
Introduction 

Radiation therapy (also called radiotherapy) is a localized cancer 

treatment that targets cancer cells with high doses of radiation. 

More than half of patients with cancer, including children with 

cancer, will be treated with radiotherapy [1]. Acute radiation-in-

duced side effects include dermatitis and fatigue, while long-term 

side effects include increased risk for secondary malignancies. 

Site-specific acute side effects such as mucositis, esophagitis, and 

enteritis, may develop when treating head and neck cancers, lung 

cancers, and gastrointestinal (GI) cancers, respectively. Patients 

treated for breast cancer and lung cancer may also develop irre-

versible cardiotoxicity and pulmonary fibrosis after thoracic irradi-

ation [2,3]. Normal tissue toxicity determines the maximum radia-

tion dose delivered to tumors. To increase the therapeutic ratio of 
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radiation, radiation oncologist and their teams individualize pa-

tient’s treatment plans by selecting the appropriate treatment mo-

dality, radiation dose, fractionation, and target volumes. Recent 

phase II–III clinical trials have focused on comparing treatment 

modalities such as ultra-hypofractionation versus conventionally 

fractionated therapy, and reducing effective doses to decrease 

acute and long-term side effects [4,5]. Despite this customization, 

10%–20% of patients receiving radiotherapy develop grade 2 tox-

icity and 2%–5% develop grade 3 toxicity [6,7]. Genetic variability, 

in part, explains this clinical variability. 

It is estimated that genetic variability may account for approxi-

mately 40% of the variability seen in treatment side effects, while 

lifestyle risk factors, not limited to obesity, smoking and drinking, 

account approximately for 60% of the variability [8–10]. Single 

nucleotide polymorphisms (SNPs), gene deletions, epigenetic differ-
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ences and differential gene expression are markers of genetic vari-

ability. Genome-wide association studies (GWAS) use an agnostic 

approach to identify SNPs associated with a predetermined out-

come such as normal tissue toxicity. Though the majority of GWAS 

have focused on polymorphisms that increase the risk of develop-

ing primary cancers and tumor radiosensitivity, there is evidence 

that polymorphisms that increase the risk of radiation-induced 

cancers differ from those that increase the risk of primary cancers 

[11,12]. Therefore, genetic markers of normal tissue toxicity sec-

ondary to radiation are needed to further personalize treatments 

and improve outcomes. 

Historically, genes that increase normal tissue toxicity following 

radiation were discovered through studies of rare monogenetic dis-

eases such as Li-Fraumeni syndrome, retinoblastoma, neurofibro-

matosis type 1, ataxia telangiectasia, and Fanconi’s anemia. These 

diseases not only raised the knowledge about genetic predisposi-

tion of normal tissue toxicity, but also provided a biological frame-

work for future discoveries, such as those informed by candidate 

gene approaches [13]. Candidate gene approaches further identi-

fied polymorphisms associated with genes involved in DNA repair, 

oxidation, and cytokine synthesis that increase the risk for radia-

tion-induced side effects [7]. The development of SNP microarrays 

paved the way for non-priori identification of additional polymor-

phisms through GWAS approaches. To increase the power that is 

needed to identify polygenic causes of radiotoxicity, establishment 

of the Radiogenomics Consortium promoted pooling of GWAS data 

and standardization in reporting GWAS and radiation-induced side 

effects [14,15]. Now, meta-analysis of aggregate GWAS and 

whole-genome sequencing continue to promote new discoveries in 

the field of radiogenomics. 

To bookmark the progress of GWAS in elucidating polymorphisms 

contributing to normal tissue toxicity following radiation, we com-

piled a narrative review. We focused on seminal literature spanning 

from 2010 to 2020. Search terms such as polymorphisms, GWAS, 

radiation, radiotherapy, radiosensitivity, normal tissue toxicity, and 

radiation effects were queried through PubMed, Google Scholar, 

and SearchWorks. This review focuses on radiation-induced side 

effects after chest, pelvic, and head-and-neck irradiation based on 

data availability. We include both early and late side effects includ-

ing the risk for secondary cancers. We do not review GWAS identi-

fying polymorphisms affecting development of primary cancers, re-

currence, mortality, and tumor radiosensitivity. The GWAS described 

in this review focus on germline polymorphisms. We hope that ear-

ly identification of patients that are at high risk for radiation-in-

duced side effects could help to further personalize patients’ treat-

ment plans, including the choice of modality, radiation dose and 

fractionation schedules. Fig. 1 provides an overview of the GWAS 

workflow. Table 1 summarizes the GWAS literature presented in 

this article. 

Chest Irradiation 

Chest-irradiation puts the breasts, heart, lungs, esophagus, and major 

blood vessels at risk for toxicity [16,17]. Candidate gene approaches 

have identified polymorphisms involved in DNA repair pathways re-

lated to skin toxicity, pneumonitis, and esophageal toxicity [18–23]. 

