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ABSTRACT
Phosphorylated H2AX (γ H2AX) is a sensitive biomarker of DNA double-strand breaks (DSBs). To assess the adverse
effects of low-dose radiation (<50 mGy), γ H2AX levels have typically been measured in human lymphocytes within
30 min of computed tomography (CT) examinations. However, in the presence of DSB repair, it remains unclear
whetherγ H2AX levels within 30 min of irradiation completely reflect biological effects. Therefore, we investigated the
optimal timing of aγ H2AX analysis to predict the cell-surviving fraction (SF). Three tumor cell lines were irradiated at
different X-ray doses (10–4000 mGy), and the relationships between SF and relative γ H2AX levels were investigated
15 min and 2, 6, 12 and 24 h after irradiation. Data were analyzed for high-dose (0–4000 mGy) and low-dose (0–
500 mGy) ranges. Correlations were observed between SF and the relative number of γ H2AX foci/nucleus at 12 h
only (R2 = 0.68, P = 0.001 after high doses; R2 = 0.37, P = 0.016 after low doses). The relative intensity of γ H2AX
correlated with SF 15 min to 12 h after high doses and 2 to 12 h after low doses, with the maximum R2 values being
observed 2 h after high doses (R2 = 0.89, P < 0.001) and 12 h after low doses (R2 = 0.65, P < 0.001). Collectively,
cellular lethal damage in tumor cells was more accurately estimated with residual DSBs 12 h after low-dose (10–
500 mGy) irradiation. These results may contribute to determination of the optimal timing of biodosimetric analyses
using γ H2AX in future studies.

Keywords: gammaH2AX (γ H2AX); double-strand break (DSB); clonogenic cell survival; DNA repair; low-dose
radiation

INTRODUCTION
The risk of cancer has been suggested to increase following diagnostic
X-ray examinations [1–3], and concerns have been expressed regard-
ing the negative impact of low-dose radiation in computed tomog-
raphy (CT) examinations on the incidence of cancer. Although the
results need to be interpreted cautiously [4, 5], it seems important to
assess the adverse effects of diagnostic X-ray examinations, and DNA
double-strand breaks (DSBs) have been measured in the lymphocytes

of individuals undergoing CT or angiographic examinations. DSBs
are the most lethal lesions produced by ionizing radiation, and if not
adequately repaired, may lead to cell death, genome instability and
carcinogenesis [6]. Recent studies reported increases in DSBs even
after exposure to a diagnostic level of radiation (<50 mGy) in CT and
coronary angiography (CAG) based on the scoring of phosphorylated
histone H2AX (γ H2AX) foci in human peripheral blood lymphocytes
within 30 min of these examinations [7–9]. However, it is unclear
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whether a γ H2AX analysis within 30 min of irradiation completely
reflects biological effects because the majority of radiation-induced
DSBs are repaired over a period of hours [10, 11].

The immunofluorescence staining of γ H2AX is widely used to
score DSBs induced by radiation at as low as 6 mGy [12–14]. The
phosphorylation of H2AX proteins occurs as an early step in DSBs
and the yield of γ H2AX foci peaks within 30 min of irradiation [15].
Thereafter, γ H2AX foci decrease with DNA repair [16, 17]. In normal
human fibroblasts and tumor cells, residual γ H2AX foci 12–24 h after
irradiation have been shown to reflect the DSBs that are more diffi-
cult to be repaired, and correlate more closely with the cell-surviving
fraction (SF) or radiosensitivity than initial γ H2AX foci [18–22].
Therefore, we assumed that cell viability or lethal damage may be more
accurately estimated with residual γ H2AX foci observed at least a
few hours after irradiation. However, limited information is currently
available on how and to what extent the relationship between DSBs
and cellular lethal damage varies during a period of hours after irradia-
tion. Furthermore, since the majority of studies focused on radiation
doses relevant to radiotherapy (≥1 Gy), the effects of lower doses
remain unknown. Therefore, we herein performed an in vitro time-
course study of low (0–500 mGy) and high (0–4000 mGy) dose ranges
in cultured human and mammalian tumor cell lines. The aim of the
present study was to elucidate the optimal timing of a γ H2AX analysis
in order to predict SF. Cell SF was used as a common endpoint to
represent cellular damage. Since SF determined by colony assay was an
endpoint to be compared with γ H2AX indices, normal cells could not
be used in this study.

