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ABSTRACT 

Gamma-H2AX foci detection is the standard method to quantify DNA double-strand break (DSB) 

induction and repair. In this study, we investigated the induction and decay of γ-H2AX foci of 

different tumor cell lines and fibroblasts with known mutations in DNA damage repair genes, 

including ATM, LigIV, DNA-PKcs, Rad51 and Rad54. A radiation dose of 2.4Gy was used for either 

an acute single high-dose-rate (sHDR) exposure or a pulsed dose-rate (pDR) exposure over 24h. 

The number of γ-H2AX foci was determined at 30 min and 24h after sHDR irradiation and directly 

after pDR irradiation. In a similar manner, γ-H2AX foci were also examined in lymphocytes of 

patients with differences in normal tissue toxicity after a total radiation dose of 1Gy. In an initial 

count of the number of foci 30 min after sHDR irradiation, repair-proficient cell types could not 

be distinguished from repair-deficient cell types. However at 24h post irradiation, while we 

observed a large decrease in foci numbers in NHEJ-proficient cells, the amount of γ-H2AX foci in 

cell types with mutated NHEJ repair remained at high levels. Except for IRS-1SF cells, HR-

deficient cell types eventually did show a moderate decrease in foci number over time, albeit to 

a lesser extent than their corresponding parentals or repair-proficient control cells. In addition, 

analysis of c-H2AX foci after sHDR exposure of patients with different sensitivity status clearly 

showed individual differences in radiation response. Radiosensitive patients could be 

distinguished from the more radioresistant patients with γ-H2AX foci decay ratios (initial number 

of foci divided by residual number of foci). Significantly higher decay ratios were observed in 

patients without toxicities, indicating more proficient repair compared to patients with radiation 

induced side effects. After pDR irradiation, no consistent correlation could be found between 

foci number and radiosensitivity. In conclusion, γ-H2AX formation is a rapid and sensitive cellular 

response to DNA DSBs. Decay ratios after sHDR exposure elucidated large differences in γ-H2AX 

foci kinetics between the repair-proficient or -deficient cell types and patients. This assay may be 

useful for measuring cellular radiosensitivity and could serve as a clinically useful test for 

predicting radiosensitivity ex vivo before treatment. 
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INTRODUCTION 

The most detrimental lesions induced by ionizing radiation are DNA double strand breaks (DSB), 

which are repaired primarily by non-homologous end joining (NHEJ) or homologous 

recombination (HR)[1]. Cells with a defect in one of these repair pathways are more sensitive to 

radiation than normal, healthy cells. In response to DSB induction, histone H2AX located around 

the break site is rapidly phosphorylated (γH2AX ) on serine 139 by members of the PI3 kinase 

family (ATM, DNA-PK and ATR)[2]. Phosphorylation increases with time and reaches a maximum 

after approximately 30 min. γH2AX is regarded as one of the early mediators of repair of DSB. 

With the use of specific antibodies, γH2AX can be detected and DSB are visible as ionizing 

radiation-induced foci at the DSB site [3, 4]. These foci can remain for a long period at the DSB 

site. The number of γH2AX foci is regarded as sensitive and quantitative surrogate marker for the 

number of radiation-induced DSB [5, 6]. The γH2AX foci assay has been suggested as a tool to 

study DSB induction and repair, and some studies have in fact, shown that the disappearance of 

the γH2AX foci is correlated with DSB repair[5, 7-10]. However, there are also a number of 

studies that call into question the link between the decay of γH2AX and DSB repair [11, 12]. In 

addition, the dephosphorylation of y-H2AX and the subsequent decay of ionizing radiation-

induced foci are not necessarily equal to DSB repair [13]. 

The biological response to DSB induction is largely determined by DSB repair processes. DNA 

damage can result in cell death, damage repair or cell cycle arrest [14]. Cells have evolved to 

where they have a number of mechanisms for dealing with the damage arising from DSBs: 

homologous recombination (HR), non-homologous end joining (NHEJ), base excision repair (BER) 

and single-strand annealing. In mammalian cells, HR and NHEJ predominate [1]. Around 80% of 

the repair of DSBs is realized via NHEJ as this form of repair can occur throughout the whole cell 

cycle [15, 16]. HR repair is only feasible in presence of a sister chromatid as a template and 

therefore only active during S- and G2-cell phases[17]. However, due to the template alignment 

