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The effect of novobiocin (NOV), an inhibitor of topoisomerase II, on ethyl
methanesulfonate (EMS)- or bleomycin (BLM)-induced DNA repair synthesis
was examined during the cell cycle of Chinese hamster ovary (CHO)—K, cells.
Three assays were employed in this study: cell survival, alkaline elution and
unscheduled DNA synthesis. EMS was effective at killing CHO cells in G, phase,
whereas BLM preferentially killed cells in G, and S phases. EMS induced the
much more amount of DNA damage in G, phase, while BLM induced in G,
phase than the other phases. The both of pre- and post-treatment with NOV
inhibited EMS- or BLM-induced DNA repair synthesis in G; and G, phases, and
pretreatment with NOV inhibited more effectively than the post-treated group.
These results suggested that CHO cells exhibited a differential sensitivity to cell
lethality and DNA damage in relation to cell cycle according to used chemical
agents, and that DNA topoisomerase Il participated in an initial stage of DNA
repair.

INTRODUCTION

DNA topoisomerase II was discovered relatively recently (Liu et al, 1980)
and have been known to function in DNA replication (Jazwinski and Edelman,
1984) and repair (Mattern et al.,, 1982). It alters the topology of nucleic acids
passing one double-stranded segment of DNA through a transient break made
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in a second helical segment (Wang, 1985). The results concerning the functions
at this enzyme can be obtained using this enzyme inhibitor. Novobiocin (NOV)
inhibits a type II eukaryotic DNA topoisomerase (Liu et al, 1980) and also
inhibits an early step of excision repair m mammalian cells (Collins and John-
son, 1979; Mattern and Scudiero, 1981).

In recent studies, it was suggested that topoisomerase was present not only
in the mitotic phase of cell cycle, but also in G; and S phases of the cell cycle
(Markovits et al, 1987). And there was a report that topoisomerase II activity
increased in re-generating rat liver (Duguet et al, 1983), it suggested a possible
correlation between the activity of mammalian topoisomerase II and cell pro-
liferation. The study of Tricoli et al. (1985) showed no differences in topo-
isomerase II activity in proliferating versus non-proliferating mouse embryo
fibroblast cells, nor in the G,, S and M phases of synchronized cells. Sullivan
et al. (1986) found that topoisomerase II DNA cleavage activity was several-
fold higher in exponential phase versus plateau phase CHO cells but not strink-
ingly in HeLa or L1210 cells.

The present studies, therefore, were to elucidate the role of topoisomerase
on the repair process of DNA damage induced by ethyl methanesulfonate
(EMS) or bleomycin (BLM) in relation to different phases of the cell cycle,
and to investigate the cytotoxicity of these drugs correlated with the produc-
tion of DNA lesions in different phases of the cell cycle.

MATERIALS AND METHODS

_Cell Culture

Chinese hamster ovary (CHO)-K; cells were used throughout this investigation. Mono-
layer cultures of this cell line were grown at 37°C in humidified 5% CO, incubator using
Eagle’s minimum essential medium (MEM; Grand Island Biological Co., Grand Island, N.Y.)
supplemented with 10% newborn calf serum and gentamycin (50 ug/ml).

Chemical Treatment

Ethyl methanesulfonate (EMS, Tokyo Kasei Co., Tokyo, Japan) or bleomycin (BLM,
Nihon Kayaku, Japan) was dissolved in the serum-free medium prior to use and exposed to
cells at 37°C for desired time, Novobiocin (NOV, Sigma Chemical Co., St. Louis, MO},
an inhibitor of DNA topoisomerase II, was dissolved in distilled water and further diluted
to working concentrations. The cells were treated to this inhibitor for 1 hour.

Cell Synchronization

Monolayer cultures of CHO cells were synchronized with a slight modification of the
method developed by Terasima and Tolmach (1963) using mitotic selection. the degree of
synchronization achieved was determined by the rate of DNA synthesis by autoradio-
graphy. For this purpose, the cells were pulse labeled with 3H- thymidine (Specific activity;
77.9 Ci/mM, Amersham Co., England) for 10 minutes at a final concentrationof 1 uCi/ml.
Labeling with H-thymidine was terminated by washing the cells three times with PBS
containing 100 pg/ml unlabeled thymidine. Autoradiograms were prepared and the degree
of synchronization was measured by the labeling index of synchronized cell population.
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Survival Studies

Survival test was performed according to Terasima et al. (1972) with minor modifica-
tions, For colony formation assays, CHO cells were in logarithmic growth phase. The synch-
ronized cells were exposed to drug for desired time and then washed three times with PBS.
Single-cell suspensions were prepared with 0.05% trypsin-EDTA. For controls and drug
treatment, 300 cells were plated per 60 mm diameter tissue culture dishes (Nunclon, Den-
mark). The plated cells were incubated for 7-8 days in growth medium and then fixed 2
times with Carnoy’s solution, Colonies were stained with 4% Giemsa and counted.