MATERIALS AND METHODS
Cell lines and culture conditions

The mouse melanoma cell line B16F0, mouse mammary tumor cell
line EMT6, and human cervical tumor cell line HeLa S3 were used.
B16F0 cells were purchased from the American Type Culture Collec-
tion (Virginia, USA). EMT6 cells were a gift from Stanford University
(Prof. R. F. Kallman) and were obtained through Kyoto University
[23]. HeLa S3 cells were purchased from the Riken Cell Bank (Tokyo,
Japan). All cell lines were negative for mycoplasma infection. Cells were
incubated in a humidified atmosphere of 95% air/5% CO2 at 37◦C and
serially passaged every week. EMT6 cells were cultured with Eagle’s
minimum essential medium (Nissui Pharmaceutical Co., Ltd., Tokyo,
Japan) and B16F0 and HeLa cells with Dulbecco’s modified Eagle
medium (Wako Pure Chemical Industries, Ltd., Osaka, Japan), both of
which were supplemented with 13% fetal bovine serum and antibiotics
(100 U/mL penicillin–streptomycin).

Colony formation assay
Exponentially growing cells were divided into seven groups and seeded
on 10-cm plastic dishes. After a 24-h incubation, cells were irradiated
at 0, 10, 50, 150, 500, 2000 and 4000 mGy with an X-ray apparatus
(CAX-210; Chubu Medical Co., Ltd., Yokkaichi, Japan; 210 kV, 10 mA,
4-mm Al and 2-mm Cu filters). The dose rate was 495 mGy/min.
Fixation with 80% ethanol and staining with 5% Giemsa reagent were
performed 7 days after irradiation for B16F0 and EMT6 cells and
10 days after irradiation for HeLa cells. Colonies containing 50 or more
cells were counted. Cell survival was assessed based on the plating

efficiency of irradiated cells divided by that of non-irradiated cells.
Three independent experiments were performed per cell line. Plots of
clonogenic survival were fit according to the linear quadratic model:
SF = exp (− αD − βD2), where D is the dose in Gy, and α (Gy−1)
and β (Gy−2) are the fitting parameters. As an indicator of radiation
sensitivity, SF after 2 Gy (SF2) was also calculated.

Immunofluorescence staining of phosphorylated
H2AX

To evaluate the kinetics of DNA DSBs, the immunofluorescence stain-
ing of γ H2AX was performed at various doses and post-irradiation
time points. Our method of immunofluorescence staining was previ-
ously described [24, 25]. Briefly, the three cell lines (B16F0, EMT6 and
HeLa S3) were seeded on 96-well plates, and after a 24-h incubation,
were exposed to 0-, 10-, 50-, 150-, 500-, 2000- and 4000-mGy doses at
the same dose rate as in the colony formation assay. Cells were allowed
to repair DSBs at 37◦C. Fifteen minutes and 2, 6, 12 and 24 h after irra-
diation, cells were fixed with 3.7% formaldehyde, permeabilized in 90%
methanol, and incubated in blocking/antibody incubation buffer (1%
bovine serum albumin/PBS) for 30 minutes. Nuclei were stained with
4’, 6-diamidino-2-phenylindole (DAPI; Thermo Scientific, Waltham,
MA). γ H2AX foci were detected with the primary antibody, anti-
phospho-histone H2AX (×100, Ser 139, OxiSelect DNA SDB Stain-
ing Kit; Cell Biolabs, Inc., San Diego, CA) and then with the secondary
antibody, fluorescein isothiocyanate-conjugated goat antimouse IgG
(×100, OxiSelect DNA DSB Staining Kit). The number and fluores-
cence intensity of γ H2AX foci in at least 200 cells per group were
scored by automated fluorescence microscopy (IN Cell Analyzer 6000;
GE Healthcare UK Ltd, UK).