HR repair is thought to be error free, while DNA repaired by NHEJ is prone for deletions or 

mutations at the break site. One of the proteins necessary for HR repair is Rad54, which 

performs a supercoiling and opening activity by removing Rad51 from heteroduplex DNA, 

allowing subsequent recombinant synthesis of DNA by DNA polymerase [18]. Rad54-mutated 

cells cannot repair DSB by HR leaving mainly NHEJ as the possible repair pathway. As in a 

previously published study, NHEJ is an inherently error-prone process whereby two DNA ends 

are joined directly without the need for sequence homology [19]. The repair of DSBs by NHEJ 

requires Ligase IV [15]. It has a short linker region that is required for the binding of the XRCC4 

protein, which is in turn important for joining the DNA ends together. Ligase IV mutated cells 

cannot use NHEJ to repair their DSBs, leaving mainly HR as the repair pathway. In addition, when 

NHEJ is not functioning properly cells can employ an alternative NHEJ mechanism involving, 

among others, PARP1 and LIG1, also described as a backup mechanism (alt-NHEJ) [20]. 
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The questions that remain are whether the H2AX assay can discriminate between cell 

strains with a known mutation in the DNA damage repair mechanism and cell strains without a 

mutation, and what would be the radiation scheme that should be used to answer this question. 

Using the H2AX assay it has been shown that is possible to discriminate ATM+/+ from ATM+/- 

fibroblast cells after 24h of continuous (10cGy/h) low dose radiation [21]. Vandersickel et al. [22] 

found an early increase in radiation-induced H2AX foci in radiosensitive human Ku70/80 

knockdown cell lines, however, the effect was lost at later time points. Taneja et al. [23] 

reported that radiosensitive tumor cells retained H2AX foci for a longer period than 

radioresistant tumor cells. Banath et al. [6] showed that there is a correlation between residual 

number of foci at 24h after irradiation and clonogenic survival in cervical cancer cell lines. 

However, in some studies a correlation between residual foci and radiosensitivity was not 

observed [12, 24, 25]. An important step towards clinical applications of y-H2AX foci would be 

the successful prediction radiosensitivity in patients prior to initiating radiation treatment. 

Impaired DSB repair is correlated with cancer formation and normal tissue toxicities [26]. Several 

studies, including previous data of our own group [3], have shown that y-H2AX foci 

measurement can be used to identify patients at risk for severe late radiation toxicity [27, 28]. 

Because of individual differences in radiation response, information collected beforehand using 

a simple foci test could allow for better treatment planning and patient outcome. 

In the current study, induction and disappearance of y-H2AX was examined in a variety of 

cell lines with and without deficiencies in DNA DSB repair mechanisms. In addition, lymphocytes 

of patients with known radiation toxicity status were examined after different radiation 

schemes. Both acute single high-dose-rate (sHDR) and pulsed-dose-rate (pDR) radiation 

treatments were examined. 

 

 

MATERIALS AND METHODS 
 

Cell cultures. The induction and decay of H2AX foci were studied in human cancer cell lines 

U2OS and SW1573, human fibroblast cells with different ATM status, mouse embryonic 

fibroblast (MEF) cells and Chinese hamster fibroblast cell lines (Table 1). U2OS cells, MEFs (p7) 

and human fibroblast (p8) were all cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% or 15% (human fibroblasts) fetal calf serum (FCS), 1% glutamine, 

100U/ml penicillin and 100µl/ml streptomycin. Chinese hamster ovary (CHO) fibroblasts (p12) 

were cultured in Ham’s F-10 and SW1573 in Leibovitz L-15 medium, also supplemented with 10% 

FCS, 1% glutamine, 100U/ml penicillin and 100µl/ml streptomycin. The cultured cells were 

routinely incubated at 37°C in a humidified atmosphere enriched with 5% CO2. All cultures were 

split twice a week. For the H2AX foci assay cells were grown on sterilized plastic cover slips 

(21x26mm) in culture dishes. All experiments were executed with cell cultures in log-phase.  
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Table 1. Cell lines used in this study 

 Cell type  Alterations in DNA DSB repair 

SW1573 Human lung carcinoma Unknown 

U2OS Human osteosarcoma Unknown 

GM08400 Human Fibroblast None, ATM+/+ 

GM03488b Human Fibroblast ATM+/- 

GM03487 Human Fibroblast ATM-/- 

MEF L+R+ Murine Embryonic fibroblast p53-/-, LigIV+/+, Rad54+/+ 

MEF L+R- Murine Embryonic fibroblast p53-/-, LigIV+/+, Rad54-/-, defective in HR repair 