Alakline Elution Experiments

Alkaline elution was performed essentially according to Kohn et al. (1976) with minor
modification. Cells were labeled with 0.2 pCi/ml of 3H-thymidine for 24 hours and then
exposed to chemicals. The cells harvested with cold PBS-Merchant solution (150 mM NaCl,
4.28 mM K,HPO4, 0.71 mM KH,POy4), and filtered onto 2 um pore size polycarbonate
filter (Nuclepore Co., Pleasanton, CA), and lysed with lysing solution (2% SDS, 0.1 M
Glycine, 0.025 M Na,-EDTA, pH 10.0). Cells were eluted in the dark with eluting solution
(30 mM tetrapropylammonium hydroxide, 0.02 M EDTA, 1% SDS, pH 12.1) at a flow rate
of 0.035 ml/min, Fractions were collected at 90 minutes interval. The radioactivity remain-
ing on filter was plotted against elution time,

Unscheduled DNA Synthesis

The experiments involving unscheduled DNA synthesis were carried out as described by
Cleaver and Thomas (1981) with minor modification. CHO cells grown on coverslips in
glastic petridishes were exposed to chemicals. The cells were then labeled with 10 uCi/ml

H-thymidine for 1 hour after treatment with inhibitor. Labeling with 3H-thymidinc was
terminated by washing the cells three times in cold Hank’s balanced salt solution (HBSS)
containing 100 pg/ml of unlabeled thymidine. Autoradiograms were prepared by using
Kodak NTB liquid nuclear track emulsion. Silver grains over nuclei of evenly and lightly
labeled cells were counted.

RESULTS

CHO cells synchronized by using mitoitc selection method were used
throughout this investigation. The degree of synchronization was established
in terms of the labeling index in DNA synthesis. The generation time of CHO
cells is 16 hours: the durations of G;, S, G, and M-phases of CHO cells occupy
about 4, 9, 2, and 1 hour, respectively (data not shown).

The dose response of EMS or BLM on survivals in relation to cell cycle in
CHO cells is shown in Fig. 1. The stage sensitivity of cell survival is shown
in G; phase in EMS-treated group (1-10 mM), while that is shown in G, and
S phases in 10 ug/ml BLM-treated group.

Figs. 2 and 3 show the effect of 1 mM NOV on DNA singlestrand breaks
induced by 120 mM EMS or 800 ug/ml BLM in synchronized CHO cells.
The pre-treatment with NOV inhibited the rejoining of DNA single-strand
breaks by EMS or BLM in G; and G, phases, and resulted in the much more
accumulation of DNA single-strand breaks than that of the EMS or BLM alone
treated group. And post-treatment with NOV also inhibited the rejoining of
DNA single-strand breaks by EMS or BLM in G, and G, phases.
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Fig. 1. Dose response curve of CHO cells. Survivals were assayed by exposure of cells to
EMS or BLM for 1 hour in various phases.

Fig. 4 represents the effect of unscheduled DNA synthesis induced by EMS
or BLM in synchronized CHO cells. In G, and G, phases, the amounts of
unscheduled DNA synthesis induced by EMS or BLM are increased with dose
increment and reached almost plateau at 5 mM EMS or 40 pg/ml BLM. How-
ever, these results indicate that the stage sensitivity of unscheduled DNA
synthesis is shown in G, phase of EMS-treated group and G, phase of BLM-
treated group.

Figs. 5 and 6 show the effect of NOV on unscheduled DNA synthesis in-
duced by EMS or BLM in synchronized CHO cells. As shown in the figures,
the amount of unscheduled DNA synthesis was increased in the group pre-or
post-treated with NOV as compared with EMS or BLM alone treated group
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Fig. 2. Effect of 1 mM NOV on DNA single-strand breaks induced by 120 mM EMS for
1 hour in synchronized CHO cells.

Fig. 3. Effect of 1 mM NOV on DNA single-strand breaks induced by 800 ug/ml BLM
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Fig. 4. Effect of unscheduled DNA synthesis induced by EMS or BLM for 1 hour in
synchronized CHO cells.
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Fig. 5. Effect of 10 uM NOV on unscheduled DNA synthesis induced by 5 mM EMS for
1 hour in synchronized CHO cells.
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Fig. 6. Effect of 10 uM NOV on unscheduled DNA synthesis induced by 40 ug/ml BLM
for 1 hour in synchronized CHO cells.

in G; and G, phases. And the group pre-treated with NOV is inhibited much
more than the group post-treated with NOV in EMS- or BLM-induced un-
scheduled DNA synthesis.