The number and fluorescence intensity of γ H2AX foci may be
affected by cell proliferation at later time points [18, 26, 27]. Therefore,
the total numbers of cell nuclei stained with DAPI were scored with 72-
field automated fluorescence microscopy in each dose group at each
post-irradiation time point. To estimate the duration of the cell cycle,
doubling times of the three cell lines were calculated in each non-
irradiated group under the assumption that one nucleus represents
one cell.

Statistical analysis
Differences in the number or fluorescence intensity of γ H2AX among
the dose groups (0, 10, 50, 150, 500, 2000 and 4000 mGy) were
analyzed using a one-way analysis of variance (ANOVA) followed
by Dunnett’s test for a post hoc analysis. A linear regression anal-
ysis was performed to evaluate the linear relationship between log-
transformed SF and γ H2AX levels at each time point. A sampling time
point with the significantly highest coefficient of determination (R2)
value was considered to be the optimal time point to predict SF. R2

values were obtained from a linear regression analysis. The number of
γ H2AX foci/nucleus and the fluorescence intensity of γ H2AX were
both expressed as relative values to the control group. Differences in
the numbers of cell nuclei among the dose groups were analyzed using
a one-way ANOVA followed by Dunnett’s test for a post hoc analysis.
All data were represented as the mean ± standard deviation (SD).
All statistical analyses were conducted using R Version 3.6.3 (The R
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Fig. 1. Dose-survival curves of B16F0, EMT6 and HeLa S3
cells. Data represent means and SDs from three separate
experiments.

Foundation for Statistical Computing, Vienna, Austria). The threshold
for significance was P < 0.05.

RESULTS
Dose-survival curves of tumor cells

Figure 1 shows dose-survival curves for B16F0, EMT6 and HeLa S3
cells after X-ray irradiation. The three tumor cell lines showed high
plating efficiencies (mean, 0.77–0.99) with no significant differences.
In dose-survival curves, EMT6 and B16F0 cells showed slightly
higher SF than HeLa cells at doses ≥500 mGy (Fig. 1). At doses
≤150 mGy, no significant differences were observed in the mean
values of SF among the cell lines (data not shown). The SF2 values
of B16F0, EMT6 and HeLa cells were 0.72 ± 0.025, 0.68 ± 0.061
and 0.51 ± 0.085 (mean ± SD), respectively (Table 1). The mean SF2
value of B16F0 was significantly higher than that of HeLa (ANOVA,
P = 0.032).

Characteristics of three cell lines
The characteristics of cellular growth and endogenous γ H2AX foci
expression (background level) are shown in Table 1. B16F0 and EMT6
cells showed shorter doubling times than HeLa cells (P = 0.0093
and 0.0068, respectively). The background γ H2AX fluorescence
intensity of B16F0 cells was significantly higher than that of HeLa
cells (P = 0.024). Regarding other parameters, including background
γ H2AX foci/nucleus and the proportion of cells with endogenous
γ H2AX foci, no significant differences were noted among the three
cell lines. The proportions of cells with endogenous γ H2AX foci
were 0.89 ± 0.064 in B16F0 cells, 0.66 ± 0.29 in EMT6 cells and
0.61 ± 0.11 in HeLa cells (mean ± SD).

Changes in phosphorylated H2AX levels after X-ray
irradiation

Figure 2 shows changes in γ H2AX levels after exposure to vari-
ous doses of X-rays (0, 10, 50, 150, 500, 2000 and 4000 mGy).
Representative photomicrographic images of DAPI and γ H2AX
immunofluorescence staining at different time points are shown in
Fig. 3. The mean number of γ H2AX foci/nucleus increased by four-
to six-fold after 15 min in all cell lines; significant increases were
observed at doses ≥2000 mGy in EMT6 cells and ≥ 500 mGy in
B16F0 and HeLa cells. After doses ≥2000 mGy, the mean number of
γ H2AX foci remained significantly higher than those of the respective
control groups up to 6 h later. However, by 12 h after irradiation,
γ H2AX foci decreased to negligible levels in B16F0 and EMT6 cells.
In contrast, 56% of γ H2AX foci generated at 15 min were still present
12 h after irradiation with 4000 mGy in HeLa cells. No significant
differences were observed among different dose groups or cell lines
after 24 h.

