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Abstract

Purpose: To identify genetic risk factors associated with risk of stroke among survivors of 

childhood cancer treated with cranial radiation therapy (CRT).

Experimental Design: We analyzed whole–genome sequencing (36.8-fold) data of 686 

childhood cancer survivors of European ancestry [median (range): 40.4 (12.4–64.7) years old; 

54% male] from the St. Jude Lifetime Cohort study treated with CRT, of whom 116 (17%) had 

clinically–diagnosed stroke. Association analyses (single-variant and Burden/SKAT tests) were 

performed, adjusting for demographic characteristics and childhood cancer treatment exposures.

Results: We identified a genome–wide significant association between 5p15.33 and stroke 

[rs112896372: hazard ratio (HR)=2.55; P=1.42×10–8], with a stronger association (HR=3.68) 

among survivors treated with CRT dose 25–50 Gray (Gy) and weaker associations among those 

treated with CRT doses <20 or 20–25 or >50 Gy (HRs=2.14, 2.40 and 2.28). The association was 

replicated in 90 CRT-exposed African survivors (HR=3.05; P=0.034). In CRT–exposed Europeans, 
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rs112896372 significantly (P<0.001) improved predictive ability (AUC=0.717) for determining 

stroke risk than non-genetic factors alone (AUC=0.663) at 30 years since diagnosis, with 

significant improvement among African survivors (P=0.047). rs112896372 was further evaluated 

in three independent datasets including 1641 European (HR=1.54; P=0.055) and 316 African 

survivors (HR=1.88; P=0.283) not treated with CRT, and 166988 males in the UK Biobank (odds 

ratio=1.0012; P=0.042).

Conclusions: A novel locus 5p15.33 is associated with stroke risk among childhood cancer 

survivors, with a possible CRT dose–specific effect. The locus is of potential clinical utility in 

characterizing individuals who may benefit from surveillance and intervention strategies.

INTRODUCTION

Long–term survivors of childhood cancer are at increased risk of stroke, a major cause of 

physical disability and cognitive impairment. Compared to sibling controls, childhood 

cancer survivors are approximately eight-times more likely to develop stroke(1) and this risk 

is strongly associated with cranial radiation therapy (CRT) used to treat the childhood 

cancers(1–4). In a report by the Childhood Cancer Survivor Study(2), CRT was significantly 

associated with an increased stroke risk in a dose–dependent manner, with a 5.9-fold risk for 

survivors exposed to 30–49 Gy and an 11.0-fold risk for survivors treated with ≥50 Gy, 

relative to those not treated with CRT.

The mechanisms by which CRT increases the risk of stroke in childhood cancer survivors 

are not well understood. Current literature has focused on radiation–induced vasculopathy 

where CRT can induce direct vascular injury to both large and small vessels, including 

accelerated intracranial atherosclerosis and vascular insufficiency(5–8). However, there is 

variation in vascular response to CRT with minimal vessel changes in some patients with 

stenosis and aneurysms occurring in others(6), suggesting role of genetic factors in risk of 

stroke in childhood cancer survivors treated with CRT.

The St. Jude Lifetime Cohort (SJLIFE) study provides a unique opportunity to study genetic 

contributions to clinically–defined late effects in pediatric cancer survivors. Leveraging 

deep–coverage (36.8-fold) whole–genome sequencing (WGS) data in the SJLIFE cohort(9), 

we comprehensively investigated the potential role of germline genetic factors to risk of 

stroke among childhood cancer survivors treated with CRT. Genetic associations that 

achieved statistical significance were examined in four independent samples including 

childhood cancer survivors from the SJLIFE and participants from the UK Biobank(10).