DISCUSSION

Different sensitivities to radiation and chemical carcinogens during the cell
cycle of cultured mammalian cells provide a useful system for studies on the
relationships among DNA damage and its repair, survival of cell and mutagene-
sis (Watanabe and Horikawa, 1980).

Liu et al, (1980) reported that novobiocin (NOV) inhibited a type II
eukaryotic DNA topoisomerase: this class of enzyme seems a likely target for
the effect of NOV on DNA repair, since the DNA relaxation step is inhibited.
And also NOV appears to inhibit the incision step of repair, but it is nuclear
whether this is through its action on DNA topoisomerase (Downes et al,
1985; Johnson et al, 1982; Mattem and Scudiero, 1981) or on the activities
possibly associated with inhibition of ATP-dependent reactions (Downes
et al, 1985; Edenberg, 1980; Johnson et al, 1982; Meechan et al, 1984).
In spite of uncertainties about the precise mode of action of this inhibitor,
available evidence suggests that NOV acts at earlier step of DNA repair, and it
is accompanied by a relaxation of the secondary structure of the DNA (Mattern
et al,, 1982; Cleaver, 1987).
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Tricoli et al. (1985) reported that DNA topoisomerase II specific activity
showed no detectable change during G;, S, and M phases of the cell cycle in
mouse embryo fibroblasts cells. Hsiang et al. (1988) demonstrated that the
topoisomerase II level in Hela cells synchronized by a double thymidine block
remained relatively constant throughout the late G,, S, G,, and M phases of
the cell cycle. Present data also represents that pre-treatment with NOV in-
hibits the repair of DNA damage induced by EMS or BLM m G, and G,
phases of CHO cells, which suggests that topoisomerase II level in CHO cells
synchronized is constant in G, and G, phases Cozzarelli (1980) indicated
that NOV inhibited topoisomerase and polymerase «, the polymerase thought
to be involved in DNA repair. Clarkson and Mitchell (1983) reported that
NOV inhibited a form of a polymerase, which was responsible for excision
and resynthesis during DNA repair and some other NOV-sensitive polymerase
was responsible for excision and resynthesis. Meechan et al. (1984) reported
that NOV inhibited polymerization and ligation of DNA in vitro. The results
of this paper demonstrated that post-treatment with NOV inhibited EMS-
or BLM-induced DNA repair synthesis in G, and G, phases in CHO cells,

Considering above others’ and our results obtained, it may be suggested that
there is differential sensitivity in relation to cell cycle in cytotoxicity and
DNA repair process according to used chemical, and that DNA topoisomerase
II participates in earlier step of DNA repair induced by EMS or BLM.

REFERENCES

1. Clarkson, J.M., and D.L. Mitchell, (1983): The effect of various inhibitors of DNA
synthesis on the repair of DNA photoproducts. Biochim, Biophys. Acta 740: 355-361.

2. Cleaver, J.E., and G.H. Thomas, (1981): Measurement of unscheduled synthesis by
autoradiography. In: DNA Repair. A Laboratory Manual of Research Procedures.
(Friedberg, E.C., and P.C. Hanawalt, editors). Marcel Dekker Inc. Vol. 1: 277-287.

3. Cleaver, J.E., (1987): Relative importance of incision and polymerase activities in
determining the distribution of damaged sites that are mended in Xeroderma pigmen-
tosum group C cells. Cancer Res. 47: 2393-2396.

4. Collins, A., and R. Johnson, (1979): Novobiocin : an inhibitor of the repair of UV-
induced but not X-ray-induced damage in mammalian cells. Nucl. Acids Res. 7: 1311-
1320.

Cozzarelli, N.R., (1980): DNA topoisomerases. Cell 22: 327-328.

Downes, C.S., M.]. Ord, A.M. Mullinger, A.R. Collins, and R.T. Johnson, (1985):
Novobiocin inhibition of DNA excision repair may occur through effects on mitochon-
drial structure and ATP metabolism, not on repair topoisomerases. Carcinogenesis
(Lond.) 6: 1343-1352.

7. Duguet, M., C. Lavenot, F. Harper, G. Miranbeau, and A.M. DeRecondo, (1983): DNA
topoisomerases from rat liver: Physiological variation. Nucl. Acids Res. 11: 1059-1075.

o ot

8. Edenberg, H., (1980): Novobiocin inhibition of simian virus 40 DNA replication.
Nature (Lond.) 286: 529-531.

9. Hsiang, Y.H., H.Y. Wu, and L.F. Liu, (1988): Proliferation-dependent regulation of
DNA topoisomerase II in cultured human cells. Cancer res. 48: 3230-3235.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,
23.

Novobiocin-Mediated Inhibition of DNA Repair 21

Jazwinski, S.M., and G.M. Edelman, (1984): Evidence for participation of a multipro-
tein complex in yeast DNA replication in vitro. J. Biol. Chem. 259: 6852-6857.

