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Radioadaptation/I-SceI digestion/DSB repair/TK6 cells.
In this review, we would like to introduce a unique approach for the estimation of radioadaptation. 

Recently, we proposed a new methodology for evaluating the repair efficiency of DNA double-strand 
breaks (DSB) using a model system. The model system can trace the fate of a single DSB, which is intro-
duced within intron 4 of the TK gene on chromosome 17 in human lymphoblastoid TK6 cells by the 
expression of restriction enzyme I-SceI. This methodology was first applied to examine whether repair of 
the DSB (at the I-SceI site) can be influenced by low-dose, low-dose rate gamma-ray irradiation. We 
found that such low-dose IR exposure could enhance the activity of DSB repair through homologous 
recombination (HR). HR activity was also enhanced due to the pre-IR irradiation under the established 
conditions for radioadaptation (50 mGy X-ray–6 h–I-SceI treatment). Therefore, radioadaptation might 
account for the reduced frequency of homozygous loss of heterozygosity (LOH) events observed in our 
previous experiment (50 mGy X-ray–6 h–2 Gy X-ray). We suggest that the present evaluation of DSB 
repair using this I-SceI system, may contribute to our overall understanding of radioadaptation.

INTRODUCTION

It is important to accurately estimate human health risks 
for persons occupationally exposed to ionizing radiation 
(IR), such as airline crews and workers in medical and 
industrial fields. For estimating such risks, it is worthwhile 
to investigate radioadaptation, that is, acquiring a cellular 
radioresistance to a challenging IR by a pre-exposure to low-
dose IR. Radioadaptation was first reported by Olivieri et 
al.1) The priming radiation exposure delivered by labeling 
human lymphocytes with tritiated thymidine caused a 
decrease in chromosomal aberration frequency after a chal-
lenging exposure to 1.5 Gy of IR. That discovery stimulated 
a series of studies using human lymphocytes and various 
mammalian cell lines as described in reviews.2,3) A reduced 

induction of both micronuclei and sister chromatid exchang-
es was shown in Chinese hamster V79 cells pre-exposed to 
low doses of γ-rays or 3H β-rays.4) Subsequent studies 
reported similar radioadaptive responses, such as reduced 
mutation frequencies in human lymphocytes,5) mouse SR-1 
cells6) and human-hamster hybrid AL cells,7) an altered muta-
tion spectrum in human-hamster hybrid AL cells,7) reduced 
micronucleus frequencies in human lymphocytes8) and 
mouse embryo cells,9) and reduced deletions and rearrange-
ments in human lymphoblast cells.10) Those studies suggest 
that radioadaptation is an important defense mechanism 
against a high-dose IR, although the molecular mechanisms 
involved remain largely unknown.11–15)

Cellular responses such as a bystander effect, genetic 
instability, and hyper-radiosensitivity are reported to be 
tightly related to the radioadaptation.16–21) In mammalian 
cells, for example, bystander mutagenesis may be suppressed 
by an adaptive response.16) Another example is the possible 
involvement of a “radioadaptive bystander” effect in human 
lung fibroblasts.22) The reduction of radiosensitivity in cells 
with a wild type p53 gene by a radiation-induced, nitric oxide 
(NO)-mediated bystander effect may also be a manifestation 
of the radioadaptation.21,23) This possibility is supported by 
the finding that the NO-induced apoptosis observed in lym-
phoblastoid and fibroblast cells depends on the phosphoryla-
tion and activation of p53.24) In fact, p53 was suggested to 
play a key role in the mechanisms of an adaptive response 
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mediated by a feedback signaling pathway involving protein 
kinase C (PKC), p38 mitogen activated protein kinase 
(p38MAPK), and phospholipase C (PLC).11,13,25)

One of the possible targets for radioadaptation is oxidative 
base damage. A low-dose rate whole body γ-irradiation of 
mice (1.2 mGy/h, total 0.5 Gy) demonstrated the activation 
of antioxidative enzymes such as MnSOD and catalase in 
spleen cells, leading to less DNA damage as determined by 
a comet assay.26) Furthermore, down-regulation of the 
human CDC16 gene that occurs after oxidative stress causes 
more rapid and efficient repair in adapted (2 cGy pre-
irradiated) human lymphoblastoid cells challenged with 4 
Gy irradiation.12) However, oxidative base excision repair 
enzymes, including DNA glycosylases, hOGG1, and hNth1, 
are reportedly not up-regulated at the post-transcriptional 
level in γ-ray-primed TK6 cells.27) Those reports suggest that 
the antioxidant defense machinery is likely to be involved in 
radioadaptation although the mechanisms involved are still 
not well understood.

