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ABSTRACT 

Purpose: Late radiation-toxicity in irradiated prostate cancer patients can severely affect the 

quality of life. Here, clinical parameters and the DNA damage response are investigated as 

possible risk factors for radiation-toxicity.  

Methods and Materials: Clinical parameters of 61 prostate cancer patients, 34 with (over-

responding, OR) and 27 without (non-responding, NR) severe late radiation-toxicity were 

assembled. In addition, for a matched subset the DNA damage repair kinetics (γ-H2AX assay) and 

expression profiles of DNA repair genes were determined in ex-vivo irradiated lymphocytes. 

Results: Examination of clinical data indicated none of the considered clinical parameters to be 

correlated with the susceptibility of patients to develop late radiation-toxicity. While frequencies 

of y-H2AX foci induced immediately after irradiation were similar (p=0.32), significantly higher 

numbers of y-H2AX foci were found 24h post irradiation in OR compared to NR patients 

(p=0.03). Patient specific y-H2AX foci decay ratios were significantly higher in NR patients than in 

OR patients (p<0.0001). Consequently, NR patients appear to repair DNA-DSB more efficiently 

than OR patients. Moreover, gene expression analysis indicated several genes of the 

Homologous Recombination pathway to be stronger induced in NR compared to OR patients 

(p<0.05). A similar trend was observed in genes of the Non-Homologous End Joining repair 

pathway (p=0.09). This is congruent with more proficient repair of DNA-DSB in patients without 

late radiation-toxicity. 

Conclusions: Both gene expression profiling and DNA-DSB repair kinetics data imply that less 

efficient repair of radiation-induced DSB may contribute to the development of late normal 

tissue damage. Induction levels of DSB repair genes (e.g. RAD51) may potentially be used to 

assess the risk for late radiation-toxicity.  

 

 



Late Radiation Toxicity due to Reduced DSB Repair 

 

5 

 

93 

INTRODUCTION 

Radiotherapy is a very effective treatment for prostate cancer. Survival rates for prostate cancer 

are relatively high compared to other types of cancer and most patients are cured by 

radiotherapy [1, 2]. However, there are marked differences between patients in their normal 

tissue response after similar radiotherapy schemes. Some patients undergo treatment with no or 

very few complications, whereas a small proportion (5-10%) is more susceptible to radiation-

toxicity and may develop severe side-effects in the years after radiotherapy [1, 3]. Severe normal 

tissue toxicity includes disturbed rectal, bladder and sexual functioning [3, 4]. Identification of 

patients at high risk to develop severe normal tissue damage prior to irradiation exposure may 

help physicians to apply alternative treatments. To allow patient-tailored therapy, markers with 

high predictive power for late radiation toxicity are a prerequisite.  

The risk of late complications can partly be explained by clinical factors such as age, 

condition of the patient and co-morbidities[5]. Development of severe radiation-toxicity has 

been associated with abdominal surgery[6], diabetes mellitus[7] and acute side-effects[6]. 

Studies aiming to distinguish patients with severe late radiation toxicity from those without, 

have applied e.g. gene expression profiling of radio-responsive genes [8], association studies of 

single nucleotide polymorphisms (SNP) in DNA repair genes [9-12], and the detection of repair 

deficiencies in patients’ lymphocytes. However, the results are conflicting and no reliable 

predictive test has been established.  

Ionizing radiation induces DNA double-strand breaks (DSB), which are thought to represent 

the most important lesion causing cell reproductive death, chromosomal aberrations and 

mutations [13]. Phosphorylation of histone protein H2AX (γ-H2AX) is one of the earliest markers 

of DNA damage after ionizing radiation [14]. The γ-H2AX foci mark the locations of DNA-DSB [15, 

16] and can be measured by immunohistochemical staining [14, 17]. DNA-DSB can be repaired 

based on three different mechanisms: homologous recombination (HR)[18], non-homologous 

end joining (NHEJ), and its back up pathway (B-NHEJ)[19]. Whereas end-joining repair 

mechanisms occur throughout the whole cell cycle, HR is mainly active in the late S and G2 

phase[20]. After the breaks are re-joined γ-H2AX is dephosphorylated again, hence the 

disappearance of the foci is correlated to repair of the DNA [21, 22]. In lymphocytes of 

radiosensitive breast cancer patients, Chua et al. found significantly more residual DNA-DSB 

compared to control patients[23], suggesting a role for genes involved in DNA damage response 

as determinants of severe late radiation toxicity[24]. In addition, residual γ-H2AX foci in head-

and-neck cancer patients were also found to be correlated with the severity of radiation toxicity 

[25].  

