comparisons of genetic-guided risk groups based on the polygenic risk scores (PRSs) for the 3 study sets

Study set? Top 1% vs. Top 1-10% vs. Bottom 1% vs. Bottom 1-10% Bottom 0-10% vs.
middle 50% middle 50% middle 50% vs. middle 50% middle 50%
OR (95% CI)° p-value OR (95% CI)° p-value OR (95% CI)° p-value | OR (95% CI)° p-value OR (95% CI)° 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° 1.40 (1.20, 1.63) 2.2x10° 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* 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°® 1.45(1.22,1.72) 2.5x10° 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° 1.38 (1.21, 1.57) 1.1x10° 0.78 (0.52, 1.17) 0.233 0.82 (0.71, 0.95) | 0.009 0.82 (0.71, 0.94) 0.005

2 The United Kingdom (UK), USA/Canada/Australia (UCA), and other European countries (EU) sets
® 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.

Significant results with p-value<0.05 based on the two-sided Wald chi-square tests in the logistic model were bold.
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3145 pairs reported from the published paper

3121 pairs available in the data
3121 pairs

SIPI with 3pRule (p-pair< 1.6x10~> (0.05/3121),

613 ;airs p-pair< p-SNP1, and p-pair< p-SNP2)
! > 75% significant runs out of the 500 bootstrap runs
99 pairs
Drop 16 pairs with >400 missing
\ 4
83 palrs
Create a Risk-Ratio score (RR3x3-score) for each pair
v

RR3x3-scores for 83pairs

v Stepwise selection based on p<0.05

12 pairs
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