Few studies have used a GWAS approach to discover polymorphisms 

associated with radiation-induced toxicity. Bourgier et al. [24] at-

tempted to identify polymorphisms influencing late radiation-in-

duced subcutaneous fibrosis, radiation-induced lymphocyte apopto-

Fig. 1. Schematic identifying genetic variants and their potential to inform cancer treatments.
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sis, lung toxicity and heart cardiotoxicity using data from the CO-

HO-RT trial. Because of the rare event-outcome occurrences and 

modest heart radiation doses of 2.45 Gy and mean lung dose of 5.3 

Gy, they were not able to find any significant SNPs related to lung 

and heart toxicity. However, they were able to identify SNPs located 

within the PHACTR3 gene and downstream of GDF-10 that were as-

sociated with late radiation-induced lymphocyte apoptosis and radi-

ation-induced skin fibrosis, respectively (Table 1). 

To improve the observance of rare events, a composite score that 

captured multiple radiation-induced side effects was developed. 

Barnett et al used the scale-independent Standardized Total Aver-

age Toxicity (STAT) score as their primary outcome to identify SNPs 

associated with toxicity two years after radiotherapy in patients 

that received adjuvant breast radiotherapy and radical prostate ra-

diotherapy [25]. The STAT score included telangiectasia, breast ede-

ma, breast shrinkage, pigmentation, and breast pain. GWAS analy-

sis of individual and STAT scores identified rs2881208, rs882460, 

rs28400440, and rs13116075 SNPs associated with SATB2, 

CCDC129, SLFN14, and CCRN4L genes, respectively (all risk ratios 

[RR] >1.5) (Table 1). Though these associations could not validated 

at a significance level of 0.05—perhaps because of the limited sam-

ple size of the validation cohort—a follow-up study by Mbah et al. 

[26] supported the role of SATB2 rs2881208 in predicting late-ra-

diation toxicity, along with age, supine positioning during radiation 

treatment, and breast volume. 

In addition to broadly identifying genetic risk factors, GWAS  

have also highlighted differences in genetic susceptibility based on 

radiation dose. GWAS in survivors of childhood cancers that re-

ceived ≥10 Gy of chest irradiation identified SNPs near genes in-

volved in cellular proliferation and migration such as PROX1 and 

TAGLN (hazard ratio [HR] =  1.92; 95% confidence interval [CI], 

1.49–2.44) [27]. Whereas, patients that received <10 Gy had dif-

ferent SNP risk factors. Interestingly, the SNPs and associated 

genes identified in this study did not include SNPs and genes such 

as BRCA1 and BRCA2 that increase the risk of primary breast can-

cer. This discrepancy may be due to the smaller sample size of this 

study compared to general population GWAS. Alternatively, it is 

possible that the risk factors for breast cancer in the general popu-

lation may be different from those that are associated with radia-

tion-induced breast cancer. Some studies have shown no associa-

tion between genes that increase the risk for developing primary 

breast cancer compared to breast cancer following chest irradiation 

[12,27]. Large GWAS are therefore needed to identify radiation-spe-

cific genetic susceptibility variants and dose-differences. 

Genetic susceptibility to radiation toxicity is not only dose de-

pendent but also dependent on when radiation is administered. 

Studies of survivors of Hodgkin’s lymphoma have shown that the W
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timing of radiation exposure impacts the risk of developing breast 

cancer and other long-term side effects [28]. If patients receive 

chest irradiation during puberty when breast development is oc-

curring, they have a higher risk for breast cancer than those pa-

tients that receive irradiation post-breast development. Similarly, 

polymorphisms near the ATG5 and PRDM1 genes were predictors 

for secondary malignancies for patients irradiated during child-

hood, but not for those irradiated as adults [29]. Timing of radio-

therapy also suggests a role for the circadian rhythm in the devel-

opment of radiation-induced late side effects. Though identified 

through a candidate gene approach, circadian rhythm variants, 

PER3 and NOCT A, were predictive of worse acute and late toxicity 

if radiotherapy was administered in the morning compared to the 

afternoon in patients with breast cancer [30]. Normal tissue toxici-

ty is likely fluctuating during a person’s lifetime and may be influ-

enced by baseline health status, such that patients with comorbid-

ities may be at higher risk for developing radiation-induced adverse 

side effects compared to their healthier counterparts. 

Pelvic Irradiation 

Radiation and tissue specific genetic susceptibility are also ob-

served in radiation-induced genitourinary toxicity. Female child-

hood cancer survivors that received pelvic irradiation develop ther-

apy-related premature menopause (PM) at a 10-fold rate higher 

than their sibling controls. Therefore, efforts have focused on iden-

tifying patients that would benefit most from cryopreservation of 

oocytes prior to starting radiotherapy. Using a two-stage GWAS 

approach, whereby top-ranked SNPs identified in the first cohort 

are genotyped in a second cohort, Brooke et al. [31] prospectively 

followed 799 female survivors of childhood cancer for the develop-

ment of PM. Adjusting for cyclophosphamide equivalent doses of 

alkylating agents and ovarian radiation doses they identified 13 

SNPs on Chromosome 4 that increased the risk for PM with an 

odds ratio (OR) of 25.89 in the discovery phase, and an OR of 3.97 

in the replication phase. This haplotype was prevalent in 50% of 

those with PM, and only observed in 3.8% of controls and in 1.4% 

of the general female population. SNPs were found near the NPY2R 
gene, which is known to regulate gonadotropin-releasing hor-

mones pulses, luteinizing hormone levels and ovulation [32]. Varia-

tions in expression of genes controlling hormone expression may 

therefore increase the risk for gonadotoxicity and subsequently 

lead to premature menopause.  

