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Only a few of the genes involved in DNA repair in mammalian cells have been isolated, and induction of a
DNA repair gene in response to DNA damage has not yet been established. DNA polymerase f (B-polymerase)
appears to have a synthetic role in DNA repair after certain types of DNA damage. Here we show that the level
of B-polymerase mRNA is increased in CHO cells after treatment with several DNA-damaging agents.

Studies of mammalian cells with DNA polymerase inhib- rodent cDNAs for B-actin (Zmudzka et al., in press), heat
itors have suggested that B-polymerase has a role in DNA shock protein 70 (HSP70) (6), and heterogeneons nuclear
repair (1, 3, 13, 18, 24), and the in vitro activity of purified ribonucleoprotein complex protein Al (2). Table 1 shows the
B-polymerase points to an in vivo role in resynthesis of short abundance of each transcript in poly(A)* RNA isolated 4 h
gaps after damaged residues have been excised (4, 9, 15, 19, after irradiation (5) or treatment with MNNG, MMS, AAAF,
21, 22). Lesions produced by several DNA-damaging agents nitrogen mustard (HN,), cis-Pt(II) diamminedi-chloride, or
are repaired by single-base excision or short-gap excision bleomycin; treatment time for H,0, and adriamycin was 1 h.
followed by resynthesis to fill the gap (8). It is unknown The elevation in level of B-polymerase transcript after treat-
whether regulation of B-polymerase gene expression is cor- ment with MNNG was 3.6-fold and was slightly lower with
related with DNA repair, although it is clear that levels of MMS, AAAF, and H,0,. The other DN A-damaging agents
B-polymerase mRNA do not correlate with stages of the cell examined did not cause an increase in the amount of
cycle or with replication of genomic DNA (25a). A rodent B-polymerase transcript, and likewise, B-polymerase mRNA
cDNA for B-polymerase was isolated recently (26), and we was not induced by an alternate type of cell stress, heat
have used this DNA as a probe to study regulation of shock. The levels of B-actin mRNA or A1 mRNA were not
B-polymerase mRNA in Chinese hamster ovary (CHO) cells elevated after the various treatments; this was true also for

after treatment with a variety of DNA-damaging agents. HSP70 mRNA, except in the case of heat shock, as ex-
We found that the level of B-polymerase mRNA in expo- pected.
nentially growing CHO cells is elevated three- to fivefold Changes in overall cellular poly(A)* RNA content did not

after treatment with N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG), methyl methanesulfonate (MMS), or N-acetoxy-
2-acetylaminofluorene (AAAF) (Fig. 1). The results of quan-
titative RNA dot blot analyses (6, 7) after treatment with

TABLE 1. Comparison of B-polymerase and other mRNA levels
in CHO cells after treatment with DN A-damaging agents

high levels of these and other agents are summarized in DNA- Relative mRNA level (SD)* Poly(A)*
Table 1. For reference, dot blots also were probed with damaging Dose Pol RNA
agent ﬁ;e;sy; a-Actin Al HSP70  (up)
MNNG 30 uM 36004 09 09 05 71.3
MMS 100 pg/ml 3.5(0.3) 08 1.0 038 75.9
AAAF 20 uM 290.3) 08 10 09 71.9
* . COT\tI’Ol H,0, 400pM 2304 11 13 07 77.1
UV light 14 J/mz2 0.6 (0.1) 1.0 11 0.4 66.9
Near-UV 300 J/m 080.3) 12 11 0.4 65.4
- 9 MMS, 100 | liene
. S’ “g / m HN, 40 pM 1.2(0.2) 1.0 1.0 1.0 71.7
cis-Pt 45 pg/ml  09(0.1) 08 0.8 1.1 71.4
® ® @ AAAF 20 “M X-ray 40 Gy 1103 1.1 — 09 750
’ Adriamycin 400 ng/ml 1.0(0.1) 1.1 1.1 1.0 43.0
Bleomycin 50 pg/ml 1.1(0.2) 09 — 1.0  70.0
0.7 12 6.2