MEF L-R+ Murine Embryonic fibroblast p53-/-, LigIV-/-, Rad54+/+, defective in NHEJ repair 

MEF L-R- Murine Embryonic fibroblast p53-/-, Rad54-/-, LigIV-/-, defective in both HR & NHEJ 

repair 

CHO-AA8 Chinese Hamster Ovary Parental of IRS-1SF 

IRS-1SF Chinese Hamster Ovary XRCC3, Rad51 family, defective in HR repair  

CHO-9 Chinese Hamster Ovary Parental of XR-C1 

XR-C1 Chinese Hamster Ovary XRCC7, DNA-PKcs mutant, defective in NHEJ repair  

Notes. The SW1573 and U2OS are human cancer cell lines. The human fibroblast lines were obtained from 

Coriell Cell Repositories. The MEF cells were kindly provided by Dr. G. Iliakis [29]. The hamster cell lines were 

kindly provided by M. Zdzienicka [30].  

 

 

Lymphocytes of prostate cancer patients. After written informed consent was obtained from all 

participating individuals, whole blood samples were collected from 10 patients according to van 

Oorschot et al [3]. In this study, 5 non-responders (NR) and 5 over-responders (OR), were 

examined. NR patients are defined as those who developed no toxicity up to 2 years post 

treatment, Radiation Therapy Oncology Group (RTOG) grade 0, and over-responders as RTOG 

grade ≥3 toxicities. Blood samples were collected at least 2 years after radiation treatment. 

Lymphocytes were isolated using Ficoll (Ficoll-Paque PLUS, GE Healthcare), gradient separation. 

γ-H2AX foci induction and decay were determined in G0 unstimulated lymphocytes. 

Irradiation. X-ray irradiation was performed with a Siemens Stabilipan Orthovolt at a dose rate 

of 9.16 cGy/min (15 mA, 250 kV) with a 1mm Cu filter for the pulsed doses and with 1Gy/m for 

the acute doses. All different cell lines received a total of 2.4Gy of ionizing radiation at a single 

high-dose rate (sHDR) or pulsed dose rate (pDR) during 24 hours (10 pulses/h, corresponding to 

10cGy/h). Lymphocytes were ex vivo irradiated directly after isolation with a total dose of 1Gy, 

both for sHDR and pDR. During irradiation, the culture dishes were placed in a water bath 

connected with O2 and CO2. After sHDR irradiation, the cells were allowed to recover for 30 

minutes or for 24 hours at 37°C with 5% CO2 before fixation was performed. Fixation of pDR cells 

was performed 5 min after irradiation. For each irradiation modality a control sample was 

prepared that did not receive radiation exposure. 
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Detection of γH2AX: Immunohistochemistry and scoring. To detect γH2AX foci that form at the 

DSB site, cells were grown on plastic cover slips as described previously[31]. The coverslips 

(22x26 mm) were sterilized with alcohol (70%) and placed in 60 mm cell culture dishes. The cells 

were reseeded at a density of 2.5 x 105 cells in cell culture dishes containing sterile cover slips, 

and cells were then irradiated. Lymphocytes were irradiated in the culture dish and dropped on 

poly-D-lysine coated slides afterwards. After fixation for 15 min in 2.5% paraformaldehyde, cells 

were treated with PBS containing 0.1% Triton X-100 & 1% FCS (TNBS) for 30 min. The primary 

antibody used was a mouse monoclonal anti-γH2AX (EMD Millipore, Billerica, MA) diluted 1:100 

in TNBS. Permeabilized cells were incubated with 50µl primary antibody under a parafilm strip 

for 90 min at RT. Cells were then washed with PBS for approximately 5 min. After 2 washes with 

TNBS, 50µl secondary antibody (Goat anti-Mouse Cy3 (Jackson ImmunoResearch, Europe Ltd, 

Newmarket, UK) diluted 1:100 in TNBS was applied for 30 min at RT. Nuclei were stained with 

DAPI (2.5µg/ml) and cover slips were subsequently embedded in vectashield.  

Digital image analysis was performed to determine the number of γH2AX radiation-induced foci. 

Fluorescent photomicrographs of γH2AX foci were obtained using Image-Pro® Plus software 

(media Cybemetics Inc., Rockville, MD). Stack images of cells were obtained using a Leica DM RA 

HC Upright Microscope (Buffalo Grove, IL) equipped with a CCD camera. Stack images of at least 

100 cells per sample were taken using Image pro plus software. One stack image consists of 20 

slices with a 300 nm interval between the slices along the z-axis. Images were then processed 

using custom made software[32] and the number of foci per cell nucleus was scored manually. 