MATERIALS AND METHODS

Study Population

SJLIFE is a retrospective cohort study with prospective clinical follow–up and ongoing 

enrollment of survivors of childhood cancer treated since 1962 and followed up at St. Jude 

Children’s Research Hospital (SJCRH)(11). The SJLIFE study was initiated in late 2007 

with eligibility for participation including diagnosis of pediatric malignancy treated at 

SJCRH, survived ≥10 years from diagnosis, and attained age of ≥18 years. Study 

participation at that time involved a three to four-day outpatient visit on the SJCRH campus 
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during which biologic specimens were collected; metabolic, cognitive, and neuromuscular 

functional status was systematically evaluated; and risk-based screening of organ function 

was implemented, per the Children’s Oncology Group Guidelines recommendation. In 2015, 

recruitment eligibility was expanded to ≥5-year survivors and the study protocol modified to 

include systematic clinical assessments for all participants (i.e., screening is no longer risk-

based except for selected cancer screening prior to ages recommended for the general 

population). Since activation of the expanded enrollment, participation rates have remained 

excellent. As of February 1, 2019, for survivors where attempts to contact have been 

initiated, 80.4% (5753/7152) have been successfully enrolled and 87.2% have enrolled or 

have confirmed their interest in participating. Of all eligible survivors who are alive, 68.8% 

(5753/8363) have thus far been enrolled and 74.6% have enrolled or confirmed their interest 

in participating. Currently, because of the volume of survivors relative to the clinical 

capacity to perform the extensive SJLIFE evaluation, the study is recruiting approximately 

20–30 new survivors per month. Survivor participants who have completed their baseline 

clinical assessment are invited to return for subsequent systematic evaluations at a minimum 

of every 5 years. As of February 1, 2019, 47% (2257/4760) of survivors who have 

completed a baseline clinical assessment have returned for one or more subsequent follow-

up assessments. Following the SJLIFE evaluations, clinical outcomes are validated, graded 

for severity according to a modified CTCAEv4.03 rubric(11) and codified for research 

analyses. To facilitate timely analysis and publication of the most current SJLIFE data, a 

mechanism has been established to clean, update and freeze analytic data files every year. 

This study was approved by the SJCRH institutional review board and all participants 

provided written informed consent, and the study was conducted in accordance with the 

Declaration of Helsinki.

Stroke definition

Survivors were clinically assessed for the presence of various chronic health conditions 

(CHCs) with physical and neurological examinations and detailed review of medical records 

from SJCRH and outside institutions. CHCs were graded using a modified version(11) of the 

National Cancer Institute’s Common Terminology Criteria for Adverse Events (CTCAE) 

version 4.03, and classified into six categories, including none (grade 0), mild (grade 1), 

moderate (grade 2), severe or disabling (grade 3), life–threatening (grade 4), or fatal (grade 

5). Stroke was defined based on three CTCAE–graded neurological CHCs (first occurrence), 

which consisted of cerebrovascular accident (includes lacunes, hemorrhagic stroke and 

ischemic stroke), intracranial hemorrhage (includes subdural, subarachnoid and 

intraventricular hemorrhages) and cerebrovascular disease (includes stenotic or occlusive 

large vessel disease and moyamoya).

Survivors with grade 1 or higher for any of the three CHCs (clinically confirmed through 

review of medical records including reports of brain imaging) were classified as stroke cases 

and survivors with (grade 0) for all three of the CHCs were categorized as stroke–free.

Whole–genome sequencing data

WGS data with mean coverage at 36.8-fold were obtained from a larger effort to sequence 

whole genomes of 3006 SJLIFE survivors. Details of DNA sample extraction, WGS, quality 
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control (QC), mapping, variant identification and annotation are described in Supplementary 

Methods. Additional QC on the genotype data resulted in exclusion of 20 samples with 

excess heterozygosity rate, leaving 2986 samples for final analysis (hereafter referred to as 

SJLIFE WGS dataset). Variants were annotated across the genome and functional domains 

using ANNOVAR(12) based on the RefSeq gene model and in–house pipelines, which 

include data reported by the FANTOM5 project(13,14) to map promoters and enhancers 

(Supplementary Methods).