The present study assesses clinical factors, γ-H2AX foci kinetics and expression profiles of 

DNA repair genes, in ex vivo irradiated blood lymphocytes [26]. Comparing the DNA-DSB repair 

capacity of NR and OR patients may lead to the development of a predictive marker for late 

radiation toxicity.  
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MATERIALS & METHODS  

Patient selection. Late toxicity was recorded in over 500 patients with prostate cancer irradiated 

at the Academic Medical Center (AMC) of the University of Amsterdam (between 1996 and 

2009) using the European Organization for Research and Treatment of Cancer (EORTC) SOMA 

scale [27]. Patients with no clinical progression or PSA rise 2 years after curative external beam 

radiotherapy were treated and selected as earlier described [8]. OR patients were defined by the 

radiation oncologist as those with grade III toxicity to the bladder and/or rectum at more than 1 

time point beyond 2 years of follow-up. Different from the SOMA scale, patients with severe or 

frequent blood loss requiring medical intervention were also classified as OR with grade III 

toxicity. NR patients were defined as those that experienced no adverse effects (grade 0 

toxicity). Patients were prevalent cases. 

Clinical data analysis. Case Record Forms (CRFs) were developed according to AMC Clinical 

Research Unit guidelines to gain information about patients’ clinical characteristics. PSA, age, T-

classification, comorbidities and treatment characteristics (i.e. radiation dose, fractionation and 

volumes) were recorded from 61 patients: 34 OR and 27 NR. Clinical data were analyzed in 

GraphPad Prism version 5.0. Continuous variables were first tested for normality using the 

Shapiro-Wilk test (p>0.05); normal distributed data were analyzed with an unpaired Student’s t-

test and no-normal distributed data with a Mann-Whitney test. Discrete variables were analyzed 

using the Chi-square test. Patients’ overall survival (OS) was calculated from the first day of 

radiotherapy until death, and plotted by the Kaplan-Meier method with intergroup comparison 

using the log-rank test. A p-value of <0.05 was considered to be statistically significant. 

 

Immunohistochemistry for γ-H2AX foci. After written informed consent, whole blood samples 

were collected of 24 out of the 61 patients used for the assessment of clinical characteristics, 11 

NR and 13 OR patients respectively. Blood samples were collected at least 2 years post radiation 

treatment; therefore it is very unlikely that the lymphocytes used for our study are affected by 

the radiotherapy. Lymphocytes were isolated using Ficoll (Ficoll-Paque PLUS, GE Healthcare), 

gradient separation. γ-H2AX foci induction and decay was determined in G(0) unstimulated 

lymphocytes. Directly after isolation, peripheral lymphocytes were ex vivo irradiated with 1Gy X-

rays (250 KeV, 15 mA, 0.5 mCu). At 30 min and 24h post irradiation, lymphocytes were dropped 

on poly-D-lysine coated slides and fixed in 4% paraformaldehyde. After 25 min, slides were 

washed with PBS and ready for immunostaining. The γ-H2AX foci staining was performed 

according to Franken et al. (2011) [14]. 

 

γ-H2AX foci scoring. Digital image analysis was performed to determine the number of 

radiation-induced γ-H2AX foci. Fluorescent photomicrographs of γ-H2AX foci were obtained 

using Image Pro Plus software. Stack images of cells were obtained using a Leica DM RA HC 
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Upright Microscope equipped with a CCD camera. Stack images of cells were taken using Image 

pro plus software. One stack image consists of 20 slices with a 200-nm interval between the 

slices along the z-axis. Images were then processed and the number of foci in cells was scored 

[14, 17, 28]. The ratio of the number of γ-H2AX foci at 30 min and 24h after irradiation was 

calculated as a measure of foci decay (resulting from repair of DNA-DSB). Statistical analysis was 

performed using the Shapiro-Wilk test for normality (p>0.05), followed by an unpaired Student’s 

t-test. For every donor the kinetics of γ-H2AX foci decay was determined in at least 100 

lymphocytes. 

 

Microarray analysis. Lymphocytes of a matched subset (7 NR and 9 OR patients) were cultured 

for 2 weeks and stimulated with phytohemagglutinin (PHA) (concentration of 1μg/ml). 

