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Background and purpose: This study was designed to identify common single nucleotide polymorphisms
(SNPs) associated with toxicity 2 years after radiotherapy.
Materials and methods: A genome wide association study was performed in 1850 patients from the

RAPPER study: 1217 received adjuvant breast radiotherapy and 633 had radical prostate radiotherapy.
Genotype associations with both overall and individual endpoints of toxicity were tested via univariable
and multivariable regression. Replication of potentially associated SNPs was carried out in three
independent patient cohorts who had radiotherapy for prostate (516 RADIOGEN and 862 Gene-PARE)
or breast (355 LeND) cancer.
Results: Quantile–quantile plots show more associations at the P < 5 � 10�7 level than expected by
chance (164 vs. 9 for the prostate cases and 29 vs. 4 for breast cases), providing evidence that common
genetic variants are associated with risk of toxicity. Strongest associations were for individual endpoints
rather than an overall measure of toxicity in all patients. However, in general, significant associations
were not validated at a nominal 0.05 level in the replication cohorts.
Conclusions: This largest GWAS to date provides evidence of true association between common genetic
variants and toxicity. Associations with toxicity appeared to be tumour site-specific. Future GWAS
require higher statistical power, in particular in the validation stage, to test clinically relevant effect sizes
of SNP associations with individual endpoints, but the required sample sizes are achievable.

� 2014 Published by Elsevier Ireland Ltd. Radiotherapy and Oncology 111 (2014) 178–185
Late toxicity from radiotherapy, which may continue to accu-
mulate years after completion of treatment, is generally irrevers-
ible and often decreases health-related quality of life. Examples
include bowel or urinary incontinence after radiotherapy for pros-
tate cancer, or breast shrinkage after post-operative radiotherapy
for breast cancer. Known causes of variation in incidence or
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severity of toxicity include radiotherapy dose, dose distribution,
co-morbidities such as diabetes, and concurrent chemotherapy
[1]. However, large patient-to-patient variability in response
remains, after allowing for known risk factors, and there is evi-
dence that these are intrinsic to the patient. Studies on the herita-
bility of susceptibility to radiotherapy toxicity are limited, but
estimates of heritability of in vitro cellular radiosensitivity range
from 60% to 80% [1]. With a few exceptions [2–5], radiogenomic
studies published to-date used a candidate gene approach, in
which polymorphisms in or near genes thought to be important
in the pathogenesis of late toxicity are investigated. However, posi-
tive associations proved difficult to replicate [6–8]. This study
aimed to identify common genetic variants associated with late
radiotherapy toxicity using a phased genome-wide association
study (GWAS) design. The initial phase used samples and data from
the UK RAPPER (Radiogenomics: Assessment of Polymorphisms for
Predicting the Effects of Radiotherapy) study [9,10], with a replica-
tion phase in three independent cohorts.

In response to the need for improving the quality of research in
Radiogenomics and increasing the transparency and completeness
of reporting, the Radiogenomics Consortium recently published the
STROGAR guidelines. This study adheres to these important guide-
lines [11].
Materials and methods

RAPPER GWAS patients

RAPPER (UKCRN1471) recruits patients from clinical trials and
observational studies, which prospectively collect toxicity data
[9]. RAPPER is approved by the East of England Cambridge South
Research Ethics Committee (05/Q0108/365) and informed consent
is obtained from all patients. This study involved 1850 patients
with two-year radiotherapy toxicity data from six cohorts (Supple-
mentary Fig. 1 is the CONSORT diagram). All patients have under-
gone potentially curative treatment with radiotherapy as a major
component.

There were 1217 breast cancer patients who received adjuvant
radiotherapy following conservative surgery: 935 from the Cam-
bridge Breast IMRT Trial (ISRCTN21474421) [12], 56 from a pro-
spective study at the Christie Hospital, Manchester [6], 55 from
the IMPORT (Intensity Modulated and Partial Organ RadioTherapy)
LOW (ISRCTN12852634) trial of partial breast radiotherapy [13],
and 171 from the RACE (Radiation Complications and Epidemiol-
ogy) study [14]. There were 633 patients who received radical
prostate radiotherapy following neoadjuvant androgen suppres-
sion: 223 from the MRC RT01 trial (ISRCTN47772397) [15], and
410 from stages 1 and 2 of the Conventional or Hypofractionated
High Dose Intensity Modulated Radiotherapy for Prostate Cancer
(CHHiP) trial (ISRCTN97182923) [16].

