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ARTICLE

Genetic factors associated with prostate cancer
conversion from active surveillance to treatment
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Summary
Men diagnosed with low-risk prostate cancer (PC) are increasingly electing active surveillance (AS) as their initial management strategy.

While thismay reduce the side effects of treatment for PC,manymen on AS eventually convert to active treatment. PC is one of themost

heritable cancers, and genetic factors that predispose to aggressive tumors may help distinguish men who are more likely to discontinue

AS. To investigate this, we undertook a multi-institutional genome-wide association study (GWAS) of 5,222 PC patients and 1,139 other

patients from replication cohorts, all of whom initially elected AS and were followed over time for the potential outcome of conversion

from AS to active treatment. In the GWAS we detected 18 variants associated with conversion, 15 of which were not previously

associated with PC risk. With a transcriptome-wide association study (TWAS), we found two genes associated with conversion

(MAST3, p ¼ 6.9 3 10�7 and GAB2, p ¼ 2.0 3 10�6). Moreover, increasing values of a previously validated 269-variant genetic risk score

(GRS) for PC was positively associated with conversion (e.g., comparing the highest to the two middle deciles gave a hazard ratio [HR] ¼
1.13; 95% confidence interval [CI] ¼ 0.94–1.36); whereas decreasing values of a 36-variant GRS for prostate-specific antigen (PSA) levels

were positively associated with conversion (e.g., comparing the lowest to the two middle deciles gave a HR ¼ 1.25; 95% CI, 1.04–1.50).

These results suggest that germline genetics may help inform and individualize the decision of AS—or the intensity of monitoring on

AS—versus treatment for the initial management of patients with low-risk PC.
Introduction
Active surveillance (AS) is now more widely implemented

as an initial management strategy for many men with

lower-risk prostate cancer (PC [MIM: 176807]).1 PC that

is unlikely to invade surrounding tissue or metastasize ac-

cording to characteristics at diagnosis is considered low-

risk or favorable-intermediate risk.2 Recent work in the

United States Veterans Administration (VA) Health Care

System3,4 and in Sweden5 indicates that a majority of
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men with low-risk PC are being managed with AS. Deter-

mining which patients most benefit from early active

treatment versus AS, however, and how intensive the sur-

veillance protocol should be, remains a challenge.

A major drawback of AS for low-risk PC is the possibility

ofmisclassifying patients with a life-threatening disease. In

fact, over a 10-year follow-up period, 20%–40% of men

initially managed with AS later have more aggressive can-

cer.6 While the impact of delayed treatment is unknown,

up to 50% of men in one AS series of studies experienced
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biochemical recurrence after active treatment.7 These un-

certainties and challenges in accurately discriminating be-

tween indolent and aggressive PC may prompt men to err

on the side of early treatment, resulting in unnecessary

side effects and worse health-related quality of life, or

conversely result in delays in therapy for men who are

likely to benefit from it. Many men have such low-risk dis-

ease that they do not need the biopsies or scans with the

frequency with which they have typically been performed.

Recent work suggests that it might be possible to predict

the likelihood of risk reclassification of an affected individ-

ual’s disease (for at least 4 years of AS8). Thus, it may be

possible to reduce the intensity of surveillance for many

men with the lowest-risk tumors.

A key outstanding question is how to best distinguish

among low- and high-risk tumors for AS decisions. Prom-

ising recent developments for enhancing clinical risk

assessment include multi-parametric magnetic resonance

imaging (MRI) with targeted prostate biopsy and tissue-

based genomic testing.9,10 Another potentially valuable

approach is incorporating germline genetic information

for PC via a polygenic risk score.11 PC is one of the most

heritable of common cancers, with germline genetic

factors accounting for over 40% of the variability in

this disease.12–15 We and others have identified from

genome-wide association studies (GWASs) 269 common

germline genetic variants associated with PC susceptibility

that explain a substantial proportion of disease heritabili-

ty.16–43 Combining these PC risk variants into a genetic
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risk score (GRS) may provide a more discriminatory

biomarker not only for PC risk but also potentially for pre-

dicting conversion from AS to treatment.44–47 Moreover,

we recently have discovered genetic variants that explain

variability in prostate-specific antigen (PSA) levels.48 Since

PSA is a critical component tomonitoringmen undergoing

AS, incorporating this information may also help to iden-

tify ideal AS candidates.