Analytic discovery sample

Of the 2986 survivors in the SJLIFE WGS dataset, 243 had stroke and the remaining 2743 

were stroke–free, as of June 30, 2017. A total of 46 survivors were excluded because of 

stroke prior to CRT (n=14) or congenital conditions (n=32), such as Down syndrome, Turner 

syndrome, polycystic kidney disease and neurofibromatosis type 1. Based on principal 

component analysis(15) (Supplementary Figure 1), 2327 and 406 survivors were of 

European and African ancestries, respectively. Among 2327 survivors of European descent, 

686 were treated with CRT, including 116 survivors with and 570 survivors without stroke, 

which formed the discovery sample for this study (“SJLIFE European-descent discovery 

sample”). Of the 116 survivors with stroke, the majority (n=80 [69.0%]) had cerebrovascular 

accident and the remaining 22 (19.0%) and 14 (12.0%) had intracranial hemorrhage and 

cerebrovascular disease, respectively (Supplementary Table 1).

Discovery analysis

Association between QC–passed variants and stroke risk was assessed using an in–house 

analysis pipeline (Supplementary Figures 2 and 3 and Supplementary Methods). Briefly, the 

associations of common variants [minor allele frequency (MAF)>0.05 in SJLIFE European-

descent discovery sample] were examined by a single–variant approach using Cox 

regression assuming an additive genetic model. Years since diagnosis was used as the 

underlying time scale, with individuals followed from the age at diagnosis of childhood 

cancer until the earliest of stroke diagnosis, death or last follow-up. Each survivor’s follow-

up time was divided into segments so that we can adjust for time-dependent attained age, 

used in a counting-process format with start and end time points of segments. Covariates 

included sex, attained age, CRT dose and the top principal components (PCs). Burden test 

and Sequence Kernel Association Test (SKAT)(16) were used, initially with the large–

sample–approximate test whose top results followed by randomization test with 100 million 

permutations, to assess associations of rare/low–frequency variants (MAF≤0.05 in SJLIFE 

European-descent discovery sample). Rare/low–frequency variants were aggregated into 

four analytical sets with respect to the RefSeq gene model [protein truncating variants 

(PTVs), non–synonymous–strict variants (NSstrict), non–synonymous–broad variants 

(NSbroad) and regulatory variants (REGMOTIF)], and 4–kb sliding window across the 

genome (see Supplementary Methods for more details). Common variants showing 

associations with P<5×10–8 were considered statistically significant at the genome–wide 

level. Rare/low–frequency variant associations were considered significant with P<6.5×10–7 

accounting for the 38542 analytical sets with respect to the RefSeq gene model (see 

Supplementary Data and Supplementary Methods for more details) and the two tests 

(Burden and SKAT tests) for each set. For the sliding window approach, we considered two 
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statistical tests for 668035 contiguous non–overlapping windows, leading to a statistical 

significance threshold at P<3.7×10–8 (equal to 0.05/668035/2).

Replication

Replication sample included 90 childhood cancer survivors (20 with and 70 without stroke) 

of African ancestry in the SJLIFE study (“SJLIFE African-descent replication sample”), 

independent of those in the SJLIFE European-descent discovery sample. Demographic 

characteristic of survivors in the replication sample are provided in Supplementary Table 1. 

For the genome-wide significant associations in the discovery analysis, replication analyses 

were performed utilizing the same statistical framework and covariates adjustment used in 

the discovery analysis. Results with P<0.05 were considered statistically significant.