All experiments were performed in triplicate and independent of each other, except for the 

patient lymphocytes, due to limited sample size (n=1). Numbers of foci in control samples were 

subtracted from numbers in irradiated samples. See Supplementary Table S1 and S2 

(http://dx.doi.org/10.1667/RR14098.1.S1) for background foci numbers of the studied cell lines 

and patient lymphocytes. 

Cell Cycle Analysis. Cell cycle distribution was measured in untreated and treated (2.4Gy, pDR 

and sHDR radiation) Chinese hamster ovary cells. Cells were grown exponentially at the time of 

irradiation. At the same time point of the γ-H2AX foci experiments, 24h post sDHR and directly 

after pDR, untreated and treated cells were harvested by trypsinization, washed with PBS and 

fixed overnight in 0.1% Sodium Citrate, 0.1% Triton-X in ddH2O buffer containing 50µg/ml 

propidium iodide (PI). Cell cycle distribution was analyzed by using a FACScan Flow Cytometer. 

Data is shown as the mean ± standard error of the mean (SEM) of at least three independent 

experiments.  
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Table 2. Foci numbers and repair ratio of all studied cell lines after sHDR ionizing radiation treatment of 

2.4Gy 

Repair ratios are statistically tested relative to their respective repair proficient control. Error bars represent 

SEM (n=3). 

 

 
Figure 1. Number of γH2AX foci in SW1573 and U2OS cells after 2.4Gy radiation. The data represented show 

mean number of foci per nucleus ± SEM. Minimal 100 cells per condition are counted (n=3).  

 

 

RESULTS 

Human tumor cell lines  

The number of y-H2AX foci 30 min and 24h after sHDR irradiation and 5 min post pDR irradiation 

are shown in Fig. 1 and Table 2. Significantly higher numbers of foci were detected after pDR and 

24h post sHDR in U2OS cells compared to SW1573 cells, elucidating differences in radiation 

response among different cancer cell types.  

Cell line Foci 30 min Foci 24h Foci Decay ratio P Value 

SW1573 52.1 ± 1.5 8.4 ± 1.0  6.2 ± 0.8  

U2OS 57.0 ± 2.0 14.8 ± 2.2  3.8 ± 0.6  

ATM+/+ 76.2 ± 2.4 6.5 ± 0.7 11.7 ± 1.3  

ATM+/- 71.8 ± 3.0 7.1 ± 0.7 10.1 ± 1.1 0.35 

ATM-/- 58.4 ± 1.8 13.9 ± 0.7  4.2 ± 0.2 <0.01 

CHO-AA8 17.1 ± 0.7 5.3 ± 0.5  3.2 ± 0.3  

IRS-1SF 20.9 ± 0.6 14.7 ± 1.0  1.4 ± 0.1 <0.01 

CHO-9 16.1 ± 0.9 4.4 ± 0.6  3.6 ± 0.5  

XR-C1 22.6 ± 0.7 19.7 ± 0.7  1.1 ± 0.1 <0.01 

L+R+ 56.6 ± 1.7 4.2 ± 1.5 13.3 ± 4.7  

L+R- 64.6 ± 2.3 5.5 ± 2.5 11.7 ± 5.4 0.82 

L-R+ 64.3 ± 2.0 38.2 ± 1.8 1.7 ± 0.1 <0.01 

L-R- 56.4 ± 1.8 40.9 ± 2.4 1.4 ± 0.1 <0.01 
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Directly after sHDR treatment around 50 foci per cell are counted, and this number rapidly 

declined to approximately 8 foci per SW-1573 cell 24h later. The average foci number found in 

U2OS cells 24h post irradiation was almost twice as high. pDR irradiation resulted in foci 

numbers between those found at 30 min and 24h for the sHDR irradiation. In addition, the pDR-

irradiated U2OS cells showed a more sensitive response than SW1573 cells, 33.9 foci per cell 

versus 18.4 foci per cell, respectively. Calculation of the foci decay ratio (initial number of foci 

devided by residual number of foci) emphasizes this twofold difference in y-H2AX foci 

disappearance or repair rate. See Table 2 for an overview of counted foci numbers after sHDR 

exposure and the corresponding foci decay ratios.  

