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Abstract

Background: A total of 10%–20% of patients develop long-term toxicity following radiotherapy for prostate cancer.

Identification of common genetic variants associated with susceptibility to radiotoxicity might improve risk prediction and

inform functional mechanistic studies.

Methods: We conducted an individual patient data meta-analysis of six genome-wide association studies (n¼3871) in men of

European ancestry who underwent radiotherapy for prostate cancer. Radiotoxicities (increased urinary frequency, decreased

urinary stream, hematuria, rectal bleeding) were graded prospectively. We used grouped relative risk models to test associa-

tions with approximately 6 million genotyped or imputed variants (time to first grade 2 or higher toxicity event). Variants

with two-sided Pmeta less than 5 � 10�8 were considered statistically significant. Bayesian false discovery probability provided

an additional measure of confidence. Statistically significant variants were evaluated in three Japanese cohorts (n¼962). All

statistical tests were two-sided.

Results: Meta-analysis of the European ancestry cohorts identified three genomic signals: single nucleotide polymorphism

rs17055178 with rectal bleeding (Pmeta ¼ 6.2 � 10�10), rs10969913 with decreased urinary stream (Pmeta ¼ 2.9 � 10�10), and

rs11122573 with hematuria (Pmeta ¼ 1.8 � 10�8). Fine-scale mapping of these three regions was used to identify another inde-

pendent signal (rs147121532) associated with hematuria (Pconditional ¼ 4.7 � 10�6). Credible causal variants at these four signals

lie in gene-regulatory regions, somemodulating expression of nearby genes. Previously identified variants showed consistent
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associations (rs17599026 with increased urinary frequency, rs7720298 with decreased urinary stream, rs1801516 with overall

toxicity) in new cohorts. rs10969913 and rs17599026 had similar effects in the photon-treated Japanese cohorts.

Conclusions: This study increases the understanding of the architecture of common genetic variants affecting radiotoxicity,

points to novel radio-pathogenic mechanisms, and develops risk models for testing in clinical studies. Further multinational

radiogenomics studies in larger cohorts are worthwhile.

Long-term side effects following radiotherapy affect the health-

related quality of life for cancer survivors (1). Radiation dose

and irradiated volume are the most important factors affecting

toxicity risk but are broadly similar within patient populations.

Known modifiers of the relationship between radiation expo-

sure and risk of radiotoxicity include patient age, smoking his-

tory, concurrent treatments, and comorbidities. However,

considerable interindividual variation in radiotoxicity remains

unexplained after allowing for dosimetric and patient-level fac-

tors. An individual’s response to radiation is a heritable trait as

evidenced by the similar cellular radiosensitivity of related indi-

viduals (2), intraindividual correlation in tissue response to

therapeutic radiation (3), and the observation that rare muta-

tions in some genes increase risk of radiotoxicity (4). Evidence

suggests common variants may explain some of the remaining

interindividual variation in radiotoxicity susceptibility (2,5).

Simulation shows that the accuracy of models to predict radio-

toxicity is improved when genetic risk variants are combined

with clinical and dosimetric parameters (6).

Genetic predisposition to radiotoxicity in nonsyndromic

individuals is poorly understood. Preclinical studies suggest

that the biologic mechanisms are complex, involving cell death,

premature senescence, inflammation, tissue remodeling with

development of fibrosis, and vascular damage. Large genetic

studies are difficult because it is challenging to build cohorts as-

sociated with a phenotype that takes months to years to de-

velop. In addition, the radiosensitivity phenotype varies by

tumor site and means of assessment.

In prostate cancer patients, common radiotoxicities include

increased urinary frequency, radiation cystitis (characterized by

urinary bleeding, pain, and inflammation), urinary retention,

and rectal bleeding (7,8). Radiotoxicity prevalence in prostate

cancer survivors varies by radiation delivery modality, time of

follow-up, and method of symptom assessment (particularly for

clinician vs patient scores). A large (n¼ 1571) prospective cohort

study assessing clinician-assigned toxicity using the National

Cancer Institute Common Terminology Criteria for Adverse

Events reported the actuarial likelihood at 10years of 15% and 9%

for grade 2 or higher urinary and rectal toxicities, respectively (9).

Despite approximately 50% of cancer patients undergoing

radiotherapy, the collection of radiotoxicity data is sporadic and

inconsistent. Most centers do not collect data routinely with the

detail and standardization required to conduct radiogenomic

studies. There is also a clear potential for clinical impact, for ex-

ample, with an option for modified radiotherapy planning as in-

creasingly conformal dose delivery techniques become

available. The Radiogenomics Consortium was established to

facilitate data sharing and develop methods for meta-analyses.

Our first pooled genome-wide association study (GWAS) per-

formed in prostate cancer survivors demonstrated that it was

possible to meta-analyze data and identify genomic risk regions

despite the heterogeneity inherent in radiotherapy cohorts (11).

As part of a long-term goal to identify sufficient variants to

develop a polygenic risk model for radiotoxicity, we undertook a

larger meta-analysis on six cohorts comprising 3871 prostate

cancer survivors. Secondary aims were to validate previously

published single nucleotide polymorphisms (SNPs) and evaluate

risk SNPs in Japanese cohorts. STROGAR guidelines (12) for

reporting radiogenomic studies, which build on the STREGA

and STROBE guidelines (13,14), were followed throughout.

Methods

Study Participants

The study included individuals with prostate adenocarcinoma,

treated with radiotherapy with curative intent, and followed

prospectively for development of toxicity. All participants gave

written informed consent, and cohorts were collected following

standards indicated by the Declaration of Helsinki. Participants

were from either hospital-based cohorts or clinical trials

(Supplementary Methods, available online). Supplementary

Figure 1 (available online) summarizes the six mainly

European-ancestry cohorts (Radiogenomics: Assessment of

Polymorphisms for Predicting the Effects of Radiotherapy

[RAPPER], RADIOGEN, Genetic Predictors of Adverse

Radiotherapy Effects [GenePARE], University of Ghent

[UGhent], Cross Cancer Institute–Brachytherapy [CCI-BT],

Cross Cancer Institute–External Beam Radiotherapy [CCI-

EBRT]) included in the meta-analysis and three Japanese

cohorts (PRRG-photon, n¼ 170; PRRG-Cion, n¼ 538; and

National Tokyo Medical Center (NTMC), n¼ 254; total n¼ 962)

analyzed as a separate replication set. Individuals were ex-

cluded if DNA samples or genotyping failed quality control

measures; they had non-European (or non-Japanese) ances-

try determined using a preselected panel of ancestry infor-

mative markers (15); and/or data were unavailable on

androgen-deprivation therapy, prior prostatectomy, age at

treatment, and total biological effective dose (BED). A previ-

ously published GWAS meta-analysis (11) included a subset

of RAPPER (RAPPER-I), RADIOGEN, GenePARE (GenePARE-I),

and CCI-EBRT. RAPPER-II, GenePARE-II, UGhent, CCI-BT, and

the Japanese cohorts were not analyzed previously.

Assessment of Late Radiotherapy Toxicity

Toxicity was assessed from 6 months up to 5 years after the

start of radiotherapy, with the exception of the UGhent cohort

(follow-up from 18 to 30months only). Different toxicity

assessments were used (Supplementary Table 1, available on-

line). Toxicity grades were harmonized to the Common

Terminology Criteria for Adverse Events scale (Supplementary

Table 1, available online). Assessment times were coarsened

into discrete intervals for time-to-event analysis. Six-month

intervals were used except for RAPPER, which used 12-month

intervals after the first 2 years. Four toxicity outcomes were

analyzed: increased urinary frequency, decreased urinary

stream, hematuria, and rectal bleeding. We also tested a mea-

sure of overall toxicity using STAT score (21).
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Genotyping, Quality Control, and Imputation

Germline DNA from whole blood was genotyped for published

GWASs (5,10,22–25) using Affymetrix SNP6.0 arrays (Affymetrix,

Inc; CCI-EBRT and GenePARE-I) or Illumina CytoSNP12 arrays

(Illumina, Inc; RAPPER-1). Everything else was genotyped using

Illumina OncoArray-500K BeadChips (Illumina, Inc). Methods

used by PRACTICAL were followed (15). Datasets were processed

Table 1. Patient characteristics by cohort for the 3871 individuals included in the GWAS meta-analysis

Characteristics

All cohorts RAPPER RADIOGEN GenePARE UGhent CCI-BT CCI-EBRT

(n¼ 3871) (n¼ 2010) (n¼ 658) (n¼ 492) (n¼ 311) (n¼252) (n¼ 148)

Age at treatment, median (range), y* 68 (43–86) 68 (48–84) 72 (47–86) 65 (43–85) 65 (49–81) 65 (45–79) 68 (45–82)