SNP effects among survivors not exposed to CRT and in the general population

To assess specificity of the genetic associations identified in childhood cancer survivors of 

European ancestry exposed to CRT, we further evaluated the genome-wide significant results 

among survivors not exposed to CRT as well as in the general population. To do this, we 

employed three datasets consisting of individuals independent of those used in the discovery 

and replication analyses. Of these, the first independent dataset consisted of 1641 survivors 

of European ancestry not exposed to CRT in the SJLIFE study, including 60 survivors with 

stroke post-diagnosis of cancer and 1581 without stroke. The second dataset consisted of 

SJLIFE survivors of African ancestry not exposed to CRT, including 15 with stroke post-

diagnosis of cancer and 301 survivors without stroke. Demographic characteristics of 

survivors in the first and second independent datasets are provided in Supplementary Table 

1. The third dataset consisted of individuals from the general population in the UK 

Biobank(10). Specifically, we looked up pre-computed association summary results (http://

www.nealelab.is/uk-biobank/) for stroke [Non-cancer illness code 20002, self-reported 

stroke (http://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=20002)], which consisted of 361141 

individuals (166988 males) of European ancestry including 4836 (2933 males) with stroke.

Effect of SNPs with respect to CRT dose

SNPs showing genome–wide significance in the SJLIFE European-descent discovery sample 

followed by successful replication were further examined with respect to the CRT dose, to 

assess CRT dose–specific genetic effect on the risk of stroke. Specifically, we examined the 

SNP’s effect across four subgroups of survivors in the SJLIFE European-descent discovery 

sample who were exposed to CRT doses of 0–20 Gy, 20–25 Gy, 25–50 Gy and 50 Gy or 

greater, using the Cox regression models. Cumulative incidence of stroke among survivors 

carrying at least one copy of the effect allele [C] of rs112896372 versus none is shown 

graphically stratified by CRT doses.

Association of established stroke risk loci from the general population in survivors

A recent multi–ancestry GWA study including 520000 subjects identified 32 loci associated 

with stroke and its subtypes(17). Of these, data were available in our SJLIFE European-

descent discovery sample at 29 loci – the remaining three SNPs did not pass QC. We looked 

up association results of the lead (the most significant) SNP at the 29 loci in our SJLIFE 
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European-descent discovery sample. We also examined the individual associations between 

the 29 stroke risk loci among survivors in the replication sample as well as among those in 

the first and second independent datasets. Additionally, we also constructed a genetic risk 

score (GRS) using the reported weights of the lead SNPs at the 29 risk loci from the 

published study per the following formula and evaluated the polygenic effect of the 29 

stroke risk loci captured by the GRS (categorically: five quintiles with first quintile as a 

reference) in the SJLIFE European-descent discovery sample.

GRS = ∑i = 1
29 βiSNPi

Where βi is the effect (log–odds) of the ith SNP for stroke reported in Malik et al.(17) and 

SNPi is the number of the effect allele (range: 0 to 2) of the ith SNP.

Clinical risk prediction modeling of stroke

We performed receiver operating characteristics (ROC) analyses to evaluate predictive utility 

of the clinical model and the model with the addition of lead SNP(s) at genome-wide 

significant loci for risk of stroke among survivors treated with CRT. The predictive 

performance of each model was measured by the area under the ROC curve (AUC). 

Specifically, we obtained predicted probabilities of stroke for each survivor in SJLIFE 

European-descent discovery and SJLIFE African-descent replication samples separately, 

based on the Cox regression model with and without the rs112896372 genotype and 

calculated corresponding AUC values for the two models at 10, 20 and 30 years since 

childhood-cancer diagnosis, using the method of Heagerty and Zhang(18) with their 

risksetROC R package. We conducted 1000 random permutations of the genotypes of 

rs112896372 and calculated Pperm as the proportion of the 1000 AUC differences with and 

without the rs112896372 genotype calculated from the 1000 permuted datasets that were 

greater than the AUC difference with and without the rs112896372 genotype from the 

observed dataset.

RESULTS

Demographics of SJLIFE participants included in the discovery analysis are provided in 

Supplementary Table 1. The 686 survivors exposed to CRT in the SJLIFE European-descent 

discovery sample included slightly more males (56.9% and 53.9% in survivors with and 

without stroke, respectively). The proportion of survivors exposed to higher CRT dose (>25 

Gy) was greater (62.9%) among those with stroke than survivors without stroke (35.8%).

