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Abstract: Poly (ADP-ribose) polymerase-1 (Parp-1) functions in DNA repair, acting as a sensor for DNA strand breaks 

and recruiting DNA repair proteins to the site of DNA damage. To investigate the impact of Parp-1 in processing of 

DNA damages and genomic stability after γ-irradiation, we performed in vivo mutation analysis utilizing gpt delta 

transgenic mice in the liver and brain under Parp-1 deficiency. The mutant frequencies increased 3-fold in Parp-1+/+ 

mice in the liver 3 days after γ-irradiation at 8 Gy, whereas those of Parp-1 knockout (Parp-1-/-) mice did not increase. 

When the mutation spectra in the livers were analyzed, the frequencies of simple-type deletion mutations were lower in 

the Parp-1-/- mice. Notably, one base deletion mutations at hot-spots of 4-6 mononucleotide repeats were 4-fold lower in 

the Parp-1-/- liver (P<0.05). In the brain, the mutant frequencies did not increase in both genotypes after γ-irradiation. 

These results suggest that PARP-1 is required in the induction of γ-irradiation-induced deletion mutations in the liver 

possibly through supporting inaccurate DNA repair processes. 

Keywords: γ-irradiation, PARP-1, deletion mutation, liver, brain. 

INTRODUCTION 

Elucidation of DNA damage responses after 

ionizing radiation (IR) is important to understand the 

mechanisms of both ionizing radiation (IR)-induced 

carcinogenesis and radiation therapy of cancer. Major 

DNA lesions caused by IR are single and double strand 

DNA breaks (SSB and DSB). These lesions efficiently 

activate poly (ADP-ribose) polymerase-1 (Parp-1) [1-

4]. Parp-1 catalyzes polyADP-ribosylation using NAD 

as a substrate and functions in DNA repair, acting as a 

sensor for DNA strand breaks and recruiting DNA 

repair proteins to the site of DNA damage. Parp-1 

physically interacts with various proteins involved in 

base excision repair (BER), including XRCC1 [5, 6], 

DNA ligase III [6], and also proteins involved in non-

homologous end-joining (NHEJ), such as Ku70/80 [7] 

and DNA-PK [7, 8]. Parp-1-/- mice show increased 

sensitivity to alkylating agents, γ-irradiation [9-12]. We 

and others have previously shown that Parp-1-/- mice 

show increased frequencies of tumor incidence after 

treatment with alkylating agents, including N-

nitrosobis(2-hydroxypropyl)amine (BHP) and 

azoxymethane [9, 13, 14]. Deletion mutations are 

augmented after treatment with BHP [9]. This could 

contribute to the augmented susceptibility to 

carcinogenicity induced by alkylating agents. Parp-1-/- 

mice also show increased incidences of spontaneous 

development of tumors after aging [15, 16]. In 

advanced ages, Parp-1-/- mice showed increased 

frequencies of deletion mutations in the liver [17].  

 

Although Parp-1-/- mice show augmented 

sensitivity to whole-body γ-irradiation [10, 18], the 

detailed role of Parp-1 in repair of γ-irradiation-induced 

DNA lesions has not been fully understood. By 

analyzing the mutation profiles of the knockout mice, it 

is possible to evaluate the impact on DNA repair in 

vivo. Therefore we investigated whether mutation 
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incidence and its spectra after γ-irradiation were altered 

by Parp-1 deficiency in mice. For this purpose, here we 

analyzed the mutation profiles after γ-irradiation, using 

gpt delta transgenic mice intercrossed with Parp-1-/- 

mice. These mice harbor two novel mutation marker 

genes, red/gam and gpt genes, which are not functional 

in mice. Because IR mainly causes SSB and DSBs, we 

used the mutation marker, red/gam gene, which can 

detect deletion mutations of various sizes. Different 

from the effect on alkylating agent-induced DNA 

damage, we demonstrated that Parp-1 deficiency led to 

suppression of γ-irradiation-induced deletion mutations 

both in the liver and brain. Therefore, the presence of 

Parp-1 is suggested to promote induction of γ-

irradiation-induced deletion mutations, probably 

through enhancing inaccurate DSB repair. 