NCCN risk group, No. (%)

Very low 545 (14.1) 133 (6.6) 100 (15.2) 172 (35.0) 43 (13.8)† 89 (35.3) 8 (5.4)

Low 258 (6.7) 82 (4.1) 23 (3.5) 61 (12.4) 21 (6.8) 68 (27.0) 3 (2.0)

Intermediate 2635 (68.1) 1566 (77.9) 447 (67.9) 232 (47.2) 173 (55.6) 95 (37.7) 122 (82.4)

High or very high 410 (10.6) 229 (11.4) 82 (12.5) 27 (5.5) 57 (18.4) 0 15 (10.1)

Not available 23 (0.6) 0 6 (0.9) 0 17 (5.5) 0 0

Stage at diagnosis, No. (%)

T1a–c, T1x 1443 (37.3) 709 (35.3) 226 (34.3) 249 (50.6) 101 (32.5) 119 (47.2) 38 (25.7)

T2a–c, T2x 2020 (52.2) 1084 (53.9) 362 (55.0) 227 (46.1) 126 (40.5) 132 (52.4) 89 (60.1)

T3a–c, T3x 305 (7.9) 182 (9.1) 54 (2.7) 16 (3.3) 37 (11.9) 0 16 (10.8)

T4 14 (0.4) 0 7 (1.1) 0 6 (1.9) 0 1 (0.7)

Not available 89 (2.3) 35 (1.7) 9 (1.4) 0 41 (13.2) 1 (0.4) 4 (2.7)

Gleason at diagnosis, No. (%)

�6 1702 (44.0) 605 (30.1) 403 (61.2) 310 (63.0) 142 (45.7) 212 (84.1) 30 (20.3)

7 1653 (42.7) 1109 (55.2) 176 (26.8) 124 (25.2) 107 (34.4) 40 (15.9) 97 (65.5)

�8 265 (6.8) 56 (2.8) 70 (10.6) 58 (11.8) 60 (19.3) 0 21 (14.2)

Not available 251 (6.5) 240 (11.9) 9 (1.4) 0 2 (0.6) 0 0

Pretreatment PSA, median (range) 8.9 (0–236.0) 10.1 (0.6–33.5) 9.7 (0.6–236.0) 6.2 (0.6–124.0) 6.6 (0–150.0)‡ 6.3 (0.5–16.0) 10.9 (1.4–80.0)

Radical prostatectomy, No. (%)*

Yes 225 (5.8) 0 128 (29.5) 0 97 (31.2) 0 0

No 3646 (94.2) 2010 (100) 530 (80.5) 492 (100) 214 (68.8) 252 (100) 148 (100)

Androgen-deprivation therapy, No. (%)*

Yes 3047 (78.7) 2010 (100) 463 (70.4) 248 (50.4) 198 (63.7) 55 (21.8) 73 (49.3)

No 824 (21.3) 0 195 (29.6) 244 (49.6) 113 (36.3) 197 (78.2) 75 (50.7)

Type of radiotherapy, No. (%)

3D-CRT 895 (25.4) 237 (11.8) 658 (100) 0 0 0 0

IMRT 2239 (57.8) 1773 (88.2) 0 7 (1.4) 311 (100) 0 148 (100)

Brachytherapy 534 (13.8) 0 0 282 (57.3) 0 252 (100) 0

Brachytherapy þ EBRT 203 (5.2) 0 0 203 (41.3) 0 0 0

Total BED§, median (range)* 123 (52–292) 120 (107–123) 123 (57–127) 192 (52–269) 136 (124–136) 158 (80–292) 121 (112–134)

No. (%) with grade 2 or worse toxicity

Increased urinary frequencyk 436 (11.5) 219 (10.9) 60 (9.1) 113 (24.6) 8 (2.6)¶ NA# 15 (10.1)

Decreased urinary stream** 345 (9.9) 159 (7.9) 27 (4.1) 125 (27.2) NA†† NA# 12 (8.1)

Hematuria‡‡ 333 (9.2) 182 (9.1) 66 (10.0) 62 (12.6) 17 (5.5)¶ NA§§ 6 (4.1)

Rectal bleedingkk 423 (12.5) 273 (13.6) 79 (12.0) NA¶¶ 6 (1.9)¶ 40 (15.9) 25 (16.9)

*Age at treatment, radical prostatectomy, androgen-deprivation therapy, and total BED were included as covariates in the GWAS meta-analysis. BED ¼ biological effec-

tive dose; CCI-BT ¼ Cross Cancer Institute–Brachytherapy; CC-EBRT ¼ Cross Cancer Institute–External Beam Radiotherapy; 3D-CRT ¼ three-dimensional conformal ra-

diotherapy; EBRT ¼ external beam radiotherapy (either 3D-CRT or IMRT); GenePARE ¼ Genetic Predictors of Adverse Radiotherapy Effects; GWAS ¼ genome-wide

association study; IMRT ¼ intensity-modulated radiotherapy; NCCN ¼ National Comprehensive Cancer Network; PSA ¼ prostate specific antigen; RAPPER ¼

Radiogenomics: Assessment of Polymorphisms for Predicting the Effects of Radiotherapy; UGhent ¼ University of Ghent.

†NCCN risk group in the UGhent cohort was defined using preradiotherapy PSA rather than PSA at diagnosis.

‡PSA measurement is pre-radiotherapy but postprostatectomy in patients who received prior prostatectomy.

§Total BED was calculated using an a to b ratio of 3 following Ho et al. (27).

kIncreased urinary frequency was evaluable in 3782 participants with available baseline and follow-up data (2010 in RAPPER, 658 in RADIOGEN, 459 in GenePARE,

303 in UGhent, and 148 in CCI-EBRT).

¶Follow-up in UGhent was from 18months to 30months as opposed to 6months to 5years in all other studies.

#Increased urinary frequency and decreased urinary stream were not analyzed in CCI-BT because assessments were not conducted at regular intervals.

**Decreased urinary stream was evaluable in 3470 participants with available baseline and follow-up data (2010 in RAPPER, 658 in RADIOGEN, 459 in GenePARE, and 148

in CCI-EBRT).

††Decreased urinary streamwas not assessed in UGhent.

‡‡Hematuria was evaluable in 3619 participants with available baseline and follow-up data (2010 in RAPPER, 658 in RADIOGEN, 492 in GenePARE, 311 in UGhent, and

148 in CCI-EBRT).

§§Hematuria was not assessed in CCI-BT.

kkRectal bleeding was evaluable in 3379 participants with available baseline and follow-up data (2010 in RAPPER, 658 in RADIOGEN, 311 in UGhent, 252 in CCI-BT, and

148 in CCI-EBRT).

¶¶Rectal bleeding was assigned a single grade in GenePARE using information across all follow-up assessments, so this outcome was not available for analysis.
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and imputed using reference haplotypes from the 1000

Genomes Project (see Supplementary Methods, available

online).

Statistical Analysis: GWAS Meta-Analysis

Genetic variants were tested for associations with toxicity using

a grouped relative risk model adjusting for androgen-depriva-

tion therapy, prior prostatectomy, age at treatment, and total

BED. Covariables were selected a priori to reduce heterogeneity.

A per-allele additive genetic model was assumed. In RAPPER

(26) and GenePARE (23,27), where samples were genotyped in

two batches using different arrays, batch was included as a bi-

nary adjustment variable. Outcomes were defined as time from

the start of radiation to onset of first occurrence of grade 2 or

higher toxicity (see Supplementary Table 1, available online)

with time coarsened into discrete intervals. Efron method was

used to handle ties.

A fixed-effects meta-analysis using inverse variance weight-

ing combined genetic variant-toxicity associations across stud-

ies. Variants were considered statistically significant if the two-

sided meta-analysis P value (Pmeta) was less than 5 � 10-8 and

the chi-squared test of heterogeneity P value was greater than

.05. The likelihood that an association is nominally statistically

significant at a given threshold depends not only on the P value

but also on the power to detect a given association. We there-

fore assessed the likelihood that our statistically significant

associations represent false positives using the Bayes false dis-

covery probability (28). Supplementary Table 2 (available online)

reports power analysis for a range of minor allele frequencies

and per-allele effect sizes. All statistical tests were two-sided.

Fine-Scale Mapping and Credible Causal Variants (CCV)
Annotation

Genomic regions surrounding each statistically significant asso-

ciation were fine-mapped using conditional analysis (details in

Supplementary Materials, available online). CCVs were anno-

tated with Variant Effect Predictor (31) to determine their effect

on genes, transcripts, and protein sequences and overlapped

with Encode enhancer-like and promoter-like regions (31–33).

