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We previously determined that AKR/J mice housed in a 

low-dose-rate (LDR) (137Cs, 0.7 mGy/h, 2.1 Gy) γ-irradiation 

facility developed less spontaneous thymic lymphoma and 

survived longer than those receiving sham or high-dose-rate 

(HDR) (137Cs, 0.8 Gy/min, 4.5 Gy) radiation. Interestingly, 

histopathological analysis showed a mild lymphomagenesis in 

the thymus of LDR-irradiated mice. Therefore, in this study, we 

investigated whether LDR irradiation could trigger the 

expression of thymic genes involved in the DNA repair process 

of AKR/J mice. The enrichment analysis of Gene Ontology 

terms and Kyoto Encyclopedia of Genes and Genomes 

pathways showed immune response, nucleosome organization, 

and the peroxisome proliferator-activated receptors signaling 

pathway in LDR-irradiated mice. Our microarray analysis and 

quantitative polymerase chain reaction data demonstrated that 

mRNA levels of Lig4 and RRM2 were specifically elevated in 

AKR/J mice at 130 days after the start of LDR irradiation. 

Furthermore, transcriptional levels of H2AX and ATM, 

proteins known to recruit DNA repair factors, were also shown 

to be upregulated. These data suggest that LDR irradiation 

could trigger specific induction of DNA repair-associated genes 

in an attempt to repair damaged DNA during tumor 

progression, which in turn contributed to the decreased 

incidence of lymphoma and increased survival. Overall, we 

identified specific DNA repair genes in LDR-irradiated AKR/J 

mice. 

Keywords: AKR/J mice, DNA repair genes, low-dose-rate 
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Introduction

　Low-dose-rate (LDR) irradiation is both beneficial and 

harmful to human life. For example, LDR irradiation 
therapy for cancer is known to stimulate antioxidant 
capacity, repair of DNA damage, apoptosis, and induction 
of immune responses [4], and LDR irradiation has been 
shown to mitigate lymphomagenesis and prolong the life 
span of AKR/J mice [17,18]. Conversely, low-dose (LD) 
irradiation is reportedly involved in carcinogenesis, and LD 
irradiation (lower than 2.0 Gy) has been shown to promote 
tumor growth and metastasis by enhancing angiogenesis 
[19]. Therefore, the present study was conducted to 
determine the effects of LD and LDR irradiation on gene 
expression and cell metabolism using the AKR/J 
lymphoma mouse model.　AKR/J mice carrying inserted murine leukemia viral 
oncogenes are known to develop thymic lymphoma during 
later periods of life and eventually die [10,14]. 
Additionally, it is well known that the viral oncogene insert 
in the thymus of AKR/J mice acts as an initiator of DNA 
damage and tumor formation. If damaged DNA in AKR/J 
mice is not repaired properly, tumors will progress, 
resulting in death. DNA damage in the thymocytes of 
AKR/J mice can be further enhanced by exposure to 
high-dose (HD) and high-dose-rate (HDR) radiation. 
Conversely, the number of thymocytes showing efficient 
DNA repair was found to be higher in mice exposed to LD 
and LDR radiation [7], suggesting that LDR irradiation 
could have triggered the expression of DNA repair genes. 　DNA repair-related genes have been shown to play an 
important role in the growth, life span, and immune system 
of an organism. Indeed, it has been shown that the absence 
of functional Lig4, a DNA repair enzyme (R278H/R278H 
mutation), can lead to growth retardation, decreased life 
span, severe cellular sensitivity, and blocks in T and B cell 
development in response to HD irradiation [15]. 
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HD-irradiation-induced double-strand breaks have been 
demonstrated to promote PI3K-independent AKT 
phosphorylation mediated through MRE11-ATM-RNF168 
signaling [6]. The formation of the MRN (Mre11, Rad50, 
and Nbs1) complex, which participates in DNA repair 
pathways, is known to be activated by LD irradiation [16]. 
However, the mechanisms and pathways underlying cancer 
regulatory DNA repair signaling triggered by LDR 
irradiation remain unclear. Therefore, this study was 
conducted to investigate the regulation of DNA 
repair-associated genes by LDR irradiation using a 
naturally occurring tumor model in AKR/J mice. Herein, 
we identify immune response, nucleosome organization, 
and the peroxisome proliferator-activated receptors 
(PPAR) signaling pathway in the thymus of LDR-irradiated 
mice using the enrichment analysis of Gene Ontology (GO) 
terms and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways. Our data also demonstrate that 
thymuses of LDR-irradiated mice specifically upregulate 
the expression of Lig4 and RRM2, which are genes 
involved in DNA repair process, as well as H2AX and 
ATM, which are proteins known to recruit DNA repair 
factors. 