Gene expression also seems to be tightly related to a variety 
of functions in the adaptive response such as the induction of 
antioxidant defense machinery, repair of DNA damage, 
control of cell-cycle progression, etc. In fact, de novo syn-
thesis of transcripts and proteins is reported to be required for 
the expression of the adaptive response.28) Following that 
report, gene expression analysis has been extensively studied 
by many investigators.15,28–31) For example, the CHD6 gene in 
human lymphoblastoid cell AHH-1 can be up-regulated by 
0.5 Gy of γ-irradiation and its induced expression could be 
involved in a low-dose hypersensitive response.29) Recently, 
gene profiles in the kidney and testis from γ-irradiated (485 
days at dose rates of 0.032–13 μGy/min) mice were deter-
mined using oligonucleotide microarrays, and differentially 
expressed genes were identified.31)

DNA double strand breaks (DSBs) are a most serious type 
of DNA damage. They can be caused by IR or radiomimetic 
chemicals, and they can occur spontaneously during DNA 
replication. The nonrepair or misrepair of DSBs can cause 
cell death or mutagenic and/or carcinogenic consequences, 
so the accurate repair of DSBs is important for maintaining 
genomic integrity.32,33) In other words, DSB repair is an 
essential function in all living organisms. Recently analyses 
using nondividing lymphocyte and fibroblast cells suggested 
that the adaptive response is not mediated by an enhanced 
rejoining of DNA strand breaks but rather is a reflection of 
perturbation in cell cycle progression.34) On the other hand, 
the induction of an efficient chromosome repair system by 
the priming radiation dose is considered to be involved in 
radioadaptation mechanisms, and in fact, the efficiency of 
DSB repair in Chinese hamster V79 cells exposed to γ-rays 
is enhanced by a priming exposure of 5 cGy of γ-rays.35) The 
reduced frequencies of chromosomal alterations as 
described above supports the latter possibility of DSB-repair 
enhancement. At the present stage, it is difficult to conclude 

which factor, cell-cycle perturbation or DSB repair, largely 
contributes to radioadaptation.

THE I-SCEI SYSTEM FOR DSB REPAIR
EVALUATION

Outline of the system
A model system was constructed for evaluating DSB 

repair by tracing the fate of a single DSB on chromosomal 
DNA. The DSB generated in this system can be considered 
as a target DNA-lesion susceptible to repair, and this system 
can distinguish two major DSB repair pathways, non-
homologous end-joining (NHEJ) and homologous recombi-
nation (HR) (Fig. 1).36,37) The human lymphoblastoid cell 
line TSCE5 is heterozygous (+/–) for the thymidine kinase 
(TK) gene and the line TSCER2 is compound heterozygous 
(–/–; two different TK– alleles); both carry an I-SceI endo-
nuclease recognition site in intron 4 on one allele of the TK
gene. DSBs can be generated at the I-SceI site by expression 
of the I-SceI vector.36,37) When DSBs occur at the TK locus, 
NHEJ in TSCE5 cells produces TK-deficient mutants while 
HR between the TK alleles in TSCER2 cells produces TK-
proficient revertants. This means that positive-negative drug 
selection for TK phenotypes permits distinction between 
NHEJ and HR repair.