Pelvic irradiation to the prostate in the form of localized 

brachytherapy, with or without external beam radiation therapy 

(EBRT), is also associated with radiation-induced side effects in 

5%–10% of patients. Side effects can include erectile dysfunction 

(ED), rectal bleeding, urinary and fecal incontinence, decreased uri-

nary stream, and proctitis. The first GWAS looking at radiation-in-

duced side effects in prostate cancer studied ED risk [33]. GWAS 

identified SNPs located near genes involved in cell adhesion and 

cell matrix association, rather than radiation-affected pathways, 

such as DNA damage repair [34]. There were also group enriched 

SNPs near the FSHR gene that increased the risk for radiation-in-

duced ED in African Americans [33]. This study and others revealed 

that increasing the number of alleles increases the risk of erectile 

dysfunction [33,34]. Younger men with more risk alleles had a sim-

ilar likelihood of developing ED as older men with fewer risk alleles. 

One allele had an OR of 2.2, while multiple alleles had an OR >2.2 

[34]. Furthermore, incorporation of SNPs into a multivariate model 

along with ancestry was more accurate in predicting ED than clini-

cal factors alone such as stage, Gleason score, and pre-treatment 

sexual function (area under the curve [AUC] for genetic model =  

0.983 vs. AUC for clinical model =  0.749) [33]. Though not directly 

addressed in this study, incorporation of both genetic risk factors 

and clinical metrics can increase the predictability of these models. 

GWAS have also been used to identify polymorphisms associated 

with changes in late-toxicity such as changes urinary function, 

rectal bleeding, and overall toxicity. Eight SNPs, including one as-

sociated with MYO3B (rs13035033), increased the risk for urinary 

straining [35]; though this finding could not be replicated [37]. 

GWAS of individual endpoints such as rectal bleeding identified 

SNPs near genes regulating vascular proliferation [36], while mark-

ers of overall toxicity identified TANC1, a gene involved in muscle 

regeneration, as a risk factor [38]. To increase the power to detect 

rare polymorphisms, Kerns et al. [39] used a meta-analysis ap-

proach to identify SNPs associated with increased urinary frequen-

cy, rectal bleeding, decreased stream and overall toxicity. This study 

validated previous SNPs, discovered new SNPs, and most notably it 

showed that multiple data sets could be combined to increase the 

power of GWAS. A follow-up meta-analysis study included addi-

tional samples from a Japanese cohort to identify new polymor-

phisms associated with hematuria, and validated SNPs previously 

associated with increased urinary frequency, decreased urinary 

stream, and overall toxicity [40]; again emphasizing the power of 

analyzing GWAS datasets in aggregate. 

Head and Neck Irradiation 

Oral mucositis is an acute complication of head and neck irradia-

tion. To identify patients that would be at risk for adverse oral mu-

cositis outcomes, Yang et al. [41] performed a GWAS in more than 

1,000 nasopharyngeal carcinoma patients receiving radiotherapy. 

Using gene set analyses of their identified variants they were able 
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to link telomere biological processes to radiotherapy toxicity and 

thereby illustrate the use of GWAS in enhancing our understanding 

of radiobiology. 

Temporal lobe injury is a late radiation-induced side effect in pa-

tients with nasopharyngeal carcinoma. Genetic susceptibility stud-

ies for radiation-induced central nervous system toxicity are start-

ing to emerge. Wang et al. [42] conducted a three-stage GWAS 

study with more than 1,000 patients for each stage. Their analysis 

identified SNPs near the gene CEP128, which codes a centrosome 

protein involved in cell cycle progression, and is associated with 

temporal lobe injury risk (HR=1.45; 95% CI, 1.26–1.66). Further-

more, they discovered that 12.7% of the GWAS-based genes were 

associated with the neurogenesis pathway. SNP (missing period) 

differences associated with the CEP128 gene were also associated 

with changes in levels of expression [43]. These results suggest 

again that radiation-induced injury is likely affecting tissue specific 

cellular pathways. 

Models of Radiation Toxicity 

GWAS have provided novel insight into radiobiological processes 

not otherwise recognized through candidate-gene approaches. 

They have also highlighted the differences in genetic susceptibility 

due to radiation dosing and timing of administering radiation. 

GWAS have distinguished polymorphisms comparing tissue-specific 

toxicity versus overall toxicity and acute versus late radiotherapy 

side effects. Two proposed models may in part explain the com-

plexity of genetic susceptibility to radiation—a deterministic model 

and a stochastic model [10,44]. Under a deterministic model, each 

tissue can have its own threshold for toxicity and these thresholds 

can vary between patients. In a stochastic model, radiation may 

impact cellular function through general processes such as increas-

ing reactive-oxygen species and promoting genomic instability. 

These processes would nonspecifically affect pathways that in-

crease the risk of radiation-induced side effects. Variability in ob-

serving deterministic or stochastic processes would depend on in-

dividual patient genetic vulnerability. Patients with polymorphisms 

that increase stochastic events may be at higher risk for overall 

toxicity, whereas patients with polymorphisms affecting tis-

sue-specific pathways would manifest more restricted side effects. 