Subsequently, cells were irradiated at room temperature with 0Gy or 2Gy X-rays (250kV, 15mA, 

0.5mCu). At 24h post irradiation, RNA was extracted using RNeasy Mini Kit (Qiagen) according to 

manufacturer’s protocol and RNA quality was assessed with BD bioanalyser. Biotin-labeled cRNA 

probes were generated and RNA was hybridized to HT HG-U133+ PM GeneChip® array 

(Affymetrix, Santa Clara CA, USA) according to manufacturer’s protocol. Scanning of the array 

was conducted by the MicroArray Department (MAD) of the University of Amsterdam, and 

images were processed to obtain an intensity value for each oligonucleotide probe. Standardized 

microarray data quality control was performed by MAD using the R/Bioconductor package array 

QualityMetrics. Data were normalized and summarized to the probe set level using the robust 

multi-array average (RMA) algorithm[29]. For each gene, the ratio of its expression at 2Gy and 

0Gy for the same patient was calculated as a measure of the response to radiation. Differential 

expression of the resulting ratios (on a log2 scale) between NRs and ORs was assessed via a 

moderated t-test using the R/Bioconductor package limma. 

 

Gene set enrichment analysis. Gene sets were established of known HR genes and NHEJ/BEJ 

genes which are described to be specific for each pathway [30, 31]. The difference in radiation 

response between NRs and ORs was assessed with ROAST gene set tests[32] using limma. If 

there were multiple probe sets mapping to the same gene symbol according to the 

R/Bioconductor annotation package hgu133plus2.db, the probe set with highest standard 

deviation was chosen. P-values were calculated for each gene set for three possible alternative 

hypotheses (up, down, mixed) using 10,000 rotations and default parameters. To validate our 

results, we downloaded the normalized data from Mayer et al.[33] available at GEO 

(http://www.ncbi.nlm.nih.gov/projects/geo/; accession no. GSE40640). Separate gene set 

analyses were performed as described above (using the annotation package 

illuminaHumanv2.db) for the difference in radiation response between NR patients and OR 

patients in the breast cancer patient cohort and the head-and-neck cancer patient cohort.  

http://www.ncbi.nlm.nih.gov/projects/geo/
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Quantitative Real-Time polymerase chain reaction (PCR). cDNA of the patients was prepared 

with reverse transcriptase III (SuperScript, Invitrogen) according to the manufacturer’s protocol. 

Real-time PCR analysis of RAD51 was performed using a LightCycler480 system (Roche 

Diagnostics, Germany). 10ng cDNA was amplified in a 10μl final volume containing 2X Syber 

Green Master (Roche, Germany), 500nM of each primer pair Rad51_F 5’-

CCCATTTCACGGTTAGAGCAG-3’ and Rad51_R 5’-TAGCTCCTTCTTTGGCGCATA-3’. All samples were 

tested in triplicate and normalized to the housekeeping gene GAPDH. Analysis was done using 

the comparative Ct value method.  

 

 

RESULTS 

 

Clinical characteristics of patients with or without late radiation toxicity 

To assess possible clinical differences between patients with and without severe late side-

effects, general information, medical history and treatment characteristics of 34 OR and 27 NR 

patients were compared. Baseline characteristics were well matched between the two cohorts 

(Table 1). OR patients tended to have slightly lower PSA levels compared to NR patients, 

although in both groups PSA levels were in a similar range (p=0.12; see Supplementary Fig. S2). 

In contrast to other studies, in this patient cohort, abdominal surgery was not a predictive event 

for late radiation toxicity. In addition, Kaplan-Meier curves show similar survival rates for both 

patient groups at 10 years post-radiotherapy (p=0.93) (Fig. 1). 

 

 

 

 

Figure 1: Kaplan-Meier curves of 27 NR and 34 OR prostate cancer patients. Kaplan-Meier curves were 

calculated from the completion of radiotherapy. For those alive in the study cohort, the median follow-up was 

60 months. Differences in survival curves are not significant (p=0.93). 
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Table 1. Patient Characteristics of NR and OR patients indicate that the patient groups are well-matched. 

*Karnofsky Performance Status (KPS), an index used to classify patients to their functional impairment. 
†
Gleason grading system based on microscopic analysis of tumor samples evaluates the prognosis of patients 

(the higher the Gleason score, the more aggressive the tumor is and the worse prognosis). 
††

Prostate-specific 

antigen, an important biochemical marker for prostate cancer; normal value <4ng/ml. 
||

T-classification: clinical 

classification for primary tumor extension; T1, non-palpable; T2, palpable within prostate; T3, extension 

beyond prostate; T4, invasion of adjacent organs. 
¶
TURP: transurethral resection of the prostate, urological 

operation to reduce urinary symptoms if medical treatment fails. 