Potential expression Quantitative Trait Loci were identified us-

ing the Genotype Tissue Expression Portal.

Statistical Analysis: Multivariable Modeling

Clinical and genetic variables were combined using cohort-

stratified grouped relative risk models. Stepwise model selec-

tion was used to identify parsimonious multivariable models

for each toxicity outcome. Confidence intervals and P values

were likelihood based and two-sided, with P values of .05 or less

considered statistically significant. The proportional hazards

assumption for each predictor was tested at the nominal two-

sided .05 level, one at a time, by extending the model to allow

separate hazard ratios before and after 1095days via an interac-

tion of each predictor with I(time > 1095days); all P values were

greater than .05. Additional details are in the Supplementary

Methods (available online).

Results

Table 1 summarizes the characteristics of the 3871 participants

included in the meta-analysis. The cumulative probability of

Figure 1. Cumulative probability of radiotoxicity. Each graph shows the cumu-

lative probability of developing grade 2 or worse radiotoxicity for each individ-

ual outcome within each study included in the genome-wide association

study meta-analysis. These outcomes include (A) rectal bleeding, (B) in-

creased urinary frequency, (C) decreased urinary stream, and (D) hematuria.

Numbers listed below the x-axis for each graph represent the numbers of

patients at risk.
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developing radiotoxicity varied by cohort and outcome

(Figure 1; Table 1) and agreed with prior reports (9,37–40). As

expected, radiotoxicity was higher in patients receiving brachy-

therapy (1). Lower toxicities were observed in UGhent, possibly

due to differences in grading and/or shorter follow-up time.

Bivariate Cox models provide evidence that the three urinary

toxicities were associated with each other (eg, hazard ratio

[HR]¼ 6.01, 95% confidence interval [CI]¼ 4.70 to 7.62 for associ-

ation of decreased urinary stream with increased urinary fre-

quency), whereas no urinary toxicity was associated with rectal

bleeding (eg, HR¼ 0.96, 95% CI¼ 0.52 to 1.60 for association of

decreased urinary stream with rectal bleeding). Meta-analysis

Q-Q plots (Supplementary Figure 2, available online) showed no

genomic inflation, suggesting population structure was ade-

quately controlled using principal components analysis to re-

strict the study to European-ancestry individuals. Three

independent SNPs reached statistical significance with a

BFDP less than 2% (Table 2; Figure 2): rs17055178 with rectal

bleeding (Pmeta ¼ 6.2 � 10�10), rs10969913 with decreased urinary

stream (Pmeta ¼ 2.9 � 10�10), and rs11122573 with hematuria

(Pmeta ¼ 1.8 � 10�8). Variants with minor allele frequency 1%–4%

and SNPs falling just short of our criteria, including several var-

iants associated with a secondary endpoint of overall toxicity

measured using STAT score (21), are listed in Supplementary

Table 3 (available online).

Fine-scale mapping identified CCVs (Figure 3;

Supplementary Tables 4 and 5, available online). A second inde-

pendent signal (tagged by rs147121532, Pconditional ¼ 4.7 � 10�6)

at chromosome (chr)1: 230337180–231337180 was associated

with hematuria. The first signal (tagged by rs11122573,

Supplementary Tables 4 and 5, available online) includes

47 CCVs (together explaining 93% of the posterior probability of

risk). These CCVs lie in active enhancer- or promoter-like gene-

regulatory regions (Supplementary Figure 3A; Supplementary

Table 6, available online). Their risk alleles decrease expression

of AGT (encoding angiotensinogen; ENSG00000135744.7) and

COG2 (encoding conserved oligomeric Golgi complex subunit 2;

ENSG00000135775.9) in multiple tissues including arteries

(Supplementary Figure 3B, available online). The second signal

with 10 CCVs (tagged by rs147121532, explaining 54% of the pos-

terior probability; Figure 3; Supplementary Tables 4 and 5, avail-

able online) has risk alleles that decrease expression of CAPN9

(encoding the intestinal protease, calpain-9;

ENSG00000135773.8) and ARV1 (encoding ARE2 required for via-

bility [ARV1] homolog, fatty acid homeostasis modulator;

ENSG00000173409.9). The risk alleles in the second signal were

also associated with differential expression of two noncoding

(nc) RNAs: decreased expression of ncRNA AL512328.1

(ENSG00000244137.1), which overlaps partially with AGT and

CAPN9, and increased expression of ncRNA LOC101927604

Figure 2. Manhattan plots. The graphs show association results for (A) rectal bleeding, (B) increased urinary frequency, (C) decreased urinary stream, and (D) hematu-

ria. The red line denotes -log P value ¼ 5 � 10�8. Each point represents a single nucleotide polymorphism, with numbers on the x-axis denoting chromosome number.
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(ENSG00000223393.1). At the chr5: 156903410–157903410 region

associated with rectal bleeding, a 15 CCV signal accounts for

98% posterior probability at the region (Figure 3;

Supplementary Tables 4 and 5, available online). CCVs in this

region overlap active enhancer-like regions in gastrointestinal

tissues (Supplementary Figure 3A; Supplementary Table 6,

available online), but none were statistically significantly as-

sociated with differential gene expression in GTEx (all P> .05).

At the chr9: 30366808–31366808 region, associated with

decreased urinary stream, a single 15 CCV signal accounts for

99% of the posterior probability (Figure 3; Supplementary

Tables 4 and 5, available online). None were statistically signif-

icantly associated with differential gene expression in the tis-

sues evaluated by GTEx (all P> .05).

To explore biological mechanisms underpinning radiotoxic-

ity, we computed gene and pathway scores from the meta-

analysis results (Supplementary Tables 7 and 8, available on-

line). Nine pathways were associated (P< .05) with multiple tox-

icities (Supplementary Table 8, available online), suggesting a

common biological mechanism. For example, the extracellular

matrix pathway from the Biocarta database was associated with

increased urinary frequency as well as hematuria; “cytokine sig-

naling in immune system” from the Reactome database was as-

sociated both with decreased urinary stream and hematuria.

SNPs previously associated with radiotoxicity were evalu-

ated for replication in the new cohorts (Table 3). Three SNPs

showed a consistent association signal (rs17599026 with in-

creased urinary frequency, rs7720298 with decreased urinary

stream, and rs1801516 with overall toxicity), although the effect

size was attenuated. SNPs in TANC1 (22) showed inconsistent

results.

The new and previously published variants were evaluated

in Japanese ancestry cohorts (Supplementary Table 9, available

online). In NTMC, the minor alleles of four SNPs (rs10969913,

rs17599026, rs7720298, rs7582141) were associated with a non-

statistically significantly increased risk of toxicity, with the ef-

fect direction consistent with observations in Europeans. The

PRRG photon cohort also showed consistent, though nonstatis-

tically significant, association signals for rs10969913 and

rs17599026. Associations were not replicated in the PRRG

carbon-ion cohort.

Multivariable grouped relative risk models identified inde-

pendent clinical, dosimetric, and/or comorbidity factors associ-

ated with an increased hazard ratio for each toxicity outcome

(Table 4). Importantly, SNPs remained independently associated

with toxicity and with similar effect sizes in every model. The

effect sizes for SNPs were similar to those of established dosi-

metric or patient-related risk factors. Adjustment for the first

seven principal components derived from analysis of European

ancestry samples had minimal impact on model parameters. C-

statistics show that although model performance was modest,

all four models improved slightly with the addition of SNPs

(Supplementary Table 10, available online).

Discussion

Our study identified three new genomic regions associated with

radiotoxicity. By performing the first radiogenomics fine-map-

ping study, we identified CCVs in each region and demonstrated

two independent signals in the region associated with hematu-

ria. The CCVs in this region were associated with differential ex-

pression of local protein coding genes (AGT, COG2, CAPN9,

ARV1) and nc RNAs (AL512328.1, LOC101927604), pointing to-

ward possible functional mechanisms. For example, AGT encod-

ing angiotensinogen is converted to the active enzyme

angiotensin II by angiotensin-converting enzyme (ACE). Prior

studies suggest angiotensin signaling may influence radiation-

induced blood vessel wall injury and interstitial fibrosis (41),

and animal and human studies suggest that ACE inhibitors

could be radioprotective (42–46). The regions associated with

rectal bleeding and decreased urinary stream did not contain

CCVs associated with differential expression of nearby genes in

A

B

C

Figure 3. Regional Manhattan plots. The graphs show signals defined by fine-

mapping of the (A) hematuria risk region chromosome (chr): 230337180–

231337180, (B) rectal bleeding risk region chr5: 156903410–157903410, and (C) de-

creased urinary stream risk region chr9: 30366808–31366808.