Materials and Methods

Animals　Seven-week-old female AKR/J mice (24 ± 1.37 g) were 
purchased from Shizuoka Laboratory Center (Japan) and 
maintained under specific-pathogen-free conditions. Male 
mice were not used because fighting is known to occur 
frequently in male mouse groups, which could affect the 
characteristic features of AKR/J mice. Animals were 
maintained at a temperature of 23 ± 2oC and a relative 
humidity of 50 ± 10% with a 12-h lighting schedule (200∼
300 Lux; 08：00 to 20：00). After a 1-week adaptation 
period, 15 mice were placed in a polycarbonate cage and 
provided with γ-sterilized pellets and autoclaved water ad 
libitum. Five mice each were assigned to the 
sham-irradiated group, HDR-irradiated group and 
LDR-irradiated group. All procedures were reviewed by 
the institutional Animal Care and Use Committee at the 
Radiation Health Research Institute (RHRI) of the Korea 
Hydro and Nuclear Power Company, and mice were 
treated in accordance with governmental guidelines and 
the guidelines of the RHRI for the care of animals.

HDR and LDR irradiation　A γ-ray generator (IBL 147C; CIS Bio-International, 
France) was used to generate HDR irradiation (137Cs, 0.8 
Gy/min). Eight-week-old female mice were irradiated with 
a total dose of 4.5 Gy, which was selected based on a study 
by Yoshida [23]. Both HDR and LDR irradiation were 
started at 8 weeks of age. For HDR irradiation, mice were 

irradiated at a total dose of 4.5 Gy at 0.8 Gy/min and then 
returned to their cages until analysis. For LDR irradiation, 
mice were reared in a long-term LDR irradiation facility 
equipped with a 137Cs source and exposed at 0.7 mGy/h 
until the cumulative dose reached 2.1 Gy, which took 
approximately 130 days. The HDR cohort received their 
dose at 8 weeks of age, but was analyzed at 130 days after 
the start of radiation (26.5 weeks of age) to enable direct 
comparison of the cumulative effect of HDR- vs. 
LDR-irradiated mice. The sham-irradiated mice for both 
groups were reared in the SPF facility until they reached 
26.5 weeks of age. Sham-irradiated mice were maintained 
under the same conditions as the experimental groups, 
except that radiation was not administered. 

Sampling　At 130 days, we collected the thymuses from sham-, HDR 
(0.8 Gy/min, single dose of 4.5 Gy)-, and LDR (0.7 mGy/h, 
cumulative dose of 2.1 Gy)-irradiated mice and preserved 
them in liquid nitrogen.

Thymic lymphoma　To confirm the diagnosis of thymic lymphoma, a portion 
of the thymus was fixed in 10% buffered formalin, 
sectioned, and stained with hematoxylin and eosin. 
Thymic lymphoma was diagnosed histopathologically by 
Dr. D.Y. Kim (Laboratory of Pathology, School of 
Veterinary Medicines, Seoul National University, Korea). 
We also measured the relative thymus weight 130 days 
after HDR and LDR irradiation.

Microarray analysis　The RNA of five thymuses collected at 130 days after 
sham treatment, HDR and LDR irradiation was collected 
and analyzed by whole genome microarray using an 
Agilent oligo microarray (44K, 60-mer oligonucleotide). 
Microarray slides were then scanned with a GenePix 
4000B scanner (Axon Instruments, USA), after which the 
scanned images were analyzed using the GenePix v6.0 
software to determine the signal intensities of the spots. 
Raw data were normalized by the median normalization 
method, while the expression values of HDR- and 
LDR-irradiated mice were normalized to those of 
sham-irradiated mice. The differentially expressed genes 
were then classified by Benjamini-Hochberg's false 
discovery ratio method. We also selected DNA repair-, iron 
transport-, ribonucleotide reductase family-, and 
apoptosis-related genes from the differentially expressed 
genes on the basis of references. GO terms and KEGG 
pathways for the differentially expressed genes were 
analyzed using the GeneSpring GX 11.5.1 (Agilent 
Technologies, USA) and DAVID Bioinformatics tools [9].
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Table 1. Oligonucleotide sequence of primers for quantitative real-time reverse transcription polymerase chain reaction