Phenotypic expression of adverse effects would thus be dependent 

on genetic susceptibility and life style factors. For example, if the 

patient is already at risk for developing erectile dysfunction, both 

genetically and because of lifestyle factors, exposure to radiation 

may be the last “hit” required for the development of ED through a 

deterministic or stochastic process. GWAS and candidate-gene ap-

proaches have been successful in identifying “general” toxicity 

polymorphisms and side-effect specific polymorphisms. Integration 

of cellular assays, “omic” data such as transcriptome-wide associa-

tion studies (TWAS) and proteomics will aid in distinguishing be-

tween the two processes at the patient level. 

GWAS Challenges and Opportunities 

Despite recent progress and its promise to personalize patient care, 

integration of GWAS findings into clinical settings remains a chal-

lenge. Reproducibility is often hard to achieve because of small 

sample sizes, which decrease the statistical power needed to detect 

moderate-to-weakly associated polymorphisms, and high false 

positives from multiple-hypothesis testing. To address these chal-

lenges, the Radiogenomics Consortium encouraged standardization 

of reporting of GWAS, central pooling of large databases, and stan-

dardization in reporting acute and late side effects [14]. Combining 

multiple datasets, however, posed additional statistical challenges 

that have now spawned new mathematical models and statistical 

approaches. These mathematical models have been applied with 

success to predict radiotherapy complications such as late rectal 

bleeding and erectile dysfunction and have identified biological 

processes of radiation damage [45,46]. 

Incorporation of GWAS findings into machine learning also has 

the potential to increase the clinical utility of GWAS. Lee et al. [47] 

used machine learning-based multivariate modeling to predict four 

urinary symptoms following radiation therapy. They found that 

weak stream was predicted when the top 75% of SNPs were in-

cluded in their model compared to a model that only included clin-

ical predictors (R2 of 0.80 vs. R2 of 0.60). Machine learning algo-

rithms can be applied to integrate genetic data, clinical correlates, 

and patient characteristics to build models that can evolve as pa-

tients’ characteristics change through the course of treatment [48]. 

However, in order for models to be truly predictive, racially hetero-

geneous populations must be included. 

It is known that polymorphisms can vary by race/ethnic groups. 

For example, SNPs associated with the TGFb1 promoter and the 

NFE2L2 promoters were associated with late radiation effects in 

African Americans, but not Whites [49]. The failure to include di-

verse patient groups in GWAS has two main effects: (1) decreased 

discovery potential and generalizability and (2) decreased predic-

tive power of model building. Although there is concern that inclu-

sion of non-European populations increases the signal-to-noise ra-

tio, low frequency variants or variants that are completely absent 

in European populations may be missed [50]. In addition, the effect 

sizes of identified variants in one group may be the different in 

other populations. Wojcik et al. [51] used a large data set that in-

cluded Hispanic populations, African-American, Asian, Native Ha-
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waiian, Native American, and multi-ethnic individuals to show that 

the effect size of published trait-variant associations were signifi-

cantly weaker in Hispanic and African-American populations. Pre-

dictive models based on these effect sizes and variants could po-

tentially result in erroneous predictions that could further increase 

already existing health disparities. Thus, recruitment of under-rep-

resented groups, development of algorithms robust to the inclusion 

of heterogeneous populations, building of databases, and integra-

tion with other “omic” data, will strengthen the clinical potential 

of GWAS.  

Conclusion 

Since its adoption in radiation oncology, GWAS have identified 

polymorphisms that increase genetic susceptibility to radiation-in-

duced tissue toxicity. However, challenges in high false rate discov-

eries due to multiple hypothesis testing and small sample sizes 

have failed to reproduce some results. Development of techniques 

to score side effects and standardize GWAS reporting, along with 

the establishment of the Radiogenomics Consortium have partly 

overcome some of the challenges inherent in GWAS. Meta-analy-

ses of GWAS now include larger patient cohorts, more diverse pop-

ulations, multiple steps of validation, and new statistical approach-

es. Incorporation of genetic susceptibility of normal tissue, tumor 

radiosensitivity, clinical markers, and patient characteristics into 

adaptive models is poised to make genomically-guided radiothera-

py a reality. 

Conflict of Interest 

No potential conflict of interest relevant to this article was report-

ed. 

References 

1. Baskar R, Lee KA, Yeo R, Yeoh KW. Cancer and radiation therapy: 

current advances and future directions. Int J Med Sci 2012; 

9:193-9. 

2. Hanania AN, Mainwaring W, Ghebre YT, Hanania NA, Ludwig M. 

Radiation-induced lung injury: assessment and management. 

Chest 2019;156:150-62. 

3. Soumarova R, Rusinova L. Cardiotoxicity of breast cancer radio-

therapy: overview of current results. Rep Pract Oncol Radiother 

2020;25:182-6. 

4. Kelsey CR, Broadwater G, James O, et al. Phase 2 study of 

dose-reduced consolidation radiation therapy in diffuse large 

B-cell lymphoma. Int J Radiat Oncol Biol Phys 2019;105:96-101. 

5. Widmark A, Gunnlaugsson A, Beckman L, et al. Ultra-hypofrac-

tionated versus conventionally fractionated radiotherapy for 

prostate cancer: 5-year outcomes of the HYPO-RT-PC ran-

domised, non-inferiority, phase 3 trial. Lancet 2019;394:385-95. 

6. Scaife JE, Barnett GC, Noble DJ, et al. Exploiting biological and 

physical determinants of radiotherapy toxicity to individualize 

treatment. Br J Radiol 2015;88:20150172. 