 

Figure 2. Frequencies of γH2AX foci in ATM+/+, ATM+/- and ATM-/- cells 30 min (panel A) and 24h (panel B) 

after acute HDR radiation and 5 minutes after pulsed radiation (panel C) . Mean number of foci per nucleus 

are depicted, error bars represent ±SEM. For each radiation condition at least 100 cells per experiment are 

counted. 

 

 

The ATM genotype cell lines 

In all three genotypes, the number of H2AX foci reaches a maximum at 30 minutes after sHDR 

irradiation. The amount of foci in ATM-/- cells was significantly lower than in ATM+/+ and ATM+/- 

cells (Fig. 2A). When cells were given 24h to recover and possibly repair the radiation-induced 

damage, a drastic decrease in number of foci per cell was observed. Remarkably, the number of 

remaining foci in the ATM-/- was now significantly higher than in the ATM+/+ and ATM +/- cells (Fig. 

2B). This is underscored by the calculation of the DNA DSB decay ratio (see Table 2). ATM-/- had 

a significant lower decay ratio (4.2) compared to ATM+/+ or ATM+/- (11.7 and 10.1 respectively), 

indicating less efficient DSB repair. After pDR irradiation there was no significant difference (Fig. 

2C) among the different ATM genotypes, and the number of foci was in-between the foci 

number observed 30 min and 24h after sHDR irradiation. 
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Figure 3. γH2AX foci in mouse embryonic fibroblasts (MEFs) after 2.4Gy radiation. L+R+: repair proficient cells 

(wildtype), L+R-: MEFS with mutation in Rad54 (HR deficient), L-R+ -: MEFS with mutation in LigIV (NHEJ 

deficient), and L-R-: MEFS with mutation in Rad54 and LigIV (both HR and NHEJ deficient. A: mean foci 

numbers 30 min after sHDR, B: mean foci numbers 24h after sHDR radiation and C: mean foci numbers after 

PDR radiation. Minimal 100 cells per condition are counted per experiment (n=3), error bars are ±SEM.  

 

 

The Mouse Embryonic Fibroblast cells 

The formation and disappearance of γH2AX foci after 2.4Gy was also examined in MEF cell lines 

with a mutation in the HR and/or NHEJ repair pathway (Fig. 3). No significant differences were 

found in initial foci numbers after sHDR treatment among all four cell lines. The number of foci 

was significantly decreased 24h after sHDR compared to 30 min after sHDR (Fig. 3A and B). 

However, in the LigIV-deficient cells the number of residual foci remained significantly higher 

than in the LigIV-proficient cells. Rad54 mutation did not significantly influence the foci induction 

or disappearance, as foci numbers for Rad54 deficient cells are similar to foci numbers in Rad54 

proficient cells both at 30 min and 24h sHDR or pDR (Fig. 3C). Consequently, the foci decay ratio 

of Rad54 deficient cells is similar to the ratio of wild-type cells. The LigIV-/-, Rad54+/+ and LigIV-/-, 

Rad54-/- cells both show a significantly lower ratio compared to repair proficient MEFs (Table 2). 

After pDR, a higher number of foci per cell was found than at 24h after sHDR. In the double 

repair deficient cells, the number of foci per cell was even higher in pDHR compared to 30 min 

after sHDR.  

 

The Chinese Hamster Ovary cell lines 

Chinese Hamster Ovary (CHO) cell lines showed a lower number of foci at 30 min after sHDR 

exposure compared to the other studied cell lines (Fig. 4A). In the repair-deficient cell lines, IRS-

1SF (mutated HR) and XR-C1 (mutated NHEJ), significantly higher initial foci numbers were 

detected than in the parentals. However, after 24h, a large decrease in foci number was 

observed in the CHO repair proficient cells, while the HR- or NHEJ- deficient cells showed only a 

moderate decline. XR-C1 cells even retained approximately 20 foci per cell after 24 hours (Fig. 

4B), relative to the 22.6 foci per cell initially. In addition, decay ratios of the repair deficient cells 

are only 1.1 and 1.4, which is three times as low as their parentals. After pDR irradiation, the 
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number of foci were again in-between the foci number observed after 30 min and 24h sHDR 

irradiation. No significant difference was observed between the IRS-1SF and the parental CHO-

AA8. The residual number of foci detected in the XR-C1 was significantly higher than in its 

parental CHO-9 (Fig. 4C). Cell cycle analysis revealed a G2 arrest after radiation in the NHEJ 

deficient XR-C1 cells, whereas IRS-1SF cells are not significantly altered in their cell cycle by 

radiation exposure (Table 3). Similar percentages were found in untreated and treated cells in 

both parental and HR-deficient IRS-1SF cells. As shown in Table 3, IRS-1SF cells had slightly more 

cells located in G2 phase at the beginning of the experiment compared to the other cell lines. 