Similar results were observed for the relative fluorescence intensity
of γ H2AX, although some differences were found. The mean
relative fluorescence intensity for all cell lines increased by two-
to three-fold after 15 min. Significantly higher fluorescence levels
were observed 15 min after irradiation with 150 mGy in HeLa
cells, and up to 83 and 54% of fluorescence levels after 15 min
remained even 12 h after 4000 mGy in B16F0 and HeLa cells,
respectively. Similar to the results obtained on the kinetics of γ H2AX
foci, no significant differences were observed among different doses
after 24 h.

Relationships between the cell-surviving fraction and
phosphorylated H2AX levels

The relationships between SF and relative γ H2AX levels at each spe-
cific time point, stratified into high- (0, 500, 2000 and 4000 mGy) and
low-dose (0, 10, 50, 150 and 500 mGy) ranges, are shown in Figs 4
and 5. Data were shown separately based on the two different mea-
surement methods, i.e. the relative number of γ H2AX foci/nucleus
(Fig. 4) and the relative intensity of γ H2AX (Fig. 5). Regarding the
relative number of γ H2AX foci/nucleus, R2 values 12 h after both
high-dose (R2 = 0.68, P = 0.001) and low-dose irradiation (R2 = 0.37,
P = 0.016) were higher than those at the other time points (Fig. 4). At
all time points, except for 12 h, foci numbers did not correlate with SF.
Regarding the relative intensity of γ H2AX, correlations were observed
from 15 min to 12 h for the high-dose range and from 2 to 12 h for the
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Table 1. Characteristics of three cell lines

Cell line Plating
efficiency

SF2 α (Gy−1) β (Gy−2) Doubling
time (h)

Background
γ H2AX
foci/nucleus

Background
γ H2AX
fluorescence
intensity

Proportion of cells
with endogenous
γ H2AX foci (%)

B16F0 0.89±0.026 0.72 ± 0.025a −0.023 0.089 11 ± 1.2b 14 ± 2.1 13 100 ± 537d 89 ± 6.4
EMT6 0.99±0.057 0.68 ± 0.061 0.13 0.035 11 ± 1.5c 7.2 ± 6.9 10 600 ± 5040 66 ± 29
HeLa S3 0.77 ± 0.11 0.51 ± 0.085a 0.23 0.056 16 ± 0.43b , c 6.9 ± 3.1 2300 ± 470d 61 ± 11

SF2 = surviving fraction at 2 Gy.
aP = 0.032 bP = 0.0093 cP = 0.0068, and dP = 0.024 by a one-way analysis of variance followed by Tukey’s test for a post hoc analysis. Data represent the mean ± SD of three
independent experiments.

Fig. 2. Changes in γ H2AX levels after exposure to various doses of X-rays (0, 10, 50, 150, 500, 2000 and 4000 mGy) in B16F0,
EMT6 and HeLa S3 cells. Data represent means and standard errors from three separate experiments. ∗ P < 0.05, ∗∗ P < 0.01.

low-dose range. As a result, R2 values 2 h after high doses (R2 = 0.89,
P < 0.001) and 12 h after low doses (R2 = 0.65, P < 0.001) were the
highest (Fig. 5).

Further analyses of the plots at 12 h with a linear regression
yielded the following equations: Ln SF = −0.89 x + 0.80 for γ H2AX
foci at high doses; Ln SF = −0.23 x + 0.24 for γ H2AX foci at low
doses; Ln SF = −1.69 x + 1.75 for γ H2AX intensity at high doses;
Ln SF = −0.55 x + 0.59 for γ H2AX intensity at low doses, where x
is the relative level of γ H2AX to the control. Regression coefficients
at high doses were generally two- to three-fold smaller than at low
doses.

