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  Introduction 

 Th e development of predictive assays for radiosensitivity 
is important in radiation biology (West 1995). Although a 
number of methods have been proposed, none have yet 
been confi rmed to be clinically useful. Th e clonogenic 
survival assay is the standard method used to determine 
the radiosensitivity of tumors. However, this assay cannot 
be conveniently used in a clinical setting because of its low 
plating effi  ciency, the time needed for colony formation, 
and the possibility of contamination by fi broblasts. 

 A DNA double-strand break is an important type of dam-
age produced by radiation that has been directly related to 
cell death (Hall and Giaccia 2012a). If insuffi  ciently repaired 
or misrepaired, double-strand breaks may lead to chromo-
some breaks, deletions, translocations, and ultimately cell 
death (Dasika et   al. 1999). Previous studies have attempted 
to predict cell survival through the detection of double-
strand breaks and chromosomal aberrations (Shibamoto 
et   al. 1991, Sasai et   al. 1994, Takagi et   al. 1998, Guo et   al. 1998, 
1999); however, the methods necessary for these procedures 
are too complicated for use in a clinical setting. 

 Th e phosphorylation of histone H2AX ( γ H2AX) occurs 
rapidly in response to double-strand breaks, and recruits 
repair enzymes to these sites (Sedelnikova et   al. 2003, 
Fernandez-Capetillo et   al. 2004, Takahashi and Ohnishi 
2005, Kobayashi et   al. 2008). Koch et   al. and Olive recently 
demonstrated that the quantifi cation of residual  γ H2AX foci 
24 hour after irradiation could be used as a potential pre-
dictive biomarker of the tumor response (Olive 2011, Koch 
et   al. 2013). Previous studies also showed a good relationship 
between the frequencies of  γ H2AX and cell survival after 
irradiation (Olive and Banath 2004), whereas others did not 
(Mahrhofer et   al. 2006, Yoshikawa et   al. 2009). 

 Th e above studies only analyzed residual  γ H2AX foci; 
however, other causes of cell death have been reported fol-
lowing cytotoxic stimulation. Guo et   al. demonstrated that the 
detection of micronuclei (MN), an indicator of DNA damage, 
was not suffi  cient to predict cell survival after irradiation, 
while the simultaneous evaluation of apoptosis combined 
to their original MN assay was a markedly better indicator. 
Here we sought to investigate the usefulness of simultane-
ous evaluation of  γ H2AX foci formation and apoptosis as a 
method for predicting cell survival in human tumor cell lines.   

 Materials and methods  

 Cells and cell culture 
 Seven human tumor cell lines, including one fi brosarcoma 
(HT1080), four oesophageal carcinomas (TE-9, KYSE30, 
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KYSE150, and KYSE220), and two breast carcinomas (HCC70, 
and ZR75-1) were used. HT1080, HCC70, and ZR75-1 were 
obtained from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). TE-9 (Nishihira et   al. 1993) was kindly 
provided by Dr Nishihira, Tohoku University, Japan. KYSE30, 
KYSE150, and KYSE220 (Kanda et   al. 1994) were provided by 
Dr Shimada, Kyoto University, Japan. 

 Monolayer cell cultures were grown in complete growth 
medium (CGM) supplemented with 10% foetal bovine 
serum (FBS; JRH Biosciences, KS, USA) and 40  μ g/ml 
kanamycin (Life Technologies, Carlsbad, CA, USA). HT1080 
cells were grown in minimum essential medium alpha (Life 
Technologies). TE-9, KYSE30, KYSE220, HCC70, and ZR75-1 
cells were cultivated in Roswell Park Memorial Institute 
(RPMI) 1640 medium (Life Technologies) supplemented 
with 10% FBS and 40  μ g/ml kanamycin. KYSE150 cells were 
grown in CGM containing a 1:1 ratio of RPMI 1640 and Ham ’ s 
F12 medium (Life Technologies). Cell cultures were routinely 
incubated at 37 ° C in a 5% CO 2  air atmosphere and subcul-
tured once a week by trypsinization in Hank ’ s Balanced Salt 
Solution (0.05% Trypsin, 0.02% ethylenediaminetetraa-
cetic acid [EDTA]; Life Technologies). Unfed plateau phase 
(largely G1) cells were used in all experiments on the 
response of cells to irradiation in this study. 

