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X-rays /Tissues IHPLC/5-methyldeoxycytidine/ Demethylation

   Effects of ionizing radiation on the level of genomic DNA methylation in liver, brain and spleen of 

mouse as well as in two kinds of cultured cells were examined by high-performance liquid chromatography. 

Ten Gy of whole body X-radiation reduced the 5-methyldeoxycytidine contents by about 40% within 8 

hours after irradiation in liver. Similar effects were observed at 4 or 7 Gy of X-ray irradiation. However, no 

such change was detected in brain, spleen and cultured cells. The data indicate that radiation-induced alter

ation in genomic DNA methylation is not ubiquitous among different tissues and cells.

INTRODUCTION

   Methylated deoxycytidine (5mdC) is widely observed in vertebrate DNA and many lines of 

evidence suggest that the methylation is one of the factors involved in regulation of gene expres

sion through modification of DNA-protein interaction 1-3 ). Levels of 5mdC in genomic DNA are 

known to change in developmental process resulting in tissue-specific levels and in tissue-spe

cific patterns4-6). They also change in senescent period'and tumor development process"). A 

vaiety of DNA damaging agents are known to alter the DNA methylation10-'6). Ionizing radiation 

is one of such agents. In 1989, Kalinich et al. showed that several Gy of y-ray reduced 5mdC



levels by about 50% within a few days after irradiation in four established cell lines". 

   We have thought that these lines of evidence could suggest a possible involvement of DNA 

methylation alteration in radiation-induced late effects such as tumor induction and life shortening, 

because a change in DNA methylation could remain for a long period of time and could contribute 

to cellular changes associated with carcinogenesis or aging. In fact, alteration of DNA methylation 

in some genes are found in radiation-induced tumors'8 and transformed cells19). In order to examine 

further the possible correlation, we have studied the effects of X-ray irradiation on 5mdC levels 

in animal tissues. A significant reduction has been observed in liver but not in spleen and brain. 

It suggests that the effects do not simply depend on DNA damage but also on the other factor(s).

MATERIALS AND METHODS

Mice

   Adult C57BL/6NJc1 mice were purchased from Nihon Clea Co. Ltd. (Tokyo) at 8-9 weeks 

of age and kept in our animal facility. They were irradiated with 4-10 Gy of X-rays as a whole 

body at 10 weeks of age and sacrificed by cervical dislocation at various times after irradiation. 

Tissues were excised, frozen on dry ice and kept at -70°C till use.

Cells

   Murine cell line m5S/1M and Chinese hamster CHO/K-1 cells were used. m5S/1M cells were 

derived from a mouse embryo and became immortal during passages but not transformed2o-22). The 

cells showed contact-inhibition and their karyotype was near diploid. Cells were cultured in 

a -modified minimum essential medium supplemented with 10% heat-inactivated fetal calf 

serum 22). The cells in log phase or stationary phase were irradiated with 10 Gy and incubated for 

various times in fresh medium. CHO/K-1 cells were provided through Japan Health Science 

Foundation (Tokyo), cultured in F-12 medium withl0% heat-inactivated fetal calf serum, and 

irradiated at log phase.

Irradiation

   Mice were confined in a plastic box where they could move freely. X-ray was 230kVp, 

20mA from Shimazu Therapy Machine (SHT 250M-3, Kyoto) with a filter of Imm Al, Imm Cu. 

The dose rate in the center of the body was estimated to be 0.27 Gy/min by the use of mouse 

phantom and TLD system23). The cells in culture were irradiated similarly.