Analyses of cell proliferation
The numbers of cell nuclei stained with DAPI observed under 72
fields of automated fluorescence microscopy are shown in Fig. 6. The
doubling times of B16F0, EMT6 and HeLa cells were 11 ± 1.2 h,
11 ± 1.5 h and 16 ± 0.43 h (mean ± SD), respectively (Table 1).
Figure 7 is representative photomicrographic images showing the
proliferation of EMT6 cells 24 h after irradiation. The number of
cell nuclei was significantly lower in EMT6 and HeLa cells than in
the control 12 and 24 h after irradiation with 4000 mGy. The results
obtained for B16F0 were similar; however, no significant differences
were observed.
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Fig. 3. Representative images of 4’,6-diamidino-2-phenylindole (DAPI) and phosphorylated histone H2AX (γ H2AX) staining in
mouse melanoma (B16F0) cells 15 min and 2, 6, 12 and 24 h after exposure to X-ray doses of 0, 10, 50, 150, 500, 2000 and
4000 mGy. Green, γ H2AX; blue, DAPI. The bar corresponds to 25 μm.

DISCUSSION
The carcinogenic risks associated with exposure to low-dose radiation
in CT scans and other diagnostic imaging examinations remain con-
troversial [28, 29]. Previous studies that investigated the incidence of
cancer in cohorts undergoing CT during childhood showed a higher
incidence of leukemia, brain tumors and other malignancies [1, 3, 4].
However, in a recent study, a large bias was found in the background
between children undergoing CT and those not undergoing CT [5];
more than one-third of children undergoing CT scans had a congenital
anomaly and those with an anomaly had an approximately 3-fold higher
risk of developing cancer. Therefore, it is considered inappropriate
to conclude that CT scans during childhood are associated with an
increased risk of developing cancer. An experimental study suggested
that CT scans on cancer-prone mice increased survival times and the
latency period before the development of sarcoma and lymphoma
[30, 31]. Recent studies indicated that continuous low-dose irradiation
produced radioadaptive responses in cultured cells [24], decreases in
γ H2AX indices 24 h after irradiation with 2 Gy [24], the growth pro-
motion of silkworm larvae [32, 33], and delays in tumor development
after the transplantation of tumor cells in syngeneic mice [33]. There-
fore, more attention is being paid to the potentially beneficial effects
of low-dose radiation. In the present study, no increases in γ H2AX
indices were observed ≥15 min after irradiation with ≤150 mGy in all
three cell lines.

In previous studies showing increases in γ H2AX indices in human
lymphocytes after CT scans and CAG [7–9], initialγ H2AX foci within
30 min of irradiation were regarded as an indicator of DNA damage,

and increases were suggested to be associated with cancer risks. In other
studies, the number of initial γ H2AX foci after CT scans showed a
linear dose response [14, 34] or low-dose hypersensitivity [9]. How-
ever, initial γ H2AX foci only represent the number of DSBs generated,
which may be helpful for estimating the actual irradiated dose, but
may not be appropriate to assess overall biological effects, including
the risks of tissue damage and cancer development [12]. Instead, the
kinetics of DSB repair need to be considered since the majority of
initial DSBs are repaired within a few hours of irradiation [10, 11].
Therefore, a γ H2AX analysis may be more reasonable if performed at
least a few hours of irradiation, and we herein investigated the relation-
ship between DSBs and SF to select the optimal timing of a γ H2AX
analysis. We assumed that the optimal timing to estimate cellular lethal
damage from aγ H2AX analysis will be helpful for selecting the optimal
timing to estimate genetic damage leading to carcinogenesis.