Blood was taken prior to radiotherapy (Cambridge IMRT, Man-
chester study, RACE), at a minimum of 6 months following end of
treatment (MRC RT01 and CHHiP trials) or at any point in the trial
(IMPORT LOW).
Replication cohorts

Replication of the most significant associations identified in
RAPPER was carried out in cohorts from the Radiogenomics Con-
sortium (RGC) with late toxicity data available. This included
1378 prostate cancer patients with 2-year toxicity data: 516
patients treated with conformal radical or post-prostatectomy
radiotherapy at the Clinical University Hospital of Santiago de
Compostela, Spain, in the RADIOGEN trial [17,18], and 862 treated
with brachytherapy with or without additional external beam
radiotherapy at Mount Sinai Hospital, in the Gene-PARE study
[2,3]. Replication was also carried out in 355 breast cancer patients
from the LeND study [8,19]. All patients gave written informed
consent for use of their samples in genetic research. The RADIOGEN
protocol was approved by the ethics review board of the Galician
Ethics Committee for Clinical Research. Gene-PARE was approved
by the Mount Sinai Medical Center Institutional Review Board.
LeND received both local and national ethics approval.
Covariates

Data were available on prescribed radiotherapy dose, age, eth-
nicity, smoking history and diabetes mellitus for patients recruited
to the Manchester prospective study, the Cambridge IMRT, CHHiP
and RT01 trials. In breast cancer patients, use of tamoxifen and
chemotherapy, radiotherapy breast boost, breast volume, co-mor-
bid cardiovascular disease and cosmesis after surgery were also
recorded. In RACE, breast volume was estimated by three indepen-
dent observers from baseline clinical photographs; in the other
studies breast volume was calculated from the radiotherapy plans.
In prostate patients data on hypertension, previous surgery, clini-
cal stage, risk of seminal vesicle involvement, concomitant hor-
mone therapy and baseline symptoms were also documented.
Data on acute toxicity were available in the Cambridge IMRT, Man-
chester prospective breast study, RT01, CHHiP and Spanish
patients. Dose–volume metrics were available from dose-volume
histograms in CHHiP and RADIOGEN patients.
Assessment of toxicity

Toxicity was assessed at two years following radiotherapy using
standardised scoring systems (Supplementary Table 1). To over-
come the use of different toxicity scoring systems in different tis-
sues and studies, we used the scale-independent STAT
(Standardised Total Average Toxicity) score as the main outcome
measure. STAT scores provide a standardised, scale-independent
measure of toxicity and were derived using individual endpoints,
as described previously [20]. The individual endpoints studied in
breast patients, namely pain, telangiectasia, and breast shrinkage,
have been shown to be measures of radiotherapy toxicity unre-
lated to previous breast surgery [12]; endpoints in the prostate
patients, namely urinary incontinence, decreased stream, urine fre-
quency, nocturnal frequency, proctitis, rectal bleeding, and rectal
incontinence, show a radiation dose–volume response [21].
Changes in scores from baseline (pre-hormone treatment in pros-
tate patients) to those recorded at two years were calculated
[22]. Erectile dysfunction was not analysed, as few men had ade-
quate, self-reported, erectile function at baseline.
Genotyping, quality control and imputation

Samples were genotyped using the Illumina CytoSNP12 array.
After standard quality control exclusions, genotypes were available
for 249,679 SNPs in 1773 patients with estimated European ances-
try. Imputed genotype dosages were based on the HapMap2 CEU
reference panel (Supplementary Methods).
Statistical analysis

Analysis of late toxicity with genotype was performed using a
standard approach. Univariable analysis (UVA) was performed by
linear regression of mean toxicity scores against the number of
minor alleles (0, 1 or 2) or the imputed genotype dosage, using a
1-degree of freedom (df) trend test. Multivariable analyses (MVA)
were performed of overall toxicity (STAT) and of individual end-
points against all covariates identified from UVA of patient- and
treatment-related factors with probability of association of
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P < 0.05. For each endpoint, the resulting residuals estimate the
risk of toxicity not explained by available patient- and treat-
ment-related factors [20]. The means of these residuals for overall
toxicity (rSTAT) and for individual end-points were correlated with
genotype using linear regression, as for the UVA. Differences due to
study populations were accounted for by adjusting for trial.

Using P-values obtained from the test of association, the preva-
lence of the corresponding toxicity endpoint and the minor allele
frequencies (MAF), the effect size of SNPs associated with toxicity
on MVA were expressed as a relative risk (RR) of toxicity in carriers
versus non-carriers (Supplementary Methods). The prevalence of
moderate/severe overall late toxicity in unselected patients is
assumed to be 20%.