To evaluate the potential value of incorporating germ-

line genetic information into the shared decision-making

process for AS, we present findings from a large, multi-

institutional GWAS of men diagnosed with PC enrolled

in an AS program. We report novel variants and genes

and GRSs associated with conversion from AS to

treatment.
Material and methods

Participants
The primary study participants came from 28 institutions in the

United States, Canada, the Netherlands, and Australia. We

recently reported on the clinicopathological characteristics of con-

version to treatment in this population.49 The AS cohort geno-

typed by the Center for Inherited Disease Research (CIDR)

included 6,324 men diagnosed with PC between 1991 and 2018

who elected AS for their initial management. We also included

an additional 593 AS patients from the University of TexasMDAn-

derson Cancer Center as replication samples, described below. Pa-

tients’ blood or tissue samples were collected to conduct germline
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genetic analyses. The AS protocols varied among participating in-

stitutions, reflecting real-world practice patterns,50–53 and we did

not impose strict inclusion/exclusion criteria based on the AS pro-

tocol. Patient demographic and clinical variables were collected

and managed using the Research Electronic Data Capture

(REDCap) software.54,55 Among the samples genotyped at CIDR,

individuals were excluded from further analyses for the following

reasons (Table S1): (1) being related to another participant at the

3rd degree or closer (n ¼ 23; 0.36%), (2) unknown or <6 months

on AS (n ¼ 344; 5.4%), or (3) missing information on age and

censoring status (n ¼ 21; 0.33%). This left us with 5,936 men

from the CIDR genotyping for inclusion in the discovery GWAS

(n ¼ 5,222) and the non-European (non-EUR) replication GWAS

(n ¼ 714). This study was approved by the institutional review

board at each institution, all participants provided written

informed consent, and all participating institutions signed amate-

rial transfer and data use agreement.
Clinical and demographic factors
We collected PC characteristics at diagnosis, including the age at

diagnosis, Gleason grade group (GG), PSA level, clinical tumor

stage (cT), and the number of cancerous biopsy cores at diagnosis.

Grade groups correspond to the following Gleason scores (GSs):

GG1, �GS % 6; GG2, �GS 3þ4; GG3, �GS 4þ3; GG4, �GS 8;

GG5, �GS 9 or 10.56 Study participants were classified into three

risk groups (low, intermediate, and high risk) based on our modi-

fication of guidelines from the National Comprehensive Cancer

Network (NCCN) and the American Urological Association

(AUA). We did not strictly follow these guidelines because we

were unable to distinguish between cT2a, cT2b, and cT2c, and

we did not have data on PSA density (serum PSA concentration

divided by prostate volume). Therefore, low-risk patients met the

following criteria: GG1 (GS 3þ3), PSA < 10 ng/mL, cT1, and %3

positive biopsy cores. Intermediate-risk patients had any of the

following without any high-risk or high-volume criteria: GG2

(GS 3þ4), PSA 10–20 ng/mL, or stage cT2. High-risk patients had

any of the following: RGG3 (RGS 4þ3), PSA R 20 ng/mL, stage

R cT3, or R4 positive biopsy cores of any GG.

Conversion occurred when an affected individual received treat-

ment following AS. The reason for withdrawing from AS to begin

treatment was reported as due to ‘‘upgrading,’’ ‘‘upstaging,’’ ‘‘PSA

progression,’’ ‘‘anxiety,’’ and/or ‘‘other’’ reasons. Note that in our

survival analysis (below), individuals who converted due to anxi-

ety were censored and do not contribute events in our analysis.

We used the ADMIXTURE software program to infer genetic

ancestry from uncorrelated variants, according to major reference

populations in the 1000 Genomes Project (European, African,

East/South Asian combined, and Admixed American).57
Genotyping and imputation
In total, 6,324 participants were genotyped on the Illumina Infin-

ium Multi-Ethnic Global Array (MEGA), including custom con-

tent, at the NIH CIDR at Johns Hopkins University. Genotypes

were called using GenomeStudio version 2011.1, genotyping

module version 1.9.4, and GenTrain version 1.0. The full array

with custom content consisted of 1,760,143 variants. For 99 of

our study subjects, DNAwas obtained fromnormal seminal vesicle

tissue, which is an accurate source of germline genetic variants.58

Even if some of the variants in these individuals are somatic, this

should not impact our results, since <2% of the study population

had DNA obtained from seminal vesicle tissue.
Human
After genotyping, the median variant call rate was 99.94%, and

the error rate estimated from 122 pairs of planned study duplicates

was 1.3 3 10�6. Samples and variants were excluded if they had a

sample or genotyping call rate < 98%. We limited our analyses to

variants with a minor allele frequency (MAF)R 1%. Variants were

screened for deviations from Hardy-Weinberg equilibrium with a

filter threshold of p ¼ 6.5 3 10�4. A total of 856,077 genotyped

variants remained after these quality control (QC) steps. Unmea-

sured genetic variants were imputed using the Trans-Omics for

Precision Medicine (TOPMed) imputation server, with 97,256

reference samples and 308,107,085 variants. Variants with impu-

tation quality (INFO) score < 0.3 were excluded, leaving a total

of 22,691,641 variants successfully imputed. The QC steps

checked for related individuals using the R package SNPRelate.