Gene accession no. Symbol Forward (5´→3´) Reverse (5´→3´)

NM_008628
NM_010829
NM_028042
AK048416
NM_022011
NM_010957
NM_176953
NM_146208
NM_011677
NM_010715
NM_009014
AK020623
NM_009353
NM_010436
NM_007499
NM_011638
NM_010239
NM_009103
NM_009104
NM_199476
NM_011640
NM_007527
NM_007415
NR_003278

Msh2
Msh3
ERCC8
ERCC6
Gtf2h2
Ogg1
Lig4
Neil3
Ung
Lig1
Rad51l1
Mbd4
Terf2
H2afx
ATM
Tfrc
FTH1
RRM1
RRM2
RRM2B
p53
Bax
Parp1
18S rRNA

TCCACATTCATGGCTGAAAT
AGCAGCAGCATAAAGACGCA
TCGACATTGAGCCCGTTGAA
AGCCGAGCAGCAATTGAAACCA
TTCAGCATGGCGCATTTGGA
TGGCCCAGAAATTCCAAGGTGT
AGCGCATGCAGATGCACAAA
TGCCAGCTGCCAACAAGAAACA
AATCAGAACCTGAGTGGCCT
AATTCTGTGACATTGCCCGGCT
AGGTGTCCACGAGCTTCTTCAT
AGCAGCAGGTGAAGCAAATCGT
ACATCATGCAGGCGTTGCTTGT
CTGCGGAAAGGCCACTAC
CTCTGCGATGCCTACATCAT
CAGACCTTGCACTCTTTGGA
AAGAAACCAGACCGTGATGA
CTTGTGCCAATGCTGAGAGT
ATTCAGCACTGGGAAGCTCT
CTGCGCTGGATAGCAGATAG
GCCGACCTATCCTTACCATC
ACTAAAGTGCCCGAGCTGAT
ATTGACCTCCAGAAGATGCC
GTAACCCGTTGAACCCCATT

GTTCCTCTTCCCAGCTCATC
TTGAGTTCCCGGGCAGCAATTT
TGCCAACGGAACACACTGCTTT
AATCCCACTTTGCCCTGGAACT
AGGAAGCTCGCAGTACTTTGCT
ACCATGCCAGTAATGCGAGCAA
ACATCTGTCCCGAACGCATTGT
ACAAACCACACAGGACCACT
ACATGGTGACGCTTCCTGTCAA
TGGCAATGTACCTGGCTTCTGA
AATGCTTCATCCAAGGCGCACA
TTGTGAGCAGCTGGGCATTT
ATGCGCGACAGACACTGCATAA
AGGATCTCGGCAGTGAGGTA
GGCTGGAATATTGATGCCTT
GAAAGAAGGAAAGCCAGGTG
TAGCCAGTTTGTGCAGTTCC
GCCAAGGCTCCAGGTAAATA
AATCGCTCCACCAAGTTCTC
GCAGCAAATGATCCAGAGAA
CTTCTTCTGTACGGCGGTCT
TCTTGGATCCAGACAAGCAG
GGACCTCGCTGAGGATAGAG
CCATCCAATCGGTAGTAGCG

Msh2: mutS homolog 2 [Escherichia (E.) coli], Msh3: mutS homolog 3 (E. coli), ERCC8: excision repair cross-complementing rodent repair 
deficiency, complementation group 8, ERCC6: excision repair cross-complementing rodent repair deficiency, complementation group 6, 
Gtf2h2: general transcription factor II H, polypeptide 2, Ogg1: 8-oxoguanine DNA glycosylase, Lig4: ligase IV, DNA, ATP-dependent, Neil3: 
nei like 3 (E. coli), Ung: uracil-DNA glycosylase, Lig1: ligase I, DNA, ATP-dependent, Rad51l1: RAD51-like 1 (Saccharomy cescerevisiae), 
Mbd4: methyl-CpG binding domain protein 4, Terf2: telomeric repeat binding factor 2, H2afx: H2A histone family, member X, ATM: ataxia 
telangiectasia mutated homolog, Tfrc: transferrin receptor, FTH1: ferritin heavy chain 1, RRM1: ribonucleotide reductase M1, RRM2: 
ribonucleotide reductase M2, RRM2B: ribonucleotide reductase M2 B, p53: transformation related protein 53, Bax: BCL2-associated X 
protein, Parp1: poly (ADP-ribose) polymerase family, member 1.