 Table I shows the DNA content of each cell line, as deter-
mined by fl ow cytometry using a BD FACScan (Nippon 
Becton Dickinson, Tokyo, Japan). Human lymphocytes were 
used as a control.   

 Irradiation 
 Irradiation was performed at room temperature with 140-kV 
X-rays (Hitachi, MBR-1505R2) using a 0.5-mm aluminium 
fi lter at a dose rate of 175 – 220 cGy/min. For immunofl uores-
cence assays, cells were seeded at a density of 2 – 5    �    10 4  cells 
in a 20    �    20-mm chamber slide (Asahi Glass, Tokyo, Japan). 
For colony assays, 12 – 30    �    10 4  cells were seeded in 25-cm 2  
culture fl asks (Asahi Glass). Cells were then incubated 
for 7 days in a 37 ° C incubator supplemented with 5% CO 2  
until confl uent, prior to irradiation. Cells were then recov-
ered in the appropriate CGM for the time indicated before 
harvesting.   

 Cell survival curves 
 Cell survival curves were generated using a standard colony 
formation assay. Tumor cells were trypsinized, counted, 
seeded in dishes, and cultivated in CGM for 24 h after irra-
diation with graded single doses (0 – 9 Gy). Two replicates 

were performed for each exposure point, with all experi-
ments repeated at least twice. Cells were then incubated 
for 2 weeks, after which they were fi xed and stained with 
Giemsa ’ s azur eosin methylene blue solution (Merck, 
Darmstadt, Germany). Colonies of more than 50 cells were 
scored as survivors.   

 Immunofl uorescence staining 
 Experimental procedures were similar to those described 
previously by Takahashi et   al. (2008) with a minor modifi -
cation. Briefl y, cells were grown on a 20    �    20-mm chamber 
slide. After irradiation, cell preparations were fi xed with cold 
methanol for 20 minutes and acetone for 7 sec, dried, blocked 
with 3% skim milk in phosphate-buff ered saline (PBS) for 10 
min at room temperature, and washed three times for 10 min 
in PBST (PBS containing 0.05% Tween 20). Cells were then 
incubated with an anti-phospho-H2AX monoclonal antibody 
(Anti-phospho-Histone H2A.X (Ser139), Millipore, Billerica, 
MA, USA) at a 1:200 dilution for 60 min at room temperature, 
and washed three times for 3 min in PBST. Cells were then 
incubated with an Alexa Fluor 488-conjugated goat anti-
mouse IgG second antibody (Molecular Probes, Eugene, 
OR, USA) at a 1:500 dilution for 30 min at room temperature, 
and washed three times for 3 min in PBST. Th e slides were 
stained and mounted with 4 ′ ,6-diaminido-2-phenylidole 
(DAPI) (Molecular Probes, Eugene, OR, USA). Photographs 
of the cells were obtained using a fl uorescence microscope 
(Nikon Eclipse E800, 100    �    10, Tokyo, Japan). To allow for 
direct comparisons, all images were captured using the same 
parameters.  γ H2AX foci were observed using an anti- γ H2AX 
antibody (green); nuclei were stained with DAPI (blue). 

 We counted the number of  γ H2AX foci by eye in each cell 
using randomly captured images. All well-demarcated foci 
were scored. More than 150 – 250 cells were evaluated at each 
radiation dose, and at least two independent experiments 
were performed per cell line. Cells were irradiated at the 
plateau phase 7 days after inoculation. Th erefore, most cells 
are likely to have been in the G0 or G1 phase. A few cells 
containing almost two times or more foci than other cells 
were omitted from the count because cells in the S or G2 
phase were previously shown to have many small foci even 
without irradiation (Olive et   al. 2010, Schmid et   al. 2012). 
HT1080 cells irradiated with 6 Gy were used as an internal 
standard in each experiment to minimize deviations in 
 γ H2AX foci staining. 

 Some tumor cells exhibit spontaneous DNA damage, 
which is marked by  γ H2AX foci (Bartkova et   al. 2005, 
Sedelnikova and Bonner 2006). Th erefore, we subtracted 
the frequency of spontaneous  γ H2AX foci from that of 
actual foci in each radiation dose for data analysis. 