The clinical prediction model of CRT–related stroke

Results from multivariable Cox regression examining associations between potential non-

genetic risk factors and stroke among survivors exposed to CRT in the SJLIFE European-

descent discovery sample are shown in Supplementary Table 2. Attained age and sex were 

not associated with stroke risk. Compared to survivors exposed to CRT doses >0–20 Gy, an 

increased risk of stroke was observed among survivors exposed to CRT doses >20–25 Gy 

[hazard ratio (HR)=2.16; 95% confidence interval (CI)=1.06–4.43; P=0.034], >25–50 Gy 
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[HR=3.20; 95% CI=1.53–6.69; P=1.95×10–3], >50–70 Gy [HR=9.96; 95% CI=4.86–20.41; 

P=3.34×10–10] and >70 Gy [HR=14.62; 95% CI=5.18–41.26; P=4.05×10–7].

QC-passed WGS dataset for discovery analysis

A total of 29.9 million autosomal variants passed QC in the SJLIFE European-descent 

discovery sample, which included 6.5 million common and 23.4 million rare/low–frequency 

variants (MAF≤0.05). Of these, 63.6% of the variants had MAF≤0.005, 5.0% had 

0.005<MAF≤0.01, 9.7% had 0.01<MAF≤0.05 and 21.7% had MAF>0.05 (Supplementary 

Figure 4). Among the 23.4 million rare/low–frequency variants, there were 38542 analytical 

sets with respect to the RefSeq gene with a distribution of 2 to 265 variants per set 

(Supplementary Figure 5 and Supplementary Methods), while among the 1.33 million 4–kb 

sliding windows, there were 2 to 392 variants per window (Supplementary Figure 6).

Common variants associated with CRT–related stroke

Single-variant analysis of the 6.5 million common variants in the SJLIFE European-descent 

discovery sample using Cox regression identified 104 SNPs showing associations with 

stroke risk at P<1×10–5 (Supplementary Table 3), including a locus on 5p15.33 achieving 

genome-wide statistical significance (Table 1 and Supplementary Figures 7 and 8). The 

quantile–quantile plot and genomic inflation factor of 1.076 (Supplementary Figure 9) 

indicate minimal influence of population stratification on the association results, but top 

results from the discovery analysis were further evaluated in independent cohorts to rule out 

potential spurious associations arising from population stratification. The 5p15.33 locus was 

marked by rs112896372 showing nearly 2.5–fold increased risk of CRT–related stroke 

[HR=2.55; 95% CI=1.85–3.51; P=1.42×10–8] (Table 1). This association was further 

supported by four SNPs in high linkage disequilibrium (LD; r2>0.9 in the 1000 Genomes 

Project European data) with rs112896372, including three producing genome-wide 

significance (P=2.24×10–8) and the fourth one with near genome–wide statistical 

significance (P=1.13×10–7). The MAF of rs112896372 among CRT–treated survivors of 

European ancestry with and without stroke was 0.27 and 0.14, respectively.

Role of rare/low–frequency variants in CRT–related stroke

Analyses of rare/low–frequency variants using the burden and SKAT tests identified two 

chromosomal regions tested using the 4–kb sliding windows showing significant association 

with risk of stroke (P<3.7×10–8). However, both rare/low–frequency variant associations did 

not remain statistically significant based on the 100 million permutations (P=3.0×10–7) 

(Supplementary Table 4).

Replication results

SNP rs112896372 at the 5p15.33 locus showed a statistically significant association with 

stroke survivors of African ancestry exposed to CRT (HR=3.05; 95% CI=1.10–8.50; 

P=0.034) (Table 1). Association of the remaining four SNPs with stroke was not statistically 

significant (P=0.688), with attenuated magnitude of their effects (HR=1.43) to that of 

rs112896372. This is likely due to very weak LD (r2=0.06 in 1000 Genomes Project African 
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data) between the lead SNP rs112896372 and the remaining four SNPs at the 5p15.33 locus 

– thereby constituting two independent LD blocks.

