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SUMMARY: To investigate the inhibition of DNA replication by 
tumor promoters, we incubated HeLa cells-pith 12-0- 
tetradecanoylphorbol-13-acetate (TPA; 10 to 10 -5 g/ml) and 
quantified DNA synthesis on alkaline sucrose gradients. TPA 
was found to selectively inhibit replicon initiation without 
affecting DNA chain elongation in replicons that had already 
initiated. No inhibition of DNA synthesis was seen when 
cells were exposed to the nonpromoting derivative of TPA, 
4- a-phorbol 12,13-didecanoate. Superoxide dismutase did 
not prevent the TPA-induced inhibition of initiation. 

The tumor promoter, 12-O-tetradecanoylphorbol-13- 

acetate (TPA), stimulates the development of latent tumor 

cells in vivo (1,2) and the transformation of cells in vitro -- -- 

(3,4). TPA produces a wide range of responses in cells (2), 

including alterations in cyclic nucleotide concentrations; 

cnanges in cell membrane function; inhibition of DNA 

replication followed by increased DNA, RNA, and protein 

synthesis; and increased histone phosphorylation. TPA is 

not carcinogenic or mutagenic on its own (2,5) and is 

therefore not considered to be a DNA-damaging agent. 

Kinzel et al. (6) recently reported that in HeLa cells 

lo-7 M TPA produced a transient block in G2 as well as 

inhibiting DNA synthesis. In these characteristics, TPA 

Abbreviations: 4- a-PDD, 4- a-phorbol 12,13-didecanoate; 

SOD, superoxide dismutase; TPA, 12-O-tetradecanoylphorbol- 

13-acetate. 
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resembles X rays (7). The inhibition of DNA replication 

produced by low doses of X rays (~10 Gy) is the consequence 

of a specific reduction in the rate of replicon initiation 

(8,9). We examined the effects of TPA on replicon 

initiation in HeLa cells to determine if TPA is similar to X 

rays in this respect as well. 

TPA has been shown to induce sister chromatid exchanges 

in Chinese hamster, mouse, and human cell lines (lo-13), 

although this finding is controversial (14-17). Nagasawa 

and Little (18) have reported that the induction of sister 

chromatid exchanges by TPA in hamster cells was inhibited by 

superoxide dismutase (SOD), a scavenger of superoxide anion 

radicals. Therefore, we examined the effects of SOD on the 

inhibition of DNA synthesis induced by TPA to determine if 

free radicals mediate this phenomenon. 

MATERIALS AND METHODS 

HeLa cells were grown in Eagle's minimal essential 
medium supplemented with 10% (v/v) fetal calf serum, 2 mM 
L-glutamine, 50 units/ml penicillin, and 50 ug/ml 
streptomycin under a water-saturated atmosphere of 5% COz. 
Replicate cultures were prepared by seeding cells into 60 mm 
plastic petri dishes (3.5 x 10 3 cells/cm') in medium 
containing 0.01 uCi/ml [ 14C]thymidine (spec. act., 50 
Ci/mol) . After two days, the '?-labeled medium was 
replaced with fresh unlabeled medium, and treatments 
followed two or more hours later. TPA (a gift of Dr. J.A. 
Miller), made up in a stock solution of 10m4 g/ml in 
ethanol, was added to the medium to a final concentration of 
10-l' to 10e5 g/ml. [3H]thymidine (spec. act., 80 Ci/mmol) 
was added to a final concentration of 10 pCi/ml at various 
times after the addition of TPA, 4-a -phorbol 12,13- 
didecanoate (4-n -PDD, lo-' g/ml), a nonpromoting phorbol 
ester (19), or ethanol (0.5%). In some experiments, SOD 
(1450 units/ml) was added alone or in combination with TPA 
(10-O g/ml) 30 min before the $ddition of r3H]thymidine. 
After 10 min incubation with ["Hlthymidine at 37O C, the 
medium was quickly drained and the cells were rinsed with 
ice-cold SSC (0.15 M sodium chloride, 0.015 M sodium 
citrate). Cells were harvested and radioactive DNA strand 
sizes were determined in alkaline sucrose gradients as 
previously described (9,20). 