 We also assessed the morphology of individual cells in 
each cell line using the same captured images, and counted 
the rate of apoptotic cells (Hacker 2000). Normal cells 
exhibit morphological changes such as nuclear fragmen-
tation, followed by separation of the apoptotic cell, in 
response to apoptotic stimuli (Hakem and Harrington 2005, 
Hall and Giaccia 2012b). Figure 1 shows an example of an 
apoptotic cell in the HT1080 cell line following irradiation 
with 9 Gy.   

  Table I. DNA contents in each cell line.  

Origin of the cell DNA content * 

HT1080 Fibrosarcoma 1.95
TE-9 Oesophageal SqCC *  * 1.55
KYSE30 Oesophageal SqCC 1.56
KYSE150 Oesophageal SqCC 1.67
KYSE220 Oesophageal SqCC 1.49
HCC70 Breast ductal carcinoma 2.23
ZR75-1 Breast ductal carcinoma 1.6

     * Ratio to the DNA content (2n) in lymphocytes. 
  *  * SqCC, Squamous cell carcinoma.   
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 Statistics 
 Th e correlation between each pair of factors was evaluated 
using Pearson ’ s correlation. Multiple linear regression analy-
sis was used to determine the best model for predicting cell 
survival after irradiation. In these models, the raw surviv-
ing fraction of cells after irradiation was log-transformed to 
obtain a linear relationship. Because of the limited number 
of predictors (frequencies of  γ H2AX foci and apoptotic cells), 
all possible combinations of the predictors were examined. 
Th e signifi cance and fi tness of the model was determined 
based on the  F -distribution. Th e threshold of signifi cance 
was set at  p   �  0.05. All statistical analyses were performed 
using computer software (HALBAU 7; Haruboukenkyuujo, 
Tokyo, Japan).    

 Results  

 Cell survival 
 Figure 2 shows the results of the colony formation studies 
for the seven cell lines allowed to undergo repair for 24 h 
after irradiation (0 – 9 Gy). Th e radiosensitivity of HT1080 
was similar to that of ZR75-1, and both were more radiosen-
sitive than the other cell lines.   

 Immunofl uorescence staining 
 HT1080, TE-9, KYSE30, KYSE150, KYSE220, HCC70, 
and ZR75-1 had 0.87    �    0.34 (mean standard deviation), 
2.71    �    0.75, 2.22    �    0.67, 1.41    �    0.5, 0.96    �    0.47, 0    �    0, and 
1.48    �    0.54  γ H2AX foci frequencies at 0 Gy, respectively. In 
subsequent experiments, spontaneous  γ H2AX foci were 
subtracted from actual  γ H2AX foci. Figure 3 shows the 
relationship between the radiation dose and frequency of 
 γ H2AX foci in each cell line 24 h after irradiation. All cell 
lines exhibited a dose-dependent increase in  γ H2AX foci 
development following irradiation.     Figure 1.     Fluorescent photomicrographs of histone  γ H2AX foci detected 

in HT1080 cells after 9 Gy of irradiation. Two examples of apoptotic 
cells (white arrows) in HT1080 cells after 9 Gy of irradiation.  
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  Figure 2.     Radiation cell survival curves for the plateau phase in seven 
cell lines ( ◇ , HT1080;   ■  , TE-9;   □  , KYSE30;  ◆ , KYSE150;  △ , KYSE220; 
  ●  , HCC70; and    ○  , ZR75-1). Cells were plated 24 hours after irradiation. 
Errors indicate the standard error of the mean (SEM) for at least four 
samples from two or more independent experiments.  
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  Figure 3.     Histone  γ H2AX foci frequency of the plateau phase in seven 
cell lines ( ◇ , HT1080;   ■  , TE-9;   □  , KYSE30;  ◆ , KYSE150;  △ , KYSE220; 
  ●  , HCC70; and   ○  , ZR75-1) 24 h after irradiation as a function of 
the radiation dose. Th e data show the mean number of  γ H2AX foci 
obtained from counting an average of 150 – 250 cells for each cell line 
and each radiation dose. Th e foci count was quantifi ed by measuring 
the fl uorescence intensity by eye in two separate experiments by 
150 – 250 nuclei in 30 – 50 randomly selected fi elds of view. Th e error 
bars represent 1 standard deviation (SD) for the mean of 150 – 250 cells 
for each cell line and each radiation dose. Spontaneous  γ H2AX foci 
were subtracted from actual  γ H2AX foci and all seven tumor cell lines 
showed no  γ H2AX foci at 0 Gy point.  
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 Figure 7 shows the relationship between actual cell 
survival and predicted survival by the model using the 
frequencies of  γ H2AX foci and apoptotic cells among the 
attached cells.    