The nominal level at which an individual association is consid-
ered significant in genome-wide studies is P = 5 � 10�8. SNPs with
low MAF generate false positive associations more often. For a less
common variant, a result declared significant at a certain P-value is
more likely to be a false positive than for a more common variant.
To relax the assumptions made in the distribution of the endpoint,
non-parametric analysis was also performed, using Spearman’s
rank correlation coefficient, for all SNPs associated with toxicity
with linear regression P < 10�7 and MAF < 0.05. For toxicity end-
points scored on an ordinal scale, polychotomous logistic regres-
sion was also performed for SNPs significant on linear regression.
All analyses used Stata version 10.1 and the GenABEL package
implemented in the R statistical package [23].

Using the number of genotyped or imputed SNPs with
MAF > 0.05 (2,168,129), the number of associated SNPs expected
by chance was estimated for breast (4 endpoints) and prostate (8
endpoints) patients.
Power calculations

The RAPPER GWAS was powered to detect significant associa-
tions between common SNPs and late radiotherapy toxicity that
were tumour-site independent (i.e. displayed effects in both breast
and prostate patients) (Supplementary Table 2). Assuming a 20%
incidence of toxicity in the population, the power to detect an asso-
ciation at P < 1 � 10�7 would be 99.6% for a SNP with MAF = 0.15
and RR = 3, and only 1% for a SNP with MAF = 0.05 and RR = 2.
Results

A total of 2,417,493 genotyped or imputed SNPs were analysed
for association with overall, tumour-site independent toxicity
(STAT) in 1773 patients. The SNPs were also analysed for associa-
tion with 10 individual toxicity endpoints, seven in 579 prostate
patients and three in 1194 breast patients.

Table 1 shows the number of observed SNPs with P-values
below a given significance threshold compared to the number
expected by chance alone. Marked excesses of significant associa-
tions were evident, particularly for prostate cancer endpoints. Q–
Q and Manhattan plots for STAT and for four of the ten site-specific
Table 1
The number of observed SNPs with P-values below a given significance threshold compar

Significance level Expected number of SNPs with MAF P 0.05 below significance l

Prostate Breast

P < 5 � 10�8 0.9 0.4
P < 5 � 10�7 8.7 4.3
P < 5 � 10�6 86.7 43.4
P < 5 � 10�5 867.3 433.6

* Expected number of SNPs at each P-value threshold were calculated by multiplying P, N
and M = number of endpoints analysed, Mprostate = 8 and Mbreast = 4.
endpoints are presented in Figs. 1 and 2. The Q–Q plots display
deviation from the null distribution at the tail, strongly suggesting
that common SNPs are associated with risk of radiotherapy toxic-
ity. The multivariable Q–Q plots for overall toxicity, rectal bleeding
and nocturia show more associations with P-values of <10�4 than
would be expected by chance. For telangiectasia and rectal incon-
tinence the line deviates earlier and there are more P-values <10�2

than would be expected by chance, suggesting hundreds of SNPs
may be associated with these endpoints. The Q–Q plots show scant
evidence for population stratification on either UVA or MVA
(Supplementary Methods).

This study had greatest power to detect associations with STAT.
Each individual endpoint had fewer subjects and consequently
reduced power, but despite this, nine individual toxicity endpoints
showed more significant associations than expected by chance
(Fig. 1 and Supplementary Fig. 2). The endpoints showing strongest
evidence for SNP associations all relate to prostate toxicity (rectal
bleeding, nocturnal frequency and rectal incontinence). QQ plots
for all other endpoints are included in Supplementary Fig. 2, only
the plot for breast shrinkage assessed by photographs showed no
deviation from the null distribution.
Selection of SNPs for replication

On the basis of the GWAS results from the first phase (including
additional genotyping in the same samples of 103 SNPs for which
the initial significant results had been based on imputed genotype
dosages), 177 SNPs were selected for genotyping in a rapid replica-
tion phase. SNPs were selected for replication if UVA or MVA
P < 10�4 and MAF P 0.05, or MAF < 0.05 and P < 10�4 by non-
parametric test, or if located in or near possible candidate genes.
Where multiple correlated SNPs were associated with toxicity
(R2 > 0.9) the most strongly associated SNP was selected. The SNPs
included in this replication stage included 23 SNPs displaying
evidence for association with STAT in all patients, 63 SNPs
associated with toxicity in breast and 91 SNPs associated with
toxicity in prostate patients.
Rapid replication of potential associations with STAT