Interestingly, pDR radiation induces an increase in S/G2 for all four cell types, and therefore 

might enhance HR-mediated repair. Concordantly, lower residual foci numbers are detected in 

NHEJ-deficient XR-C1 cells after pDR treatment compared to sHDR treatment. 

 

Lymphocytes of prostate cancer patients 

In a previously published study [3], the γH2AX foci assay was used to measure radiosensitivity in 

prostate cancer patients, and the correlation of the γH2AX foci decay ratios with radiation-

induced normal tissue toxicities was investigated. Patients with late toxicities (OR) showed an 

overal lower foci decay ratio, indicating less efficient DSB repair, compared to patients without 

toxicities (NR). Here a subset of the NR and OR patients was re-examined with both sHDR and 

pDR treatments. As shown in Fig. 5 and Table 4, initial numbers of foci after sHDR exposure were 

similar among patients with different sensitivity status. After 24h, all patients showed a decline 

in foci numbers, but even though on average a lower number of foci was observed in patients 

without toxicities (Fig. 5B) compared to patients with toxicities (Fig. 5A), this difference is not 

statistically significant. Also with pDR exposure, no significant differences in foci number were 

found between the two patient groups. However, analysis of individual foci decay ratios, clearly 

distinhuish the OR from NR patients (Fig. 5C; P<0.01). 

 

 

DISCUSSION 

 

In this study of different cell lines with different repair capacities, a comparison was performed 

of the number of γ-H2AX foci induced by sHDR treatment at 30 min and 24h after X-ray 

irradiation to the number of γ-H2AX foci induced by pDR treatment at 5 min after irradiation. 

Background foci numbers of cell lines and patient lymphocytes were measured in untreated 

samples, and subtracted from the results. This number was generally very low, but differed 

among cell types. In both parental and mutated CHO cell lines, relatively high background foci 

numbers were detected. As this was the case for all 4 lines it did not interfere with our results. 

The aim of this study was to validate and optimize the γ-H2AX assay by using it to discriminate 

among cell strains with and without mutations in the DNA damage repair mechanisms. 
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Figure 4. Numbers and visualization of γH2AX foci in Chinese Hamster Ovary (CHO) fibroblasts after 2.4Gy 

radiation. A: mean foci numbers 30 min after sHDR, B: mean foci numbers 24h after sHDR radiation and C: 

mean foci numbers after pDR radiation. D- E: representative microscopic images are shown of all cell lines. Bar 

is 5μm. For each radiation condition at least 100 cells per experiment are counted, error bars are ±SEM. 
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Many different assays have been used to investigate the number of DSBs to quantify the 

radiosensitivity of cells, such as the clonogenic assay, comet assay or PFGE [14, 33, 34]. All these 

tests are time consuming and require a relatively high radiation dose. The γ-H2AX assay is a 

relatively fast way to identify the amount of DSBs, and foci can be detected after doses as low as 

5 mGy [35, 36]. The γ-H2AX assay performed after pDR irradiation for this study was based on 

the assay described by Kato et al. [21], with some differences. In this study, cells were irradiated 

with a pulsed dose every 6 min and not with a constant low dose of 10cGy/h. This difference 

might be the reason that we could not observe a difference between foci numbers in the ATM+/+ 

and ATM+/- fibroblast cells after pDR irradiation. Here, a difference was only detected at 24h 

after sHDR irradiation between the ATM+/+ or ATM+/- and the ATM-/- cells. Apart from the LigIV-/-

/Rad54-/- MEF cells and the end-joining (XR-C1) deficient hamster cells, pulsed radiation 

treatment induced numbers of foci in-between the foci numbers found at 30 min and 24h after 

sHDR irradiation. While at first thought, the total induction of DSB should be similar to acute 

high-dose treatment, the 6 min between each pulse might give enough time to repair some DNA 

damage, resulting in less ionizing radiation-induced foci at the time of fixation. At 30 min after 

sHDR irradiation no clear correlation could be found between the number of foci in repair 

proficient cell types and the number of foci in repair deficient cell types. No distinct induction of 

foci was observed among the different assessed cell types. At 24h after sHDR irradiation in the 

ATM-/-, LigIV-deficient MEF and the XR-C1 (Chinese hamster deficient NHEJ) cells the number of 

residual γ-H2AX foci remained much higher compared to the parentals or repair-proficient 

controls, which enabled distinctions between repair-proficient cells and those that lack ATM or 

LigIV. Cells with HR deficiency showed foci numbers that were closely similar to control or 

parental cells at this time point. In agreement with the findings of Wang et al.[15] and Takahashi 

et al.[16], this highlights a dominant role of NHEJ in the DNA damage response of DSBs. 