& ‘ . . MNNG, 30 IJM Heat shock 9T5il.‘5°a([3 0.9 (0.1) . 2 26. 82.9

Control 1 1 1 1 73.8

FIG. 1. Autoradiogram of quantitative RNA dot blot analysis of
B-polymerase mRNA in CHO cells after treatment with MNNG, < Hybridization was quantified by densitometry; values in the linear range
MMS, or AAAF. From left to right, 0.05, 0.1, 0.2, and 0.4 pg of of the hybridization curve were used. Relative RNA abundance was deter-
poly(A)* RNA was added to the dot blots mined by normalizing to RNA from untreated control cells in the same
: experiment. Values represent the means of four dot blot determinations with

independent samples of RNA (2 x 10® cells) plus or minus the standard
deviation. Cell survival determined by plating was <1% for MMNG, MMS,
_— AAAF, HN,, and cis-Pt; 4% for UV treatment; 15% for near-UV treatment;
* Corresponding author. 31% for adriamycin; and >90% for heat shock.
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FIG. 2. Autoradiogram of Northern blot analysis of B-poly-
merase mRNA in CHO cells after treatment with MNNG. Equal
amounts of poly(A)* RNA from untreated cells (lane 1) and from
cells treated for 4 h with 10 (lane 2) or 30 M (lane 3) MNNG were
separated, transferred to a nylon filter, and hybridized with labeled
B-polymerase cDNA, pUC9-10F (16). Numbers indicate kilobases.

account for the increase in B-polymerase mRNA, since the
yield of poly(A)* was similar in all samples (~35 pg/108
cells; Table 1). Cell growth effects also could be excluded,
since induction occurred rapidly compared with the doubling
time of the cells, and it is known that B-polymerase mRNA
is not growth phase responsive in CHO cells (25a). Finally,
Northern (RNA) blot analysis of poly(A)* RNA from cells
treated with 10 pM or 30 uM MNNG was conducted (Fig. 2).
The results indicated that the induction seen with MNNG
corresponds entirely to the 1.4-kilobase B-polymerase tran-
script (17, 25a, 26).

The B-polymerase mRNA induction by the alkylating
agents MMS and MNNG was examined further (Fig. 3).
B-polymerase mRNA level was highest 4 h after exposure of
cells to MMS and remained elevated for several hours after
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TABLE 2. B-Polymerase mRNA levels after UV irradiation®

UV dose Time after Relative mRNA level (SD)
J/m?) irradiation (h) B-Polymerase B-Actin
0 1 1
7 4 1.1 (0.2) 1.0
14 4 0.9 (0.2) 1.1
21 4 0.8 (0.1) 0.9
28 4 0.8 (0.3) 1.0
14 2 1.0 (0.1) 1.1
14 4 0.7 (0.4) 1.1
14 8 0.6 (0.2) 1.2
14 16 1.4 (0.3) 1.1

“ Relative RNA abundance was determined as in Table 1. The dose-
response and time course experiments were performed on different days.

removal of the drug. Similar results were obtained with
MNNG (not shown). When transcription was blocked with
actinomycin D, no induction of B-polymerase mRNA was
observed, suggesting that induction required active tran-
scription. In the presence of actinomycin D, the level of
B-polymerase mRNA decreased only slightly, suggesting an
mRNA half-life of >4 h. The results with actinomycin D
were identical when MMS treatment was omitted (not
shown), suggesting that the stability of the B-polymerase
mRNA is not altered by the inducing agent. The data in Fig.
3 show that there was an optimum dose for MMS and
MNNG induction. Therefore, we conducted dose-response
and time experiments with the other agents used in Table 1.
No B-polymerase mRNA increase was found; an example of
this with UV irradiation is shown in Table 2. Finally, we
examined the effect of MNNG and MMS treatment on the
level of B-polymerase protein in the crude cell extract by
using activity gel analysis (12, 14). During the 12-h period
after the addition of MNNG (Fig. 4) or MMS (not shown),
there was no significant difference in the level of B-poly-
merase protein in the cells.