Association of rs112896372 with stroke in survivors not exposed to CRT and in the UK 
Biobank

In first independent dataset including SJLIFE survivors of European ancestry not exposed to 

CRT, all five SNPs at 5p15.33 locus showed borderline nominally significant associations 

(P-values=0.055–0.061) but with attenuated effects on stroke risk (HRs=1.51–1.54) (Table 

2). Among SJLIFE African survivors not exposed to CRT in the second independent dataset, 

all the five SNPs were not statistically significant (P>0.283); however, the effect size was 

slightly greater (HRs=1.79–1.88) relative to those among SJLIFE European survivors not 

exposed to CRT (HRs=1.51–1.54). In the third independent dataset consisting of the general 

population from the UK Biobank participants (Table 2), all the five SNPs at the 5p15.33 

locus showed nominal significant associations, albeit with negligible effect, in males [odds 

ratio (OR)=1.0012; P<0.042]. In UK Biobank results for stroke, including both males and 

females, the 5p15.33 locus showed borderline associations (OR=1.0005; P<0.164) with no 

associations among females only (OR=0.9999; P>0.674) (Supplementary Table 5).

Effect of rs112896372 with respect to CRT dose

Based on results of stratified analysis in the discovery analysis, the lead SNP rs112896372 at 

5p15.33 locus showed the greatest association (HR=3.68; 95% CI=1.82–7.46; P=2.9×10–4) 

with risk of stroke among survivors treated with CRT dose 25–50 Gy. The risk association 

was around two-fold among survivors treated with lower CRT doses of ≤20 Gy (HR=2.14; 

95% CI=1.01–4.53; P=0.047) and 20–25 Gy (HR=2.40; 95% CI=1.45–3.97; P=6.5×10−4), 

and among those exposed to the highest CRT dose of >50 Gy (HR=2.28; 95% CI=1.27–

4.09; P=5.7×10–3). Cumulative incidence curves with respect to the rs112896372’s effect 

allele [C] among survivors SJLIFE European-descent discovery sample stratified by CRT 

doses are provided in Figure 1.

Established stroke risk loci from the general population in survivors

Of the 29 lead SNPs showing genome–wide significant association with stroke and/or its 

subtypes in the general population, rs7304841 in PDE3A showed nominal statistical 

significance (P=0.048) in the SJLIFE European-descent discovery sample, and further two 

SNPs near HDAC9–TWIST1 and FOXF2 also showed borderline significance (P<0.080) 

(Supplementary Table 6) with the same direction of effect. We did not observe statistically 

significant association (P>0.102 for all quintiles relative to the lowest quintile of GRS; 

Ptrend=0.305) between the GRS and stroke among survivors in the SJLIFE European-descent 

discovery sample (Supplementary Table 7). In the SJLIFE African-descent replication 

sample, rs4959130 near FOXF2, rs6825454 near FGA, rs17612742 in EDNRA and 

rs12445022 near ZCCHC14 showed nominal significance (P<0.05) with the same direction 

of effect. Among SJLIFE European-descent survivors not exposed to CRT, no SNPs showed 

nominal significance but a SNP near SLC22A7-ZNF318 showed borderline statistical 

significance (P=0.052) with the same direction of effect. Only one SNP near SMARCA4–
LDLR showed borderline associations among SJLIFE African-descent survivors not 

exposed to CRT.
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Clinical utility of genetic findings

In the SJLIFE European-descent discovery sample, AUC of the clinical model including sex, 

attained age and CRT dose at 10, 20 and 30 years since childhood-cancer diagnosis were 

0.726, 0.696 and 0.663, respectively. Adding the rs112896372 genotype to the clinical 

model significantly improved the predictive ability of stroke incidence by 0.040, 0.047 and 