 

MATERIALS AND METHODS 

Animal experiments 

Parp-1-/-/gpt delta and Parp-1+/+/gpt delta 

mice were previously established and maintained [19]. 

The mice possess mixed genetic background of 

C57BL/6, ICR and 129Sv. Male mice were fed a basal 

diet (CE-2, Clea Japan). Whole body irradiation were 

carried out using a 
60

Co γ-irradiator at 0.2 Gy/sec. Mice 

were irradiated with different doses and survival was 

observed for 30 days to determine the irradiation doses. 

For mutation analysis, three days after irradiation, mice 

were anesthetized and sacrificed at the ages of 4 months 

(n=4-5 for each genotype) and genomic DNA was 

isolated from immediately frozen tissues as previously 

described [9]. The experimental protocol was approved 

by the Ethics Review Committee for Animal 

Experimentation of the National Cancer Center 

Research Institute. 

 

The Spi
-
 assay 

The Spi assay was carried out with a 

modification as described previously [9]. The 

frequencies of background mutants were less than 10
-8

 

in the Spi
-
 assay and were negligible as described 

elsewhere [20]. The frequencies of Spi
-
 mutants were 

presented without subtracting the background mutant 

frequencies. 

 

Analysis of mutation spectra 

To determine the sequences of the deleted 

region and their surrounding sequences, PCR and 

Southern blot hybridization method was used as 

previously described [9] and as shown in the scheme of 

Fig. 1. In gpt delta mice the detectable deletion 

mutations in the red/game gene were generated 

exclusively in the gam gene, therefore, the sequence 

analysis was carried out in the gam gene as previously 

described [9]. DNA sequencing of the mutated region 

was performed with a CEQ
TM

 DTCS Quick Start Kit 

(Beckman Coulter). 

 

Statistical analysis 

The statistical significance of differences in 

mutant or mutation frequencies between the two groups 

were analyzed by using the Mann-Whitney U test. 

When P value is less than 0.05, the difference was 

considered significant.  

 

RESULTS AND DISCUSSION 

Lower frequencies of IR-induced deletion mutation 

in the liver of Parp-1-/- mice 

It is known that DNA replication should 

occur to fix the mutation, therefore three days after γ-

irradiation was chosen as the time point to analyze 

mutations as previously described [21]. Irradiation dose 

of 8 Gy was chosen because the survival for at least 30 

days was observed for both genotypes (data not shown). 

Because we focused on the deletion mutations that 

could be generated after DNA strand breaks, the 

mutation was analyzed with the red/gam gene, in which 

deletion mutations of various sizes could be detected. 

As shown Fig. 2A, the mutant frequencies of the 

red/gam gene was increased in Parp-1+/+ mice after 8 

Gy irradiation (P<0.05) but not in Parp-1-/- mice. 

 

We further analyzed the mutation spectrum 

of the red/gam gene (Fig. 2B). Deletion mutations are 

the major type of mutations as reported previously [19]. 

When mutations were categorized into simple-type and 

complex-type, accompanying insertions or 

rearrangements [9], Parp-1-/- mice showed 2.5-fold 

lower deletion mutation frequencies of simple-type 

mutation compared to Parp-1+/+ mice, whereas there 

was no difference in the mutation frequencies of 

complex-type mutations, that harbor insertion or 

rearrangements, between the genotypes (Fig. 2B). 

When deletion mutations were classified by the deletion 

sizes of single base, 2-1,000 bases, and more than 1,000 

bases, all sizes of deletion mutations were lower in 

Parp-1-/- mice (Fig. 2C).  