Examination of the cell cycle distribution after sHDR exposure in the Chinese hamsters ovary 

cells revealed that differences in cell cycle progression did not necessarily affect DNA DSB repair. 

Although NHEJ-deficient cells showed a higher G2 arrest after irradiation compared to HR-

deficient cells, this does not affect the repair of the radiation-induced DSBs. As the working 

repair mechanism HR in these cells is only possible in S or G2 phase, NHEJ deficient cells 

experiencing a G2 arrest are even allowed more time to repair their DSBs. No sHDR radiation-

induced alteration in cell cycle distribution was observed for parental and HR-deficient cells.  

However, treatment with pulsed radiation also drives parental and HR-deficient cells into 

S/G2 phase, thereby perhaps favoring HR-mediated repair in all four cell types. However, residual 

foci numbers remained much higher in the NHEJ-deficient XR-C1 cells compared to parental and 

differences in repair capacity or radiosensitivity were still found. In contrast to Vandersickel et al. 

[37], who found significantly higher numbers of γH2AX in repair-deficient cells compared to 

repair-proficient cells at early times post irradiation, we found significantly higher numbers of 

residual foci in repair-deficient cells after 24h. Yoshikawa et al. [12] observed that residual γ-
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H2AX foci show a loss of colony-forming potential after irradiation and were closely correlated 

with lethal sensitivity in normal human cells but not in some tumor cell lines. Therefore, they 

concluded that residual γH2AX foci after irradiation can be used to investigate the 

radiosensitivity in normal human cells but not to determine the radiosensitivity of tumor cells. 

This is in contrast with our findings regarding the tumor cells SW1573 and U2OS. As 

demonstrated by clonogenic assays in an earlier study[38], U2OS cells are more sensitive to 

ionizing radiation than SW1573 cell. In this study, higher number of γH2AX foci and lower decay 

ratio confirmed the more radiosensitive status of U2OS cells as compared to SW1573 cells.  

In conclusion, this work demonstrates that it is possible to distinguish between cell strains 

with a known mutation in the DNA damage repair mechanism and those without by using the 

H2AX assay when the number of foci are studied both at initial time points and late at 24h after 

irradiation using sHDR. In particular, the inclusion of the later time point and the subsequent 

calculation of the foci decay ratios are important for identifying repair deficiencies and thus 

radiosensitivity of the cell lines. The pDR irradiation technique appeared to be less useful, as it 

was more laborious and the results of the foci assay were less discriminative. In the studied 

subset of NR and OR patients, the measurement of foci decay ratios also seems to enable 

prediction of late radiation toxicity. In the clinic, the sHDR exposure might be used to study 

radiosensitivity of patients with differences in repair capacities before the start of treatment, 

allowing adjustment of treatment planning and radiation dose for each individual. However, 

before clinical application the potential of the γH2AX foci assay requires further confirmation in 

larger patient studies.  

 

 

Table 3. Cell cycle distribution of CHO cell lines, untreated and treated with 2.4Gy sHDR or pDR radiation.  

Radiation treatment type Cell line G0/G1 (%) S(%) G2(%) 

Untreated CHO-9 71.7 ± 2.4 15.6 ± 1.3 12.5 ± 2 

XR-C1 73.2 ± 7.9 17.9 ± 4.7 7.3 ± 2.9 

CHO-AA8 79.5 ± 5.6 12.7 ± 1.3 9.9 ± 5.6 

IRS-1SF 60.3 ± 4.2 19.5 ± 0.8 18.8 ± 4.0 

sHDR exposure (2.4Gy) CHO-9 

XR-C1 

CHO-AA8 

IRS-1SF 

70.0 ± 4.0 

53.9 ± 6.8 

70.4 ± 8.9 

66.0 ± 1.7 

16.1 ± 1.2 

18.0 ± 4.9 

11.0 ± 0.5 

13.4 ± 1.3 

13.6 ± 2.8 

27.6 ± 2.7 

18.3 ± 8.7 

20.8 ± 1.0 

pDR exposure (2.4Gy) CHO-9 50.1 ± 2.9 20.5 ± 0.2 27.3 ± 2.8 

XR-C1 53.3 ± 2.8 24.9 ± 1.1 21.6 ± 1.6 

CHO-AA8 44.6 ± 9.6 22.4 ± 2.8 32.6 ± 9.9 

IRS-1SF 37.6 ± 0.6 25.8 ± 6.3 35.3 ± 6.4 

Notes. CHO-9 as parental of XR-C1 and CHO-AA8 as parental of IRS-1SF. Means with standard errors of the 