We found that 23 pairs were related at third-degree relative or

closer and retained from each of these pairs the individual with

the longest follow-up. After QC steps, a total of 5,936 samples gen-

otyped at CIDR remained for inclusion in the GWAS. Eighty-eight

percent of thesemen (5,222) were inferred as genetically European

(using the program ADMIXTURE) and comprised the discovery

cohort. The remaining 714 non-European men were included in

our replication analysis. In this study, we use only genetic

ancestry.

Furthermore, we included in our analysis an additional 593 AS

patients fromMDAnderson previously genotyped on the Illumina

InfiniumOncoArray-500K BeadChip Array. This array was primar-

ily developed to study cancer predisposition and risk. Genotypes

were called using GenomeStudio version 2011.1. The full array

consisted of 500,000 variants. Genotype QC procedures and

imputation for the PRACTICAL OncoArray have been described

previously.15 Briefly, imputation was performed without pre-

phasing with SHAPEIT2 based on the 1000 Genomes phase 3

release reference panel. In total, 21,299,194 variants were success-

fully imputed, and 10,109,977 variants with MAF R 1% on

autosomal chromosomes 1–22 and sex chromosome X. The MD

Anderson AS samples included a total of 593 men. Of these, we

excluded the following (Table S1): (1) men without data on the

duration of AS or those managed with AS for less than six months

(n ¼ 72; 12%), (2) those without data on censoring status (n ¼ 37;

6.2%), and (3) those genetically non-European (n ¼ 59; 9.9%).

This left us with 425 men from MD Anderson for replication (in

addition to the non-European men genotyped at CIDR).
GWAS of conversion from AS to treatment
The variants with MAF R 1% on autosomal chromosomes 1–22

and sex chromosome X were tested for their association with

time to conversion from AS to treatment among the 5,222 men

of European genetic ancestry genotyped by CIDR. Patients who

converted due to anxiety were censored because the event of inter-

est was converting due to a change in the cancer clinical character-

istics. Per-allele hazard ratios (HRs), 95% confidence intervals

(CIs), and corresponding p values were calculated from Cox pro-

portional hazards models. HRs were adjusted for age at diagnosis

and the first 10 genetic principal components to address potential

population stratification or cryptic relatedness. Adjusted HRs were

calculated using the gwasurvivr package in R.59 For any variants

associated with conversion, we examined the Coxmodels’ propor-

tional hazards assumption.

Following the GWAS discovery phase, the potential associations

were tested for replication in an independent GWAS among 714

men also genotyped by CIDR (but of non-European ancestry)
Genetics and Genomics Advances 3, 100070, January 13, 2022 3



and the 425 MD Anderson samples of European genetic ancestry

(excluding other ancestries), adjusting for age and 10 principal

components. Again, variants with MAFR 1% on autosomal chro-

mosomes and sex chromosome X were tested for their association

with conversion within major ancestral populations (i.e., Euro-

pean, African, Asian, and Admixed American). For the MD Ander-

son patients, 9,962,324 variants were tested in a Cox proportional

hazards model adjusted for age at PC diagnosis and ancestry prin-

cipal components.

Results from the GWAS were combined with a fixed-effects in-

verse-variance-weighted meta-analysis using METAL.60 All statisti-

cal tests were two-sided. Marginal p values less than 53 10�8 were

considered statistically significant. We defined a locus as the 1 Mb

region surrounding the sentinel variant (500 kb pairs flanking

each side). To identify independently associated variants, within

each 1 Mb region we performed clumping on the association re-

sults using PLINK v.1.9 using a linkage disequilibrium threshold

r2 < 0.5). We assess and report heterogeneity for the top variants

in the meta-analysis of discovery study and replication meta-

analysis.
Transcriptome-wide association study of conversion

from AS to treatment
To identify additional genes associated with time to conversion,

we conducted a transcriptome-wide association analysis (TWAS),

which models genetically imputed transcript levels and has a

lower multiple testing burden compared to single-variant analysis.

We applied the MetaXcan analytic pipeline to our combined

GWAS summary statistics and associated genetically predicted

expression of approximately 22,000 genes across a 49-issue refer-

ence dataset from GTEx (version 8).61 Tissue-specific associations

were aggregated using S-MultiXcan to obtain cross-tissue p values

for each gene.61 Associations were considered statistically signifi-

cant at the Bonferroni-corrected alpha level of 2.2 3 10�6 (i.e.,

0.05/22,535 genes).
GRSs
GRSs were constructed by summing variant-specific weighted

allelic dosages for the samples genotyped by CIDR. The initial

GRS included the 269 PC risk variants reported in the largest

trans-ancestry GWAS meta-analysis of PC.43 Specifically, for pa-

tient i, GRSi ¼
PM

m¼1

wmgim, where gim is the genotype dosage for pa-

tient i, and variantm, andwm is the variant weight on the log odds

ratio scale from the published literature (i.e., the meta-analysis for

the GRSPC). M is the total number of variants included in the GRS

(M ¼ 269 for the GRSPC). A second GRS was developed for the ge-

netic basis of serum PSA levels. This GRSPSA included 36 variants

and their corresponding weights from a GWAS of PSA levels

among cancer-free men.48 First, the associations between these

GRSs and conversion were estimated using multivariable Cox pro-

portional hazards models, where GRS is a continuous variable.