 

As the hot spots of single base mutations in 

the red/gam gene are known to be located  at 4-6 base 

mononucleotide repeat sequences [19], we analyzed the 

distribution of mutations in the gam gene (Fig. 3A). The 

distribution of single base deletion mutations were 

rather concentrated in the middle positions but widely 

distributed in the Parp-1+/+ mice. Of note, when the 

effect on the repeat sequence length around the mutated 

bases was analyzed (Fig. 3B), the frequencies of single 

base deletion mutation on 4-6 mononucleotide repeat 

sequences were 4-fold lower in Parp-1-/- mice 

(P<0.05).  
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Fig-1: Scheme of the mutation analysis of the red/gam genes using gpt delta mice 

 

Methodology of analysis of red/gam gene mutations 

using the gpt delta mice. The strategy for determination 

of mutated sequences using short and large range PCR 

and sequencing is shown. 

 

 
Fig- 2: Mutation analysis of the red/gam genes 3 days after 8 Gy irradiation in the livers of Parp-1+/+ and Parp-1-

/- mice 
A: Mutant frequencies of the red/gam gene.  

B. Mutation spectra of the red/gam gene. Deletion mutations were classified into simple- and complex-type mutations 

(left panel) and into the size of deletions (right panel). 
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Fig- 3: Analysis of mutation spectra of the single base deletions in the gam gene of the livers.    

A. Distribution of single-base deletions in the gam gene. Nucleotide 1 corresponds to the adenine residue in the 1
st
 ATG 

of the gam gene. The green bars indicate the mutations not located in identical run sequences. Blue bars indicate those 

located in 2-3 base run sequences and red bars indicate those located in 4 or more base run sequences. 

B. Mutation frequencies of the single base deletion mutations on non-repeat, 2-3 base repeats, and 4-6 base repeats. 

 

 
Fig-4: Mutation analysis of the red/gam genes 3 days after 8 Gy irradiation in the brains of Parp-1+/+ and Parp-1-

/- mice 
A: Mutant frequencies of the red/gam gene 

B: Mutation spectra of the red/gam gene. Deletion mutations were classified into simple- and complex-type mutations 

(left panel) and into the size of deletions (right panel). 
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Fig-5: Analysis of mutation spectra of the single base deletions in the gam gene of the brains. 

A. Distribution of single-base deletions in the gam gene in the brain. Nucleotide 1 corresponds to the adenine residue in 

the 1
st
 ATG of the gam gene. The green bars indicate the mutations not located in identical run sequences. Blue bars 

indicate those located in 2-3 base run sequences and red bars indicate those located in 4 or more base run sequences. 

B. Mutation frequencies of the single base deletion mutations on non-repeat, 2-3 base repeats, and 4-6 base repeats. 

 

Lower frequencies of IR-induced deletion mutation 

in the brain of Parp-1-/- mice  
In the brain, the red/gam gene mutant 

frequencies showed no increase in both Parp-1+/+ and 

Parp-1-/- mice after 8 Gy irradiation (Fig. 4A). 

However, a further analysis of mutation spectra was 

carried out. The mutations were mostly the simple-type 

mutations in the both genotypes. The frequency of 

deletion mutation of 2-1,000 bases was higher in Parp-

1-/- mice, although it is not statistically significant (Fig. 

4B). The frequencies of single base deletion mutation 

on 4-6 base mononucleotide repeat were 2-fold lower in 

Parp-1-/- mice (Fig. 5B, P<0.05). The distribution of 

mutations in the gam gene was slightly different 

between the genotypes (Fig. 5A); the single base 

mutations were mostly observed between nucleotide 

number 150-400 in Parp-1-/- mice whereas they were 

widely distributed in Parp-1+/+ mice. The distribution 

pattern of single base mutations was different from that 

observed in the liver. Distribution of single base 

deletion mutations between nucleotide number 150-400 

was also previously observed in the liver of aged Parp-

1-/- mice [17]. After treatment with alkylating agent 

BHP, single base deletion mutations were previously 

observed in the liver between nucleotide number 150-

400 in the both genotypes [9]. These results suggest 

after γ-irradiation, the mutation spectra is different 

between the Parp-1+/+ and Parp-1-/-
 
brains, although 

the levels of overall mutant frequency is not apparently 

different. 