Two features of the B-polymerase mRNA induction were
similar to damage-induced mRNA elevations for DNA repair
enzymes in lower organisms (8, 11, 20). Induction was
relatively rapid, and induction was in the range of three- to
fivefold only. The agents examined in this study varied in the
types of DNA damage they produced and in the correspond-
ing DNA repair. For example, MNNG, MMS, and H,0,
produced single-base damage repaired by excision and in-
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FIG. 3. Dose-reésponse and time course for B-polymerase induction by alkylating agents. The relative RNA abundance of B-polymerase
(W) and B-actin (@) transcripts was determined. (a and b) Dose-response experiments. CHO cells were treated with the indicated
concentrations of alkylating agents for 4 h. (c) Time study. MMS (100 pg per ml) was added at the start of the experiment and removed after
2 h for the 2-h time point or after 4 h for the other samples; values on the ordinate are relative to untreated controls. f-Polymerase mRNA
in cells also treated with 5 pg of actinomycin D per ml added 10 min before MMS is also indicated (OJ).
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FIG. 4. Autoradiogram of activity gel showing relative levels of
B-polymerase in CHO cells treated with MNNG. A portion corre-
sponding to the middle of the 10% gel is shown; enzymatic activity
of renatured enzyme is used as the indicator of the number of
protein molecules (12). Cells cultured in medium alone (control) or
exposed to 30 puM MNNG for 4 h and then cultured in medium
without alkylating agent (7 and 12 h) were collected, sonicated, and
extracted with buffer containing 0.5 M NaCl. After centrifugation,
clear homogenates were obtained, and portions of each homogenate
with 3.3, 6.6, or 10 pg of protein were analyzed (13).

sertion of one to several new nucleotides, i.e., short-patch
repair (8). UV irradiation mainly produced pyrimidine
dimers repaired by excision and insertion of ~100 new
nucleotides per lesion, i.e., long-patch repair (8). AAAF
produced single-base damage, but this was repaired by the
long-patch excision mechanism in human cells (8). The
induction of B-polymerase mRNA appears to correlate with
high levels of single-base damage.

In addition to future studies of B-polymerase gene regula-
tion, the results reported here point to the existence of an
inducible DNA repair response in Chinese hamster cells.
Regulatory elements have been found in the promoter for the
B-polymerase gene (22a, 23, 25), and it will be possible to
determine if these elements are involved in response to DNA
damage. Also, studies of B-polymerase protein synthesis
rate after MNNG or MMS treatment may yield interesting
information on control mechanisms for this enzyme. The
observation that an increase in B-polymerase level does not
accompany the increase in mRNA level suggests that post-
transcriptional steps play a regulatory role in expression of
the gene after DN A damage. Interestingly, yeast DNA ligase
mRNA increases after DNA damage, yet there is little or no
increase in enzymatic activity level (10).

LITERATURE CITED

1. Cleaver, J. E. 1983. Structure of repaired sites in human DNA
synthesized in the presence of inhibitors of DNA polymerases a
and B in human fibroblasts. Biochim. Biophys. Acta 739:301-311.

2. Cobianchi, F., D. N. SenGupta, B. Z. Zmudzka, and S. H.
Wilson. 1986. Structure of rodent helix-destabilizing protein
revealed by cDNA cloning. J. Biol. Chem. 261:3536-3543.

3. Dresler, S. L., and M. W. Lieberman. 1983. Identification of
DNA polymerases involved in DNA excision repair in diploid
human fibroblasts. J. Biol. Chem. 258:9990-9994.

4. Evans, D. H., and S. Linn. 1984. Excision repair of pyrimidine
dimers from simian virus 40 minichromosomes in vitro. J. Biol.
Chem. 259:10252-10259.

5. Fornace, A. J. 1983. Recombination of parent and daughter
strand DNA after UV-irradiation in mammalian cells. Nature
(London) 304:552-554.

6. Fornace, A. J., P. Dobson, and T. J. Kinsella. 1986. Analysis of
the effect of DNA alkylation on alkaline elution. Carcinogenesis
7:927-932.

7. Fornace, A. J., and J. B. Mitchell. 1986. Induction of B2 RNA
polymerase III transcription by heat shock: enrichment for heat
shock induced sequences in rodent cells by hybridization.

NOTES 853

Nucleic Acids Res. 14:5793-5811.

8. Friedberg, E. C. 1985. DNA repair, p. 353-357. W. H. Freeman
and Co., San Francisco.

9. Fry, M., and L. A. Loeb. 1986. Animal cell DNA polymerases.
CRC Press, Inc., Boca Raton, Fla.

10. Johnson, A. L., D. G. Barker, and L. H. Johnston. 1986.
Induction of yeast DNA ligase genes in exponential and station-
ary phase cultures in response to DNA damaging agents. Curr.
Genet. 22:107-112.