A
R
T
IC

L
E

S. L. Kerns et al. | 185

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jn
c
i/a

rtic
le

/1
1
2
/2

/1
7
9
/5

4
9
0
2
0
1
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz075#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz075#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz075#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz075#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz075#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz075#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz075#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz075#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz075#supplementary-data


T
a
b
le

3
.
A
ss
o
ci
a
ti
o
n
re
su

lt
s
fo
r
ri
sk

lo
ci

id
e
n
ti
fi
e
d
in

p
ri
o
r
g
e
n
e
ti
c
a
ss
o
ci
a
ti
o
n
st
u
d
ie
s

G
e
n
e
ti
c
v
a
ri
a
n
t

a
n
d
g
e
n
e
sy

m
b
o
l

C
h
r†

M
in
o
r
a
ll
e
le

M
A
F
‡

T
o
x
ic
it
y
o
u
tc
o
m
e

R
e
su

lt
s
fr
o
m

p
ri
o
r
p
u
b
li
ca

ti
o
n

M
e
ta
-a
n
a
ly
si
s
o
f
n
e
w

st
u
d
ie
s
n
o
t
in
cl
u
d
e
d
in

p
ri
o
r
p
u
b
li
ca

ti
o
n

O
R
(9
5
%

C
I)

P
m
e
ta
§

N
o
.

S
tu

d
y
,N

o
.

In
fo
*

O
R
(9
5
%

C
I)

P
m
e
ta
§

rs
1
7
5
9
9
0
2
6

ch
r5
:1

3
7
,7
6
3
,7

9
8

T
0
.0
7

P
re
se

n
ce

o
f
g
ra
d
e
1
þ

in
cr
e
a
se

d
u
ri
n
a
ry

fr
e
q
u
e
n
cy

a
t

2
y
e
a
rs

a
ft
e
r

ra
d
io
th

e
ra
p
y

3
.1
2

4
.2

�
1
0
�
8

1
5
6
4

M
e
ta
-a
n
a
ly
si
s

–
1
.2
3
(0
.9
1
to

1
.6
7
)

.1
9

K
D
M
3
B

(2
.0
8
to

4
.6
9
)

R
A
P
P
E
R
-I
I,
n
¼

1
2
5
5

0
.9
6

1
.2
7
(0
.9
0
to

1
.8
0
)

G
e
n
e
P
A
R
E
-I
I,
n
¼

1
6
1

0
.9
6

1
.1
0
(0
.4
5
to

2
.6
9
)

U
G
h
e
n
t,
n
¼

2
8
1

0
.9
6

1
.0
8
(0
.4
4
to

2
.6
4
)

rs
7
7
2
0
2
9
8

ch
r5
:1

3
,8

5
8
,3

2
8

G
0
.3
0

P
re
se

n
ce

o
f
g
ra
d
e
1
þ

d
e
cr
e
a
se

d
u
ri
n
e

st
re
a
m

a
t
2
y
e
a
rs

a
ft
e
r
ra
d
io
th

e
ra
p
y

2
.7
1

3
.2

�
1
0
�
8

1
5
6
4

M
e
ta
-a
n
a
ly
si
s

–
1
.3
7
(1
.0
1
to

1
.8
6
)

.0
5

D
N
A
H
5

(1
.9
0
to

3
.8
6
)

R
A
P
P
E
R
-I
I,
n
¼

1
2
5
5

0
.9
8

1
.2
7
(0
.8
8
to

1
.8
3
)

G
e
n
e
P
A
R
E
-I
I,
n
¼

1
6
1

0
.9
8

1
.6
1
(0
.9
2
to

2
.8
2
)

rs
1
8
0
1
5
1
6

ch
r1
1
:1

0
8
,1

7
5
,4

6
2

A
0
.2
2

O
v
e
ra
ll
to
x
ic
it
y
k
¶

1
.2
1

N
R

2
6
9
7

M
e
ta
-a
n
a
ly
si
s

–
1
.3
7
(1
.0
5
to

1
.7
8
)

.0
2

A
T
M

(0
.9
8
to

1
.4
9
)

R
A
P
P
E
R
-I
I,
n
¼

8
5
9

N
A
#

1
.3
6
(1
.0
3
to

1
.8
0
)

G
e
n
e
P
A
R
E
-I
I,
n
¼

1
0
1

N
A
#

1
.4
5
(0
.6
3
to

3
.3
4
)

C
C
I-
B
T
,n

¼
8
2

N
A
#

1
.1
8
(0
.2
1
to

6
.5
5
)

rs
7
5
8
2
1
4
1

ch
r2
:1

5
9
,
8
9
9
,4

8
9

T
0
.0
2
to

0
.0
5
†
†

O
v
e
ra
ll
to
x
ic
it
y
¶

6
.1
7

4
.2

�
1
0
�
1
0

1
7
4
2

M
e
ta
-a
n
a
ly
si
s

–
0
.9
8
(0
.5
2
to

1
.8
6
)

.9
5

T
A
N
C
1

(2
.2
5
to

1
6
.9
)

R
A
P
P
E
R
-I
I,
n
¼

1
3
4
0

0
.9
6

0
.5
6
(0
.2
0
to

1
.5
9
)

G
e
n
e
P
A
R
E
-I
I,
n
¼

2
2
0

0
.9
6

0
.8
5
(0
.2
0
to

3
.6
7
)

U
G
h
e
n
t,
n
¼

2
8
5

0
.9
6

2
.1
6
(0
.7
1
to

6
.5
3
)

C
C
I-
B
T
,n

¼
1
1
4

0
.9
6

N
A
**

C
C
I-
E
B
R
T
,n

¼
1
4
8

N
A
#

0
.7
3
(0
.0
8
to

6
.3
8
)

*I
m

p
u
ta
ti
o
n

in
fo

sc
o
re

v
a
lu
e
s
in

C
C
I-
E
B
R
T

a
re

fr
o
m

th
e
A
ff
y
S
N
P
6
.0

a
rr
a
y
;
v
a
lu
e
s
in

a
ll
o
th

e
r
st
u
d
ie
s
a
re

fr
o
m

th
e
O
n
co

A
rr
a
y
.
C
C
I-
B
T

¼
C
ro

ss
C
a
n
ce

r
In
st
it
u
te
–B

ra
ch

y
th

e
ra
p
y
;
C
C
-E
B
R
T

¼
C
ro

ss
C
a
n
ce

r
In
st
it
u
te
–E

x
te
rn

a
l
B
e
a
m

R
a
d
io
th

e
ra
p
y
;
C
h
r
¼

ch
ro

m
o
so

m
e
;
C
I
¼

co
n
fi
d
e
n
ce

in
te
rv
a
l;
G
e
n
e
P
A
R
E
¼

G
e
n
e
ti
c
P
re
d
ic
to
rs

o
f
A
d
v
e
rs
e
R
a
d
io
th

e
ra
p
y
E
ff
e
ct
s;

M
A
F
¼

m
in
o
r
a
ll
e
le

fr
e
q
u
e
n
cy

;
N
A

¼
n
o
t
a
n
a
ly
z
e
d
;
N
R

¼
n
o
t
re
p
o
rt
e
d
;
O
R

¼
o
d
d
s
ra
ti
o
;
R
A
P
P
E
R

–

R
a
d
io
g
e
n
o
m

ic
s:

A
ss

e
ss

m
e
n
t
o
f
P
o
ly
m

o
rp

h
is
m

s
fo
r
P
re
d
ic
ti
n
g
th

e
E
ff
e
ct
s
o
f
R
a
d
io
th

e
ra
p
y
;S

N
P
¼

si
n
g
le

n
u
cl
e
o
ti
d
e
p
o
ly
m

o
rp

h
is
m

;U
G
h
e
n
t
¼

U
n
iv
e
rs
it
y
o
f
G
h
e
n
t.

†
B
a
se

p
o
si
ti
o
n
a
cc

o
rd

in
g
to

G
e
n
o
m

e
R
e
fe
re
n
ce

C
o
n
so

rt
iu
m

H
u
m

a
n
B
u
il
d
3
7
(h
g
1
9
).

‡
M
in
o
r
a
ll
e
le

fr
e
q
u
e
n
cy

is
fr
o
m

P
R
A
C
T
IC

A
L
O
n
co

A
rr
a
y
sa

m
p
le
s
o
f
E
u
ro

p
e
a
n
a
n
ce

st
ry
.

§
T
w
o
-s
id
e
d
P
m

e
ta
w
a
s
ca

lc
u
la
te
d
u
si
n
g
a
W

a
ld

te
st
.

k
T
h
e
p
re
v
io
u
sl
y
p
u
b
li
sh

e
d
st
u
d
y
in
cl
u
d
e
d
a
cu

te
a
s
w
e
ll
a
s
la
te

to
x
ic
it
y
w
h
e
re
a
s
th

e
cu

rr
e
n
t
st
u
d
y
in
cl
u
d
e
s
o
n
ly

la
te

to
x
ic
it
y
.