HPLC analysis of 5mdC

   DNA was extracted with phenol and contaminating RNA was removed by RNases A and T 1 

treatment24). Approximately 5p g of DNA was digested with P 1 nuclease (Penicillium citrium) 

and alkaline phosphates (calf intestine) to obtain nucleosides, and run through high-performance 

liquid chromatography (HPLC)7 . The amounts of 5mdC, dC, dT, dA and dG were measured at 

273 nm at a sensitivity of 0.005 absorbance-unit full scale (AUFS) following separation on 

Nucleosil C 18 (particle size 5 µm; Macherey and Nagel, Duren, Germany) using 0.1 % (v/v)



phosphoric acid as a mobile phase. The level of 5mdC was calculate as a percentage in total 
nucleosides, that was the sum of 5mdC, dC, dT, dA and dG.

Figure 1. HPLC profile of control liver DNA after digestion to nucleosides. dA, dT, dG, dC and 5mdC indicate the 

         peaks of deoxyadenosine, thymidine, deoxyguanosine, deoxycytidine and 5-methyldeoxycytidine, respec

         tively. The retention time of each peak is shown in parenthesis in min.

RESULTS

   A typical profile of HPLC analysis is shown in Fig. 1. The amounts of nucleosides including 

5mdC were estimated from similar profiles of standard compounds'. The effects of 10 Gy whole 

body irradiation on the levels of 5mdC in liver, brain and spleen are shown in Fig. 2. The levels 

in non-irradiated mice differed among tissues as reported before'. Immediately after irradiation,



Figure 2. Radiation effects on 5mdC levels in liver (A), 

        brain (B) and spleen (C) in mice. Irradiation 

        was done to a whole body with 10 Gy and 

         the levels of 5mdC in DNA were measured 

         at 0, 8, 24, 48 and 72 hours after irradiation. 

         The data were means and standard deviations 

         of 3 to 5 individuals. Open circles indicate 

         the levels in unirradiated tissues.

Figure 3. Dose-response of radiation-induced reduction 

         of 5mdC level in liver. Mice were irradiated 

        with 4, 7 and 10 Gy and the 5mdC levels at 

         72 hours after irradiation were determined. 

         Means and standard deviations were deter

        mined from the data of 4 individuals.

Figure 4. Radiation effects on SmdC levels in cultured 

         m5S/1M cells. Cells in exponentially grow

        ing phase (triangles) and stationary phase 

        (circles) were irradiated with 10 Gy and the 

         5mdC levels at various times after irradia

         tion were determined. Open symbols indicate 

         the levels in non-irradiated cells. The data 

         were averages of two determinations.



no appreciable alteration was observed in all of the tissues. It indicates that irradiation itself does 

not affect 5mdC level. At 8 hours after irradiation, the level decreased from 0.97% to 0.56% in 

liver and this lower level stayed for 3 days after irradiation. In brain and spleen, on the other 

hand, no such change was observed. 

   Concerning the effect on liver DNA, dose-dependency was examined. As is shown in Fig. 3, 

irradiation with 4, 7 and 10 Gy resulted in similar reduction of 5mdC level. 

   Since we observed tissue-dependency for radiation effects on the 5mdC level, we wondered 

why the previous paper observed radiation-induced reduction in all of the 4 different lines of 

cultured cells, neuroblastoma C-1300/NIH-115, CHO/K-1, V79/AO3 and HeLalS-317. As one 

approach, we examined another cell line, m5S/lm cells. In this cell line, the 5mdC level was not 

affected by 10 Gy of radiation (Fig. 4). The effects were studied at both log phase and stationary 

phase of growth. We further examined the effect on CHO/K-1, a cell line examined by Kalinick 
et al. 17), but did not see an alteration (data not shown).

DISCUSSION

   DNA methylation has been shown to be altered by many kinds of DNA damaging agents10-16) 

and by chemicals which inhibit DNA replication 15). In 1989, ionizing radiation has been demon

strated to reduce 5mdC levels in four different cell lines, neuroblastoma C 1300/NIH 115, CHO/ 

K-1, V79/AO3 and HeLalS-3"'. Present study in vivo shows that the radiation effect on the 

5mdC level is not ubiquitous but depends on tissues. Liver DNA revealed a similar radiation 

response to those of cells examined previously by Kalinich et al. "'. However, little effects were 

observed in brain and spleen. 