Consistent with previous findings [15], the mean levels of γ H2AX
foci/nucleus and γ H2AX intensity were the highest 15 min after
irradiation and decreased thereafter (Fig. 2). A clear dose response was
apparent 15 min after irradiation. γ H2AX foci are dephosphorylated
with DSB repair [16]. DSB repair has two components: non-
homologous end-joining (NHEJ) and homologous recombination.
Approximately 80% of radiation-induced DSBs are rejoined by NHEJ
[35], and, thus, most DSBs are assumed to be associated with a risk
of genomic rearrangements based on the error-prone nature of NHEJ.
However, it currently remains unclear whether NHEJ following low-
dose irradiation causes genomic rearrangements, and a previous study
showed a low incidence of genomic rearrangements by NHEJ in
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Fig. 4. Relationships between SF and the relative number of phosphorylated histone H2AX (γ H2AX) foci/nucleus in B16F0,
EMT6 and HeLa S3 cells in (A) high-dose and (B) low-dose ranges. Data represent means and SDs from three separate
experiments.
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Fig. 5. Relationships between SF and the relative fluorescence intensity of phosphorylated histone H2AX (γ H2AX) in B16F0,
EMT6 and HeLa S3 cells in (A) high-dose and (B) low-dose ranges. Data represent means and SDs from three separate
experiments.
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Fig. 6. Total numbers of cell nuclei 15 min and 2, 6, 12 and 24 h after exposure to X-ray doses of 0, 10, 50, 150, 500, 2000 and
4000 mGy for analysis of cell proliferation in B16F0, EMT6 and HeLa S3 cells. Cell nuclei stained with 4’,
6-diamidino-2-phenylindole (DAPI) were scored with 72-field automated fluorescence microscopy. Data represent means and
standard errors from three separate experiments. ∗ P < 0.05, ∗∗ P < 0.01.

Fig. 7. Representative images showing cell proliferation of
mouse mammary tumor (EMT6) cells 15 min and 24 h after
exposure to X-ray doses of 0 and 4000 mGy. Cell nuclei stained
with 4’, 6-diamidino-2-phenylindole (DAPI) were scored with
72-field automated fluorescence microscopy. Blue, DAPI. The
bar corresponds to 50 μm.

normal mammalian cell lines [36]. The rate of decreases in γ H2AX
levels appeared to differ among the three cell lines examined (Fig. 2).
HeLa cells showed the slower disappearance of γ H2AX foci than
B16F0 and EMT6 cells. This may have resulted in the higher radiation
sensitivity of HeLa cells, as indicated by lower SF2 (Table 1). This
was consistent with previous findings showing a correlation between
the half-life of the loss of γ H2AX foci and radiation sensitivity in
tumor cells [37, 38]. ATM and p53 defects may influence cellular
radiation sensitivity [19]; however, gene expression statuses were not
investigated in the present study. Furthermore, the slow proliferation
rates of HeLa cells may also be related, as discussed later.

In contrast to previous findings [19–22], no significant differences
were observed in γ H2AX levels among different doses 24 h after irradi-
ation, although slight dose responses were detected (Fig. 2). This result
may be explained as follows. The endogenous expression of γ H2AX
(background level) may affect the ability to detect small amounts of
residual DSBs [39]. The tumor cell lines used in the present study
showed high proportions of endogenous γ H2AX expression (61–
89%), as shown in Table 1. In normally proliferating cells, the forma-
tion of γ H2AX foci may also occur in M-phase chromosomes [40] and
at stalled replication forks in S-phase cells [27] even without exoge-
nous DNA damage. Under these conditions, non-replicating G0/G1
cells may be suitable for a more accurate γ H2AX analysis. Further-
more, we need to consider the effects of cell proliferation. Cell prolif-
eration was most prominent 24 h after irradiation in the three cell lines
although the proliferation rate tended to decrease as the irradiated dose
increased (Fig. 6). However, even at doses ≥2000 mGy, the number
of tumor cells increased by two- to three-fold in 24 hours (Fig. 6). In
addition, relative γ H2AX foci/nucleus and relative γ H2AX intensity
were mean values per number or area of nuclei. These units are essen-
tially affected by the number of the population. Therefore, we may
have underestimated the mean γ H2AX value 24 h after irradiation, for
example, due to the predominant proliferation of intact cells that had
completed DSB repair and restarted the cell cycle. In proliferating cells,
the correlation between clonogenic survival and γ H2AX foci may
disappear at the time point beyond the duration of the cell cycle due to
the disassembly of γ H2AX foci during mitosis [18]. Considering the
cell cycle times (11 h for B16F0 and EMT6 and 16 h for HeLa, Table 1)
and cell proliferation data (Fig. 6), up to 12 h after irradiation seemed
to be acceptable for a γ H2AX analysis in the present study, although
the distribution of the cell cycle may also have affected the accuracy of
measurement after high doses [26, 27].