7. Rosenstein BS. Radiogenomics: identification of genomic predic-

tors for radiation toxicity. Semin Radiat Oncol 2017;27:300-9. 

8. Barnett GC, West CM, Dunning AM, et al. Normal tissue reac-

tions to radiotherapy: towards tailoring treatment dose by geno-

type. Nat Rev Cancer 2009;9:134-42. 

9. Thomas RJ, Holm M, Williams M, et al. Lifestyle factors correlate 

with the risk of late pelvic symptoms after prostatic radiotherapy. 

Clin Oncol (R Coll Radiol) 2013;25:246-51. 

10. Habash M, Bohorquez LC, Kyriakou E, Kron T, Martin OA, Blyth BJ. 

Clinical and functional assays of radiosensitivity and radia-

tion-induced second cancer. Cancers (Basel) 2017;9:147. 

11. Ahmed M, Dorling L, Kerns S, et al. Common genetic variation as-

sociated with increased susceptibility to prostate cancer does not 

increase risk of radiotherapy toxicity. Br J Cancer 2016;114:1165-

74. 

12. Dorling L, Barnett GC, Michailidou K, et al. Patients with a high 

polygenic risk of breast cancer do not have an increased risk of 

radiotherapy toxicity. Clin Cancer Res 2016;22:1413-20. 

13. Rattay T, Talbot CJ. Finding the genetic determinants of adverse 

reactions to radiotherapy. Clin Oncol (R Coll Radiol) 2014;26: 

301-8. 

14. West C, Rosenstein BS, Alsner J, et al. Establishment of a Radiog-

enomics Consortium. Int J Radiat Oncol Biol Phys 2010;76:1295-

6. 

15. Kerns SL, de Ruysscher D, Andreassen CN, et al. STROGAR: 

STrengthening the Reporting Of Genetic Association studies in 

Radiogenomics. Radiother Oncol 2014;110:182-8. 

16. Chargari C, Riet F, Mazevet M, Morel E, Lepechoux C, Deutsch E. 

Complications of thoracic radiotherapy. Presse Med 2013;42(9 Pt 

2):e342-51. 

17. Cheng YJ, Nie XY, Ji CC, et al. Long-term cardiovascular risk after 

radiotherapy in women with breast cancer. J Am Heart Assoc 

2017;6:e005633. 

18. Chang-Claude J, Popanda O, Tan XL, et al. Association between 

polymorphisms in the DNA repair genes, XRCC1, APE1, and XPD 

and acute side effects of radiotherapy in breast cancer patients. 

Clin Cancer Res 2005;11:4802-9. 

19. Chang-Claude J, Ambrosone CB, Lilla C, et al. Genetic polymor-

phisms in DNA repair and damage response genes and late nor-

mal tissue complications of radiotherapy for breast cancer. Br J 

233https://doi.org/10.3857/roj.2020.00556

GWAS to minimize radiation side effects

https://doi.org/10.7150/ijms.3635
https://doi.org/10.7150/ijms.3635
https://doi.org/10.7150/ijms.3635
https://doi.org/10.1016/j.chest.2019.03.033
https://doi.org/10.1016/j.chest.2019.03.033
https://doi.org/10.1016/j.chest.2019.03.033
https://doi.org/10.1016/j.rpor.2019.12.008
https://doi.org/10.1016/j.rpor.2019.12.008
https://doi.org/10.1016/j.rpor.2019.12.008
https://doi.org/10.1016/j.ijrobp.2019.02.055
https://doi.org/10.1016/j.ijrobp.2019.02.055
https://doi.org/10.1016/j.ijrobp.2019.02.055
https://doi.org/10.1016/S0140-6736(19)31131-6
https://doi.org/10.1016/S0140-6736(19)31131-6
https://doi.org/10.1016/S0140-6736(19)31131-6
https://doi.org/10.1016/S0140-6736(19)31131-6
https://doi.org/10.1259/bjr.20150172
https://doi.org/10.1259/bjr.20150172
https://doi.org/10.1259/bjr.20150172
https://doi.org/10.1016/j.semradonc.2017.04.005
https://doi.org/10.1016/j.semradonc.2017.04.005
https://doi.org/10.1038/nrc2587
https://doi.org/10.1038/nrc2587
https://doi.org/10.1038/nrc2587
https://doi.org/10.1016/j.clon.2012.11.007
https://doi.org/10.1016/j.clon.2012.11.007
https://doi.org/10.1016/j.clon.2012.11.007
https://doi.org/10.3390/cancers9110147
https://doi.org/10.3390/cancers9110147
https://doi.org/10.3390/cancers9110147
https://doi.org/10.1038/bjc.2016.94
https://doi.org/10.1038/bjc.2016.94
https://doi.org/10.1038/bjc.2016.94
https://doi.org/10.1038/bjc.2016.94
https://doi.org/10.1158/1078-0432.CCR-15-1080
https://doi.org/10.1158/1078-0432.CCR-15-1080
https://doi.org/10.1158/1078-0432.CCR-15-1080
https://doi.org/10.1016/j.clon.2014.02.001
https://doi.org/10.1016/j.clon.2014.02.001
https://doi.org/10.1016/j.clon.2014.02.001
https://doi.org/10.1016/j.ijrobp.2009.12.017
https://doi.org/10.1016/j.ijrobp.2009.12.017
https://doi.org/10.1016/j.ijrobp.2009.12.017
https://doi.org/10.1016/j.radonc.2013.07.011
https://doi.org/10.1016/j.radonc.2013.07.011
https://doi.org/10.1016/j.radonc.2013.07.011
https://doi.org/10.1016/j.lpm.2013.06.012
https://doi.org/10.1016/j.lpm.2013.06.012
https://doi.org/10.1016/j.lpm.2013.06.012
https://doi.org/10.1161/JAHA.117.005633
https://doi.org/10.1161/JAHA.117.005633
https://doi.org/10.1161/JAHA.117.005633
https://doi.org/10.1158/1078-0432.CCR-04-2657
https://doi.org/10.1158/1078-0432.CCR-04-2657
https://doi.org/10.1158/1078-0432.CCR-04-2657
https://doi.org/10.1158/1078-0432.CCR-04-2657
https://doi.org/10.1038/sj.bjc.6605036
https://doi.org/10.1038/sj.bjc.6605036
https://doi.org/10.1038/sj.bjc.6605036