None of the 23 potential STAT associations from RAPPER
became more statistically significant on inclusion of data from
the independent breast and prostate replication cohorts (Table 2,
Supplementary Table 3). One of the strongest multivariable associ-
ations with STAT was with SNP rs13116075 at 4q28.3, close to
CCRN4L (P = 5.80 � 10�5). The minor allele was associated with
increased toxicity in all sets of patients tested. Each additional
minor allele was associated with an increase in STAT with RR of
1.52.
Rapid replication of potential associations with prostate endpoints

Table 3 and Supplementary Table 4 show SNPs potentially
associated with late toxicity on MVA in the joint analysis of the
ed to the number expected by chance alone.

evel* Observed number of SNPs with MAF P 0.05 below significance level*

Prostate Breast

67 0
164 29
783 107
3389 557

and M, where P = P-value threshold, N = number of SNPs analysed with MAF > 0.05



Fig. 1. Q–Q plots of the observed chi2 statistics obtained from linear regression of
mean toxicity scores against the number of minor alleles (0, 1 or 2) or the imputed
genotype dosage, using a 1-degree of freedom (df) trend test, versus the chi2

statistics expected under the null hypothesis of no association. QQ plots are
demonstrated for (a) overall (cancer-site-independent) toxicity in all patients, (b)
telangiectasia in breast patients, (c) rectal bleeding, (d) nocturnal frequency and (e)
rectal incontinence in prostate patients and genotype at imputed SNPs with
MAF > 0.05 in univariable analysis (UVA) and multivariable analysis (MVA). Shaded
regions are the 95% concentration bands that are formed by calculating the 2.5th
and 97.5th centiles of the distribution of the order statistic under random sampling
and the null hypothesis. The QQ plots display deviation from the null distribution at
the tail (top 10%), suggesting that common SNPs are associated with risk of
radiotherapy toxicity.

Fig. 2. Manhattan plots of observed log10 P-values vs. SNP position from univariable
and multivariable analysis of (a) overall toxicity in all patients, (b) telangiectasia in
breast patients, (c) rectal bleeding, (d) nocturnal frequency, (e) rectal incontinence
in prostate patients. Several chromosome regions contain groups of SNPs which
show evidence of association as shown by points representing small P-values
(P < 10�4) aligning almost vertically.
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Table 2
Results of SNPs potentially associated with overall toxicity on multivariable analysis in the RAPPER, LeND, RADIOGEN and Gene-PARE studies.

SNP Gene Ch Position MAF Beta
RAP

SE
RAP

P
RAP

RR
RAP

Beta
ph2

SE
ph2

P
ph2

n
comb

Beta
comb

SE
comb

P
comb

RR
comb

rs13116075 CCRN4L 4 140,287,637 0.15 0.28 0.06 1.21 � 10�6 1.71 0.05 0.06 0.48 2219 0.17 0.04 5.80 � 10�5 1.52
rs12243039 C10orf113 10 21,476,228 0.01 1.01 0.20 2.30 � 10�6 3.31 0.37 0.34 0.28 1518 0.81 0.18 6.05 � 10�6 3.39
rs218526 Near

LINC00470
18 1474945 0.33 0.18 0.04 4.99 � 10�5 1.47 0.01 0.09 0.87 1515 0.15 0.04 2.14 � 10�4 1.47

rs718304 GABRB3 15 24,507,511 0.04 �0.44 0.12 1.59 � 10�4 1.95 �0.42 0.23 0.07 1520 �0.44 0.1 2.86 � 10�5 2.15
rs596917 Near NCR2 6 41496322 0.30 0.17 0.04 1.63 � 10�4 1.44 0.03 0.05 0.58 2189 0.1 0.03 0.0016 1.32
rs2881208 SATB2 2 199,963,114 0.36 0.16 0.04 1.82 � 10�4 1.43 0.05 0.09 0.55 1520 0.14 0.04 3.22 � 10�4 1.45
rs4496520 3 118,899,657 0.17 �0.2 0.06 4.37 � 10�4 1.48 �0.18 0.11 0.12 1520 �0.19 0.05 1.13 � 10�4 1.58
rs4234649 3 118,896,534 0.17 �0.19 0.06 4.74 � 10�4 1.48 �0.21 0.11 0.07 1518 �0.2 0.05 7.29 � 10�5 1.60
rs17798101 Near HRH4 18 20,374,934 0.14 0.2 0.06 8.16 � 10�4 1.49 0.02 0.1 0.81 1816 0.15 0.05 0.0036 1.42
rs4849101 Near