Quantitative reverse transcription polymerase 
chain reaction (RT-PCR)　We conducted quantitative PCR (qPCR) analysis to 
validate microarray data for thymuses of sham-, HDR- and 
LDR-irradiated mice, respectively (n = 4). To accomplish 
this, 1 µg of RNA was reverse transcribed using the Iscript 
cDNA synthesis kit (Bio-Rad Laboratories, USA). PCR 
was then performed in duplicate with SYBR green 
(Qiagen, Germany) and a 7500 real-time PCR machine 
(Applied Biosystems, USA). The relative abundance of 
specific messenger RNA was calculated by normalization 
to 18S ribosomal RNA using the 2-ΔΔCt method [1]. The 
primers are listed in Table 1.

Statistical analyses　All data are presented as the mean ± SD. The significance 
of intergroup differences was assessed by Welch's t test.

Results

LDR irradiation may influence a mild lymphomagenesis 
in AKR/J mice　We previously showed that the survival rate of 
LDR-irradiated AKR/J mice was greater than that of 
HDR-irradiated AKR/J mice [17]. To investigate whether 
LDR irradiation could influence lymphomagenesis in 
AKR/J mice, we collected the thymuses of sham-, HDR-, 
and LDR-irradiated mice at 130 days after the start of 
irradiation. The rationale for selecting thymic tissue 
samples at day 130 was that AKR/J mice began dying at 
approximately 130 days after irradiation; thus, any 
transcriptional changes induced by irradiation could be 
detected more easily than at later time points, when mice 
were overwhelmed with heavy tumor burden. The cause of 
death was not apparent to us; however, this provided a 
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Fig. 1. Comparison of the relative thymus weight, and morphological changes among Sham-IR, HDR-IR, LDR-IR AKR/J mice. (A) 
Comparison of the relative thymus weights among Sham-IR, HDR-IR, LDR-IR AKR/J mice at day 130. (B) Hematoxylin and eosin 
staining revealed pleomorphic neoplastic cells with marked anisocytosis and anisokaryosis in the sham-IR and HDR-IR mice, whereas
the cells and their nuclei were relatively small and uniform in size in the LDR-IR mice (×400). n = 8. Scale bars = 200 μm. Sham-IR: 
sham-irradiated, HDR-IR: high-dose-rate irradiated, LDR-IR: low-dose-rate irradiated.

reasonable time point to analyze differential expression of 
DNA repair-related genes in the thymuses of sham-, HDR-, 
and LDR-irradiated AKR/J mice and determine the effects 
of irradiation during lymphomagenesis. At the time of 
sacrifice, we normalized the thymus weight to the whole 
body weight. The relative thymus weight of LDR-irradiated 
mice (0.017 ± 0.017) was found to be lower than that of the 
sham-(0.026 ± 0.041) and HDR-irradiated mice (0.023 ± 
0.019; Fig. 1A). We also observed the development of 
thymic lymphoma in all mice. In accordance with 
macroscopic observation, histopathological examination 
revealed that neoplastic cells in the thymuses of sham- and 
HDR-irradiated mice were pleomorphic with marked 
anisocytosis and anisokaryosis, whereas both the cells and 
their nuclei were relatively small and uniform in 
LDR-irradiated mice (Fig. 1B). These data are in 
accordance with our assumption that LDR irradiation 
influenced naturally occurring mild lymphomagenesis in 
AKR/J mice.