 
 

More residual γ-H2AX foci in ex vivo irradiated lymphocytes of over-responders 

For the analysis of γ-H2AX foci, a matched subset of 13 OR patients and 11 NR patients were 

examined. As before, the clinical characteristics and OS were comparable for this smaller cohort 

(data not shown). Figure 2 shows the radiation-induced number of γ-H2AX foci in patients with 

and without severe late radiation toxicity. Figure 2 shows the radiation-induced number of γ-

H2AX foci in patients with and without severe late radiation toxicity. At 30 min after irradiation, 

both groups showed on average similar numbers of γ-H2AX foci per cell (p=0.33). In contrast, at 

24h post-treatment, significantly higher residual foci numbers were observed in OR patients 

compared to NR patients (p=0.032). In contrast, at 24h post-treatment, significantly higher 

residual foci numbers were observed in OR patients compared to NR patients (p=0.032). Initial 

numbers of foci per cell ranged from 6-13 (mean 9.3) in OR patients and from 7-13 (mean 9.9) in 

Variable Subcategory 
NR (n=27) OR (n=34) 

p-Value 
n range mean n range mean 

Age  27 50-82 69.9 34 50-79 70.4 0.85 

KPS*  27 90-100 96.5 34 80-100 93.5 0.45 

Gleason score†  27 4-9 6.3 34 3-8 6.4 0.69 

PSA†† before 
radiotherapy 

 
 

27 1.2-70 17.9 34 
2.0-
43.8 

11.6 0.12 

T-classification|| 

T1 
T2 
T3 
T4 

2 
6 

17 
2 

  

6 
7 

20 
1 

  0.59 

Radiotherapy 
Local only 
Loco-regional 

14 
13 

  
15 
19 

  0.54 

Hormonal 
Therapy 

Yes 
No 

17 
11 

  
23 
11 

  0.57 

Abdominal 
surgery 

Yes 
No 

3 
24 

  
5 

29 
  0.68 

TURP¶ 
Yes 
No 

6 
21 

  
7 

27 
  0.87 

Diabetes Mellitus 
Yes 
No 

0 
27 

  
1 

33 
  0.37 

Cardiovascular 
disease 

Yes 
No 

6 
21 

  
7 

27 
  0.87 
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NR patients. At 24h after treatment, the numbers of foci ranged from 1-6 (mean 3.5) in OR 

patients and from 1-3 (mean 2.3) in NR patients. The decay of γ-H2AX foci 24h post-radiation is a 

measure for DNA repair capacity of cells[22]. As initial foci numbers were not similar, the ratio of 

immediately plated foci divided by delayed plated foci was calculated for each patient 

separately. Patients with late radiation toxicity had a lower foci decay ratio (Fig. 3) compared 

with patients without toxicity (p<0.0001), indicating a lower repair rate.  

In contrast, at 24h post-treatment, significantly higher residual foci numbers were observed in 

OR patients compared to NR patients (p=0.032). Initial numbers of foci per cell ranged from 6-13 

(mean 9.3) in OR patients and from 7-13 (mean 9.9) in NR patients. At 24h after treatment, the 

numbers of foci ranged from 1-6 (mean 3.5) in OR patients and from 1-3 (mean 2.3) in NR 

patients. The decay of γ-H2AX foci 24h post-radiation is a measure for DNA repair capacity of 

cells[22]. As initial foci numbers were not similar, the ratio of immediately plated foci divided by 

delayed plated foci was calculated for each patient separately. Patients with late radiation 

toxicity had a lower foci decay ratio (Fig. 3) compared with patients without toxicity (p<0.0001), 

indicating a lower repair rate.  

 

Figure 2: Radiation induced foci repair in NR and OR patients after 1Gy radiation. A: Visualization of γ-H2AX 

foci results (B); in NR patients more γ-H2AX foci have disappeared 24h-post radiation compared to OR patients. 

Each focus represents a single DNA-DSB. B: Mean number of γ-H2AX foci 24h post treatment was 2.3 foci/cell 

in NR patients relative to 3.5 foci/cell in OR patients (p=0.03). At 30 min after radiation, foci numbers were 

similar (on average 9.8 and 9.3 foci/cell respectively). At least 100 lymphocytes are counted per patient. 
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Figure 3: Ratios of foci decay as measurement for DNA-DSB 

repair. (Foci decay ratio: number of foci at 30 min/number of foci 

at 24h). Decline in foci numbers is higher for NR patients 

compared to OR patients. NR patients have a mean foci decay 

ratio of 4.5 relative to 2.8 in OR patients (p=0.0001; bars 

represent geometric mean with 95% CI). Every square represents 

an individual patient. 