Minimally adjusted Cox models included continuous GRS, age,

and the first 10 genetic principal components. Fully adjusted

Cox models also included Gleason grade group (GG1, GG2, or

R GG3), PSA concentration (ng/mL), clinical stage (cT1, cT2, or

cT3/cT4), and the number of positive biopsy cores (1–2, 3, or

R4). We adjust for those additional factors because they are inde-

pendently associated with AS outcomes. Including them in the

fully adjusted models allows us to assess whether the PC GRS pro-

vides additional information in predicting AS treatment conver-
4 Human Genetics and Genomics Advances 3, 100070, January 13, 2
sion. In addition, by undertaking these additional fully adjusted

analyses, we can assess how sensitive our GRS results from the

minimally adjusted models are to including known clinical fac-

tors. Second, we next assessed whether the GRS allowed risk strat-

ification of conversion from AS to active treatment. The GRS was

modeled as a categorical variable according to deciles of the distri-

bution. We calculated the GRS decile cutoffs based on the full

study population. Essentially identical cutoffs and results were

observed when basing the cutoffs on men who did not end AS.

HRs were estimated for each GRS decile relative to the average

40%–60% category using a minimally and a fully adjusted Cox

model. Individuals with missing variables were removed from

the GRS analyses.
Clinical utility of the GRS
The potential utility of the GRS was evaluated by comparing how

the top and bottom deciles of the GRS distribution modified con-

version rates within the three PC clinicopathological risk cate-

gories (i.e., low, intermediate, and high). For the top and bottom

GRS deciles (top 10th percentile and bottom 10th percentile,

respectively) we plotted Kaplan-Meier curves of conversion within

each PC clinicopathological risk category and tested the difference

between each pair of curves with the log-rank test.

To evaluate the overall discriminative capacity of the GRS (i.e.,

not just the decile tails), we calculated the area under the receiver

operating characteristic (ROC) curve (AUC) in the discovery sam-

ple using regression models of time to conversion. We used

Chambless and Diao’s estimator of cumulative AUC for right-

censored time-to-event data, which is a summary measure given

by the integral of AUC on [0, max(times)] weighted by the esti-

mated probability density of the time-to-event outcome.62 A base-

line AUC was calculated for the model that included age and the

first 10 principal components. This model was then expanded to

further include PC clinical characteristics listed above for the

multivariable Cox model, followed by GRSPC and GRSPSA (individ-

ually and together).
Ethical publication statement
This study was approved by the Robert H. Lurie Comprehensive

Cancer Center of Northwestern University Scientific Review

(IRB) committees. The approval number is STU00077147, which

was most recently given annual approval on July 8, 2021.
Results

Study population

Table S1 provides details of sample inclusions and exclu-

sions. Of the 1,659 patients who converted from AS to

treatment, 50 patients in the discovery sample reported

anxiety as one of the reasons for conversion and were

censored and did not contribute events in our analysis.

Over half of the patients who converted reported tumor

grade reclassification as one of the reasons for conversion

for both discovery (920/1,609; Table S2) and replication

samples (176/309; Table S2). Details of the discovery and

replication samples that met inclusion criteria are pre-

sented in Table S2. The study characteristics in Table S2

were defined at PC diagnosis. Clinically, most men in the

discovery sample had low-risk PC (3,639; 70%) and/or
022



Figure 1. Flow chart highlighting the approach and samples used in the genome-wide association analysis
First, we undertook a discovery GWAS in men of European ancestry. Fourteen variants were associated with conversion (p < 5 3 10�8).
All variants were evaluated for replication in the replication cohorts alone and then in a meta-analysis combining the discovery and
replication cohorts. Four additional variants reached statistical significance in the combined meta-analysis (p < 5 3 10�8).
features of low-risk, low-volume disease: GG1 (4,819;

92%), 1–2 positive biopsy cores (4,113; 79%), and a me-

dian PSA at diagnosis of 5 ng/mL. The demographic and

clinicopathological characteristics of the replication sam-

ples had a similar pattern as the discovery samples, except

that the proportion of high-risk PC was higher for men of

Asian genetic ancestry (n ¼ 43; 18%) than of European

ancestry (n ¼ 599; 11%; Table S2). Baseline characteristics

were missing for the following proportion of study partic-

ipants: age at diagnosis (<0.1%), GG group (<0.1%), PSA

concentration (3.3%), clinical tumor stage (6.9%), number

of positive biopsy cores (2.5%), and risk-group classifica-

tion (<0.1%).