Expression profiles of thymic DNA repair genes in 
HDR- and LDR-irradiated AKR/J mice　We performed microarray analysis for gene expression in 
the thymuses of sham-, HDR- and LDR-irradiated AKR/J 
mice collected at 130 days after irradiation. Enrichment 
analysis of the GO terms and KEGG pathways with respect 
to differentially expressed genes was then performed using 
GeneSpring GX 11.5.1 and DAVID Bioinformatics 
Resources v6.7. The most significant GO terms and KEGG 
pathways in HDR-irradiated AKR/J mice represented 
transcription, transcriptional regulation, cell cycle, and 
cancer pathways, whereas immune response, nucleosome 
organization, and the PPAR signaling pathway were 
represented in LDR-irradiated AKR/J mice (Table 2∼5). 
We next investigated the expression of DNA repair, iron 
transporter, ribonucleotide reductase family, and 
apoptosis. Thus, we performed qPCR analysis for 
validating their gene expression of sham-, HDR- and 
LDR-irradiated mice (Table 6). The expression value of 

HDR- and LDR-irradiated groups was normalized to that 
of the sham-irradiated group. In addition, microarray 
analyses showed that LDR irradiation led to increased gene 
expression of transferrin receptor 1 (Tfrc), ribonucleotide 
reductase M1 (RRM1), ribonucleotide reductase M2 
(RRM2), and ribonucleotide reductase M2B (RRM2B). 
Moreover, the expression of genes related to base excision 
repair (Ogg1, Gtf2h2, Ung, Neil3, ERCC8, and ERCC6), 
cell-cycle regulation (Terf2), double-strand break repair 
and homologous recombination (Rad51L1, Mbd4, and 
Lig4), mismatch repair (Msh2 and Msh3), and nucleotide 
excision repair (Lig1) were upregulated. Among these 
genes, we validated the changes in expression of DNA 
repair- and ribonucleotide reductase family-related genes 
by qPCR. As shown in Table 6, gene expression of Lig4 
and RRM2 was upregulated in the thymus of 
LDR-irradiated AKR/J mice. Furthermore, transcriptional 
levels of the genes encoding H2AX and ATM, proteins 
known to recruit DNA repair factors, were shown to be 
upregulated in the thymus of LDR-irradiated AKR/J mice. 
However, expression of apoptosis-related genes such as 
p53, Bax, and Parp1 were comparable between HDR- and 
LDR-irradiated mice. Therefore, LDR irradiation might 
have triggered the upregulation of DNA repair-related 
genes in the thymus of AKR/J mice, which could result in 
decreased thymic lymphoma mass and increased survival.

Discussion

　In the present study, we investigated the effects of LDR 
irradiation on the expression of DNA repair-related genes 
in AKR/J mice bearing thymic lymphoma using 
microarray and qPCR. Our previous studies showed that 
the survival curve of LDR-irradiated mice was 
significantly different from that of mice that received HDR 
irradiation [18]. Moreover, the relative thymus weight of 
LDR-irradiated mice was smaller than that of sham- and 
HDR-irradiated mice at 130 days after the start of 
irradiation. These findings suggest that progression of 
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Table 2. Gene ontology in the thymus of AKR/J mice 130 days after HDR irradiation

Term Number of genes % p value*

GO:0007049 – cell cycle
GO:0000278 – mitotic cell cycle
GO:0051276 – chromosome organization
GO:0006350 – transcription
GO:0022403 – cell cycle phase
GO:0044265 – cellular macromolecule catabolic process
GO:0009057 – macromolecule catabolic process
GO:0000087 – M phase of mitotic cell cycle
GO:0016568 – chromatin modification
GO:0006325 – chromatin organization
GO:0043632 – modification-dependent macromolecule catabolic process
GO:0019941 – modification-dependent protein catabolic process
GO:0000280 – nuclear division
GO:0007067 – mitosis
GO:0022402 – cell cycle process
GO:0051603 – proteolysis involved in cellular protein catabolic process
GO:0044257 – cellular protein catabolic process
GO:0048285 – organelle fission
GO:0000279 – M phase
GO:0030163 – protein catabolic process
GO:0051301 – cell division
GO:0045449 – regulation of transcription
GO:0051028 – mRNA transport
GO:0050658 – RNA transport
GO:0051236 – establishment of RNA localization
GO:0050657 – nucleic acid transport
GO:0006403 – RNA localization
GO:0016071 – mRNA metabolic process
GO:0016569 – covalent chromatin modification
GO:0006259 – DNA metabolic process
GO:0032268 – regulation of cellular protein metabolic process
GO:0016570 – histone modification
GO:0015931 – nucleobase, nucleoside, nucleotide and nucleic acid transport
GO:0006730 – one-carbon metabolic process
GO:0006397 – mRNA processing
GO:0016567 – protein ubiquitination
GO:0051130 – positive regulation of cellular component organization
GO:0006260 – DNA replication
GO:0033554 – cellular response to stress
GO:0046907 – intracellular transport
GO:0030036 – actin cytoskeleton organization
GO:0006508 – proteolysis
GO:0030029 – actin filament-based process
GO:0016574 – histone ubiquitination
GO:0006695 – cholesterol biosynthetic process
GO:0006412 – translation
Total number of genes