¶
O
v
e
ra
ll
to
x
ic
it
y
w
a
s
m

e
a
su

re
d
u
si
n
g
S
T
A
T
sc

o
re

( 2
1
)
b
a
se

d
o
n
th

e
w
o
rs
t
to
x
ic
it
y
g
ra
d
e
fr
o
m

2
y
e
a
rs

to
5
y
e
a
rs

a
ft
e
r
th

e
st
a
rt

o
f
ra
d
io
th

e
ra
p
y
.A

n
a
ly
si
s
is

a
d
ju
st
e
d
fo
r
p
re
ra
d
io
th

e
ra
p
y
S
T
A
T
sc

o
re
,a

g
e
,a

n
d
ro

g
e
n
-d

e
p
ri
v
a
ti
o
n
th

e
ra
p
y
,

p
ro

st
a
te
ct
o
m

y
,
a
n
d
to
ta
l
b
io
lo
g
ic
a
l
e
ff
e
ct
iv
e
d
o
se

.
A
n
a
ly
si
s
in

R
A
D
IO

G
E
N

u
se

d
g
e
n
o
ty
p
e
d
a
ta

fr
o
m

th
e
Il
lu
m

in
a
O
n
co

A
rr
a
y
w
h
e
re
a
s
th

e
p
re
v
io
u
sl
y
p
u
b
li
sh

e
d
re
su

lt
s
u
se

d
g
e
n
o
ty
p
e
d
a
ta

fr
o
m

th
e
A
ff
y
m

e
tr
ix

A
x
io
m

G
e
n
o
m

e
-W

id
e

C
E
U
1
a
rr
a
y
(2
2
).
A
d
d
it
io
n
a
l
to
x
ic
it
y
fo
ll
o
w
-u

p
d
a
ta

w
e
re

a
v
a
il
a
b
le

in
th

e
cu

rr
e
n
t
a
n
a
ly
si
s
th

a
t
w
e
re

n
o
t
a
v
a
il
a
b
le

in
th

e
e
a
rl
ie
r
a
n
a
ly
si
s.

#
S
N
P
w
a
s
d
ir
e
ct
ly

g
e
n
o
ty
p
e
d
.

**
S
T
A
T
sc

o
re

w
a
s
n
o
t
a
ss

e
ss

e
d
in

C
C
I-
B
T
b
e
ca

u
se

it
co

rr
e
la
te
d
p
e
rf
e
ct
ly

w
it
h
rs
7
5
8
2
1
4
1
g
e
n
o
ty
p
e
.

†
†
T
h
e
m

in
o
r
a
ll
e
le

fr
e
q
u
e
n
cy

fo
r
rs
7
5
8
2
1
4
1
a
n
d
o
th

e
r
S
N
P
s
in

th
is

lo
cu

s
v
a
ry

a
cr
o
ss

E
u
ro

p
e
a
n
su

b
p
o
p
u
la
ti
o
n
s.

T
h
e
fr
e
q
u
e
n
cy

o
f
th

e
C
a
ll
e
le

is
0
.0
2
4
in

R
A
P
P
E
R
-I
,
0
.0
2
2
in

R
A
P
P
E
R
-I
I,
0
.0
3
9
in

R
A
D
IO

G
E
N
,
0
.0
4
2
in

G
e
n
e
P
A
R
E
-I
,
0
.0
4
6
in

G
e
n
e
P
A
R
E
-I
I,
0
.0
2
9
in

U
G
h
e
n
t,
a
n
d
0
.0
3
3
in

C
C
I-
E
B
R
T
.

A
R
T
IC

L
E

186 | JNCI J Natl Cancer Inst, 2020, Vol. 112, No. 2

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jn
c
i/a

rtic
le

/1
1
2
/2

/1
7
9
/5

4
9
0
2
0
1
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



the available tissue databases and may associate with long-

distance gene regulation. The rectal bleeding locus overlaps

with active enhancer-like regions in gastrointestinal tissues,

and further studies are needed to uncover the functional

effects.

Pathway analysis might also identify new mechanisms in-

volved in the pathogenesis of radiotoxicity. For example, the

top-ranking pathway associated with hematuria was platelet

adhesion to exposed collagen. Platelet adhesion is the first step

in the formation of a platelet plug during hemostasis in re-

sponse to blood vessel wall injury (47). Collagens are involved in

the process and some are abundant in vascular epithelia (48).

Several collagen-binding proteins are expressed on platelets in-

cluding integrins (47). Interestingly, the integrin pathway

ranked eighth for an association with rectal bleeding.

Our analysis is the largest GWAS of late radiotoxicity.

Although heterogeneity across cohorts adds noise and masks

statistically significant SNP-toxicity associations, our analysis

plan addressed heterogeneity. Use of individual patient data

meta-analysis maximizes statistical power when combining in-

formation across multiple studies (49,50). In addition, we strati-

fied our multivariable models by study to account for

differences in toxicity incidence and other unmeasured covari-

ates that may differ across study populations. Analysis of previ-

ously identified risk SNPs provides support for the original

discovery because the odds ratios, the best estimate of associa-

tion, are in the same direction in the new studies. As is com-

monly observed, the initial effect size estimates for the prior

GWAS-identified SNPs were upwardly biased (so-called

“winner’s curse”), and evaluation here enabled estimation of ef-

fect sizes that more likely reflect their true contribution to risk

of toxicity. Although unable to replicate the association at

2q24.1 within TANC1, it is challenging because of the rarity of

minor alleles within Europeans (30). However, ongoing labora-

tory studies support a role of TANC1 in radiation response (per-

sonal communication from Ana Vega, Universidade de Santiago

de Compostela, Santiago de Compostela, Spain), highlighting

the importance of functional studies as complementary to asso-

ciation studies.

The multivariable risk models demonstrate that genetic var-

iants, treatment variables, and other clinical factors are inde-

pendent predictors for radiotoxicity, supporting the suggestion

that common variants can improve traditional normal tissue

complication probability models (51,52). Although the c-statis-

tics for our models are modest, SNPs improved model perfor-

mance. As cohort and sample sizes increase, further GWAS

should uncover additional risk SNPs and sequencing studies

will uncover rare, possibly high-penetrance, variants. We fore-

see the eventual incorporation of polygenic scores or gene panel

information into integrative models of radiotoxicity that also in-

clude clinical risk factors. Although important to continue

efforts to identify additional risk SNPs and rare variants, our

models are ready for validation, a critical next step toward clini-

cal testing. The REQUITE prospective cohort study (53) of late

radiotoxicity will provide an excellent opportunity to test these

risk models. In addition, investigators are actively developing

novel clinical trial approaches for testing the ability of risk mod-

els to personalize treatment and improve outcomes (54). We

foresee these models being used, for example, to identify the

small proportion of individuals with the highest risk for toxicity

who might choose to avoid radiotherapy if watchful waiting or

surgery are alternatives; for dose escalation in patients with a

low risk of toxicity; and to evaluate how model-directed

Table 4. Multivariable models including SNPs and clinical risk factors. All
models are stratified by study

Model HR (95% CI) P*

Rectal bleeding†

rs17055178 1.84 (1.49 to 2.24) <.001

Rectum volume (cm3) receiving 65 Gy‡ 1.33 (1.08 to 1.63) .007

Rectum volume (percent) receiving 70 Gy§ 1.44 (1.18 to 1.77) <.001

Arthritis 2.06 (1.12 to 3.48) .02

Inflammatory bowel diverticular disease 1.80 (1.07 to 2.83) .03

Rectal dose standard deviation§ 1.10 (1.03 to 1.18) .008

Intestinal volume (percent) receiving 15 Gy¶ 1.26 (1.03 to 1.52) .03

Gleason score �7# 1.25 (1.00 to 1.57) .05

Cardiovascular disease 1.44 (1.01 to 2.02) .05

Increased urinary frequency**

rs17599026 1.37 (1.08 to 1.71) .01

Age at treatment >75†† 1.50 (1.16 to 1.92) .002

Diabetes 1.53 (1.15 to 2.00) .005

Cardiovascular disease 1.57 (1.04 to 2.31) .04

Prior pelvic surgery 1.57 (1.06 to 2.24) .02

Presence of hemorrhoids 1.56 (1.02 to 2.27) .04

Decreased urinary stream‡‡

rs10969913 2.23 (1.36 to 3.44) .002

rs7720298 1.25 (1.05 to 1.48) .01

Presence of hemorrhoids 2.06 (1.29 to 3.13) .004

Prior TURP 1.67 (1.13 to 2.39) .01

Bladder volume (cm3) receiving 70 Gy§§ 1.35 (1.09 to 1.87) .002

Hematuriakk

rs11122573 1.77 (1.39 to 2.23) <.001

rs75991123¶¶ 1.61 (1.22 to 2.09) <.001

Prior TURP 2.33 (1.70 to 3.12) <.001

Bladder volume (%) receiving 74 Gy## 1.29 (1.09 to 1.51) .003

Receipt of EBRT*** 1.92 (1.17 to 3.20) .01

Age at treatment††† 2.80 (1.21 to 5.91) .02

*Two-sided P value was calculated using a Wald test. EBRT ¼ external beam radiother-

apy; HR ¼ hazard ratio; TURP ¼ transurethral resection of the prostate.