 Discussion 

 Th e aim of this study was to invent a reliable and easy-
to-perform predictive assay for radiosensitivity. We found 
the combination of  γ H2AX foci and apoptosis 24 h after 
irradiation to be a better predictor of radiosensitivity than 
each factor alone. 

 A DNA double-strand break is an important type of 
damage directly related to cell death following irradiation. 
 γ H2AX is a good indicator of DNA double-strand breaks 
(Sedelnikova et   al. 2003, Fernandez-Capetillo et   al. 2004, 
Takahashi and Ohnishi 2005, Kobayashi et   al. 2008, Hall and 

 Relationship between histone  g H2AX foci frequency and 
clonogenic survival 
 Th e relationship between the frequency of histone  γ H2AX 
foci and clonogenic survival for each cell line is shown in 
Figure 4, using the data from Figures 2 and 3. A good correla-
tion was not observed between clonogenic survival and the 
frequency of  γ H2AX foci per cell after irradiation in all tested 
cell lines ( R  2     �    0.34). We normalized  γ H2AX foci frequency 
using the DNA content in each cell line. Th e relationship 
between normalized  γ H2AX foci frequency and cell survival 
is shown in Figure 5. A better correlation was found between 
the frequency and cell survival of fi ve cell lines ( R  2     �     0.77), 
but not the other two cell lines.   

 Relationship between radiation dose and apoptotic 
cell frequency 
 Figure 6 shows the relationship between the radiation 
dose and frequency of apoptotic cells in each cell line 24 h 
after irradiation. Th e frequency of apoptotic HT1080 cells 
increased in a dose-dependent manner, whereas it did not 
in the other cell lines.   

 Multiple regression analysis 
 As shown by the results above, single factors, such as the 
frequency of histone  γ H2AX foci or rate of apoptosis were 
not suffi  cient to predict cell survival regardless of the cell 
line used. Statistical analysis of these data combined was 
necessary; therefore, the usefulness of multiple linear regres-
sion analysis was tested. 

 All possible combinations were analyzed using multiple 
linear regression analysis, and Table II shows the results. 
Th e model using the frequencies of histone  γ H2AX foci 
and apoptotic cells was regarded as the best fi t model 
[ R  2     �    0.87,  F (2,25)    �    39.3] based on the  F  distribution. We 
could calculate the surviving fraction (SF) in this model 
using the following formula: 

 Log (SF)    �    0.17    �    0.23[H2AX]  �    0.12[Apo]. 

R2 = 0.3352
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  Figure 4.     Cell survival curves for the plateau phase in seven cell lines 
( ◇ , HT1080;   ■  , TE-9;   □  , KYSE30;  ◆ , KYSE150;  △ , KYSE220;   ●  , 
HCC70; and    ○  , ZR75-1) as a function of histone  γ H2AX foci frequency 
per cell 24 hours after irradiation. Errors indicate the standard error of 
the mean (SEM) for two or more independent experiments.  R  2     �     0.34.  
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  Figure 5.     Th e relationship between normalized  γ H2AX foci frequency 
and cell survival. Redrawn using data shown in Figure 4. Errors indicate 
the standard error of the mean (SEM) for two or more independent 
experiments.  
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  Figure 6.     Apoptotic cell frequency in seven cell lines ( ◇ , HT1080; 
  ■  , TE-9;   □  , KYSE30;  ◆ , KYSE150;  △ , KYSE220;   ●  , HCC70; and   ○  , 
ZR75-1) according to the radiation dose. Th e error bars represent 
1 standard deviation (SD) for the mean of 300 – 1200 cells for each cell 
line and each radiation dose using the same captured images.  
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Giaccia 2012a). Th erefore, cell survival may be predicted by 
detecting  γ H2AX in each cell after irradiation. However, the 
usefulness of this method is controversial, with results diff er-
ing among studies. Olive and Banath (2004) reported a good 
relationship between  γ H2AX foci frequency and clonogenic 
survival, whereas Mahrhofer et   al. (2006) and Yoshikawa 
et   al. (2009) did not. 