GWAS of conversion from AS to treatment

Our approach to the GWAS discovery, replication, and

meta-analysis is outlined in Figure 1. The median follow-

up time for patients in this multicenter study was 6.7 years.

Our primary discovery GWAS yielded 14 independent lead

variants (i.e., p value < 53 10�8 at each locus of size 1 Mb)

(Figure 2A). We replicated 1 of the signals at a p value level

less than 0.05/14 (z0.0036) in the replication meta-anal-

ysis. In the combined meta-analysis of discovery and

replication GWASs, we detected four additional variants

independently associated with conversion to treatment

(Figure 2B). We have undertaken tests for heterogeneity

and indicated those with I2 > 0.75 (Table 1); the inconsis-

tency in these results suggests that they may be unstable
Human
results that merit further replication. Q-Q plots for the dis-

covery GWAS and the combinedmeta-analysis did not sug-

gest inflation of test statistics due to systematic bias such as

population substructure (genomic inflation factor ¼ 1 and

1.02, respectively; Figure S1).

Of the 18 variants, four were common (MAF > 0.01) and

the remainder were low frequency (MAF ¼ 0.01) (Table 1).

Three were located within 1 Mb of previous PC GWAS-

identified variants, although they were not in linkage

disequilibrium with these variants (r2 < 0.3). These were:

intronic variant rs4721243 of MAD1L1 (MIM: 602686)

on chromosome 7 (CIDR European GWAS HR ¼ 5.65, p

¼ 7 3 10�10); rs1404610 near GLI2 (MIM: 165230; com-

bined meta-analysis HR ¼ 3.74, p ¼ 5.4 3 10�10) on chro-

mosome 2; and rs74874116 near GATA5 (MIM: 611496;

CIDR European HR ¼ 2.67, p ¼ 1.47 3 10�9) on chromo-

some 20.

TWAS of conversion from AS to treatment

In the multi-tissue TWAS analysis using S-MultiXcan, the

imputed expression levels of two genes were associated

with conversion after Bonferroni correction for multiple

testing: MAST3 (MIM: 612258; p value ¼ 6.9 3 10�7) and

GAB2 (MIM: 606203; p value ¼ 2.0 3 10�6). Imputed

expression levels of two other genes suggested an associa-

tion with conversion: ARRDC2 (p value ¼ 2.7 3 10�5)

and CELSR1 (MIM: 604523; p value ¼ 9.5 3 10�5). When

looking only at prostate tissue, we observed modest
Genetics and Genomics Advances 3, 100070, January 13, 2022 5



Figure 2. Results from the GWASs of conversion from AS to treatment
(A) in 5,222 prostate cancer (PC) patients of European ancestry; and (B) in discovery and replication cohorts. p values are for variant
associations with conversion, adjusted for age and 10 ancestry principal components using Cox proportional hazards models. Blue
dashed line denotes the genome-wide significance threshold. Orange peaks indicate genome-wide significant hits (p < 5 3 10�8).
The top variants in each chromosome are annotated with their rsID.
associations forMAST3 (p value ¼ 0.08) and GAB2 (p value

¼ 4.1 3 10�4), as well as a suggestive association between

imputed expression of the gene ZNF644 (MIM: 614159)

and conversion (p value ¼ 9.9 3 10�5).

GRS and conversion from AS to treatment

Increasing GRS for PC susceptibility (GRSPC) was positively

associated with conversion from AS to treatment, even af-

ter adjusting for clinical covariates (Figure 3A; Table S3).

The fully adjusted HR for conversion for men in the top
6 Human Genetics and Genomics Advances 3, 100070, January 13, 2
decile of the GRSPC compared to the middle two deciles

was 1.13 (95% CI, 0.94–1.36; Figure 3A; Table S4). Men

in the bottom 10th percentile of the GRSPC distribution

had a significantly lower conversion rate than the middle

two deciles of the GRSPC (HR ¼ 0.69; 95% CI, 0.56–0.86;

Figure 3A; Table S4).

From the 36-variant GRS for PSA concentration (GRSPSA),

we observed the opposite pattern: increasing GRSPSA was

inversely associated with conversion (Figure 3B; Table S3).

Compared to the 40th–60th percentiles, men in the bottom
022



Table 1. Results for 4 common and 14 rare variants associated with conversion from AS to treatment in a genome-wide association analysis

rsid Chr Genes
Risk allele/
ref allele RAF

HR (95% CI), p value

Discovery
European

Replication
meta-analysis

Combined
meta-analysis

Common variants

rs77112978 18 ATP8B1
NEDD4La

G/C 0.048 1.41 (1.23–1.63) 1:51310�6 2.24 (1.38–3.65) 1:14310�3 1.47 (1.28–1.68) 3:26310�8

rs55850837 18 MC4R
CDH20a

A/G 0.050 1.42 (1.24–1.63) 3:43310�7 1.92 (1.09–3.36) 0:0232 1.45 (1.27–1.65) 4:03310�8

rs17878533 19 IL12RB1b A/G 0.651 1.23 (1.14–1.32) 4:56310�8 0.94 (0.75–1.18) 0:582 1.2 (1.12–1.28) 4:86310�7