†There were only six rectal bleeding events in UGhent so this cohort was excluded from

the model.

‡Variable was log2 transformed and includes a spline knot at 3.0 cm3, the 25th percen-

tile value. Hazard ratio is per doubling of volume above the 25th percentile value, with

reference being values below the 25th percentile.

§Variable was log2 transformed and includes a spline knot at 1.7%, the 75th percentile

value. Hazard ratio is per doubling of percent above the 75th percentile, with reference

being values below the 75th percentile.

kThis variable is defined as the SD from the mean rectal dose for the standardized rectal

volume defined as a solid organ, for each individual patient’s dosimetry. It includes a

spline knot at 19.7 Gy, the median value. Hazard ratio is per unit above the median

value, with reference being values below the median.

¶Variable was log2 transformed and includes a spline knot at 3.3%, the 75th percentile

value. Hazard ratio is per doubling of percent above the 75th percentile, with reference

being values below the 75th percentile.

#Reference group is Gleason less than 7.

**There were only eight increased urinary frequency events in UGhent so this cohort

was excluded from the model.

††Reference group are men 75 years or younger at time of treatment.

‡‡There were only 12 decreased urinary stream events in CCI-EBRT so this cohort was

excluded from the model.

§§Variable was log2 transformed. Hazard ratio is per doubling of volume.

kkThere were only six hematuria events in CCI-EBRT so this cohort was excluded from

the model.

¶¶The top SNPs in the second region associated with hematuria, rs147121532, has a mi-

nor allele frequency less than 4% and so the next most strongly associated SNP was

used in the multivariable model (minor allele frequency 6%).

##Variable was log2 transformed and includes a spline knot at 1.9 cm3, the median

value. Hazard ratio is per doubling of volume above the median value, with reference

being values below the median. In UGhent, bladder volume (percentage) receiving 75Gy

was used instead of bladder volume (percentage) receiving 74Gy.

***Reference group received brachytherapy alone.

†††Age is treated as a continuous variable if older than 75 years. Hazard ratio is

per year of age older than 75 years, with reference being men age 75 years or

younger.
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modification of planned doses to normal tissues affects risk for

developing toxicity.

A strength of our study is the prospective longitudinal as-

sessment of toxicity enabling use of time-to-event analysis to

maximize information across multiple toxicity assessments.

Long-term follow-up is clearly important for radiogenomic

studies, and future work should use longitudinal analysis when

possible. A second strength of our work is the inclusion of

Japanese ancestry cohorts. Most GWAS to date focused on pop-

ulations of European ancestry, because ethnicity inflates type I

error rates and reduces statistical power because of population

heterogeneity in allelic effects on a trait (55). It is important to

understand how knowledge gained from European populations

transfers to other ethnicities. Methods are being developed to

detect genetic variants associated with complex traits allowing

for population heterogeneity (56). Transethnic studies suggest

susceptibility loci for traits are generally shared between

European and East Asians (57), and, because of the larger sam-

ple size, cross-population meta-analyses increase statistical

power to detect novel loci (58). Our cohort sizes are still too

small to identify heterogeneity in allelic effects between eth-

nic groups. However, we performed the first analysis exploring

transferability of SNP-radiotherapy toxicity associations

across ethnicities.

Limitations include the lack of detailed dosimetry and co-

morbidity data for all cohorts, although our stratified analysis

maximized use of data across all studies for multivariable mod-

els. In addition, although this is the largest GWAS of its kind to

date, the sample size is modest compared with disease suscep-

tibility GWAS and was powered only to detect SNP-toxicity

associations with relatively large effect sizes. Our study was too

small for multi-SNP modeling, such as polygenic risk score and

machine learning-based methods. The latter were successful

for other polygenic traits and diseases (59) and should be reeval-

uated as larger radiotoxicity cohorts become available. In addi-

tion, this study was not designed to identify rare variants

associated with radiotherapy toxicity, which requires next-gen-

eration sequencing of large cohorts or case-control studies.

In summary, by performing the largest GWAS meta-analysis

and first fine-mapping study in radiogenomics, to our knowl-

edge, we identified four new regions associated with radiotoxic-

ity in prostate cancer. We showed the signals affect gene

regulation rather than gene coding sequences. This study

increases our understanding of the architecture of common ge-

netic variants affecting radiotoxicity and demonstrates that fur-

ther multinational radiogenomics studies in larger cohorts are

worthwhile.

Funding

This work was supported by the US National Institutes of

Health (NIH; K07 CA187546 to SLK; SBIR

HHSN261201500043C to BSR), the United States Department

of Defense (PC140371 to BSR and HO), and the European

Union’s Horizon 2020 research and innovation programme

under the Marie Sklodowska-Curie grant agreement

No. 656144. Genotyping via the OncoArray was funded by

the NIH (U19 CA 148537 for ELucidating Loci Involved in

Prostate cancer SuscEptibility [ELLIPSE] project and

X01HG007492 to the Center for Inherited Disease Research

[CIDR] under contract number HHSN268201200008I) as well

as C8197/A16565. Additional analytic support was provided

by NIH NCI U01 CA188392 (PI: Schumacher). RAPPER was

supported by Cancer Research UK grants C1094/A18504,

C147/A25254, and C147/A25254 and NIHR Manchester

Biomedical Research Centre funding. The PRACTICAL con-

sortium was supported by Cancer Research UK Grants

C5047/A7357, C1287/A10118, C1287/A16563, C5047/A3354,

C5047/A10692, and C16913/A6135; European Commission’s

Seventh Framework Programme grant agreement No.

223175 (HEALTH-F2-2009–223175); and the NIH Cancer Post-

Cancer GWAS initiative grant: 1U19 CA 148537–01 (the

GAME-ON initiative). CMLW is supported by the NIHR

Manchester Biomedical Research Centre and the EU’s 7th

Framework Programme Grant Agreement No 601826. GP and

MEA’s work was also partially supported by NIH grant

R01GM114434. RADIOGEN research was supported by

Spanish Instituto de Salud Carlos III funding, an initiative of

the Spanish Ministry of Economy and Innovation partially

supported by European Regional Development FEDER Funds

(INT15/00070, INT16/00154, INT17/00133; PI16/00046; PI13/

02030; PI10/00164), and through the Autonomous

Government of Galicia (Consolidation and structuring pro-

gram: IN607B) given to AV. DPD was supported by the NIHR

Royal Marsden Hospital and Institute of Cancer Research

Biomedical Research Centre.

Notes

Affiliations of authors: Departments of Radiation Oncology and

Surgery, University of Rochester Medical Center, Rochester, NY

(SLK, MJ); Department of Oncology (LF), and Department of

Public Health and Primary Care (LD, GCB, AMD), Centre for

Cancer Genetic Epidemiology, Strangeways Research

Laboratory, University of Cambridge, Cambridge, UK;

Department of Oncology, Cambridge University Hospitals NHS

Foundation Trust, Cambridge, UK (GCB, PDPP); Department of

Biostatistics and Computational Biology, University of

Rochester Medical Center, Rochester, NY (AB, DRP); Department

of Computational Biology, University of Rochester, Rochester,

NY (MH); Department of Genetics and Genomic Sciences and

Icahn Institute for Data Science and Genomic Technology,

Icahn School of Medicine at Mount Sinai, New York, NY (KH,

ADN, MEA, GP); Division of Biostatistics and Bioinformatics,

Department of Epidemiology and Public Health, University of

Maryland Greenebaum Cancer Center, School of Medicine,

University of Maryland, Baltimore (SMB); Division of Cancer

Sciences, the University of Manchester, Manchester Academic

Health Science Centre, Christie Hospital, Manchester, UK (RME,

NGB, CMLW); Academic Urooncology Unit, The Institute of

Cancer Research and Royal Marsden NHS Foundation Trust,

London, UK (DPD, SLG); Clinical Trials and Statistics Unit, The

Institute of Cancer Research, London, UK (EH); MRC Clinical

Trials Unit at UCL, Institute of Clinical Trials and Methodology,

University College London, London, UK (MRS); Fundaci�on

P�ublica Galega de Medicina Xen�omica-Servizo Galego de Saude

(SERGAS & Instituto de Investigaci�on Sanitaria de Santiago de

Compostela (IDIS), Santiago de Compostela, Spain (MEA-B, AV);