SLC20A1
2 113,161,068 0.43 0.13 0.04 8.25 � 10�4 1.37 �0.004 0.09 0.96 1520 0.11 0.04 0.003 1.35

rs10060885 ANKH 5 14,777,089 0.03 0.55 0.15 0.0037 2.50 0.13 0.2 0.52 1933 0.39 0.12 0.0015 1.87

Ch = chromosome, MAF = minor allele frequency, Beta = beta coefficient of regression, SE = standard error of the beta coefficient, P = P value, RAP = phase 1 RAPPER set,
ph2 = LeND, RADIOGEN and Gene-PARE studies datasets, comb = combined result of phase 1 and phase 2; n comb = total number of patients with genotype and toxicity data.
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RAPPER, RADIOGEN and Gene-PARE studies. Comparison of regres-
sion coefficients revealed seven SNPs where the minor allele was
associated with increased toxicity in all three cohorts on MVA, giv-
ing final P-values between 6.79 � 10�4 and 3.57 � 10�5. Of note,
each additional minor allele of SNP rs12353488 (P = 3.57 � 10�5)
was associated with RR of 1.52 of increased urinary frequency. Fur-
thermore, SNP rs2788612, in KCND3 was associated with increased
risk of rectal incontinence in RAPPER patients with P < 10�10 and
this decreased to P = 1.05 � 10�12 on inclusion of RADIOGEN data.
However, only one Spanish patient experienced rectal inconti-
nence, so this result should be interpreted as preliminary.
Rapid replication of potential associations with breast endpoints

Table 4 and Supplementary Table 5 show SNPs potentially asso-
ciated with late toxicity on MVA of RAPPER and LeND. Three SNPs
were associated with telangiectasia (rs16958536) or STAT
(rs2840044 and rs12243039) on MVA with P-values <10�5. Each
additional common allele of rs2840044 was associated with a
1.56-fold increased risk of toxicity.

SNPs rs575018 and rs505994 on chromosome 5 and
rs17142289 in chromosome 6 were associated with STAT with
P-values <10�5 in breast cancer patients on UVA but not MVA
(P = 6.70 � 10�3, 1.18 � 10�2 and 1.34 � 10�2, respectively).
Re-estimating optimal study power

Sample sizes required to detect these potential associations at
nominal genome-wide significance (a = 5 � 10�8) were calculated.
For tumour site-independent toxicity, a phase 1 study of 4750
mixed cancer patients would have 80% power to detect the
observed difference of 0.17 of the SD of the residual of overall tox-
icity for a SNP with the same MAF as rs13116075 (0.15). Similarly,
3250 prostate cancer patients would give 80% power to detect a
difference of 0.21 of the SD of the residual of urinary frequency
for a SNP with the same MAF as rs12353488 (0.11). For overall
breast toxicity, a study of 3000 patients would have 80% power
to detect an effect size equal to that of rs2840044 (MAF = 0.33).

Discussion

The Q–Q and Manhattan plots presented here provide good evi-
dence that common genetic variants are associated with a cancer
patient’s risk of developing late radiotherapy toxicity. Originally
it was hypothesised that genetic variation would be linked with
toxicity generalised to all tissues. This study was therefore pow-
ered to detect SNPs with tumour-site-independent effects, but in
fact found stronger associations with tumour-site-specific toxicity.
Although the most significant associations in breast cancer
patients were with overall toxicity rather than the individual end-
points, those SNPs were not associated with overall toxicity in
prostate cancer patients. In prostate cancer patients, potential
associations with individual endpoints were more numerous,
despite the reduced power. These observations contrast with
known rare genetic variants in DNA damage response genes, which
have large effects on radiosensitivity and risk of toxicity, irrespec-
tive of site irradiated [1]. Conversely, it is consistent with clinical
studies of the (lack of) association between multiple endpoints
within individual patients [20,24].

None of the SNPs with potential associations to radiotherapy
toxicity in this study have previously been reported as associated
with prostate or breast cancer susceptibility [25–27], nor are they
in genes previously considered to be candidates for radiotherapy
toxicity [6]. There are, however, biologically plausible mechanisms
by which the toxicity-associated SNPs could exert a clinical effect,
although these are yet to be investigated. For example, rs2788612,
associated with increased risk of late rectal incontinence
(P = 1.05 � 10�12), is located in KCND3 (potassium voltage-gated
channel, Shal-related subfamily, member 3), expressed in
smooth muscle, and might therefore be involved in sphincter
function.