rs74874116c 20 RBBP8NL
GATA5a

T/G 0.028 2.67 (1.94–3.66) 1:47310�9 1.23 (0.93–1.64) 0:146 1.74 (1.41–2.15) 3:14310�7

Rare variants

rs6658664c 1 PRDM16b A/G 0.014 5.19 (3.33–8.09) 3:55310�13 0.94 (0.67–1.33) 0:746 1.79 (1.37–2.46) 2:58310�5

rs1404610 2 LINC01101
GLI2a

G/A 0.012 15.15 (4.64–49.5) 6:69310�6 3.07 (1.97–4.79) 7:84310�7 3.74 (2.47–5.67) 5:37310�10

rs116419656c 3 FAM86DP
MIR1324a

G/A 0.010 6.89 (4.03–11.8) 1:95310�12 0.96 (0.47–2.00) 0:923 3.45 (2.24–5.32) 2:06310�8

rs4721243c 7 MAD1L1b A/G 0.010 5.65 (3.26–9.8) 7310�10 0.78 (0.5–1.22) 0:28 1.70 (1.2–2.39) 2:6310�3

rs113658888c 8 MROH1b T/C 0.011 3.86 (2.60–5.74) 2:52310�11 1.22 (0.84–1.78) 0:305 2.11 (1.6–2.77) 9:04310�8

rs115861550c 9 VAV2b T/C 0.010 7.51 (4.48–12.6) 2:03310�14 1.01 (0.69–1.48) 0.943 2.05 (1.51–2.79) 4:26310�6

rs3750827 10 EBF3b A/G 0.011 2.4 (1.79–3.21) 5:05310�9 1.78 (1.04–3.03) 0:035 2.24 (1.73–2.89) 8:29310�10

rs28514969c 11 TSPAN4b C/T 0.011 14.16 (5.78–34.7) 6:69310�9 1.49 (0.92–2.39) 0:103 2.44 (1.6–3.72) 3:16310�5

rs563064c 13 F10d A/G 0.010 34.03 (10.4–111) 4:59310�9 2.2 (1.45–3.34) 1:96310�4 2.98 (2.01–4.41) 4:89310�8

rs820198c 17 RECQL5b T/C 0.010 14.26 (6.56–31.0) 2:03310�11 1.2 (0.67–2.17) 0:537 2.97 (1.86–4.75) 5:50310�6

rs12452625c 17 RFNGe A/G 0.011 3.84 (2.65–5.57) 1:20310�12 1.03 (0.68–1.56) 0:878 2.14 (1.62–2.82) 6:84310�8

rs59027729 19 HCN2b A/G 0.014 2.06 (1.58–2.68) 7:24310�8 1.47 (0.92–2.34) 0:109 1.90 (1.51–2.39) 4:25310�8

rs116837676c 19 MYADMb A/G 0.011 5.42 (3.00–9.77) 2:01310�8 1.72 (1.17–2.53) 5:66310�3 2.42 (1.76–3.34) 7:34310�8

rs56064912c X POF1B
MIR1321a

T/G 0.010 24.7 (8.95–68.3) 6:13310�10 1.07 (0.85–1.36) 0:55 1.26 (1–1.59) 0:0475

Chr, chromosome; Ref, reference; RAF, risk allele frequency; HR, hazard ratio; CI, confidence interval.
Variants included here are those with association p < 5 3 10�8 either in European discovery GWAS or combined meta-analysis of all samples.
aIntergenic (genes are two flanking).
bIntronic.
cVariants with I2 > 75%.
dUpstream.
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Figure 3. Association between time to conversion from AS to treatment
(A) with the PC genetic risk score (GRS); and (B) with the prostate-specific antigen (PSA) GRS. The fifth and sixth deciles of PC GRSs are
used as the reference. Bars indicate 95% confidence intervals (CIs) around the hazard ratio (HR) estimates. Theminimally adjustedmodel
includes age and the first 10 genetic principal components. The fully adjusted model also includes Gleason grade group (GG1, GG2, or
RGG3), PSA concentration (ng/mL), clinical stage (cT1, cT2, or cT3/cT4), and number of positive biopsy cores (1–2, 3, or R4).
10th percentile of the PSA GRS distribution experienced a

shorter time to conversion (fully adjusted HR ¼ 1.25; 95%

CI, 1.04–1.50; Figure 3B; Table S5). For other deciles, both

the minimally and fully adjusted models show null associ-

ations between the PSA GRS and time to conversion.