Department of Radiation Oncology (AG-C, AMC, PP), and

Department of Medical Physics (RL-B), Complexo Hospitalario

Universitario de Santiago, SERGAS, Santiago de Compostela,

Spain; Department of Radiation Oncology (RS), and Department

of Urology (NNS), Icahn School of Medicine at Mount Sinai, New

York, NY; Departments of Pathology and Genetics, Albert

Einstein College of Medicine, Bronx, NY (HO); Division of

A
R
T
IC

L
E

188 | JNCI J Natl Cancer Inst, 2020, Vol. 112, No. 2

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jn
c
i/a

rtic
le

/1
1
2
/2

/1
7
9
/5

4
9
0
2
0
1
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Radiation Oncology, Department of Oncology, Cross Cancer

Institute, University of Alberta, Edmonton, Canada (NU, MP);

Department of Pathology and Cell Biology, Columbia University,

New York, NY (SS); National Institute of Radiological Science,

National Institutes for Quantum and Radiological Science and

Technology, Chiba, Japan (HT, TI); Department of Urology,

National Tokyo Medical Center, Tokyo, Japan (SS); Division of

Genetics and Epidemiology, Institute of Cancer Research and

Royal Marsden NHS Foundation Trust, London, UK (RE);

Departments of Basic Medical Sciences and Radiotherapy,

Ghent University Hospital, Ghent, Belgium (KDR); Grupo de

Medicina Xen�omica, Centro de Investigaci�on Biom�edica en Red

de Enfermedades Raras (CIBERER), Universidade de Santiago de

Compostela, Santiago de Compostela, Spain (AV); Departments

of Radiation Oncology & Genetics and Genomic Sciences, Icahn

School of Medicine at Mount Sinai, New York, NY (BSR).

The funders had no involvement in the study design, data

collection, analysis and interpretation, writing of the report, or

the decision to submit the paper for publication. The authors

have no conflicts of interest directly related to this study to

disclose.

The authors thank the Prostate Cancer Association Group to

Investigate Cancer Associated Alterations in the Genome

(PRACTICAL) Consortium (http://practical.icr.ac.uk/) for provid-

ing genotyping data for studies genotyped using the Oncoarray.

We are grateful to the collaborating clinicians for participation

in the PRRG study. This work was enabled by the computational

resources and staff expertise provided by Scientific Computing

at the Icahn School of Medicine at Mount Sinai and

the University of Rochester Center for Integrated Research

Computing (CIRC).

References

1. Sanda MG, Dunn RL, Michalski J, et al. Quality of life and satisfaction with

outcome among prostate-cancer survivors. N Engl J Med. 2008;358(12):

1250–1261.

2. Wu X, Spitz MR, Amos CI, et al. Mutagen sensitivity has high heritability: evi-

dence from a twin study. Cancer Res. 2006;66(12):5993–5996.

3. Safwat A, Bentzen SM, Turesson I, et al. Deterministic rather than stochastic

factors explain most of the variation in the expression of skin telangiectasia

after radiotherapy. Int J Radiat Oncol Biol Phys. 2002;52(1):198–204.

4. Barnett GC, West CM, Dunning AM, et al. Normal tissue reactions to radio-

therapy: towards tailoring treatment dose by genotype. Nat Rev Cancer. 2009;

9(2):134–142.

5. Barnett GC, Thompson D, Fachal L, et al. A genome wide association study

(GWAS) providing evidence of an association between common genetic var-

iants and late radiotherapy toxicity. Radiother Oncol. 2014;111(2):178–185.

6. Kerns SL, Kundu S, Oh JH, et al. The prediction of radiotherapy toxicity using

single nucleotide polymorphism-based models: a step toward prevention.

Semin Radiat Oncol. 2015;25(4):281–291.

7. Hauer-Jensen M, Denham JW, Andreyev HJ. Radiation enteropathy–patho-

genesis, treatment and prevention. Nat Rev Gastroenterol Hepatol. 2014;11(8):

470–479.

8. Marks LB, Carroll PR, Dugan TC, et al. The response of the urinary bladder,

urethra, and ureter to radiation and chemotherapy. Int J Radiat Oncol Biol Phys.

1995;31(5):1257–1280.

9. Zelefsky MJ, Levin EJ, Hunt M, et al. Incidence of late rectal and urinary toxic-

ities after three-dimensional conformal radiotherapy and intensity-

modulated radiotherapy for localized prostate cancer. Int J Radiat Oncol Biol

Phys. 2008;70(4):1124–1129.

10. Schumacher FR, Al Olama AA, Berndt SI, et al. Association analyses of more

than 140, 000 men identify 63 new prostate cancer susceptibility loci. Nat

Genet. 2018;50(7):928–936.

11. Kerns SL, Dorling L, Fachal L, et al. Meta-analysis of genome wide association

studies identifies genetic markers of late toxicity following radiotherapy for

prostate cancer. EBioMedicine. 2016;10:150–163.

12. Kerns SL, de Ruysscher D, Andreassen CN, et al. STROGAR - STrengthening

the reporting of Genetic Association studies in radiogenomics. Radiother

Oncol. 2014;110(1):182–188.

13. Little J, Higgins JP, Ioannidis JP, et al. Strengthening the reporting of genetic

association studies (STREGA): an extension of the STROBE Statement. Hum

Genet. 2009;125(2):131–151.

14. von Elm E, Altman DG, Egger M, et al. The Strengthening the Reporting of

Observational Studies in Epidemiology (STROBE) statement: Guidelines for

reporting observational studies. Ann Intern Med. 2007;147(8):573–577.

15. Amos CI, Dennis J, Wang Z, et al. The OncoArray consortium: a network for

understanding the genetic architecture of common cancers. Cancer Epidemiol

Biomarkers Prev. 2017;26(1):126–135.

16. LENT SOMA scales for all anatomic sites. Int J Radiat Oncol Biol Phys. 1995;31(5):

1049–1091.

17. Dearnaley DP, Hall E, Lawrence D, et al. Phase III pilot study of dose escalation

using conformal radiotherapy in prostate cancer: PSA control and side

effects. Br J Cancer. 2005;92(3):488–498.

18. RTOG/EORTC Late Radiation Morbidity Scoring Schema. https://www.rtog.

org/ResearchAssociates/AdverseEventReporting/RTOGEORTCLateRadiation

MorbidityScoringSchema.aspx. Accessed October 2018.

19. National Cancer Institute. Common Terminology Criteria for Adverse Events v4.0.

In.NIH publication # 09-7473; NCI, NIH, DHHS. May 29, 2009.

20. Barry MJ, Fowler FJ, O’Leary MP, et al. The American Urological Association

symptom index for benign prostatic hyperplasia. J Urol. 1992;148(5 Part 1):

1549–1557; discussion 1564.

21. Barnett GC, West CM, Coles CE, et al. Standardized Total Average Toxicity

score: a scale- and grade-independent measure of late radiotherapy toxicity

to facilitate pooling of data from different studies. Int J Radiat Oncol Biol Phys.

2012;82(3):1065–1074.

22. Fachal L, Gomez-Caamano A, Barnett GC, et al. A three-stage genome-wide

association study identifies a susceptibility locus for late radiotherapy toxic-

ity at 2q24.1.Nat Genet. 2014;46(8):891–894.

23. Kerns SL, Stock R, Stone N, et al. A 2-stage genome-wide association study to

identify single nucleotide polymorphisms associated with development of

erectile dysfunction following radiation therapy for prostate cancer. Int J

Radiat Oncol Biol Phys. 2013;85(1):e21–e28.

24. Kerns SL, Stock RG, Stone NN, et al. Genome-wide association study identi-

fies a region on chromosome 11q14.3 associated with late rectal bleeding fol-

lowing radiation therapy for prostate cancer. Radiother Oncol. 2013;107(3):

372–376.

25. Kerns SL, Stone NN, Stock RG, et al. A 2-stage genome-wide association study

to identify single nucleotide polymorphisms associated with development of

urinary symptoms after radiotherapy for prostate cancer. J Urol. 2013;190(1):

102–108.

26. Burnet NG, Elliott RM, Dunning A, et al. Radiosensitivity, radiogenomics and

RAPPER. Clin Oncol (R Coll Radiol). 2006;18(7):525–528.