0.054, respectively (Pperm<0.001 at all three time points). In the SJLIFE African-descent 

replication sample, AUC values based on the clinical model were 0.848, 0.845 and 0.783 at 

10, 20 and 30 years since childhood-cancer diagnosis, respectively, and adding the top SNP 

to the clinical model improved the AUC values by 0.008 (Pperm=0.238), 0.019 (Pperm=0.065) 

and 0.026 (Pperm=0.047), respectively. ROC curves showing the probabilities of stroke at 30 

years since childhood cancer diagnosis with at least one copy of rs112896372’s effect allele 

[C] versus none among childhood cancer survivors exposed to CRT in the SJLIFE 

European-descent discovery and SJLIFE African-descent replication samples are shown in 

Figure 2.

DISCUSSION

We performed a comprehensive analysis of high quality WGS data with mean coverage of 

36.8-fold among 686 childhood cancer survivors of European descent who had received 

CRT and identified a novel locus at 5p15.33 showing genome–wide significant association 

with risk of stroke, which was replicated in an independent sample. Our results showed 

significant improvement in prediction of CRT-related stroke using the genotype of the lead 

SNP rs112896372 at the 5p15.33 locus relative to using only non–genetic risk factors, 

thereby supporting potential clinical utility in identifying CRT-exposed survivors at high–

risk of developing stroke.

Our data indicate that the association between rs112896372 and stroke was present among 

survivors of both European and African ancestries treated with CRT, with the magnitudes of 

the risk association approximately twice (HR estimates of 2.55 and 3.05, respectively) 

among survivors exposed to CRT relative to that among survivors not exposed to CRT (HR 

estimates of 1.54 and 1.88, respectively). Notably, the magnitude of the rs112896372’s 

stroke risk association among African survivors was greater than those among survivors of 

European descent, regardless of CRT exposure. Epidemiological data show greater risk of 

stroke among Africans relative to Caucasians in the general population(19,20) and in 

childhood cancer survivors(21). More importantly, the effect of the rs112896372 on stroke 

risk in the general population was the lowest and negligible (OR estimate of 1.00), 

suggesting that the association between rs112896372 and stroke is much more pronounced 

among childhood cancer survivors, particularly among those treated with CRT.

A possible CRT dose–specific association of rs112896372 was observed among European 

survivors exposed to CRT. The magnitude of risk association conferred by rs112896372 was 

similar to the overall analysis (HR estimate of 2.55) among those exposed to the lower CRT 

doses of <20 Gy (HR estimate of 2.14) and 20–25 Gy (HR estimate of 2.40), but the 

magnitude of association increased to an HR estimate of 3.68 among survivors exposed to an 

intermediate CRT dose of 25–50 Gy, which then attenuated to an HR estimate of 2.28 

among those who received the highest CRT dose of >50 Gy. These data may imply that the 
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influence of rs112896372 is higher among survivors exposed to low–to–intermediate doses 

of CRT, whereas in survivors exposed to the high doses, the overwhelming detrimental effect 

of the CRT may have played a stronger role in determining the risk of stroke, reducing the 

SNP’s risk association in this subgroup. Because of limited sample size for some 

subcategories in our study, however, our data are not conclusive regarding the dose-response 

pattern between the 5p15.33 locus and CRT dose. If confirmed by future larger studies, these 

findings may have important clinical implications in identifying survivors at higher risk of 

stroke based on rs112896372 genotype who, according to their low or intermediate (or no) 

CRT doses, would otherwise not be considered high–risk individuals compared to those who 

were exposed to higher CRT doses (≥50 Gy). In addition, we showed that rs112896372 is a 

marker with potential clinical utility as it significantly improved the predictive ability for 

determining risk of stroke among CRT–exposed European survivors, improving AUC values 

by up to 5%; the predictive performance among CRT-exposed African survivors had 

consistent results.