83 



Vol. 103, No. 1,198l BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Table I. Inhibition of IElA Replication by TPA 

Concentration Percent of control DNA synthesis in replication 

of TPA intermediates with molecular weights of 

(g/ml 1 14-23 x 10' S-10 x 10' 0.7-2.5 x 10' 

10-19 109 103 100 

10-8 95 94 72 

10-6 98 k 13* 96 k 7* 67 + 7* 

1o-5 92 90 59 

* Mean + s.d., n = 7. 

HeLa cells were incubated with [3H]th 
f 

idine for 10 min beginning 
30 min after addition of TPA or ethanol. [ H]DNA strands labeled during 
the pulse were separated by sedimentation through S-20% alkaline sucrose 
gradients, and the 3H cpn recovered in each gradient fraction were 
normalized to a constant number of cells. Normalized 3H radioactivitv 
was sunrned for gradient fractions 7-10, 12-15, and 17-20 (Fig. l), which 
contained DNA with molecular weights of 14-23 x 107, S-10 x 107, and 
0.7-2.5 x 107 daltons, respectively. Values obtained for IPA-treated 
cells are expressed as a percentage of the value obtained in the ethanol- 
treated controls. 

RESULTS 

Thirty min after the addition of TPA to culture medium 

at concentrations ranging from 10 -8 to 1O-5 g/ml, DNA 

synthesis in replication intermediates of 0.7 to 2.5 x lo7 

daltons was inhibited by 28 to 41% whereas synthesis in 

larger intermediates was not affected (Table I, Figs. 1 and 

2). The lower concentration of 10 -lo g/ml was without 

effect. After 30 min, the inhibition produced by 10B6 g/ml 

of TPA spread to include larger intermediates (S-10 x lo7 

and 14-23 x lo7 daltons; Fig. 1). This characteristic 

"sweeping out” of the inhibition of DNA synthesis from low 

molecular weight to high molecular weight replication 

intermediates with time after addition of TPA is similar to 
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pig. 1. Time course of inhibition of DNA synthesis in 
HeLa zells by TPA. Cells weLLe incubated for 10 min with 
[3Ei]thymidine beginning 0 ( 0 ), 30 ( A ), 60 ( 0 )& 
90 ( v  ), or 120 ( 0 ) min after addition of TPA (10 
g/ml) or 30 min after addition of ethanol (0.5%) ( l ). 
After labeling, the cells were chilled and harvested, and 
the quantity and size distribution of labeled DNA strands 
were determined by velocity sedimentation in 5-20% 
alkaline sucrose gradients. The direction of 
sedimentation is from right to le$t. Normalized $ 
radioactivity represents the net B cpm per fraction 
normalized to the number of cells applied to gradients. 
The solid line in the bottom panel is a tracing of the 
control profile from the upper panel. 

that seen after low doses of X rays (9) and is indicative of 

a selective inhibition of replicon initiation. Even at a 
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Fiq. 2. Effect of phorbol esters and superoxide 
dismutase on DNA synthesis in He+a cells. (To ) 

-2 
Cells 

were incubated for 10 min wit3 [ Hlthymidine eginning 30 
min after addition of TPA (1Q g/ml) ( A ), 4-a-PDD 
(1o-8 g/ml) ( 0 ), or ethanol (0.5%) (, l ). (Bottom) 

Cells were incubated for 10 min with [ Blthymidine 
beginning 30 min after addition of SOD (1450 units/ml) 
and #ethanol (0.5%) ( 0 ), or SOD (1450 units/ml) and TPA 
(lo- g/ml) ( 0 1 , or ethanol (0.5%) ( l ). After 
labeling, cells were harvested and the,DNA was sedimented 
in 5-20% alkaline sucrose gradients. ?I radioactivity 
was normalized as described by the legend to Fig. 1. 

concentration of 10 -5 g/ml, TPA did not appear to affect the 

rate of DNA chain elongation in replicons already in 

operation. 

The inhibition of replicon initiation was greatest 30 
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minutes after addition of 10 -6 g/ml TPA, with partial 

recovery of initiation evident within 60 min. By 120 min 

after addition of TPA cells had established a new steady 

state of replicon initiation and processing, but with an 

initiation rate about 70% of control. 

No inhibition of DNA synthesis was seen after the 

addition of the nonpromoting phorbol ester, 4- LPDD (10 -8 

g/ml) to the medium (Fig. 2). Also, the inhibition produced 

by lO-8 g/ml TPA was not affected by the addition of SOD 

(1450 units/ml; Fig. 2). 