11. Johnston, L. H., H. M. White, A. L. Johnson, G. Lucchini, and
P. Plevani. 1987. The yeast DNA polymerase I transcript is
regulated in both the mitotic cell cycle and in meiosis and is also
induced after DNA damage. Nucleic Acids Res. 15:5017-5030.

12. Karawya, E., J. Swack, and S. H. Wilson. 1983. Improved
conditions for activity gel analysis of DNA polymerase catalytic
polypeptides. Anal. Biochem. 135:318-325.

13. Miller, M. R., and D. N. Chinault. 1982. The roles of DNA
polymerases a, B, and y in DNA repair synthesis induced in
hamster and human cells by different DNA damaging agents. J.
Biol. Chem. 257:10204-10209.

14. Mitchell, J. B., E. Karawya, T. J. Kinsella, and S. H. Wilson.
1985. Measurement of DNA polymerase B in skin fibroblast cell
lines from patients with ataxis telangiectasia. Mutat. Res. 146:
295-300.

15. Mosbaugh, D. W., and S. Linn. 1983. Excision repair and DNA
synthesis with a combination of HeLa DNA polymerase § and
DNase V. J. Biol. Chem. 258:108-118.

16. Roberts, J. J., J. M. Pascoe, J. E. Plant, J. E. Sturrock, and
A. R. Crathorn. 1971. Quantitative aspects of the repair of
alkylated DNA in cultured mammalian cells. Chem. Biol. Inter-
act. 3:29-47.

17. SenGupta, D. N., B. Z. Zmudzka, P. Kumar, F. Cobianchi, J.
Skowronski, and S. H. Wilson. 1986. Sequence of human DNA
polymerase B mRNA obtained through cDNA cloning. Bio-
chem. Biophys. Res. Commun. 136:341-347.

18. Smith, C. A., and D. S. Okumoto. 1984. Nature of DNA repair
synthesis resistant to inhibitors of polymerase « in human cells.
Biochemistry 23:1383-1390.

19. Soltyk, A., J. A. Siedlecki, I. Pietzykowska, and B. Zmudzka.
1981. Reactions of calf thymus DNA polymerase a and g with
native DNA damaged by thymine starvation or by methyl
methanesulphonate treatment of Escherichia coli cells. FEBS
Lett. 125:227-230.

20. Walker. G. C. 1984. Mutagenesis and inducible responses to
deoxyribonucleic acid damage in Escherichia coli. Microbiol.
Rev. 48:60-93.

21. Wang, T. S.-F., D. C. Eichler, and D. Korn. 1977. Effect of
Mn?} on the in vitro activity of human deoxyribonucleic acid
polymerase 8. Biochemistry 16:4927-4935.

22. Wang, T. S.-F., and D. Korn. 1980. Reactivity of KB cell
deoxyribonucleic acid polymerases a and B with nicked and
gapped deoxyribonucleic acid. Biochemistry 19:1782-1790.

22a.Widen, S. G., P. Kedar, and S. H. Wilson. 1988. Human
B-polymerase gene. J. Biol. Chem. 263:16992-16998.

23. Wilson, S., J. Abbotts, and S. Widen. 1988. Progress toward
molecular biology of DNA polymerase B. Biochim. Biophys.
Acta 949:149-157.

24. Yamada, K., F. Hanaoka, and M. Yamada. 1985. Effects of
aphidicolin and/or 2’ or 3’-dideoxythymidine on DNA repair
induced in HeL A cells by four types of DNA-damaging agents.
J. Biol. Chem. 260:10412-10417.

25. Yamaguchi, M., F. Hirose, Y. Hayashi, Y. Nishimoto, and A.
Matsukage. 1987. Murine DNA polymerase B gene: mapping of
transcription initiation sites and the nucleotide sequence of the
putative promoter region. Mol. Cell. Biol. 7:2012-2108.

25a.Zmudzka, B. Z., A. Fornace, J. Collins, and S. H. Wilson. 1988.
Characterization of DNA polymerase 8 mRNA: cell-cycle and
growth response in cultured human cells. Nucleic Acids Res.
16:9589-9596.

26. Zmudzka, B. Z., D. N. SenGupta, A. Matsukage, F. Cobianchi,
P. Kumar, and S. H. Wilson. 1986. Structure of rat DNA
polymerase B revealed by partial amino acid sequencing and
cDNA cloning. Proc. Natl. Acad. Sci. USA 83:5106-5110.