SNP rs112896372 maps to an intergenic region located approximately 155 kb downstream 

of IRX1 (iroquois homeobox 1) and alters DNA binding motif of Maf(22), which is a 

transcription factor with an oncogenic role and is also known to play active roles in many 

organs, tissues, cells for the development, differentiation and establishment of specific 

functions(23,24). IRX1 is a member of IRX family of transcription factors with roles in 

heart development and function and all the six IRX genes are expressed with distinct and 

overlapping patterns in the mammalian heart(25).

We observed minimal shared genetics contributing to stroke between the general population 

and childhood cancer survivors, presumably due to the unique exposure to a known strong 

risk factor of stroke, CRT, and other cancer-related exposures, that may alter the 

pathogenetic mechanisms underlying stroke in survivors of childhood cancer. Nonetheless, 

additional investigation utilizing larger studies are required to provide a more conclusive 

interpretation about generalizability of stroke risk loci from the general population in 

survivors of childhood cancers.

In summary, we identified a novel locus at 5p15.33 robustly associated with risk of stroke 

among childhood cancer survivors exposed to CRT, with a possible CRT-dose specific effect. 

The lead SNP rs112896372 showed significant improvement in the predictive ability for 

determining risk of stroke among CRT–exposed survivors. rs112896372 may be clinically 

useful in characterizing individuals who may benefit from surveillance and intervention 

strategies. Understanding of biological mechanisms underlying the rs112896372 association 

will provide important information about the causal genes and/or pathway, thereby 

informing potential therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Survivors of childhood cancer are at increased risk of stroke, with a well–established 

dose–risk association with cranial radiation therapy (CRT). We analyzed whole-genome 

sequencing data among survivors of European ancestry treated with CRT from the St. 

Jude Lifetime Cohort study and identified a locus at 5p15.33 associated with increased 

risk of clinically-diagnosed stroke, followed by replication in CRT-treated survivors of 

African ancestry. Further analyses of the top SNP rs112896372 including additional three 

independent datasets (consisting of childhood cancer survivors and participants in the UK 

Biobank) indicated CRT dose-specific effect with the strongest association observed 

among survivors treated with CRT dose of 25–50 Gray. The 5p15.33 locus improved 

predictive ability for determining stroke risk over non-genetic factors alone, thereby 

supporting potential utility of the 5p15.33 locus in characterizing survivors at risk of 

stroke who may benefit from surveillance and intervention strategies including 

minimizing the risk of modifiable cardiovascular risk factors.
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Figure 1 |. 
Cumulative incidence curves among survivors in the St. Jude Lifetime Cohort European-

descent discovery sample are shown, stratified by cranial radiation therapy doses including 

survivors exposed to >0–20 Gy (top left panel), 20–25 Gy (top right panel), 25–50 Gy 

(bottom left panel) and ≥50 Gy (bottom right panel). Cumulative incidence of stroke among 

survivors carrying at least one copy of the rs112896372’s effect allele (TC+CC) is shown as 

red and among survivors without the effect allele (TT) is shown as blue.
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Figure 2 |. 
Receiver operating characteristic (ROC) curves showing the probabilities of stroke among 

childhood cancer survivors at 30 years since childhood cancer diagnosis in the St. Jude 

Lifetime Cohort European-descent discovery sample (left) and St. Jude Lifetime Cohort 

African-descent replication sample (right) exposed to cranial radiation therapy. Probability 

of stroke based on the clinical model including non-genetic risk factors alone is shown in 

blue and the probability of stroke based on both non–genetic risk factors and the lead SNP 

rs112896372 at the 5p15.33 locus is shown in red. Random permutations (1000-times) of the 

rs112896372’s genotype within each sample were conducted to calculate p-value (Pperm) as 

the proportion of the 1000 permuted datasets that were greater than the area under the ROC 

curve difference with and without the rs112896372 genotype from the observed dataset.
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