Cell line construction for use in the system
Details of the strain construction are described in our 

previous work (Fig. 2).36) Briefly, in lymphoblastoid TK6 
cells heterozygous for the TK gene, the functional allele was 
first inactivated by gene targeting with vector pTK4 to 

Fig. 1. Principle of DSB formation and repair evaluation. A 
single DNA double strand break (DSB) is generated at the I-SceI 
recognition site in a human lymphoblastoid TK6 cell by transfect-
ing an I-SceI expression vector (a) and the efficiencies of DSB 
repair through non-homologous end-joining (NHEJ) or homolo-
gous repair (HR) are evaluated from induction of hemizygous and 
homozygous LOH events, respectively (see text).
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replace exon 5 of the TK gene by a neo gene. To introduce 
the I-SceI recognition site at 75 bp upstream of exon 5, the 
targeting vector pTK10, encompassing about 6 kb of the 
original TK gene with exons 5, 6, and 7, and the I-SceI rec-
ognition site in intron 4, was used to revert the TK gene 
disrupted by pTK4. The new line was termed TSCE5. A 
spontaneous mutation in a TSCE5 cell (G to A in position 
23 of exon 5), which we cloned, led to the compound het-
erozygote (TK–/–) cell line, TSCER2.

I-SceI expression for introduction of DSB
We introduced the I-SceI expression vector (pCBASce) by 

electroporation methodology using Nucleofector Kit V 
(amaxa AG, Cologne, Germany) (Fig. 3).36–38) The I-SceI 
expression vector was introduced into about 65% of the cells 
at 24 hr after the transfection and the expression last for 3 
days incubation.37) The relatively long expression allowed us 
to succeed in estimating the influence of low-dose, low-
dose-rate γ-rays irradiation on DSB repair, especially the 
effect of post-IR-exposure, as described below.

Evaluation of DSB repair efficiencies
Measurements of TK– mutants and TK+ revertants allow 

us to evaluate DSB repair efficiencies through NHEJ and HR 
pathways, respectively (Fig. 3). In TSCE5, when a DSB at 
the I-SceI site is repaired by NHEJ involving a deletion in 
the adjacent exon, the cell can be isolated as a TK-deficient 
mutant. In TSCER2, when a DSB is repaired by HR between 
the TK alleles, a TK+ allele can be generated, resulting in a 
revertant phenotype. The DSB repair via NHEJ was 73–86 
times higher than that via HR in our previous studies.36,37)

These findings are consistent with the report that NHEJ is 
the major repair pathway in mammalian cells.39)

APPLICATION OF THE I-SCEI SYSTEM FOR 
EVALUATING RADIOADAPTATION

IN TERMS OF DSB REPAIR

Influence of low-dose, low-dose-rate γ-rays on DSB 
repair

The I-SceI digestion system was applied for estimating the 
influence of low-dose, low-dose-rate γ-irradiation on repair of 
a site-specifically introduced DSB (Fig. 4).38) The results 

Fig. 2. Cell line construction. In the TK6 cell line, the functional allele of TK gene was first inactivated 
by gene targeting vector pTK4 and then the I-SceI recognition site was introduced at 75 bp upstream of 
exon 5 in the TK gene. The new line was termed TSCE5 and its compound heterozygote (TK–/–) cell line, 
TSCER2, was also isolated (see text).

Fig. 3. An approach to evaluate DSB repair efficiency. In TSCE5, 
when a DSB at the I-SceI site is repaired by NHEJ involving a dele-
tion in the adjacent exon, the cell can be isolated as a TK-deficient 
mutant. In TSCER2, when a DSB is repaired by HR between the TK
alleles, a TK+ allele can be generated, resulting in a revertant pheno-
type (see text). Filled exons represent TK mutations.
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obtained with Mode A (30 mGy of pre-γ-irradiation) and 
Mode B (8.5 mGy of post-γ-irradiation) are shown in Tables 1 
and 2, respectively. The NHEJ repair of DSB was little influ-
enced by either modes of low-dose, low dose-rate γ-irradiation. 
DSB repair by HR, in contrast, was enhanced by ~50% and 
~80% in Mode A and Mode B, respectively. This might impli-

cate that both pre-γ-irradiation (Mode A) and post-γ-irradiation 
(Mode B) induce a radioadaptation, although both modes of 
irradiations, especially Mode B, are different from the original 
concept of radioadaptation. In fact, DSBs are generated during 
the γ-irradiation in Mode B, because I-SceI expression lasts for 
3 days incubation as previously mentioned.