 

The role of Parp-1 in IR-induced mutations 

Here we showed that Parp-1 deficiency 

suppressed γ-irradiation-induced deletion mutations in 

the mice liver. Mutation spectrum analysis revealed that 

frequencies of simple-type deletions and deletion of 

different sizes were lower compared to Parp-1+/+
 
case. 

This decreased frequency of deletion mutations is 

similar to the cases in Ku70 [21] and Ku86 [22] 

knockout mice, which are essential factors of classical 

type NHEJ repair. It is thus suggested that PARP-1 

could be involved in the generation of deletion 

mutations through imprecise NHEJ repair like Ku70 

and Ku86. We further demonstrated that frequencies of 

single base deletions at 4-6 base mononucleotide 

repeats, which are the hot-spots, were significantly less 

in Parp-1-/- mice after γ-irradiation (P<0.05). Also in 

the brain, single base deletions at 4-6 base 

mononucleotide repeats were lower under Parp-1 

deficiency after γ-irradiation (P<0.05). These hot-spot 

single base deletion mutations at 4-6 base 

mononucleotide repeats are considered to occur either 

through slippage reactions during DNA repair or 

replication, or through the inaccurate NHEJ [18]. The 

current study suggests the presence of PARP-1 

somehow enhances single base deletion on the 

mononucleotide repeat sequences after γ-irradiation. 

 

We also observed tissue differences in the 

effect of Parp-1 deficiency in deletion mutations after γ-

irradiation. In the liver, Parp-1 deficiency caused 

suppression of deletion mutations, whereas in the brain 
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no increase of the red/gam mutations in each genotype 

was observed. The differences in active DNA repair 

pathways in these tissues may have affected to these 

differences. Both NHEJ and BER are considered to 

work as repair pathways in the livers, whereas BER 

could be a predominant DNA repair in the brain [23]. In 

the adult brain of mice, DNA replication that is required 

to fix mutations may not frequently occurred [24]. 

Because we analyzed mutations three days after 

irradiation, this time-point choice may also have limited 

the numbers of the detectable mutations. Longer time-

course experiments and fractionation of cell types for 

mutation analysis will help to elucidate mechanism of 

the tissue difference.  

 

There is also a distinct difference in the 

effect of Parp-1 deficiency on mutations induced by γ-

irradiation and alkylating agents in the livers. In the 

case of γ-irradiation, we observed suppression of 

deletion mutations, whereas after alkylating agent 

treatment, we observed an increase of deletion 

mutations [9]. This difference is possibly due to the 

structure of DNA lesions caused directly or indirectly 

by γ-irradiation and alkylating agents. In the case of γ-

irradiation, DNA strand break termini mainly possess 

modified dirty ends including 3’-phosphate and 3’-

phosphoglycolate. There is a possibility that under 

Parp-1 deficiency, processing of these dirty ends after 

γ-irradiation might be less efficient, leading to the 

suppression of deletion mutations. On the other hand, 

DSBs produced after alkylating agent treatment could 

be processed even in the absence of Parp-1 through 

imprecise repair and generate deletion mutations. These 

mechanistic issues should be further addressed in 

reconstituted repair systems with detailed molecular 

analysis. 

 

From the present results, it is considered to 

be important to evaluate the tumor incidences in Parp-1-

/- mice in different tissues after γ-irradiation to 

understand the role of PARP-1 in genome stability and 

carcinogenesis after IR. The current results also indicate 

a possibility that combination of PARP inhibitors with 

radiation therapy may have a lower risk for introducing 

deleterious mutations compared to the combination with 

alkylating agents at least in the livers. 