Cancer 2009;100:1680-6.  

20. Yin M, Liao Z, Liu Z, et al. Functional polymorphisms of base exci-

sion repair genes XRCC1 and APEX1 predict risk of radiation 

pneumonitis in patients with non-small cell lung cancer treated 

with definitive radiation therapy. Int J Radiat Oncol Biol Phys 

2011;81:e67-73. 

21. Andreassen CN, Rosenstein BS, Kerns SL, et al. Individual patient 

data meta-analysis shows a significant association between the 

ATM rs1801516 SNP and toxicity after radiotherapy in 5456 

breast and prostate cancer patients. Radiother Oncol 2016;121: 

431-9. 

22. Du L, Yu W, Dai X, et al. Association of DNA repair gene polymor-

phisms with the risk of radiation pneumonitis in lung cancer pa-

tients. Oncotarget 2017;9:958-68. 

23. Delgado BD, Enguix-Riego MV, Fernandez de Bobadilla JC, et al. 

Association of single nucleotide polymorphisms at HSPB1 

rs7459185 and TGFB1 rs11466353 with radiation esophagitis in 

lung cancer. Radiother Oncol 2019;135:161-9. 

24. Bourgier C, Kerns S, Gourgou S, et al. Concurrent or sequential 

letrozole with adjuvant breast radiotherapy: final results of the 

CO-HO-RT phase II randomized trial. Ann Oncol 2016;27:474-80. 

25. Barnett GC, Thompson D, Fachal L, et al. A genome wide associa-

tion study (GWAS) providing evidence of an association between 

common genetic variants and late radiotherapy toxicity. Radio-

ther Oncol 2014;111:178-85. 

26. Mbah C, de Ruyck K, de Schrijver S, et al. A new approach for 

modeling patient overall radiosensitivity and predicting multiple 

toxicity endpoints for breast cancer patients. Acta Oncol 2018; 

57:604-12. 

27. Morton LM, Sampson JN, Armstrong GT, et al. Genome-wide as-

sociation study to identify susceptibility loci that modify radia-

tion-related risk for breast cancer after childhood cancer. J Natl 

Cancer Inst 2017;109:djx058. 

28. Hodgson DC, Koh ES, Tran TH, et al. Individualized estimates of 

second cancer risks after contemporary radiation therapy for 

Hodgkin lymphoma. Cancer 2007;110:2576-86. 

29. Best T, Li D, Skol AD, et al. Variants at 6q21 implicate PRDM1 in 

the etiology of therapy-induced second malignancies after Hod-

gkin's lymphoma. Nat Med 2011;17:941-3. 

30. Johnson K, Chang-Claude J, Critchley AM, et al. Genetic variants 

predict optimal timing of radiotherapy to reduce side-effects in 

breast cancer patients. Clin Oncol (R Coll Radiol) 2019;31:9-16. 

31. Brooke RJ, Im C, Wilson CL, et al. A high-risk haplotype for pre-

mature menopause in childhood cancer survivors exposed to go-

nadotoxic therapy. J Natl Cancer Inst 2018;110:895-904. 

32. Xu M, Hill JW, Levine JE. Attenuation of luteinizing hormone 

surges in neuropeptide Y knockout mice. Neuroendocrinology 

2000;72:263-71. 

33. Kerns SL, Ostrer H, Stock R, et al. Genome-wide association study 

to identify single nucleotide polymorphisms (SNPs) associated 

with the development of erectile dysfunction in African-Ameri-

can men after radiotherapy for prostate cancer. Int J Radiat On-

col Biol Phys 2010;78:1292-300. 

34. Kerns SL, Stock R, Stone N, et al. A 2-stage genome-wide associ-

ation study to identify single nucleotide polymorphisms associ-

ated with development of erectile dysfunction following radia-

tion therapy for prostate cancer. Int J Radiat Oncol Biol Phys 

2013;85:e21-8. 

35. Kerns SL, Stone NN, Stock RG, Rath L, Ostrer H, Rosenstein BS. A 

2-stage genome-wide association study to identify single nucle-

otide polymorphisms associated with development of urinary 

symptoms after radiotherapy for prostate cancer. J Urol 2013; 

190:102-8. 