 In this study, we determined the relationship between 
clonogenic cell survival and the frequency of  γ H2AX foci 
per cell after irradiation in seven cell lines, including 
human fi brosarcomas, oesophageal cancer cells, and breast 
cancer cells. Cell survival decreased inversely proportional 
to  γ H2AX foci frequency in each of the cell lines tested. 
However, this comparison proved to be only weakly predic-
tive of radiosensitivity, especially when all cell lines were 
considered ( R  2     �    0.34; Figure 4). 

 Each cell line has a diff erent DNA content (Table I). Takagi 
et   al. (1998) developed a premature chromosome conden-
sation (PCC) method combined with fl uorescence  in situ  
hybridization (FISH), and an MN assay to predict radiosen-
sitivity. Th ey normalized the number of PCC or MN using 
DNA content in each cell line and concluded that their 
methods were better than the commonly used non-
normalizing method. Accordingly, we normalized  γ H2AX 
foci frequency using the DNA content of each cell line. 
A better correlation was observed between the frequency 
and cell survival for fi ve cell lines ( R  2     �    0.77), but not for two 
cell lines. 

 Th e causes of radiation-induced cell death include not 
only mitotic cell death, but also apoptosis. Guo et   al. studied 
MN frequency after 0 – 4 Gy irradiation (Guo et   al. 1998, 1999). 
Th ey also introduced a technique to detect apoptosis using 
a terminal deoxynucleotidyl transferase-mediated deoxyu-
ridine triphosphate-biotin nick end labelling (TUNEL) 
method, and found that there were two types of cells: One 
type of cell that mainly died of mitotic cell death after 
irradiation, and another that died of apoptosis. Th e simul-
taneous evaluation of apoptosis and MN has proven to be 
more reliable as a method to predict cell survival. 

 In the present study, we also introduced a simultane-
ous evaluation of apoptosis and  γ H2AX foci. One cell line 
showed a high frequency of apoptotic cells, consistent with 
the fi ndings of Guo et   al.; however, an only weak relationship 
was evident between cell survival and apoptosis ( R  2     �    0.54, 
Table II). Causes of apoptosis include damage to the cell 
membrane and DNA. Some apoptotic cell death occurs 
immediately after cytotoxic stimulation (Guo et   al. 1998). 
We observed  γ H2AX foci and apoptosis 24 h after irradia-
tion only. Th erefore, we could not detect DNA double-strand 
breaks that cause cell death before this time point, which 
indicates that apoptosis may have been underestimated in 
our study. 

 Guo et   al. introduced multiple regression analysis to 
evaluate MN, apoptosis, and another factor simultaneously 
(Guo et   al. 1998, 1999). We performed multiple regres-
sion analysis using the data of normalized  γ H2AX foci and 
apoptotic cell frequencies, and found that the model using 
both factors produced the best fi t ( R  2     �    0.87, Table II). Th is 
model could predict cell survival in all seven cell lines after 
irradiation. 

 A large proportion of cells in human solid tumors are 
in the G0 or G1 phase (McBride and Withers 2007). Th e 
fi nal aim of our study was to develop a predictive method 
of human tumor radiosensitivity. Many factors infl uence 
human tumor radiosensitivity. We are planning to evalu-
ate all these factors at once using a biopsy sample after full 
recovery from the test dose of irradiation. However, we here 
measured residual double-strand breaks and apoptosis 
24 h after irradiation in plateau phase cells. Previous 
studies also recommended the detection of  γ H2AX foci 
frequency 24 – 25 h after irradiation to demonstrate radio-
sensitivity (Banath et   al. 2004, Kuhne et   al. 2004, Olive 2011, 
Koch et   al. 2013). Th e phosphorylation of H2AX is the initial 
response of the DNA damage repair pathway and appears 
a few seconds after irradiation. Th e phosphorylation of 
H2AX generally reaches a maximum 0.5 – 1 h after irra-
diation, with 70% of DNA damage being repaired within 5 h 
(Sedelnikova et   al. 2003, Mahrhofer et   al. 2006). Taneja et   al. 
(2004) detected radiosensitivity in two human squamous 
carcinoma cell lines. Th ey used the time point of 24 h after 
irradiation because diff erences in the removal of  γ H2AX 
between radioresistant and radiosensitive tumor cells were 
magnifi ed at that time-point. 