 

CONCLUSION 
The current study suggests that the presence 

of PARP-1 increases introduction of deletion mutations 

possibly through supporting imprecise repair processes 

after γ-irradiation. 

 

Acknowledgements 
 

We are grateful to H. Ogino, and A. Shibata 

for technical assistance, the members of animal facility 

for maintenance of the animals, S. Goto, T. Nohmi, H. 

Suzuki, H. Nakagama and T. Sugimura for helpful 

suggestions. This work was supported in part by a 

Grant-in-Aid for the Cancer Research from the Ministry 

of Health, Labour and Welfare, a Grand-in-Aid from 

Third Term Comprehensive 10-Year Strategy for 

Cancer Control, and a Grant-in-Aid for Scientific 

Research from the Ministry of Education, Science, 

Sports, and Culture of Japan (16-11804, 22300343, 

15K14416). 

 

REFERENCES 
1. Malanga M, Althaus FR; The role of poly(ADP-

ribose) in the DNA damage signaling network, 

Biochem Cell Biol, 2005; 83: 354-364. 

2. Beck C, Robert I, Reina-San-Martin B, Schreiber 

V, Dantzer F; Poly(ADP-ribose) polymerases in 

double-strand break repair: focus on PARP1, 

PARP2 and PARP3, Exp Cell Res, 2014; 329: 18-

25. 

3. Kraus WL; PARPs and ADP-Ribosylation: 50 

Years ... and Counting, Mol Cell, 2015; 58: 902-

910. 

4. Feng FY, de Bono JS, Rubin MA, Knudsen KE; 

Chromatin to Clinic: The Molecular Rationale for 

PARP1 Inhibitor Function, Mol Cell, 2015; 58: 

925-934. 

5. Heale JT, Ball AR, Jr, Schmiesing JA, Kim JS, 

Kong X, Zhou S, Hudson DF, et al.; Condensin I 

interacts with the PARP-1-XRCC1 complex and 

functions in DNA single-strand break repair, Mol 

Cell,2006; 21:837-848. 

6. Caldecott KW, Aoufouchi S, Johnson P, Shall S; 

XRCC1 polypeptide interacts with DNA 

polymerase beta and possibly poly (ADP-ribose) 

polymerase, and DNA ligase III is a novel 

molecular 'nick-sensor' in vitro, Nucleic Acids Res, 

1996; 24: 4387-4394. 

7. Ariumi Y, Masutani M, Copeland TD, Mimori T, 

Sugimura T, Shimotohno K, et al.; Suppression of 

the poly(ADP-ribose) polymerase activity by 

DNA-dependent protein kinase in vitro, Oncogene, 

1999; 18: 4616-4625. 

8. Galande S, Kohwi-Shigematsu T; Poly(ADP-

ribose) polymerase and Ku autoantigen form a 

complex and synergistically bind to matrix 

attachment sequences, J Biol Chem, 1999; 274: 

20521-20528. 

9. Shibata A, Kamada N, Masumura K, Nohmi T, 

Kobayashi S, Teraoka H, et al.;Parp-1 deficiency 

causes an increase of deletion mutations and 

insertions/rearrangements in vivo after treatment 

with an alkylating agent, Oncogene, 2005; 24: 

1328-1337. 

10. de Murcia JM, Niedergang C, Trucco C, Ricoul M, 

Dutrillaux B, Mark M, et al.;Requirement of 

poly(ADP-ribose) polymerase in recovery from 

DNA damage in mice and in cells, Proc Natl Acad 

Sci U S A, 1997; 94: 7303-7307. 

11. Wang ZQ, Stingl L, Morrison C, Jantsch M, Los 

M, Schulze-Osthoff K, et al.;PARP is important for 

genomic stability but dispensable in apoptosis, 

Genes Dev, 1997; 11: 2347-2358. 