Potential clinical utility of the GRS

The time to conversion in the low- and intermediate-risk

groups varied depending on whether men were in the top

or bottom deciles of the GRSPC and GRSPSA distributions

(Figure 4). For GRSPC, the Kaplan-Meier curves contrasting

the top versus bottom deciles were significantly different

for the low- and intermediate-risk groups (p ¼ 3 3 10�5

and p ¼ 0.016, respectively). Similarly, the top and bottom

decilesof theGRSPSAdiffered for the intermediate-riskgroups
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(p¼0.003). Therewasnocleardifferencebetween thedeciles

of GRSPC or GRSPSA in patients with high-risk disease.

A baselinemodel including age at diagnosis and principal

components achieved an AUC ¼ 0.55 for time to conver-

sion. This was substantially improved by incorporating

the clinical characteristics into themodel: AUC¼ 0.653 (Ta-

ble S3). Adding the GRSPC to this model resulted in modest

improvement (AUC¼ 0.659). Augmenting this model with

GRSPSA produced minimal improvement (AUC ¼ 0.661).
Discussion

In this GWAS of PC individuals managed with AS, we de-

tected 18 novel variants and two candidate genes
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Figure 4. Kaplan-Meier plots of active surveillance conversion-free probability for low, intermediate, and high clinicopathological
risk categories
The plots are stratified by the top and bottom deciles of GRSs for PC (GRSPC, A) and for PSA levels (GRSPSA, B). The curves within each risk
category are compared between the top and bottom GRS deciles using a log-rank test (p values given next to corresponding curves).
associated with the risk of conversion from AS to treat-

ment. We further found that GRS for PC susceptibility in

addition to PSA level were associated with conversion,

providing information beyond conventional clinical and

pathologic measures of the disease. These findings provide

preliminary support for using germline genetic informa-

tion to inform the initial management of men with newly

diagnosed, clinically localized PC.

Of the 18 variants associated with conversion, seven

were genome-wide significant in the combined meta-anal-

ysis of the discovery and replication samples. This joint

analysis affords some gain in statistical power for detecting

variant effects while mitigating the ‘‘winner’s curse’’ bias

inherent to the discovery analysis.63 Therefore, these seven

variants most warrant follow-up association and func-

tional analyses in independent samples. Of the 18 variants

associated with conversion, 15 were not previously associ-

ated with PC risk. These include a low-frequency (MAF ¼
0.01) intronic variant, rs4721243 at MAD1L1, at a previ-

ously identified PC locus.43 The variant was uncorrelated

with the previously reported genome-wide significant PC

variant at the locus (rs4513875, r2 ¼ 0.012 in the 1000 Ge-

nomes global reference data). One detected variant

(rs74874116) was 32 kb away from a PC-associated indel
Human
(rs139135938), with little correlation (r2 ¼ 0.015 in 1000

Genomes). The neighboring gene, GATA5, encodes a tran-

scription factor that contains two GATA-type zinc fingers

and is required during cardiovascular development.64

This gene contains two variants previously associated

with benign prostatic hyperplasia (MIM: 600082) and asso-

ciated lower urinary tract symptoms65 (MIM: 618612).

Another variant in a PC risk locus was rs1404610, nearby

GLI2, a transcription factor that one study found regulates

the growth and tumorigenicity of prostate cells.66

Many of the novel variants we found to be associated

with conversion are intronic, including variants in genes

involved in cellular signaling, growth, and differentiation.

PRDM16 (MIM: 605557), where rs6658664 is located, is

associated with evasion of apoptosis by prostatic cancer

cells.67 Intronic variant rs115861550 in VAV2 (MIM:

600428) is upregulated in human PC tumors and is a prog-

nostic indicator for poor outcome.68 Another intronic

variant, EBF3 (MIM: 607407), has been shown to regulate

the expression of genes involved in cell growth, prolifera-

tion, and apoptosis.69 RECQL5 (MIM: 603781), where

variant rs820198 is located, regulates DNA repair interme-

diate structures, and studies have observed elevated

RECQL5 expression in other cancers such as breast (MIM:
Genetics and Genomics Advances 3, 100070, January 13, 2022 9