SNPs rs575018 and rs505994, close to FAM174A and ST8SIA4,
were potentially associated with overall toxicity in breast cancer
patients in UVA. Other SNPs in these genes have been reported
to be potentially associated with body mass index (BMI) [28].
Breast volume is highly correlated with BMI and both are clearly
associated with radiotherapy toxicity in the breast [20,29]. The sig-
nificance of the associations with overall toxicity in the Cambridge
breast IMRT patients, for whom BMI data were available, dropped
to 10�3 when adjusted for either BMI or breast volume, suggesting
the apparent associations could be attributable to increased breast
volume and/or BMI.

Our study also highlights the need for improved toxicity data
collection for radiogenomics studies. Differences between
treatment regimens and toxicity scales used in the UK, Spanish
and USA cohorts may have reduced the power of the replication
stage despite the use of STAT scores in the analysis. Harmonisation
of toxicity data collected from different studies is challenging [30],
particularly when data are collected at different time points and
using different scales. For example, Gene-PARE collected data on
urinary toxicity using the IPSS scale, whereas the LENT-SOMA
and CTCAE scales were used in the RAPPER and RADIOGEN.

A limitation of this study was the sample size, which was
restricted by the small numbers of subjects and studies that cur-



Table 3
Results of SNPs potentially associated with toxicity on multivariable analysis in the RAPPER, RADIOGEN and Gene-PARE prostate cancer patients.

Late toxicity Gene Ch SNP Position MAF Beta
RAP

SE
RAP

P
RAP

RR
RAP

Beta
ph2

SE
ph2

P ph2 n
comb

Beta comb SE
comb

P comb RR
comb

Decreased stream 6 rs1527708 72255359 0.06 0.77 0.12 1.27 � 10�9 6.46 �0.01 0.15 0.93 1800 0.36 0.1 2.87 � 10�4 1.67
Decreased stream 6 rs35663023 72202025 0.06 0.75 0.12 1.77 � 10�9 6.39 �0.008 0.15 0.95 1801 0.35 0.1 3.00 � 10�4 1.67
Rectal incontinence KCND3 1 rs2788612 112128405 0.05 0.89 0.15 2.91 � 10�9 7.98 �0.00009 0.0005 0.85 1124 0.66 0.09 1.05 � 10�12 9.91
Urine frequency 9 rs12353488 83705231 0.11 0.54 0.09 1.98 � 10�8 3.36 0.08 0.06 0.19 1800 0.21 0.05 3.57 � 10�5 1.52
Decreased stream CLVS1 8 rs11785638 62262368 0.09 0.58 0.11 6.93 � 10�8 5.17 0.06 0.1 0.55 1410 0.25 0.07 6.79 � 10�4 1.60
Urine incontinence LINC00478 21 rs2823779 16690395 0.09 0.54 0.10 9.76 � 10�8 5.47 �0.07 0.13 0.59 1123 0.31 0.08 1.11 � 10�4 3.03
Urine frequency Near UBR4 1 rs7527580 19251095 0.05 0.67 0.13 4.68 � 10�7 4.26 �0.01 0.17 0.93 1797 0.41 0.1 7.67 � 10�5 1.70
Rectal incontinence ERLIN1 10 rs11595238 101920399 0.04 0.84 0.17 4.84 � 10�7 7.06 �0.00009 0.0003 0.74 1123 0.39 0.08 1.93 � 10�6 6.61
Urine frequency KIF13A 6 rs13198614 18046764 0.06 0.6 0.12 1.75 � 10�6 3.41 0.11 0.09 0.24 1788 0.28 0.07 1.38 � 10�4 1.62
Urine incontinence 2 rs1519894 76545186 0.12 0.45 0.09 2.12 � 10�6 4.56 �0.05 0.11 0.64 1122 0.25 0.07 7.70 � 10�4 2.56
Urine frequency Near VAMP4 1 rs11800109 168370756 0.07 0.5 0.11 7.17 � 10�6 3.11 0.11 0.06 0.068 1796 0.2 0.05 1.46 � 10�4 1.58
Urine incontinence Near API5 11 rs12576830 42939051 0.07 0.48 0.11 3.21 � 10�5 4.46 0.16 0.12 0.19 1124 0.32 0.08 8.70 � 10�5 3.26
Rectal incontinence RBMS3 3 rs9832625 29304024 0.08 0.51 0.12 3.78 � 10�5 4.75 �0.0001 0.0002 0.64 1124 0.24 0.06 7.78 � 10�5 4.52
Rectal incontinence KCND3 1 rs12025303 112276452 0.11 0.41 0.1 4.44 � 10�5 4.41 �0.0001 0.0002 0.58 1124 0.2 0.05 7.40 � 10�5 4.24
Decreased stream TSGA10 2 rs4850895 99102990 0.06 0.5 0.13 1.15 � 10�4 4.10 0.3 0.19 0.11 1802 0.42 0.11 1.83 � 10�4 1.69
Proctitis PCDH9 13 rs17579023 65786896 0.08 0.40 0.11 3.08 � 10�4 2.48 0.13 0.07 0.07 1789 0.21 0.06 5.01 � 10�4 1.78
Rectal incontinence Between SAMD12 & TNFRSF11B 8 rs952493 119770333 0.08 0.44 0.12 3.74 � 10�4 4.12 �0.0001 0.0002 0.66 1123 0.22 0.06 4.24 � 10�4 4.05
Rectal incontinence Between PLCZ1 & PLEKHA5 12 rs1532054 18904175 0.1 0.38 0.11 3.92 � 10�4 3.90 �0.00009 0.0002 0.69 1124 0.21 0.06 2.10 � 10�4 4.04
Rectal incontinence ZFHX4 8 rs10957819 77900179 0.03 0.72 0.21 5.18 � 10�4 5.37 �0.00007 0.0004 0.84 1124 0.36 0.10 5.72 � 10�4 5.30
Rectal incontinence FANCC 9 rs4647355 95158698 0.02 0.76 0.22 7.37 � 10�4 6.04 �0.00009 0.0005 0.86 1124 0.45 0.12 2.97 � 10�4 6.40