   The two cultured cell lines we examined revealed no alteration after irradiation. Inconsis

tency among cell lines in the effect of DNA damaging agent on DNA methylation has been 

reported before for the effects of benzo (a) pyrene on two cell lines, 10T1/2 and 3T3 cells"). The 

drug reduced the 5mdC level in BALB/3T3 cells but not in C3H/lOTI/2. Therefore, cell line

dependency in the reduction of DNA methylation level by DNA damaging agents could be a 

common phenomenon. However, one of the two cell lines we examined was CHO/K-1, which 

was the same cell line as that used by Kalinick et al.17). We do not understand why the results are 

not reproducible. We speculate that there was an unidentified difference in experimental proce

dures conducted by Kalinick et al. and us. 

   The effects of radiation on DNA methylation could be considered at two levels. One is the 

change of methylation in a small number of nucleotides inserted by repair synthesis at damaged 

sites10). The other is the alteration taking place in wide range of genomic DNA, which could 

results from reduced DNA methyltransferase activity or from activated DNA demethylating 

activity. The number of DNA damage induced by 10 Gy of radiation is in the order of 104 /cell 

irrespective of cell types26-18), and the number of nucleotides which could be replaced by repair is 

estimated to be in the order of 101-102 for each damaged site 29 . Thus the total number of nucle

otides incorporated into DNA as repair synthesis after 10 Gy should be in the order of 105-106 per 

cell. It consists a very small fraction of total genomic DNA (about 1010 nucleotides/cell). The



present method cannot detect such a small change. Instead, the alterations observed in liver and 
four cultured cell lines must be wide spread in the genome. At present, we are trying to elucidate 

which part of the genome is affected by radiation in liver. A search of DNA methylation in the 

c-myc gene and endogenous viruses (Emv2 and Mtv) by their sensitivity to a restriction enzyme 

HpaII followed by Southern blot analysis using probes reported before 30,31) did not show any 

difference. Therefore, it seems that the alteration is not taking place at random throughout the 

genome. Further studies are needed on this point. 
   A mechanism for the radiation-induced reduction of 5mdC level in liver is only speculative. 

Kalinich et al. have suggested redistribution of DNA methyltransferase from nucleus to cyto

plasm". However, demethylation caused by a reduced level of DNA methyltransferase is as
sumed to take place only through DNA replication" 6) and it is not likely that DNA synthesis 

occurs within 8 hours after 4 Gy of irradiation in liver, the time when reduction of 5mdC was 

observed (Fig. 1). Therefore, the reduction of DNA methyltransferase in nucleus does not seem 

to be a likely explanation. Another possibility would be an enzymatic replacement of 5

methylcytosine with cytosine, which has been suggested to take place in a process of differentia

tion of Friend erythroleukemia cells. Razin et al .4'5 have observed a reduction of 30-50% of 

DNA methylation in 6-12 hours after differentiation started and showed evidence to support the 

replacement of 5-methylcytosine with cytosine. More detailed analyses of the DNA demethylation 

activity have been reported more lately32-34) 

   Whatever the mechanism is, the tissue-specific reduction of DNA methylation would be an 

interesting effect of ionizing radiation in considering biological consequences of radiation.

ACKNOWLEDEGEMENTS

   The work was supported in part by grants from Nuclear Safety and Research Foundation 

and the Japanese Ministry of Education, Science, Sports and Culture.

REFERENCES

1. Bird, A. (1992) The essentials of DNA methylation. Cell 70: 5-8.

2. Singer-Sam, J., Goldstein, L., Dai, A., Gartler, S. M. and Riggs, A. D. (1992) A potentially critical HpaII site of the 

   X chromosome-linked PGKI gene is unmethylated prior to the onset of meiosis of human oogenic cells. Proc. Natl. 

   Acad. Sci. USA 89: 1413-1417.