114480) and bladder (MIM: 109800).70–72 Variant rs820

198 is annotated to an active CTCF (CCCTC-binding fac-

tor, MIM: 604167) binding site, and CTCF expression is

linked to poor outcomes in PC.73 Although intergenic,

variant rs77112978 is nearNEDD4L (MIM: 606384), whose

expression is decreased in PC.74 Intergenic variant

rs55850837-A, associated with conversion in our study,

was associated with reduced body mass index75 and body

fat percentage76 in the phenome-wide association data

curated by the IEU OpenGWAS Project.77 Variant rs1245

2625, a 30 UTR variant of RFNG (MIM: 602578) gene, is

correlated with variants associated with multiple traits,

including heel bone mineral density, lung function, and

waist-hip ratio.78,79 This variant is also predicted to be a

functional target of microRNA hsa-miR-629-3p, which

may serve as a biomarker for lungmetastases of triple-nega-

tive breast cancer.80

Our TWAS suggests a possible role forMAST3 andGAB2 in

conversion. A study described MAST3 as an inflammatory

bowel disease (IBD, MIM: 601458) susceptibility gene that

regulates NF-kB (MIM: 164011) activity through TLR481

(MIM: 603030). Two recent studies have described increased

risk for PC inmenwith IBD.82,83RegardingGAB2, the knock-

down of this gene in PC cells altered the expression of over

1,200 genes and inhibited p53 signaling.84

From either the minimally or the fully adjusted models

where the PS GRS was continuous, we found that the PC

GRS based on 269 known risk variants was positively asso-

ciated with conversion. Moreover, a continuous PSA GRS

based on 36 known genetic variants for PSA levels ex-

hibited a modest but statistically significant inverse associ-

ation with conversion. We expected these GRSs to have

opposite directions of effect on conversion, given that

the PSA GRS may reflect the potential ascertainment of

higher-risk PC in men with lower genetically predicted

PSA levels. While the overall GRS only contributed modest

model discrimination beyond established risk factors for

conversion (i.e., Gleason grade group, stage, and the num-

ber of positive biopsy cores), the associations observed in

the tails (i.e., deciles) of the GRS distribution were most

pronounced among men in low- and intermediate-risk

clinicopathological categories. This finding suggests an

increased utility of genetic information for men with

lower-risk disease, but high PC GRS (or low PSA GRS),

who may be more likely candidates for early treatment or

possibly a higher-intensity of surveillance. Moreover, this

also suggests potential clinical utility from incorporating

genetic information into prediction models composed of

many of the same AS outcome risk factors considered

here (e.g., the Canarymodel).85 A recent study of European

ancestry men with low-risk PCmanaged on AS reported as-

sociations between higher PC GRS with more positive

cores and with bilateral tumor location at diagnostic and

surveillance biopsy;86 note that �50% of the men in this

previous study are also included here, comprising �10%

of our study population. Despite the individual deciles of

the PSA GRS showing a decreasing trend, only the lowest
10 Human Genetics and Genomics Advances 3, 100070, January 13,
0%–10% GRS category showed a statistically significant as-

sociation with AS conversion. This suggests that the PSA

GRS used here based on a small number of genetic variants

may have limited clinical utility to evaluate the risk of con-

version. This may be improved with future PSA GRSs

comprised of larger numbers of variants.

Strengths of this study include leveraging a large, multi-

institutional collaborative study of AS to model the effects

of genetic risk variants independent of clinical risk parame-

ters. Sixty-three percent of the replication sample (n ¼
714) were men of non-European genetic ancestry, allowing

us to test the generalizability of the variants discovered in

the European sample. Our GRS included the most recently

available GWAS weights from PC and PSA. Limitations of

our study included the lack of confirmatory or surveillance

biopsies to reduce misclassification of clinical parameters

at diagnosis and follow-up. In addition, conversion could

conflate disease progression with patient anxiety and/or

physician preference for ASmanagement. However, discon-

tinuing AS due to anxiety was relatively uncommon in this

study (about 6% of events), and these individuals were

censored in theGWAS analysis. Furthermore, given the rela-

tively short follow-up formore robustPCoutcomes, the sam-

ple sizes for PSA failure after treatment (n¼ 124), metastases

(n ¼ 29), or PC-specific death (n ¼ 11) are too small for a

GWAS analysis. Most of the variants with AS conversion

had low MAF, which contrasts with findings of more com-

mon variants associated with risk of PC. While this may

reflect something unique about the genetic etiology of AS

conversion, it may also reflect our ability to detect associa-

tionsgivenourcohort sample size.Due to the limited sample

size in someof the contributing studies,wedidnot adjust for

or meta-analyze by individual study in the association ana-

lyses. Nevertheless, we do not think confounding by study

site is a concern, because the data genotyped by CIDR were

run and analyzed together on a single array, the discovery

sample was restricted to individuals of European ancestry

withadjustment forprincipal components, and the relation-

ship between clinical factors and time to AS conversion

observed in our study agrees with previous publications.49

In addition, we observed some large I2 for the rare variants,

indicating heterogeneity between the discovery and replica-

tion analyses. The inconsistency and between-study hetero-

geneitymaybedue to real differences or biases in the genetic

effects across populations. Further research will be required

to confirm the associations reported here.

In summary, we have undertaken the first GWAS of

conversion among men diagnosed with PC. This multi-

institutional study detected a genetic basis of conversion,

suggesting that genetic factors may provide valuable infor-

mation to stratify men with PC by their risk of discontinu-

ing AS. Important future work will expand this study to

more men placed on AS, increasing our ability to detect

genetic variants associated with conversion. This may in

turn help address concerns that biopsy sampling may un-

derestimate a tumor’s aggressiveness and provide a more

personalized approach to decisions surrounding AS.
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