Fig. 4. Influence of low-dose IR exposure on DSB repair. Experimental schemes of radiation exposure 
and I-SceI expression are illustrated. Mode A: cells were exposed to low-dose, low-dose-rate γ-rays and 
then transfected with the I-SceI vector by electroporation (see text). 2) Mode B: cells were transfected with 
the I-SceI vector and then exposed to γ-rays at a much lower dose and dose-rate (see text).

Table 1. Effect of pre-IR exposure on DSB repair (Mode A).

a) NHEJ efficiency in TSCE5 cells

Exp. Mutant Frequency, MF (× 10–6) Effect of IR
(Relative MF*)Control γ-rays I-SceI γ-rays + I-SceI

1 3.5 6.1 8600 8500  0.99

2 1.8 3.2 2900 3200 1.1

Average 2.7 4.7 5800 5900 1.0 (P = 0.82)

*Relative MF was calculated as MF (γ-rays + I-SceI)/MF (I-SceI).

b) HR efficiency in TSCER2 cells

Exp. Revertant Frequency, RF (× 10–6) Effect of IR
(Relative RF*)

Control γ-rays I-SceI γ-rays + I-SceI

1 – – 90 114 1.3

2 – – 62  96 1.5

3 – – 25  45 1.8

Average – – 59  85 1.5 (P = 0.021)

*Relative RF was calculated as RF (γ-rays + I-SceI)/RF (I-SceI).

Table 2. Effect of post-IR exposure on DSB repair (Mode B).

a) NHEJ efficiency in TSCE5 cells

Exp. Mutant Frequency, MF (× 10–6) Effect of IR
(Relative MF*)Control γ-rays I-SceI γ-rays + I-SceI

1 2.8 1.3  3400  4500 1.3

2 3.1 2.8 12000 17000 1.4

3 – – 11000 11000 1.0

Average 3.0 2.1  8800 10800 1.2 (P = 0.12)

*Relative MF was calculated as MF (γ-rays + I-SceI)/MF (I-SceI).

b) HR efficiency in TSCER2 cells

Exp. Revertant Frequency, RF (× 10–6) Effect of IR
(Relative RF*)Control γ-rays I-SceI γ-rays + I-SceI

1 – –  82 160 2.0

2 – – 160 270 1.7

3 – – 110 190 1.7

Average – – 120 210 1.8 (P = 0.0013)

*Relative RF was calculated as RF (γ-rays + I-SceI)/RF (I-SceI).
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Influence of low-dose X-ray irradiation on DSB repair
We have extensively studied the effects of low-dose IR by 

using a loss of heterozygosity (LOH) analysis system.40–42)

The thymidine kinase deficient (TK–) mutants induced in 
TK6 cells can be classified as LOH type and non-LOH type 
by this system. The LOH mutants were further classified as 
homozygous-type and hemizygous-type, and the replaced or 
deleted part of the chromosome was identified by so-called 
chromosome mapping. In addition to this kind of analysis at 
the chromosome level, non-LOH mutants were further char-
acterized at the DNA sequence level to confirm that the 
mutation occurs in the TK gene or not. Recently we could 
establish the optimum condition for mutagenic radioadapta-
tion in TK6 cells.43) Under such condition as shown in Fig. 
5, the greatest reduction in TK mutation frequency was 
observed in TK6 cells exposed to a challenging X-ray irra-
diation (2 Gy), and the TK– mutants so obtained were ana-
lyzed by the LOH system.43)

The TK– mutation frequency (MF) obtained after the chal-
lenging X-ray (2 Gy) exposure, 18.3 × 10–6 was reduced to 
11.4 × 10–6 (62% of the original level) by inducing the radio-
adaptation (50 mGy of pre-X-irradiation at 6 hr before the 
above challenging X-irradiation; Fig. 6). LOH analysis 
could classify the TK– mutational events as non-LOH 
(mostly mutations in the TK gene), hemizygous LOH (dele-
tion of chromosome) and homozygous LOH (homologous 
recombination [HR] between chromosomes), as mentioned 
above.40–42) Non-LOH events are, in theory, classified as 
chromosomal alterations, but most of non-LOH mutants 
obtained in this experiment were confirmed to be small 
mutations in the TK gene by DNA base sequencing of 
mRNA obtained from the mutants.43) The pre-irradiation 
decreased the frequencies of non-LOH events and homozy-
gous LOH events to 27% and 60% of the original levels, 
respectively. The frequency of hemizygous LOH events, 
however, was not significantly altered by the pre-irradiation. 
Since LOH events are most likely the consequence of DSB 
repair, we tried to investigate the influence of priming X-ray 
irradiation on DSB repair efficiency under the optimum con-