 

 

 

Differential expression of DNA repair genes between NRs and ORs 

To further investigate whether DNA repair is impaired in OR patients, gene expression changes 

of genes involved in the HR and NHEJ pathways were examined. Microarray data analysis 

indicated a stronger induction of genes involved in the HR pathway in NR patients compared to 

OR patients, i.e. levels of RAD51 in NR patients were 1.6 times greater than in OR patients 

(p=0.0036) (Supplementary Fig. S3). Other important HR genes like BRCA1 [30, 31] and the NHEJ 

gene XRCC5 (Ku80) also showed significant up-regulation in NR patients compared to OR 

patients (Supplementary Table S1 & S2).  

Gene expression analysis by quantitative real-time PCR confirmed these findings (Figure 4B): 

mRNA levels of RAD51 were 1.4 times greater in NR patients compared to OR patients (p=0.049). 

Figure 4A shows the differences in radiation response for the HR and NHEJ genes between the 

two groups. A negative fold change means that the gene was induced to a lesser degree in OR 

patients compared to NR patients. NR patients showed an increased induction of the HR genes 

after 2Gy radiation, whereas no clear induction was observed in OR patients. The difference in 

radiation response (2Gy minus 0Gy) was assessed with ROAST gene set tests[32], highlighting an 

overall down-regulation of the HR gene set in OR compared to NR (p=0.037). The same analysis 

for NHEJ genes (Supplementary Table S2) revealed a trend towards down-regulation in OR 

patients (p=0.09). 

 

DISCUSSION 

 

The present study supports the hypothesis that late normal tissue toxicity after radiotherapy in 

prostate cancer patients is associated with insufficient repair of DNA-DSBs. It is reported that 

disappearance of foci corresponds with repair of radiation-induced DNA damage[22]. The 

present study shows that γ-H2AX foci kinetics correlate well with late radiation toxicity. This is 

corroborated by the different expression profiles of a majority of the genes involved in the HR 

repair pathway. 
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Figure 4: 

Radiation responses of DNA repair genes for NR and OR patients after 2Gy radiation. Relative expression 

levels (2Gy minus 0Gy) of HR repair genes were overall more induced in NR patients as compared to OR 

patients (p=0.037). A: Volcano plot show that most HR genes have a negative fold change, meaning less 

induction in OR patients compared to NR patients. Although some NHEJ genes also have negative fold changes, 

the NHEJ gene set overall did not show any significant difference in fold induction between OR and NR patients. 

B: BOX plot showing the distribution of radiation-induced fold changes among OR and NR patients as 

determined by real-time PCR for RAD51 mRNA expression. The average fold induction is higher in NR versus 

OR: factor 1.4; p=0.049.  

 

 

A significant difference in foci decay was found between radio-sensitive and radio-resistant 

prostate cancer patients (p<0.0001). These findings are in agreement with earlier studies[23, 25], 

demonstrating that the number of residual γ-H2AX foci increased with the severity of late 

normal tissue responses in breast cancer and head-and-neck cancer, respectively. Other studies 

failed to observe an association between γ-H2AX foci kinetics and normal tissue radio-sensitivity 

[34, 35]. However, Finnon et al. [34] and Greve et al. [35] used a flow cytometric assay to 

determine γ-H2AX foci, which may not be as sensitive as visual assessment of foci by microscopy 

as applied by Chua et al.[23], Goutham et al. [25], and this study. Moreover, in the study of 

Finnon et al. the classification of OR and NR patients was based on different criteria. In the 

present study, patients without toxicity served as controls (EORTC scale grade 0 toxicity), 

whereas Finnon et al. used patients with mild late adverse reaction as controls. Gene expression 

profiling by microarrays and qPCR subsequently confirmed the γ-H2AX foci results. Genes 

involved in DNA-DSB repair pathway HR showed (overall) a lower induction in OR patients 

compared to NR patients (p=0.037) while, in particular, mRNA levels of RAD51 showed 

significantly less induction in OR patients after 2Gy radiation (p=0.049). Genes for the end-

joining pathway demonstrated a marginally significant difference (p=0.09). Analysis of the 

radiation response in breast or head and neck cancer gene expression in an earlier dataset [8, 

33] (Supplementary Table S3) did not show a clear correlation between OR and NR patients. 