36. Kerns SL, Stock RG, Stone NN, et al. Genome-wide association 

study identifies a region on chromosome 11q14.3 associated 

with late rectal bleeding following radiation therapy for prostate 

cancer. Radiother Oncol 2013;107:372-6. 

37. Schack LM, Petersen SE, Nielsen S, et al. Validation of genetic 

predictors of late radiation-induced morbidity in prostate cancer 

patients. Acta Oncol 2017;56:1514-21. 

38. Fachal L, Gomez-Caamano A, Barnett GC, et al. A three-stage ge-

nome-wide association study identifies a susceptibility locus for 

late radiotherapy toxicity at 2q24.1. Nat Genet 2014;46:891-4. 

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

association studies identifies genetic markers of late toxicity fol-

lowing radiotherapy for prostate cancer. EBioMedicine 2016; 

10:150-63. 

40. Kerns SL, Fachal L, Dorling L, et al. Radiogenomics Consortium 

Genome-Wide Association study meta-analysis of late toxicity 

after prostate cancer radiotherapy. J Natl Cancer Inst 2020;112: 

179-90. 

41. Yang DW, Wang TM, Zhang JB, et al. Genome-wide association 

study identifies genetic susceptibility loci and pathways of radia-

tion-induced acute oral mucositis. J Transl Med 2020;18:224. 

42. Wang TM, Shen GP, Chen MY, et al. Genome-wide association 

study of susceptibility loci for radiation-induced brain injury. J 

Natl Cancer Inst 2019;111:620-8. 

43. Dean B, Parkin GM, Gibbons AS. Associations between cate-

chol-O-methyltransferase (COMT) genotypes at rs4818 and 

rs4680 and gene expression in human dorsolateral prefrontal 

cortex. Exp Brain Res 2020;238:477-86. 

44. Herskind C, Talbot CJ, Kerns SL, Veldwijk MR, Rosenstein BS, West 

CM. Radiogenomics: a systems biology approach to understand-

ing genetic risk factors for radiotherapy toxicity? Cancer Lett 

https://doi.org/10.3857/roj.2020.00556234

Cecil M. Benitez and Susan J. Knox

https://doi.org/10.1038/sj.bjc.6605036
https://doi.org/10.1016/j.ijrobp.2010.11.079
https://doi.org/10.1016/j.ijrobp.2010.11.079
https://doi.org/10.1016/j.ijrobp.2010.11.079
https://doi.org/10.1016/j.ijrobp.2010.11.079
https://doi.org/10.1016/j.radonc.2016.06.017
https://doi.org/10.1016/j.radonc.2016.06.017
https://doi.org/10.1016/j.radonc.2016.06.017
https://doi.org/10.1016/j.radonc.2016.06.017
https://doi.org/10.18632/oncotarget.22982
https://doi.org/10.18632/oncotarget.22982
https://doi.org/10.18632/oncotarget.22982
https://doi.org/10.1016/j.radonc.2019.03.005
https://doi.org/10.1016/j.radonc.2019.03.005
https://doi.org/10.1016/j.radonc.2019.03.005
https://doi.org/10.1016/j.radonc.2019.03.005
https://doi.org/10.1093/annonc/mdv602
https://doi.org/10.1093/annonc/mdv602
https://doi.org/10.1093/annonc/mdv602
https://doi.org/10.1016/j.radonc.2014.02.012
https://doi.org/10.1016/j.radonc.2014.02.012
https://doi.org/10.1016/j.radonc.2014.02.012
https://doi.org/10.1016/j.radonc.2014.02.012
https://doi.org/10.1080/0284186X.2017.1417633
https://doi.org/10.1080/0284186X.2017.1417633
https://doi.org/10.1080/0284186X.2017.1417633
https://doi.org/10.1080/0284186X.2017.1417633
https://doi.org/10.1093/jnci/djx058
https://doi.org/10.1093/jnci/djx058
https://doi.org/10.1093/jnci/djx058
https://doi.org/10.1093/jnci/djx058
https://doi.org/10.1002/cncr.23081
https://doi.org/10.1002/cncr.23081
https://doi.org/10.1002/cncr.23081
https://doi.org/10.1038/nm.2407
https://doi.org/10.1038/nm.2407
https://doi.org/10.1038/nm.2407
https://doi.org/10.1016/j.clon.2018.10.001
https://doi.org/10.1016/j.clon.2018.10.001
https://doi.org/10.1016/j.clon.2018.10.001
https://doi.org/10.1093/jnci/djx281
https://doi.org/10.1093/jnci/djx281
https://doi.org/10.1093/jnci/djx281
https://doi.org/10.1159/000054595
https://doi.org/10.1159/000054595
https://doi.org/10.1159/000054595
https://doi.org/10.1016/j.ijrobp.2010.07.036
https://doi.org/10.1016/j.ijrobp.2010.07.036
https://doi.org/10.1016/j.ijrobp.2010.07.036
https://doi.org/10.1016/j.ijrobp.2010.07.036
https://doi.org/10.1016/j.ijrobp.2012.08.003
https://doi.org/10.1016/j.ijrobp.2012.08.003
https://doi.org/10.1016/j.ijrobp.2012.08.003
https://doi.org/10.1016/j.ijrobp.2012.08.003
http://dx.doi.org/10.1016/j.juro.2013.01.096
http://dx.doi.org/10.1016/j.juro.2013.01.096
http://dx.doi.org/10.1016/j.juro.2013.01.096
http://dx.doi.org/10.1016/j.juro.2013.01.096
http://dx.doi.org/10.1016/j.juro.2013.01.096
https://doi.org/10.1016/j.radonc.2013.05.001
https://doi.org/10.1016/j.radonc.2013.05.001
https://doi.org/10.1016/j.radonc.2013.05.001
https://doi.org/10.1016/j.radonc.2013.05.001
https://doi.org/10.1080/0284186X.2017.1348626
https://doi.org/10.1080/0284186X.2017.1348626
https://doi.org/10.1080/0284186X.2017.1348626
https://doi.org/10.1038/ng.3020
https://doi.org/10.1038/ng.3020
https://doi.org/10.1038/ng.3020
https://doi.org/10.1016/j.ebiom.2016.07.022
https://doi.org/10.1016/j.ebiom.2016.07.022
https://doi.org/10.1016/j.ebiom.2016.07.022
https://doi.org/10.1016/j.ebiom.2016.07.022
https://doi.org/10.1093/jnci/djz075
https://doi.org/10.1093/jnci/djz075
https://doi.org/10.1093/jnci/djz075
https://doi.org/10.1093/jnci/djz075
https://doi.org/10.1186/s12967-020-02390-0
https://doi.org/10.1186/s12967-020-02390-0
https://doi.org/10.1186/s12967-020-02390-0
https://doi.org/10.1093/jnci/djy150
https://doi.org/10.1093/jnci/djy150
https://doi.org/10.1093/jnci/djy150
https://doi.org/10.1007/s00221-020-05730-0
https://doi.org/10.1007/s00221-020-05730-0
https://doi.org/10.1007/s00221-020-05730-0
https://doi.org/10.1007/s00221-020-05730-0
https://doi.org/10.1016/j.canlet.2016.02.035
https://doi.org/10.1016/j.canlet.2016.02.035
https://doi.org/10.1016/j.canlet.2016.02.035