3. Jones, P. L., Veenstra, G. J. C., Wade, P. A., Vermaak, D., Kass, S. U., Landsberger, N., Strouboulis, J. and Wolffe, 

   A.P. (1998) Methylated DNA and MeCP2 recruit histone deacetylase to repress transcription. Nature Genet. 19: 

   187-191.

4. Razin, A., Webb, C., Szyf, M., Yisraeli, J., Rosenthal, A., Naveh-Many, T., Sciaky-Gallili, N. and Cedar, H. (1984) 

   Variations in DNA methylation during mouse cell differentiation in vivo and in vitro. Proc. Natl. Acad. Sci. USA 

  81: 2275-2 279.

5. Razin, A., Szyf, M., Kafri, T., Roll, M., Giloh, H., Scarpa, S., Carotti, D. and Cantoni, G. L. (1986) Replacement of 

   5-methylcytosine by cytosine: A possible mechanism for transient DNA demethylation during differentiation. Proc. 

   Natl. Acad. Sci. USA 83: 2827-2831.



6. Turker, M. S. and Bestor, T. H. (1997) Formation of methylation patterns in the mammalian genome. Mutat. Res. 

  386: 119-130.

7. Tawa, R., Ono, T., Kurishita, A., Okada, S. and Hirose, S. (1990) Changes of DNA methylation level during 

   pre and postnatal periods in mice. Differentiat. 45: 44-48.
8. Feinberg, A. P. and Vogelstein, B. (1983) Hypomethylation distinguishes genes of some human cancers from their 

   normal counterparts. Nature301: 89-92.

9. Counts, J. L. and Goodman, J. I. (1995) Alterations in DNA methylation may playa variety of roles in carcinogen

   esis. Cell 83: 13-15.

10. Kastan, M. B., Gowans, B. J. and Lieberman, M. W. (1982) Methylation of deoxycytidine incorporated by 

   excision-repair synthesis of DNA.,Cell 30: 509-516.

11. Wilson, V. L. and Jones, P. A. (1983) Inhibition of DNA methylation by chemical carcinogens in vitro. Cell 32: 

   239-246.

12. Lieberman, M. W., Beach, L. R. and Palmiter, R. D. (1983) Ultraviolet radiation-induced metallothionein-I gene 

   activation is associated with extensive DNA demethylation. Cell' 35: 207-214.

13. Boehm, T. L. J., Grunberger, D. and Drahovsky, D. (1983) Aberrant de novo methylation of DNA after treatment of 

    murine cells with N-acetoxy-N-2-acetylaminofluorene. Cancer Res. 43: 6066-6071.

14. Barr, F. G., Rajagopalan, S., MacArthur, C. A. and Lieberman, M. W. (1986) Genomic hypomethylation and far-5' 
    sequence alterations are associated with carcinogen-induced activation of the hamster thymidine kinase gene. Mol. 

   Cell. Biol. 6: 3023-3033.
15. Wilson, V. L., Smith, R. A., Longoria, J., Liotta, M. A., Harper, C. M. and Harris, C. C. (1987) Chemical carcino

    gen-induced decreases in genomic 5-methyldeoxycytidine content of normal human bronchial epithelial cells. Proc. 

   Natl. Acad! Sci. USA 84: 3298-3301.

16. Lehmann, A.R., Arlett, C. F., Harcourt, S. A., Steingrimsdottir, H. and Gebara, M. M. (1989) Mutagenic treatments 

    result in inactivation of expression of a transfected bacterial gene integrated into a human cell line. Mutat. Res. 220: 

   255-262.

17. Kalinich, J. F., Catravas, G. N. and Snyder, S. L. (1989) The effect of y radiation on DNA methylation. Radiat. Res. 

   117: 185-197.

18. Miyamura, Y., Ohtsu, H., Niwa, 0., Kurishita, A., Watanabe, M., Sado, T. and Ono, T. (1993) Comparison of the 

    age and tumor-associated changes in the c-myc gene methylation in mouse liver. Gerontology 39 (suppl 1): 3-10.