We also examined the optimal timing to predict SF (Figs 4 and
5). Previous studies showed that residual γ H2AX foci 12–24 h after
irradiation correlated with SF in normal human fibroblasts and tumor
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cells [18–22]; however, they mainly used doses employed in radio-
therapy (≥1 Gy). We found that γ H2AX levels after 12 h were most
consistently associated with SF in a low-dose range (≤500 mGy), while
no correlations were observed 15 min after irradiation. Therefore,
the present results suggest that DSBs remaining 12 h after low-dose
(≤500 mGy) irradiation may be more likely to cause clonogenic cell
death than initial DSBs, although the results in the low-dose range
must be carefully interpretated because of the large inter-experimental
variations (Figs 4B and 5B). In the high-dose range, the results were
partly inconsistent between relative γ H2AX foci/nucleus and relative
γ H2AX intensity (Figs 4A and 5A). According to previous studies,
overlapping of γ H2AX foci, as also seen in the present study (Fig. 3),
may lead to distorted dose–response at high doses (≥ 2 Gy) with
automatic counting of γ H2AX foci, while γ H2AX intensity provides
more reliable results up to 5 Gy [41, 42]. Accordingly, based on the
results of γ H2AX intensity (Fig. 5A), we assumed that the optimal
timing may be from 15 min to 12 h after high-dose (500–4000 mGy)
irradiation. There are several findings in the literature showing a cor-
relation between initial DSBs and cellular radiosensitivity in various
human cancer cells, including HeLa cells [43, 44]. If 10–20 DSBs
occur after high doses (≥2 Gy) of irradiation, the G2/M checkpoint
may be unable to sufficiently function [45]. Under these conditions,
cells go into mitosis with a large amount of residual DSBs, which may
lead to chromosomal breaks and cell death. These findings imply that
the extent of DSB repair has less of an impact on SF after high doses
(≥2 Gy) unless the number of DSBs is reduced below a certain thresh-
old. Further studies are warranted to confirm this disparity between
low and high doses.

The present study has some limitations. We did not investigate
other proteins related to DSB repair besides γ H2AX. γ H2AX foci
do not always represent the residual DSBs because γ H2AX may co-
localize with the sites of DSBs even after NHEJ has been completed
[46]. Furthermore, the present results cannot be directly applied to
the incidence of genomic rearrangements, which play an important
role in carcinogenesis. In addition, we selected tumor cell lines due to
the ease of calculating SF in proliferating cells. Therefore, our results
may not necessarily apply to peripheral blood lymphocytes or normal
human cells, although there appear no data suggesting quite different
patterns in DSB repair between normal cells and tumor cells [18, 39,
47]. Ideally, similar experiments should also be performed in periph-
eral blood lymphocytes and normal human cells to assess the adverse
effects of CT examinations. In that case, another endpoint other than
clonogenicity may be needed to estimate cellular lethal damage since
normal cells have low plating efficiency.

In conclusion, we herein demonstrated that cellular lethal dam-
age in tumor cells was more accurately estimated with residual DSBs
12 h after low-dose (10–500 mGy) irradiation. Therefore, a delayed
γ H2AX analysis may need to be considered in future biodosimetric
studies which we are planning to investigate the effects of low-dose
radiation in diagnostic imaging, such as CT scans. Further studies are
warranted to determine the optimal timing of a γ H2AX analysis in
peripheral blood lymphocytes and normal human cells.
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