2016;382:95-109. 

45. Oh JH, Kerns S, Ostrer H, Powell SN, Rosenstein B, Deasy JO. 

Computational methods using genome-wide association studies 

to predict radiotherapy complications and to identify correlative 

molecular processes. Sci Rep 2017;7:43381. 

46. Kang J, Coates JT, Strawderman RL, Rosenstein BS, Kerns SL. Ge-

nomics models in radiotherapy: from mechanistic to machine 

learning. Med Phys 2020;47:e203-17. 

47. Lee S, Kerns S, Ostrer H, Rosenstein B, Deasy JO, Oh JH. Machine 

learning on a genome-wide association study to predict late 

genitourinary toxicity after prostate radiation therapy. Int J Radi-

at Oncol Biol Phys 2018;101:128-35. 

48. El Naqa I, Kerns SL, Coates J, et al. Radiogenomics and radiother-

apy response modeling. Phys Med Biol 2017;62:R179-206. 

49. Alam A, Mukhopadhyay ND, Ning Y, et al. A preliminary study on 

racial differences in HMOX1, NFE2L2, and TGFβ1 gene polymor-

phisms and radiation-induced late normal tissue toxicity. Int J 

Radiat Oncol Biol Phys 2015;93:436-43. 

50. Bentley AR, Callier S, Rotimi CN. Diversity and inclusion in ge-

nomic research: why the uneven progress? J Community Genet 

2017;8:255-66. 

51. Wojcik GL, Graff M, Nishimura KK, et al. Genetic analyses of di-

verse populations improves discovery for complex traits. Nature 

2019;570:514-8.  

235https://doi.org/10.3857/roj.2020.00556

GWAS to minimize radiation side effects

https://doi.org/10.1016/j.canlet.2016.02.035
https://doi.org/10.1038/srep43381
https://doi.org/10.1038/srep43381
https://doi.org/10.1038/srep43381
https://doi.org/10.1038/srep43381
https://www.ncbi.nlm.nih.gov/pubmed/32418335
https://www.ncbi.nlm.nih.gov/pubmed/32418335
https://www.ncbi.nlm.nih.gov/pubmed/32418335
https://doi.org/10.1016/j.ijrobp.2018.01.054
https://doi.org/10.1016/j.ijrobp.2018.01.054
https://doi.org/10.1016/j.ijrobp.2018.01.054
https://doi.org/10.1016/j.ijrobp.2018.01.054
https://doi.org/10.1088/1361-6560/aa7c55
https://doi.org/10.1088/1361-6560/aa7c55
https://doi.org/10.1016/j.ijrobp.2015.05.049
https://doi.org/10.1016/j.ijrobp.2015.05.049
https://doi.org/10.1016/j.ijrobp.2015.05.049
https://doi.org/10.1016/j.ijrobp.2015.05.049
https://doi.org/10.1007/s12687-017-0316-6
https://doi.org/10.1007/s12687-017-0316-6
https://doi.org/10.1007/s12687-017-0316-6
https://doi.org/10.1038/s41586-019-1310-4
https://doi.org/10.1038/s41586-019-1310-4
https://doi.org/10.1038/s41586-019-1310-4

	Introduction 
	Chest Irradiation 
	Pelvic Irradiation 
	Head and Neck Irradiation 
	Models of Radiation Toxicity 
	WAS Challenges and Opportunities 
	Conclusion 
	Conflict of Interest 
	References 