19. Yasuzawa, K., Kodama, S., Kato, M., Uehara, Y., Tawa, R., Hirose, S., Sasaki, M. S., Okada, S. and Ono, T. (1992) 

    Changes of DNA methylation in protooncogenes in the process of radiation-induced transformation of mouse m5S/ 

    1 M cells in vitro. Cancer Letters 67: 157-166.

20. Sasaki, M. S. and Kodama, S. (1987) Establishment and some mutational characteristics of 3T3-like near-diploid 

    mouse cell line. J. Cell. Physiol. 131: 114-122.

21. Kodama, S. and Sasaki, M. S. (1987) The involvement of chromosome 13 in the X-ray-induced in vitro transforma

    tion of mouse m5S cells. Jpn. J. Cancer Res. 78: 372-381.

22. Kodama, S., Okumura, Y., Komatsu, K. and Sasaki, M. S. (1991) Appearance and evolution of the specific chromo

    somal rearrangements associated with malignant transformation of mouse m5S cells. Cancer Genet. Cytogenet. 53: 

    185-197.

23. Hosoi, Y., Kurishita, A., Ono, T. and Sakamoto, K. (1992) Effect of recombinant human granulocyte colony

    stimulating factor on survival in lethally irradiated mice. Acta Oticologia 31: 59-63.

24. Ono, T., Okada, S., Kawakami, T., Honjo, T. and Getz, M.J. (1985) Absence of gross change in primary DNA 
    sequence during aging process of mice. Mech. Ageing Dev. 32: 227-234.

25. Nyce, J., Liu, L. and Jones, P. A. (1986) Variable effects of DNA-synthesis inhibitors upon DNA methylation in 

    mammalian cells. Nucl. Acids Res. 14: 4353-4367.

26. Ono, T. and Okada, S. (1974) Estimation in vivo of DNA strand breaks and their rejoining in thymus and liver of 
    mouse. Int. J. Radiat. Biol. 25: 291-301.

27. Ward, J. F. (1988) DNA damage produced by ionizing radiation in mammalian cells: Identities, mechanisms of 

    formation, and reparability. Prog. Nucl. Acids. Mol. Biol. 35: 95-125.



28. Yamamoto, K., Uraki, F., Yonei. S. and Yukawa, O. (1997) Enzymatic repair mechanisms for base modifications 

    induced by oxygen radicals. J. Radiat. Res. 38: 1-4.

29. Friedberg, E. C. (1985) Excision repair. IV. Postincision events and mismatch repair in mammalian cells. In: DNA 

    Repair, pp. 323-374, W. H. Freeman and Co., New York.

30. Ono, T., Yamamoto, S., Kurishita, A., Yamamoto, K., Yamamoto, Y., Ujeno, Y., Sagisaka, K., Fukui, Y., Miyamoto, 
    M., Tawa, R., Hirose, S. and Okada, S. (1990) Comparison of age-associated changes of c-myc gene methylation in 

    liver between man and mouse. Mutat. Res. 237: 239-246.

31. Ono, T., Shinya, K., Uehara, Y. and Okada, S. (1989) Endogenous virus genomes become hypomethylated tissue

    specifically during aging process of C57BL mice. Mech. Ageing Dev. 50: 27-36.

32. Jost, J. P., Siegmann, M., Sun, L. and Leung, R. (1995) Mechanisms of DNA demethylation in chicken embryos. J. 

   Biol. Chem. 270: 9734-9739.

33. Vairapandi, M. and Duker, N. J. (1996) Partial purification and characterization of human 5-methylcytosine-DNA 

    glycosylase. Oncogene 13: 933-938.

34. Weiss, A., Keshet, I., Razin, A. and Cedar, H. (1996) DNA demethylation in vitro: Involvement of RNA. Cell 86: 

   709-718.