However, in the head and neck cancer dataset genes of the NHEJ pathway were down regulated 
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in OR patients compared to NR patients (p=0.06). Mayer et al. [33] examined lymphocytes of 8 

breast cancer patients and 4 head-and-neck cancer patients with acute radiation toxicity based 

on common toxicity criteria or RTOG/EORTC grading. Patients were defined as hypersensitive 

(OR) if they experienced acute reactions 3 weeks post-radiation, whereas in our study late 

radiation toxicity is scored 2 years post-radiation. The correct classification of patient status is 

very important in the aim for meaningful comparison of different studies and results. The 

current retrospective study is relatively small and they need to be confirmed in a prospective 

study in a larger patient cohort. 

In summary, we found a more proficient repair of DNA DSB in prostate cancer patients 

without late radiation toxicity (NR), compared to patients with severe radiation toxicity (OR). The 

finding that more residual DNA damage (more γ-H2AX foci) was present in lymphocytes of OR 

patients at 24h post-treatment is in accordance with the result that OR patients have a lower 

induction of DSB repair genes relative to NR patients. As gene expression levels are a 

determinant for protein activity, OR patients seem to have a less active DNA damage response. 

Radiation-induced DNA-DSBs are still repaired in OR patients (foci decay is observed), but to a 

lesser extent. Mutational analysis of DNA repair genes is needed to determine the mechanism 

causing the differences in radiation response. This might augment the distinction between the 

two groups and enable development of a predictive clinical test to assess the individual risk for 

late radiation toxicity. Patients at high risk to develop severe side-effects might alternatively be 

treated by surgery (prostatectomy) or brachytherapy. On the other hand, patients who are less 

susceptible to radiation toxicity (NR) might be treated with higher doses, leading to higher cure 

rates. 

 

SUPPLEMENTARY INFORMATION 

Figure S1. NR and OR patients scheme examined in this study. 

Figure S2. Initial PSA levels of studied prostate cancer patients 

Figure S3. Expression levels of RAD51. 

Figure S4. Reproducibility of y-H2AX foci assay. 

Table S1. Radiation Response of HR gene set in OR and NR patients. 

Table S2. Radiation Response of NHEJ gene set in OR and NR patients. 

Table S3. Radiation Response of the HR (A) and NHEJ (B) gene set Mayer et al. (2012) 
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SUPPLEMENTARY INFORMATION 

 
Supplementary Figure S1: NR and OR patients scheme examined in this study. Of the 61 patients selected 

according to EORTC scale, 24 patients were able to donate blood for γ-H2AX foci assay and gene expression 

profiling study 

 

 

 

 
Supplementary Figure S2: Initial PSA levels of 

studied prostate cancer patients. 

 

 

 

  

 
Supplementary Figure S3: Expression levels of 

RAD51. A significantly higher induction of the 

expression levels of homologous recombination 

gene RAD51 is measured in NR patients compared 

to OR patients. Expression levels after 2Gy 

irradiation are represented relative to 0Gy. 

(p=0.0036 and 
2
log=-0.54).  
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Supplementary Figure S4: Reproducibility of y-H2AX foci assay. Foci formation was re-evaluated on a distinct 

blood sample from 4 of the patients (2 NR and 2 OR) and scored foci numbers at 30 min and 24h after 1Gy 

radiation. From these patients, blood samples were collected at different time points with one year in 

between. As can be observed, foci numbers are highly reproducible at distinct time points of assaying as well as 

between blood samples. 

 

Supplementary Table S1: Radiation Response of HR gene set in OR and NR patients. Increased induction in NR 

patients is observed (2Gy versus 0Gy). In OR patients almost no or no clear induction is seen. ROAST analysis of 

the fold changes showed an overall down regulation of the HR gene set in OR compared to NR patients 

(p=0.037).  

Supplementary Table S2: Radiation Response of NHEJ gene set in OR and NR patients. Less induction of NHEJ 

genes is observed in OR patients compared to NR patients after 2Gy irradiation. ROAST analysis of the fold 

changes showed a trend towards down regulation of the NHEJ gene set in OR compared to NR patients 

(p=0.09). 

Supplementary Table S3: Radiation Response of the HR (A) and NHEJ (B) gene set in the gene expression data 

set of Mayer et al. (2012), breast cancer (left) and head-and-neck cancer (right).  
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Supplementary Table S1: 
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Supplementary Table S2: 
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Supplementary Table S3: 

 

A
 

B
 