 Th e capacity of cells to repair DNA plays an important 
role in cell radiosensitivity. It is possible that the number of 
 γ H2AX foci changes between biopsy immediately after and 
24 h after irradiation. Th is change could be an indicator of 

  Table II. Results of multivariate analyses (multiple linear regression 
analyses).  

 R  2  F -value *  p 

H2AX, Apo 0.87 39.3 (2, 25)  �    0.00001
H2AX 0.63 17.5 (1, 26) 0.00029
Apo 0.54 10.5 (1, 26) 0.0032

     H2AX, frequency of H2AX foci per cell normalized with the DNA content; Apo, 
percentage of apoptotic cells. 
  * Degrees of freedom in parentheses.    
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  Figure 7.     Th e relationship between actual cell survival after irradiation 
and calculated cell survival using a multiple regression model of 
histone  γ H2AX foci frequency per cell and apoptotic cell percentage 
in seven cell lines ( ◇ , HT1080;  ■   , TE-9;   □  , KYSE30;  ◆ , KYSE150;  △ , 
KYSE220;   ●  , HCC70; and    ○  , ZR75-1).  
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radiosensitivity. However, it may be clinically diffi  cult to 
perform a biopsy twice within such a short period of time. 
Th erefore, we performed one biopsy 24 h after the test dose 
of irradiation. 

 Koch et   al. (2013) evaluated  γ H2AX foci 24 h after irra-
diation in nine human head and neck squamous carcinoma 
xenograft models and demonstrated that the frequency of 
residual  γ H2AX foci was a good indicator of radiosensitivity 
in these tumors. Olive et   al. (2010) measured  γ H2AX foci in 
human uterine cervical cancer biopsy specimens, and found 
that tumors that received 2.5 Gy had a signifi cantly higher 
fraction of cells with residual  γ H2AX foci than those given 
1.8 Gy. Th ese results support the applicability of evaluating 
 γ H2AX foci both in vivo and in human samples. 

 One limitation to this study is that we counted  γ H2AX 
foci by eye. Th is is somewhat subjective. However, we must 
diff erentiate tumor cells from other surrounding epithelial 
and stromal cells when we apply this method to clinically 
biopsied samples. In such a case, the most reliable method 
is to observe tissue by eye under a microscope. Because of 
the low foci count after 24 h this method also works very 
well. We did not use fl ow cytometry, which is a more 
objective method to identify  γ H2AX foci (Schmid et   al. 2012). 
However, we should evaluate the usefulness of automated 
detection systems in our method in the future (Runge et   al. 
2012, Schmid et   al. 2012). 

 Another limitation is that we must determine tumor 
cell DNA ploidy. Because we used established cell lines 
in this study, it was easy to determine DNA ploidy using 
fl ow cytometry. However, we must identify tumor cells in 
biopsy specimens from other normal cells by microscopy. 
Flow cytometry does not appear to be appropriate in such 
a situation. Several methods have recently been proposed to 
detect DNA ploidy in human biopsy samples, such as DNA 
image cytometry (Syrios et   al. 2012). We may introduce these 
methods to detect DNA ploidy in each tumor cell in clinically 
biopsied samples when  γ H2AX foci frequency is evaluated. 

 In conclusion, the simultaneous evaluation of residual 
 γ H2AX foci and apoptosis can be used to predict tumor 
cell radiosensitivity in vitro. Th ese results encourage us to 
further investigate this method using in vivo tumor models 
and in human tumor samples in order to develop a clinically 
useful predictive assay for radiosensitivity.                        
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