115
60
82

239
68

104
109

47
53
64
88
88
45
45
73
90
90
45
57
92
55

269
19
19
19
19
19
51
23
64
47
22
19
25
43
17
25
29
59
62
30

126
31
6
9

48
2,420

6.6 
3.4 
4.7 

13.7 
3.9 
5.9 
6.2 
2.7 
3.0 
3.7 
5.0 
5.0 
2.6 
2.6 
4.2 
5.1 
5.1 
2.6 
3.3 
5.3 
3.1 

15.4 
1.1 
1.1 
1.1 
1.1 
1.1 
2.9 
1.3 
3.7 
2.7 
1.3 
1.1 
1.4 
2.5 
1.0 
1.4 
1.7 
3.4 
3.5 
1.7 
7.2 
1.8 
0.3 
0.5 
2.7 

100

4.13E-14
1.62E-12
5.56E-12
6.92E-11
1.74E-10
3.12E-10
4.74E-10
9.34E-10
1.25E-09
1.50E-09
4.29E-09
4.29E-09
4.72E-09
4.72E-09
5.53E-09
1.10E-08
1.46E-08
1.52E-08
1.81E-08
1.88E-08
9.03E-08
2.15E-07
6.20E-06
1.62E-05
1.62E-05
1.62E-05
2.02E-05
2.28E-05
3.91E-05
5.37E-05
5.75E-05
6.19E-05
8.50E-05
1.18E-04
2.06E-04
2.16E-04
2.31E-04
2.34E-04
3.18E-04
3.35E-04
4.16E-04
5.10E-04
5.69E-04
5.72E-04
6.51E-04
6.52E-04

*The p value was determined by Fisher's exact test. The p values are below 0.01, indicating that unique gene lists are enriched in the specific 
Gene ontology rather than by random chance.
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Table 3. Gene ontology in the thymus of AKR/J mice 130 days after LDR irradiation

Term Number of genes p value*

GO:0006955 – immune response
GO:0002526 – acute inflammatory response
GO:0009611 – response to wounding
GO:0045807 – positive regulation of endocytosis
GO:0006954 – inflammatory response
GO:0050766 – positive regulation of phagocytosis
GO:0055002 – striated muscle cell development
GO:0006334 – nucleosome assembly
GO:0050764 – regulation of phagocytosis
GO:0031497 – chromatin assembly
GO:0050727 – regulation of inflammatory response
GO:0065004 – protein-DNA complex assembly
GO:0002449 – lymphocyte mediated immunity
GO:0034728 – nucleosome organization
GO:0006952 – defense response
GO:0032101 – regulation of response to external stimulus
GO:0002252 – immune effector process
GO:0006953 – acute-phase response
GO:0002460 – adaptive immune response based on somatic 

recombination of immune receptors built from
 immunoglobulin superfamily domains

GO:0002250 – adaptive immune response
GO:0019724 – B cell mediated immunity
GO:0048585 – negative regulation of response to stimulus
GO:0051050 – positive regulation of transport
GO:0006333 – chromatin assembly or disassembly
GO:0002443 – leukocyte mediated immunity
Total number of genes

31
12
24
7

16
6
8
9
6
9
8
9
9
9

23
10
11
6
9

9
8
8

11
10
9

604

7.03E-08
1.01E-06
1.29E-06
6.89E-05
8.77E-05
1.00E-04
1.32E-04
1.47E-04
1.52E-04
1.78E-04
1.87E-04
1.95E-04
1.95E-04
1.95E-04
2.19E-04
3.27E-04
3.37E-04
3.75E-04
3.90E-04

3.90E-04
4.26E-04
4.26E-04
4.89E-04
4.97E-04
5.77E-04

*The p value was determined by Fisher's exact test. The p values are below 0.01, indicating that unique gene lists are enriched in the specific 
Gene ontology rather than by random chance.