Ch = chromosome, MAF = minor allele frequency, Beta = beta coefficient of regression, SE = standard error of the beta coefficient, P = P value, RAP = phase 1 RAPPER set, ph2 = RADIOGEN + Gene-PARE datasets combined,
comb = combined result of phase 1 and phase 2; n comb = total number of patients with genotype and toxicity data.
Proctitis was the only rectal toxicity endpoint measured in the USA Gene-PARE dataset.
RR = per allele relative risk of late toxicity endpoint for carriers of each SNP.
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Table 4
Results of SNPs potentially associated with toxicity on multivariable analysis in the RAPPER and LeND breast cancer patients.

Late toxicity Gene Ch SNP Position MAF Beta
RAP

SE
RAP

P RAP RR
RAP

Beta
ph2

SE
ph2

P
ph2

n
comb

Beta
comb

SE
comb

P
comb

RR
comb

Telangiectasia Near INO80D 2 rs16837908 206675661 0.02 �1.32 0.24 8.08 � 10�8 3.37 �0.19 0.22 0.38 1341 �0.64 0.16 5.75 � 10�5 2.54
Pain PRKDC 8 rs8178046 49004261 0.02 0.86 0.17 3.15 � 10�7 2.08 �0.38 0.29 0.19 1341 0.55 0.15 1.48 � 10�4 1.81
Telangiectasia Near SEMA6D 15 rs11854033 44838991 0.22 0.3 0.06 4.60 � 10�7 1.85 �0.01 0.11 0.91 1341 0.22 0.05 3.02 � 10�5 1.59
Telangiectasia Near SEMA6D 15 rs16958536 44817198 0.22 �0.29 0.06 8.83 � 10�7 1.83 �0.09 0.11 0.4 1341 �0.24 0.05 3.87 � 10�6 1.66
Pain Near MTPN 7 rs12531679 135304192 0.12 0.46 0.09 9.93 � 10�7 1.46 0.05 0.12 0.66 1341 0.31 0.07 3.20 � 10�5 1.39
Overall toxicity CCRN4L 4 rs13116075 140287637 0.15 0.28 0.057 1.21 � 10�6 1.89 0.08 0.13 0.53 1626 0.2 0.06 4.91 � 10�4 1.52
Overall toxicity Near LRFN5 14 rs8004909 41891866 0.02 �0.97 0.2 1.22 � 10�6 3.09 0.2 0.47 0.67 1626 �0.78 0.18 2.34 � 10�5 2.54
Telangiectasia TMEM187 rs6643653 152766865 0.15 �0.32 0.07 1.39 � 10�6 1.91 �0.04 0.14 0.76 1341 �0.26 0.06 1.60 � 10�5 1.69
Overall toxicity C10orf113 10 rs12243039 21476228 0.01 1.01 0.2 2.30 � 10�6 3.83 0.37 0.34 0.28 1626 0.87 0.19 8.00 � 10�6 3.28
Telangiectasia PTPRN2 7 rs221277 156846011 0.04 �0.59 0.13 5.45 � 10�6 2.45 �0.01 0.28 0.97 1341 �0.47 0.12 6.99 � 10�5 2.10
Overall toxicity Near SLFN14 17 rs2840044 30916181 0.33 �0.22 0.05 5.55 � 10�6 1.69 �0.09 0.09 0.32 1626 �0.19 0.04 7.90 � 10�6 1.56
Overall toxicity NDUFA8 9 rs7037705 121987088 0.05 �0.57 0.12 5.98 � 10�6 2.28 �0.01 0.19 0.96 1626 �0.4 0.1 1.63 � 10�4 1.90
Telangiectasia Near PLXNA2 1 rs12565978 205323811 0.13 0.32 0.07 6.11 � 10�6 1.88 0.07 0.13 0.58 1341 0.26 0.06 4.09 � 10�5 1.69
Telangiectasia TMTC1 12 rs17549779 30173555 0.42 �0.23 0.05 6.36 � 10�6 1.70 �0.09 0.1 0.35 1341 �0.19 0.04 1.43 � 10�5 1.56
Overall toxicity Near C9orf50 9 rs1616208 129378287 0.29 �0.23 0.05 7.77 � 10�6 1.68 0.05 0.1 0.65 1626 �0.17 0.05 2.03 � 10�4 1.46
Overall toxicity Near CCDC129 7 rs882460 31307024 0.24 0.24 0.05 8.41 � 10�6 1.71 0.02 0.11 0.83 1626 0.19 0.05 5.70 � 10�5 1.53