dition for radioadaptation.
The repair efficiency of DSB via NHEJ was hardly influ-

enced by the pre-irradiation of 50 mGy X-rays (Table 3). On 
the other hand, a ~70% enhancement in HR repair of DSB 
was observed after this treatment. The enhanced activity of 
HR observed in this experiment could reflect the activity of 
error-free DSB repair, providing a reduction in genetic alter-
ations at the chromosome level. In fact, we observed a ~60% 
reduction in the induction of homozygous LOH as men-
tioned above. The chromosome-mapping analysis demon-

Fig. 5. An experimental scheme for mutagenic radioadaptation. 
The optimum conditions providing the greatest reduction in the fre-
quency of TK mutations induced after a challenging X-ray (2 Gy) 
irradiation of TK6 cells, are shown in the right panel of this figure. 
The details have already been described in our previous work.43)

Fig. 6. Genetic analysis of radioadaptation induced by low-dose X-
rays. Results of the TK mutation assay performed under the optimum 
condition for radioadaptation (Fig. 5) are summarized in the table, 
and the classification of the isolated TK– mutants was made by LOH 
analysis and the results are shown in the histograms (see text).

Table 3. The effect of a priming X-ray exposure on DSB 
repair (X-ray - X-ray adaptive experiment).

a) NHEJ efficiency in TSCE5 cells

Exp. Effect of IR (Relative MF*)

1 0.98

2 0.76

3 0.99

Average 0.91

*Relative MF was calculated as MF (X-rays + I-SceI)/
MF (I-SceI).

b) HR efficiency in TSCER2 cells

Exp. Effect of IR (Relative RF*)

1 2.2

2 1.2

3 1.7

Average 1.7

*Relative RF was calculated as RF (X-rays + I-SceI)/RF 
(I-SceI).
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strated that the observed homozygous LOH events were 
mostly of the crossing-over type.23) In contrast, the analysis 
of TK (+/–) revertants observed with our DSB repair assay 
suggests that HR in this I-SceI system mostly reflects a gene 
conversion activity, with a relatively small proportion of 
non-crossing-over events (data not shown). More supporting 
evidence is required to determine if an enhanced HR activity 
is reflected by the reduction in homozygous LOH events.

Further applications and perspectives
It is of theoretical and practical importance to estimate 

human health risks from low-doses of ionizing radiation. 
One example is the risk for astronauts exposed to space radi-
ation, because the background radiation in space is, at least, 
more than 100-fold higher than the background level found 
on earth. Currently, we have the opportunity to study the 
influence of space radiation in TK6 cells, which were rec-
ently brought back to earth after preservation for more than 
four months, mostly in a frozen state, in the International 
Space Station. Assuming that the DNA damage caused by 
space radiation has been accumulated in the frozen cells, 
such damage could induce mutations when the cells begin to 
grow again. Furthermore, such damage might have the 
potential ability to induce radioadaptation and this radioad-
aptation might be detected as an enhancement in DSB repair 
in the I-SceI digestion system in the recovered cells.

The following points involved in our I-SceI digestion sys-
tem merit discussion. Because our I-SceI system does not 
uncover all NHEJ and HR events, it is difficult to evaluate 
accurately the extent of DSB repair via both HR and NHEJ 
pathways. For example, our system does not monitor sister-
chromatid HR, which is probably the major HR pathway in 
mammalian cells. Small gene conversion events, which do 
not extend into the exon 5 region, can also not be detected 
by this system. Although the I-SceI system may over-esti-
mate the repair efficiency of NHEJ compared with HR, this 
methodology can still be considered to contribute to eluci-
dating the DSB repair associated with low-dose IR exposure.

Finally, we would like to emphasize that the present eval-
uation of DSB repair using the I-SceI system, may con-
tribute to our overall understanding of radioadaptation. 
Other types of studies regarding gene expression, epigenetic 
changes etc., are also required for a more complete under-
standing.
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