Table 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in the thymus of AKR/J mice 130 days after HDR irradiation

Term Number of genes % p value*

mmu04110 – cell cycle
mmu03010 – ribosome
mmu04120 – ubiquitin mediated proteolysis
mmu03040 – spliceosome
mmu04115 – p53 signaling pathway
mmu05200 – pathways in cancer
mmu04660 – T cell receptor signaling pathway
Total number of genes

34
24
27
25
16
47
22

2,420

1.9 
1.4 
1.5 
1.4 
0.9 
2.7 
1.3 
100

2.06E-08
2.85E-06
1.96E-04
2.83E-04
0.001136
0.001335
0.002048

*The p value was determined by Fisher's exact test. The p values are below 0.01, indicating that unique gene lists are enriched in the specific 
signaling pathway rather than by random chance.
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Table 5. KEGG pathways in the thymus of AKR/J mice 130 days after LDR irradiation

Term Number of genes % p value*

mmu00983 – drug metabolism
mmu05322 – systemic lupus erythematosus
mmu03320 – PPAR signaling pathway
mmu00830 – retinol metabolism
mmu00982 – drug metabolism
Total number of genes

8
11
9
8
8

607

1.9 
2.7 
2.2 
1.9 
1.9 
100

1.35E-04
1.74E-04
5.93E-04
0.001189
0.002115

*The p value was determined by Fisher's exact test. The p values are below 0.01, indicating that unique gene lists are enriched in the specific 
signaling pathway rather than by random chance.

Table 6. Expression profiles of DNA repair-, iron transporter-, ribonucleotide reductase family-, and apoptosis-related genes in the 
thymus of HDR- and LDR-IR AKR/J mice

Category Gene symbol
Microarray* qPCR*,†

HDR LDR HDR LDR p value

DNA repair

Iron transporter

Ribonucleotide 
Reductase family

Apoptosis

Msh2
Msh3
ERCC8
ERCC6
Gtf2h2
Ogg1
Lig4
Neil3
Ung
Lig1
Rad51l1
Mbd4
Terf2
H2AX
ATM
Tfrc
FTH1
RRM1
RRM2
RRM2B
p53
Bax
Parp1

1.0
2.1
3.3
0.3
2.1
3.8
0.5
0.3
0.3
0.4
0.3
0.2
0.2
0.8
0.5
1.4
1.1
0.6
0.9
0.8
0.3
1.1
0.9

1.6
0.6
1.3
0.7
1.2
1.4
1.0
1.3
1.3
1.5
1.2
1.2
1.0
1.2
0.7
2.8
1.4
1.9
1.0
0.3
0.9
1.4
1.9

2.0 ± 0.9
1.6 ± 0.5
1.5 ± 0.1
1.4 ± 0.2
2.1 ± 0.7
1.9 ± 0.2
1.2 ± 0.2
2.3 ± 0.9
2.4 ± 0.5
2.6 ± 0.7
2.8 ± 0.9
2.1 ± 0.4
1.6 ± 0.3
2.5 ± 0.2
1.9 ± 0.3
4.2 ± 1.1
1.5 ± 0.4
3.0 ± 0.7
2.4 ± 0.1
2.2 ± 0.8
2.5 ± 1.9
2.5 ± 1.0
2.2 ± 0.8

1.9 ± 1.1
1.4 ± 0.5
2.5 ± 0.2
1.5 ± 0.9
1.9 ± 1.5
3.1 ± 0.3
1.7 ± 0.1
2.0 ± 1.5
1.6 ± 0.5
1.8 ± 0.9
2.0 ± 1.1
1.5 ± 0.5
1.7 ± 0.8
3.1 ± 0.2
2.7 ± 0.2
3.3 ± 3.2
1.2 ± 0.3
1.9 ± 1.2
3.3 ± 0.3
2.0 ± 1.2
2.4 ± 1.3
1.8 ± 0.8
1.7 ± 0.7