Overall toxicity Near LINC00470 18 rs218526 1474945 0.33 0.18 0.04 4.99 � 10�5 1.60 0.01 0.09 0.87 1626 0.16 0.04 3.75 � 10�4 1.43
Overall toxicity SATB2 2 rs2881208 199963114 0.36 0.16 0.04 1.82 � 10�4 1.54 0.05 0.09 0.55 1626 0.18 0.04 2.83 � 10�5 1.51
Overall toxicity ANKH 5 rs10060885 14777089 0.03 0.55 0.15 0.0037 2.01 0.48 0.34 0.15 1626 0.7 0.16 1.49 � 10�5 2.31

Ch = chromosome, MAF = minor allele frequency, Beta = beta coefficient of regression, SE = standard error of the beta coefficient, P = P value, RAP = phase 1 RAPPER set,
ph2 = LeND dataset, comb = combined result of phase 1 and phase 2; n comb = total number of patients with genotype and toxicity data.
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rently have sufficient follow-up. In addition the number of SNPs
included in the rapid replication phase was limited by available
funds. Post-hoc power calculations using the validation study sam-
ple size estimate that the study had essentially 100% power to val-
idate the top association at a nominal significance level of 0.001
with prostate toxicity endpoints where the relative risk was 6.46
with a MAF of 0.06 corresponding to a 97% risk of toxicity in the
6% carrying the minor allele vs. 15% risk of toxicity in non-carriers.
This suggests that the effect size estimate is biased in the training
set, as would be expected. Therefore, to estimate the true underly-
ing effect size with sufficient accuracy, a larger independent vali-
dation study is required.

The power calculations we have made will inform the design of
further radiogenomic studies and based on the assumptions we
have used, we calculate that sample sizes of at least 3000 are
required to reliably detect similar tissue-specific effects at nominal
genome-wide significance. Given our limited sample size, it is
likely that associations detected here, if real, represent some of
the most strongly toxicity-related loci, although they may well
overestimate the true effect sizes (the so-called ‘‘winner’s curse’’).
Our Q–Q plots indicate the likely existence of many more SNP asso-
ciations with progressively smaller effects, which will require cor-
respondingly larger sample sizes for confirmation. Such study sizes
are achievable through collaboration within the RGC [7,31]. Fur-
thermore, it would be interesting to extend the study to different
tumour sites, as additional data become available.

In conclusion, this study provides good evidence that common
genetic variants are associated with a cancer patient’s risk of devel-
oping radiotherapy toxicity. Thus the provision of personalised
radiotherapy based on the patient’s genetic risk of toxicity is a real
future possibility and so further investment in this field is merited
to identify loci with clinically relevant effect sizes [6].
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