Johnson, R.T., A.R.S. Collins, C.S. Downes, and S. Squires, (1982): DNA synthesis
inhibitors and the analysis of UV repair. Prog. Mutat. Res. 4: 357-373.

Kohn, K.W., L.C. Erickson, R.A.G. Ewig, and C.A. Friedman, (1976): Fractionation
of DNA from mammalian cells by alkaline elution. Biochemistry 15: 4629-4637.

Liu, L.F., C.C. Liu, and B.M. Alberts, (1980): Type II DNA topoisomerases: Enzymes
that can unknot a topologically knotted DNA molecule via a reversible double-strand
break. Cell 19: 697-707.

Markovits, J., Y. Pommier, D. Kerrigan, J.M. Covey, E,J. Tilchen, and K.W. Kohn,
(1987): Topoisomerase II-mediated DNA breaks and cytotoxicity in relation to cell
proliferation and the cell cycle in NIH 3T3 fibroblasts and L1210 leukemia cells.
Cancer Res. 47: 2050-2055.

Mattern, M.R., and D.A. Scudiero, (1981): Dependence of mammalian DNA synthesis
on DNA supercoiling. III Characterization of the inhibition of replication and repair-
type DNA synthesis by novobiocin and nalidixic acid. Biochim. Biophys. Acta 653:
248-258.

Mattern, M.R., R.F. Paone, and R.S. Day III, (1982): Eukaryotic DNA repair is blocked
at different steps by inhibitors of DNA topoisomerases and of DNA polymerase & and
B. Biochim. Biophys. Acta 697: 6-13.

Meechan, P.J., S. Killpack, and J.E. Cleaver, (1984): Novobiocin mediated inhibition
of polymerization and ligation of DNA in vitro. Mutation Res. 141: 69-73.

Sullivan, D., B.S. Glisson, P.K. Hodges, S. Smallwood-Netro, and W. Ross, {(1986):
Proliferation dependence of topoisomerase II mediated drug action. Biochemistry 25:
2248-2256.

Terasima, T., and L.J. Tolmach, (1963): Growth and nucleic acid synthesis in synchron-
ously dividing populations of HeLa cells. Exptl. Cell Res. 30: 344-362.

Terasima, T. Y. Takabe, T. Kasumata, M. Watanabe, and H. Umezawa, (1972): Effect
of bleomycin on mammalian cell survival, J. Nat. Cancer Inst. 49: 1093-1100.

Tricoli, J.V., B.M. Sahai, P.J. McCormick, S.J. Jarlinski, J.S. Bertram, and D. Kowalski,
(1985): DNA topoisomerase I and II activities during cell proliferation and the cell cycle
in cultured mouse embryo fibroblast (c3H10T%) cells. Exptl. Cell Res. 158: 1-14.

Wang, J.C., (1985): DNA topoisomerases. Ann. Rev. Biochem. 54: 665-697.

Watanabe, M., and M. Horikawa, (1980): Analyses of differential sensitivities of syn-
chronized HeLa S; cells to radiations and chemical carcinogens during the cell cycle.
Part V. Radiation- and chemical carcinogen-induced mutagenesis. Mutation Res. 71:
219-231.



22 Um, Kim, Lee, Shin and Moon

2N Fal20l0] RHSWN MELN o|xl= Y3t

o

ZA|E1El CHOA|EZOA DNA 32350l 0] X|= Novobiocin2| Xsis 1}

=

HEe,

uS

.
=3+ 0|

1

=
Folthstis Astetoisl g o)

* waboishi Aisbstulel ¥4 g ohat

ATt olshuiet AZ et

Chinese hamster ovary (CHO) M ®9] MEF7]o) wlel ethyl methanesulfonate (EMS) %3
bleomycin (BLM) ol 2l&)l ¥l  DNA 3 HgtAdo]| m A1z DNA topoisomerase 119 AaiA<l
novobiocin (NOV) o] 988 ZAle7] fslte] A& dyke] F3M, 85714 DNA 4o
2 2AR Aoy 93 2o EMSE G, 7164, BLM G, 719 S7l0] %2 AASS RE,
EMS & G, 7l9M DNA sl A et 418 vbd BLMS G, 71elA Al gt w4k NOV A, §
A a2 G, G794 EMSH BLMel &l frute DNA 35348 AHsjstdon| 53 A4
glto]l FAetel Hlal o 22 AsladE Jehlduh oldl A#ES CHO AlEe Alx57]9h A
gg EAwolde] Fiel wet MERANEZ DNA 3|54 A2 vg I44E B2, DNA
topoisomerase 119 #e= olulm DNA IEFANA LT 71348 F5Hc)