12. Villani P, Fresegna AM, Ranaldi R, Eleuteri P, 



 

 

Junhui Wang et al., Sch. Acad. J. Biosci., December 2015; 3(12):998-1004 
 

    1004 

 

 

Paris L, Pacchierotti F, et al.;X-ray induced DNA 

damage and repair in germ cells of PARP1(-/-) 

male mice, Int J Mol Sci, 2013; 14: 18078-18092. 

13. Nozaki T, Fujihara H, Watanabe M, Tsutsumi M, 

Nakamoto K, Kusuoka O, et al.; Masutani, Parp-1 

deficiency implicated in colon and liver 

tumorigenesis induced by azoxymethane, Cancer 

Sci, 2003; 94: 497-500. 

14. Tsutsumi M, Masutani M, Nozaki T, Kusuoka O, 

Tsujiuchi T, Nakagama H, et al.;Increased 

susceptibility of poly(ADP-ribose) polymerase-1 

knockout mice to nitrosamine carcinogenicity, 

Carcinogenesis, 2001; 22: 1-3. 

15. Piskunova TS, Zabezhinskii MA, Popovich IG, 

Semenchenko AV, Kovalenko IG, Poroshina TE, et 

al.; Anisimov, [Features of carcinogenesis and 

aging in knockout male mice PARP-1], Vopr 

Onkol, 2010; 56: 321-326. 

16. Piskunova TS, Yurova MN, Ovsyannikov AI, 

Semenchenko AV, Zabezhinski MA, Popovich IG, 

et al.; Anisimov, Deficiency in Poly(ADP-ribose) 

Polymerase-1 (PARP-1) Accelerates Aging and 

Spontaneous Carcinogenesis in Mice, Curr 

Gerontol Geriatr Res, 2008; 754190. 

17. Shibata A, Maeda D, Ogino H, Tsutsumi M, 

Nohmi T, Nakagama H, et al.; Role of Parp-1 in 

suppressing spontaneous deletion mutation in the 

liver and brain of mice at adolescence and 

advanced age, Mutat Res, 2009; 664: 20-27. 

18. Masutani M, Nozaki T, Nishiyama E, Shimokawa 

T, Tachi Y, Suzuki H, et al.; Sugimura, Function of 

poly(ADP-ribose) polymerase in response to DNA 

damage: gene-disruption study in mice, Mol Cell 

Biochem, 1999; 193: 149-152. 

19. Masumura K, Matsui M, Katoh M, Horiya N, Ueda 

O, Tanabe H, et al.; Spectra of gpt mutations in 

ethylnitrosourea-treated and untreated transgenic 

mice, Environ Mol Mutagen, 1999; 34: 1-8. 

20. Manjanatha MG, Cao X, Shelton SD, Mittelstaedt 

RA, Heflich RH; In vivo cII, gpt, and Spi(-) gene 

mutation assays in transgenic mice and rats, 

Methods Mol Biol, 2013; 1044 : 97-119. 

21. Uehara Y, Ikehata H, Komura J, Ito A, Ogata M, 

Itoh T, et al.;no, Absence of Ku70 gene obliterates 

X-ray-induced lacZ mutagenesis of small deletions 

in mouse tissues, Radiat Res, 2008; 170: 216-223. 

22. Rockwood LD, Nussenzweig A, Janz S; 

Paradoxical decrease in mutant frequencies and 

chromosomal rearrangements in a transgenic lacZ 

reporter gene in Ku80 null mice deficient in DNA 

double strand break repair, Mutat Res, 2003; 529: 

51-58. 

23. Bosshard M, Markkanen E, van Loon B; Base 

excision repair in physiology and pathology of the 

central nervous system, Int J Mol Sci, 2012; 13: 

16172-16222. 

24. Chow HM, Herrup K; Genomic integrity and the 

ageing brain, Nat Rev Neurosci, 2015; 16: 672-

684. 

 

 