DISCUSSION 

The mechanism by which X rays inhibit replicon 

initiation is unknown. The inhibition is believed to be due 

to an effect on the structure of chromatin mediated through 

DNA strand breaks (21). The radiomimetic activity of TPA on 

DNA synthesis also remains unexplained but is probably 

related to its tumor-promoting activity because 4-a -PDD 

had no effect on DNA synthesis. Moreover, the effect was 

apparent with concentrations of TPA that promote cell 

transformation in vitro. The inhibition of initiation does 

not appear to be mediated through superoxide anion radicals 

because SOD did not prevent this response. 

In the absence of clear understanding, we might 

speculate that, because TPA indirectly alters chromatin 

structure (e.g., through histone phosphorylation) its effect 

on replicon initiation also could be due to TPA-induced 

changes in chromatin organization. The state of 

supercoiling of the chromatin fiber has been shown to 
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influence replicon initiation rate (22,23). It is 

conceivable that rapid changes in chromosome organization 

produced by TPA cause a reduction in replicon initiation 

rate by masking replicon origins or by altering the coiling 

of the chromatin fiber. It will therefore be of interest to 

determine whether other inducers or repressors of gene 

activity affect replicon initiation. 

ACKNOWLEDGEMENTS 

This work was supported by the U.S. Department of 
Energy and by National Research Awards CA 06407 (W.K.K.) and 
CA 06905 (J.L.S.) from the National Cancer Institute. 

References 
1. Baird, W.M., and Boutwell, R.K. (1971) Cancer Res. 31, 

1074-1079. 

2. Boutwell, R.K. (1974) CRC Crit. Rev. Toxicol. 2, 419- 
443. 

3. Mondal, S., and Heidelberger, C. (1976) Nature (London) 
260, 710-711. 

4. Kennedy, A.R., Mondal, S., Heidelberger, C., and Little, 
J.B. (1978) Cancer Res. 38, 439-443. 

5. Trosko, J.E., Chang, C., Yotti, L.P., and Chu, E.H.Y. 
(1977) Cancer Res. 37, 188-193. 

6. Kinzel, V., Richards, J., and Stohr, M. (1980) Science 
210, 429-431. 

7. Elkind, M.M., and Whitmore, G.F. (1967) The Radiobiology 
of Cultured Mammalian Cells Gordon and Breach, New York. - 

8. Painter, R-B., and Young, B.R. 
648-656. 

9. Painter, R.B., and Young, B.R. 

Acta 418, 146-153. 

10. Kinsella, A.R., and Radman, M. 
Sci. (USA) 75, 6149-6153. 

( 1975) Radiat. ReS. 64, 

1976) Biochim. Biophys. 

1978) Proc. Natl. Acad. 

11. Nagasawa, H., and Little, J.B. (1979) Proc. Natl. Acad. 
Sci. (USA) 76, 1943-1947. 

12. Gentil, A., Renault, G., and Margot, A. (1980) Int. J. 
Cancer 26, 517-521. 

88 



Vol. 103, No. 1,198l BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

13. Schwartz, J.L., Banda, M.J., and Wolff, S. (1982) 
Mutation Res. (in press). 

14. LOVeday, K.S., and Latt, S.A. (1979) Mutation Res. 67, 
343-348. 

15. Thompson, L.H., Baker, R.M., Carrano, A.V., and 
Brookman, K.W. (1980) Cancer Res. 40, 3245-3251. 

16. Fujiwara, Y., Kano, Y., Tatsumi, M., and Paul, P. (1980) 
Mutation Res. 71, 243-251. 

17. Popescu, N.C., Amsbaugh, S.C., and DiPaolo, J.A. (1980) 
Proc. Natl. Acad. Sci. (USA) 77, 7282-7286. 

18. Nagasawa, H., and Little, J.B. (1981) Carcinogenesis 2, 
601-607. 

19. Kinzel, V., Kreibich, G., Hecker, E., and Suss, R. 
(1979) Cancer Res. 39, 2743-2750. 

20. Kaufmann, W.K., and Cleaver, J.E. (1981) J. Mol. Biol. 
149, 171-187. 

21. Povirk, L.F., and Painter, R.B. (1976) Biochim. Biophys. 
Acta 432, 267-272. 

22. Mattern, M.R., and Painter, R.B. (1979) Biochim. 
Biophys. Acta 563, 293-305. 

23. Mattern, M.R., and Painter, R.B. (1979) Biochim. 
Biophys. Acta 563, 306-312. 

89 