27. Ho AY, Atencio DP, Peters S, et al. Genetic predictors of adverse radiotherapy

effects: the Gene-PARE project. Int J Radiat Oncol Biol Phys. 2006;65(3):646–655.

28. Wakefield J. A Bayesian measure of the probability of false discovery in ge-

netic epidemiology studies.Am J Hum Genet. 2007;81(2):208–227.

29. Marchini J, Howie B, Myers S, et al. A new multipoint method for genome-

wide association studies by imputation of genotypes. Nat Genet. 2007;39(7):

906–913.

30. Genomes Project C, Auton A, Brooks LD, et al. A global reference for human

genetic variation.Nature. 2015;526(7571):68–74.

31. McLaren W, Gil L, Hunt SE, et al. The Ensembl Variant Effect Predictor.

Genome Biol. 2016;17(1):122.

32. Consortium EP. An integrated encyclopedia of DNA elements in the human

genome.Nature. 2012;489(7414):57–74.

33. Sloan CA, Chan ET, Davidson JM, et al. ENCODE data at the ENCODE portal.

Nucleic Acids Res. 2016;44(D1):D726–D732.

34. Pruim RJ, Welch RP, Sanna S, et al. LocusZoom: regional visualization of

genome-wide association scan results. Bioinformatics. 2010;26(18):2336–2337.

35. Aulchenko YS, Struchalin MV, van Duijn CM. ProbABEL package for genome-

wide association analysis of imputed data. BMC Bioinformatics. 2010;11:134.

36. Lamparter D, Marbach D, Rueedi R, et al. Fast and rigorous computation of

gene and pathway scores from SNP-based summary statistics. PLoS Comput

Biol. 2016;12(1):e1004714.

37. Hamdy FC, Donovan JL, Lane JA, et al. 10-year outcomes after monitoring,

surgery, or radiotherapy for localized prostate cancer. N Engl J Med. 2016;

375(15):1415–1424.

38. Odrazka K, Dolezel M, Vanasek J, et al. Late toxicity after conformal and

intensity-modulated radiation therapy for prostate cancer: Impact of previ-

ous surgery for benign prostatic hyperplasia. Int J Urol. 2010;17(9):784–790.

39. Resnick MJ, Koyama T, Fan KH, et al. Long-term functional outcomes after

treatment for localized prostate cancer.N Engl J Med. 2013;368(5):436–445.

40. Syndikus I, Morgan RC, Sydes MR, et al. Late gastrointestinal toxicity after

dose-escalated conformal radiotherapy for early prostate cancer: results

from the UK Medical Research Council RT01 trial (ISRCTN47772397). Int J

Radiat Oncol Biol Phys. 2010;77(3):773–783.

41. Rosenbloom J, Castro SV, Jimenez SA. Narrative review: fibrotic diseases: cel-

lular and molecular mechanisms and novel therapies. Ann Intern Med. 2010;

152(3):159–166.

42. Moulder JE, Fish BL, Cohen EP. Noncontinuous use of angiotensin converting

enzyme inhibitors in the treatment of experimental bone marrow transplant

nephropathy. Bone Marrow Transplant. 1997;19(7):729–735.

43. Molteni A, Moulder JE, Cohen EF, et al. Control of radiation-induced pneumo-

pathy and lung fibrosis by angiotensin-converting enzyme inhibitors and an

angiotensin II type 1 receptor blocker. Int J Radiat Biol. 2000;76(4):523–532.

A
R
T
IC

L
E

S. L. Kerns et al. | 189

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jn
c
i/a

rtic
le

/1
1
2
/2

/1
7
9
/5

4
9
0
2
0
1
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

http://practical.icr.ac.uk/
https://www.rtog.org/ResearchAssociates/AdverseEventReporting/RTOGEORTCLateRadiationMorbidityScoringSchema.aspx
https://www.rtog.org/ResearchAssociates/AdverseEventReporting/RTOGEORTCLateRadiationMorbidityScoringSchema.aspx
https://www.rtog.org/ResearchAssociates/AdverseEventReporting/RTOGEORTCLateRadiationMorbidityScoringSchema.aspx


44. Charrier S, Michaud A, Badaoui S, et al. Inhibition of angiotensin I-converting

enzyme induces radioprotection by preserving murine hematopoietic short-

term reconstituting cells. Blood. 2004;104(4):978–985.

45. Kharofa J, Cohen EP, Tomic R, et al. Decreased risk of radiation pneumonitis

with incidental concurrent use of angiotensin-converting enzyme inhibi-

tors and thoracic radiation therapy. Int J Radiat Oncol Biol Phys. 2012;84(1):

238–243.

46. Wedlake LJ, Silia F, Benton B, et al. Evaluating the efficacy of statins and ACE-

inhibitors in reducing gastrointestinal toxicity in patients receiving radio-

therapy for pelvicmalignancies. Eur J Cancer. 2012;48(14):2117–2124.

47. Nuyttens BP, Thijs T, Deckmyn H, et al. Platelet adhesion to collagen. Thromb

Res. 2011;127(suppl 2):S26–S29.

48. Pugh N, Simpson AM, Smethurst PA, et al. Synergism between platelet colla-

gen receptors defined using receptor-specific collagen-mimetic peptide sub-

strata in flowing blood. Blood. 2010;115(24):5069–5079.

49. Cohn LD, Becker BJ. How meta-analysis increases statistical power. Psychol

Methods. 2003;8(3):243–253.

50. Evangelou E, Ioannidis JP. Meta-analysis methods for genome-wide associa-

tion studies and beyond.Nat Rev Genet. 2013;14(6):379–389.

51. Tucker SL, Geara FB, Peters LJ, et al. How much could the radiotherapy dose

be altered for individual patients based on a predictive assay of normal-

tissue radiosensitivity? Radiother Oncol. 1996;38(2):103–113.

52. El Naqa I, Pandey G, Aerts H, et al. Radiation therapy outcomes models in the

era of radiomics and radiogenomics: uncertainties and validation. Int J Radiat

Oncol Biol Phys. 2018;102(4):1070–1073.

53. West C, Azria D, Chang-Claude J, et al. The REQUITE project: Validating pre-

dictive models and biomarkers of radiotherapy toxicity to reduce side-effects

and improve quality of life in cancer survivors. Clin Oncol (R Coll Radiol). 2014;

26(12):739–742.

54. Azria D, Lapierre A, Gourgou S, et al. Data-based radiation oncology: design

of clinical trials in the toxicity biomarkers era. Front Oncol. 2017;7:83.

55. Rosenberg NA, Huang L, Jewett EM, et al. Genome-wide association studies in

diverse populations.Nat Rev Genet. 2010;11(5):356–366.

56. Cook JP, Morris AP. Multi-ethnic genome-wide association study identifies

novel locus for type 2 diabetes susceptibility. Eur J Hum Genet. 2016;24(8):

1175–1180.

57. Akiyama M, Okada Y, Kanai M, et al. Genome-wide association study identi-

fies 112 new loci for body mass index in the Japanese population. Nat Genet.

2017;49(10):1458–1467.

58. Li YR, Keating BJ. Trans-ethnic genome-wide association studies: advantages

and challenges of mapping in diverse populations. GenomeMed. 2014;6(10):91.

59. Pandey G, Pandey OP, Rogers AJ, et al. A nasal brush-based classifier of

asthma identified by machine learning analysis of nasal RNA sequence data.

Sci Rep. 2018;8(1):8826.

A
R
T
IC

L
E

190 | JNCI J Natl Cancer Inst, 2020, Vol. 112, No. 2

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jn
c
i/a

rtic
le

/1
1
2
/2

/1
7
9
/5

4
9
0
2
0
1
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


	djz075-TF1
	djz075-TF2
	djz075-TF3
	djz075-TF4
	djz075-TF5
	djz075-TF6
	djz075-TF7
	djz075-TF8
	djz075-TF9
	djz075-TF10
	djz075-TF11
	djz075-TF12
	djz075-TF13
	djz075-TF14
	djz075-TF15
	djz075-TF16
	djz075-TF17
	djz075-TF18
	djz075-TF19
	djz075-TF20
	djz075-TF21
	djz075-TF22
	djz075-TF23
	djz075-TF24
	djz075-TF25
	djz075-TF26
	djz075-TF27
	djz075-TF28
	djz075-TF29
	djz075-TF30
	djz075-TF31
	djz075-TF32
	djz075-TF33
	djz075-TF34
	djz075-TF35
	djz075-TF36
	djz075-TF37
	djz075-TF38
	djz075-TF39
	djz075-TF40
	djz075-TF41
	djz075-TF42
	djz075-TF43
	djz075-TF44
	djz075-TF45
	djz075-TF46
	djz075-TF47
	djz075-TF48
	djz075-TF49
	djz075-TF50
	djz075-TF51