mean (n=3). 
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Figure 5. Representation of γH2AX foci numbers in patients with different normal tissue toxicities, 30 min 

and 24h post sHDR and directly after pDR with a total dose of 1Gy. Over-responders (OR), RTOG grade ≥3, are 

shown in panel A, non-responders (NR), RTOG grade = 0, are shown in panel B. Panel C represent the individual 

foci decay ratio. Significant lower decay ratios are found in OR patients compared to NR patients. Due to 

limited patient material experiments are performed once, at least 100 cells per radiation treatment are 

counted. Error bars represent SD. 

 

 

Table 4. Foci numbers and decay ratio of ex vivo irradiated lymphocytes of prostate cancer patients 

 

 

 

 

 

 

 

 

 

 

 

  

Notes. OR=over-responding and NR=non-responding patients to radiation treatment. Means with SD. 

 

 

 

SUPPLEMENTARY INFORMATION 

Table S1. Background foci numbers of all studied cell lines and patient lymphocytes. 

Table S2. Background foci numbers found in patient lymphocytes. 

Fig. S1. Cell cycle distributions in all four Chinese hamster ovary cell strains, untreated as well as 

treated with 2.4Gy sHDR and pDR radiation. 

 

 

 

Patient Foci 30 min Foci 24h Foci Decay ratio 

OR06 5.9 ± 0.3 2.7 ± 0.3 2.2 ± 0.3 

OR11 9.0 ± 0.9 2.7 ± 0.5 3.3 ± 0.7 

OR13 9.9 ± 0.5 5.9 ± 0.7 1.7 ± 0.2 

OR16 4.8 ± 0.3 1.9 ± 0.2 2.5 ± 0.3 

OR18 6.3 ± 0.7 2.5 ± 0.4 2.5 ± 0.5 

NR04 10.8 ± 0.5 2.6 ± 0.4 4.2 ± 0.6 

NR06 7.2 ± 0.3 1.2 ± 0.2 5.9 ± 1.1 

NR11 7.6 ± 0.5 1.8 ± 0.2 4.1 ± 0.6 

NR13 9.1 ± 0.5 1.6 ± 0.3 5.6 ± 0.9 

NR16 9.3 ± 0.4 2.2 ± 0.3 4.3 ± 0.6 
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SUPPLEMENTARY INFORMATION 

Supplementary Table S1. Background foci numbers of all studied cell lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Notes. This background number is subtracted from the number of foci found after irradiation, used in the 
manuscript. At least 50 cells per cell line were counted, error represents SEM (n=3). 

 
 
 
Supplementary Table S2. Background foci numbers found in patient’s lymphocytes. 

 
 
 
 
 
 
 
 
 
 
 
 

Notes. This background number is subtracted from the number of foci found after irradiation. At least 50 cells 
per cell line were counted, error represents SD (n=1). 

Cell line Background foci number 

SW1573 1.0 ± 0.7 
U2OS 2.2 ± 0.5 

ATM+/+ 2.2 ± 0.4 
ATM+/- 1.1 ± 0.2 
ATM-/- 1.6 ± 0.2 

CHO-AA8 16.3 ± 0.3 
IRS-SF1 18.1 ± 0.4 

CHO-9 15.8 ± 0.5 
XR-C1 17.2 ± 0.5 

L+R+ 1.7 ± 0.8 
L+R- 1.8 ± 0.5 
L-R+ 3.2 ± 0.4 
L-R- 3.1 ± 0.7 

Patient Background foci number 

OR06 1.1 ± 1.6 
OR11 1.2 ± 1.5 
OR13 2.3 ± 2.5 
OR16 1.3 ± 0.9 
OR18 1.6 ± 2.2 

NR04 0.8 ± 1.5 
NR06 1.5 ± 2.0 
NR11 1.4 ± 1.8 
NR13 1.4 ± 2.1 
NR16 1.5 ± 2.4 
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