0.94
0.56
0.04
0.79
0.85
0.04
0.03
0.73
0.07
0.20
0.26
0.13
0.89
0.04
0.04
0.62
0.28
0.15
0.02
0.81
0.87
0.30
0.36

*The expression values of the HDR-and LDR-irradiated groups were normalized to those of the sham-irradiated group. †The relative 
abundance of specific mRNA levels was calculated by normalizing to 18S rRNA expression by the 2-ΔΔCt method (n = 4). 

thymic lymphoma may have been delayesd in 
LDR-irradiated mice relative to sham- and HDR-irradiated 
mice, which is consistent with the histological analysis of 
thymic samples. These data are also consistent with recent 
findings demonstrating that LDR irradiation (10 cGy/year) 

can prolong the lifespan and suppress the incidence of 
lymphoma in SJL/J female mice [12]. However, Tanaka 
reported that very low LDR irradiation (20 mGy) had no 
influence on life span [21]. Our recent data showed that a 
cumulative total of 1.7 Gy LDR irradiation had little effect 
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on the relative thymus weight and thymic apoptosis of ICR 
mice (unpublished data). Thus, we assume that 
tumor-model mice, not normal mice, are more sensitive to 
LDR irradiation. In addition, our previous study showed 
that mice irradiated with LDR applied at a cumulative dose 
of 4.5 Gy had a higher survival rate and a lower incidence 
of thymic lymphoma than sham-mice and mice irradiated 
with HDR in a single dose of 4.5 Gy [18]. Taken together, 
these findings suggest that LDR irradiation influences 
mild lymphomagenesis in AKR/J mice.　We conducted enrichment analysis of GO terms and 
KEGG pathways with respect to the differentially expressed 
genes in HDR- and LDR-irradiated AKR/J mice. In 
LDR-irradiated mice, GO terms and KEGG pathways 
represented immune response, nucleosome organization, 
and the PPAR signaling pathway. Interestingly, the cancer 
pathway was specifically represented in HDR-irradiated 
mice. These findings suggest that LDR irradiation 
influences immune response, nucleosome organization, and 
the PPAR signaling pathway whereas, HDR irradiation 
accelerates tumorigenesis in AKR/J mice. Herein, we 
describe a selective effect of LDR irradiation on DNA 
repair-related genes; specifically, Lig4, RRM2, H2AX, and 
ATM. DNA ligase 4 repairs DNA double-strand breaks [22] 
and Lig4-deficient mouse embryonic fibroblasts promote 
genomic instability and frequent nonreciprocal 
translocation [5]. Therefore, upregulation of Lig4 may have 
participated in the repair process of damaged DNA in the 
thymus of LDR-irradiated AKR/J mice. RRM2 is a 
downstream target of the ATM-p53 pathway that mediates 
radiation-induced DNA repair [8]. The inhibition of 
ribonucleotide reductase activity by 3-aminopyridine-2- 
carboxaldehyde thiosemicarbazone has been shown to 
impede DNA damage repair mechanisms and increase the 
radiation sensitivity of human cervical cancers to LDR 
irradiation [11]. In addition to RRM2, transcriptional levels 
of H2AX and ATM, which are known to be recruited DNA 
repair factors, were also upregulated at 130 days after LDR 
irradiation. ATM protein is recruited to the site of DNA 
damage, where it recognizes double strand breaks [13, 20]. 
Recruited ATM also phosphorylates H2AX [2], which then 
suppresses the transformation of developing thymocytes, 
presumably by facilitating the assembly of DNA repair 
complexes such as Nbs1, 53 bp1, and Brca1 on damaged 
DNA [3]. Collectively, our data suggest that the activation 
of DNA repair processes is likely to control tumorigenesis. 　In summary, the results of this study highlight the 
importance of DNA repair processes by LDR irradiation 
during tumor development and progression in AKR/J 
mice. The precise function of DNA repair genes 
subsequent to LDR irradiation still requires validation 
through examination of post-transcriptional and 
post-translational events. Nevertheless, our results provide 
significant insight into the molecular basis underlying 

transcriptional events by LDR irradiation, and it is 
expected that they will provide genetic markers for 
diagnosing cancers and enhancing the efficacy of cancer 
radiotherapy. 
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