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SUMMARY: Chinese hamster ovary cells, selected in mitosis and plated into medium 
containing hydroxyurea, can progress through Gl and enter S phase although bulk DNA 
synthesis is prevented. As the cells progress through G1 in the presence of hydroxyurea, 
ornithine decarboxylase activity remains low while general protein synthesis appears 
unaffected. After hydroxyurea is removed, ornithine decarboxylase activity increases, 
but only after approximately 20% of the DNA has been replicated. These results suggest 
that ornithine decarboxylase induction is not essential for cellular progression into 
S phase but is required for the completion of DNA synthesis. 

INTRODUCTION 

ODC activity is the initial rate limiting step in polyamine biosynthesis (1) and 

is thought to be an important biochemical event regulating cell proliferation. The 

apparent half-life of ODC is on the order of minutes (2) and the enzyme activity is 

greatly increased in rapidly growing tissues (3). Embryonic tissues, some tumors and 

target organs all show a substantial increase in ODC after administration of a growth 

stimulus (4). 

In continuously dividing cell cultures in vitro, ODC activity increases primarily -- 

during late G1 and in the G2 phases of the cell cycle (5,6). Inhibition of polyamine 

liosynthesis by methylglyoxal bis-(guanylhydrazone) (7,8,9) or by a-methylornithine 

(10) results in a substantial inhibition of DNA synthesis, Experiments by Heby & 

;, using Ehrlich ascites tumor cells, suggest that polyamine biosynthesis reflects 

the rate of DNA synthesis rather than the entry of cells into S phase (11). Inhibition 

)f putrescine biosynthesis appears to reduce the rate of C3tl]dThd uptake without inhi- 

jiting the progression of cells from G1 into S phase (12). 

abbreviations: ODC, L-ornithine decarboxylase (E.C. 4.1.1.17); CHO, Chinese hamster 
Ivary; Gl and G2- p re- and post- DNA synthetic periods, respectively; S, DNA synthetic 
leriod; HU, hydroxyurea. 

773 

0006-291X/79/070773-08$01.00/0 

Copyright @ 1979 by Academic Press, Inc. 

All rights of reproduction in any form reserved 



Vol. 87, No. 3, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

In our experiments, we chose to examine independently the role(s) of ODC induction 

in the G, to S phase transition, and in S phase progression, using HU. This drug allow 

cellular progression into S phase but prevents bulk DNA synthesis by limiting the dATP 

pool (13,14). Our results demonstrate that ODC induction is temporally related to bulk 

DNA synthesis, but need not occur for cells to enter S phase. 

MATERIALS AND METHODS 

Cell Culture Techniques 

CHO cells were grown as monolayer cultures as previously described (15). Under 
these conditions, the cell culture doubling time was 13-14 hours. Synchronous cell 
populations were obtained by selective detachment of mitotic cells (16). The mitotic 
index was 2 90% for all experiments. 

Measurement of DNA Replication 

Cells were grown for 24 hours in medium containing 0.15 uCi/ml [14C] dThd (Schwarz 
Mann, 45 mCi/nmiole) to uniformly label normal density DNA (1.70 g/cc). After mitotic 
selection and treatment with HU, cells were plated into medium containing 50 pg/ml 5- 
bromodeoxyuridine to provide a density label in newly replicated DNA (hybrid density 
1.75 g/cc) and 0.1 pg/ml 5-fluorodeoxyuridine to inhibit de novo thymidylate synthesis. 
The isolation of DNA, banding in CsCl gradients and further manipulation are described 
elsewhere (13,18). DNA synthesis rates in figure 4 were measured by incubating the 
cells with [ HldThd(5.0 uCi/ml, Schwarz-Mann, 62 Ci/mmole) for 15 minutes. Cells were 
harvested by scraping and the amount of acid insoluble radioactpity measured. Each 
sample represents duplicate determinations of at least 2.0 x 10 cells. 

Measurement of ODC 

ODC activity was measured by the liberation of 14C02 from D,L-[1-14C] ornithine 
(New England Nuclear, Boston, MA, 40-60 Ci/mmole). The specific activity was changed 
to 5.2 mCi/mmole by the addition of L-ornithine. Cells were sonicated in 0.05 M sodiun 
potassium phosphate buffer, pH 7.2 containing 0.1 mM EDTA, 1.0 mM dithiothreitol and 
20 PM pyridoxal phosphate. Two hundred micro liters of thelie homogenate were incubz 
ted for 30 minutes at 37OC in the presence of 0.5 uCi L-Cl- C] ornithine. Minimum cell 
numbers were 5.0 x lo6 cells per assay. 

RESULTS 

ODC Induction and DNA Synthesis During and After HU 

Panel A of figure 1 shows the kinetics of DNA replication for cells, synchronized 

in mitosis, either progressing through the cell cycle in normal medium or moving throu! 

S phase following treatment with 2 mM HU for 13 hours. Panel B of figure 1 describes 

the patterns of ODC activity observed in control cells and cells during and after 2 

mM HU treatment. In the control cells, a peak of ODC activity is observed approximate' 

4-5 hours after mitosis, before DNA synthesis has begun. An increase in ODC activity 

in these cells precedes DNA replication, with the enzyme activity then decreasing as 
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Figure 1, Panel A: Effect of 2 mM HU on DNA synthesis. CHO cells were selected in 
mitosis, and either allowed to progress through S phase (a-0) or incubated in 2 mM 
HU for 13 hours (O-O). Samples for CsCl density gradient analysis (as described in 
methods section) were collected at 1,3,5,7, and 9 hours after the HU was removed. 
Panel B: Effect of HU on ODC activity. CHO cells were selected in mitosis and allowed 
to traverse S phase (R-8) or incubated in 2 mM for 13 hours (O-O). ODC activity was 
measured at 2 hour intervals during the HU treatment and after the HU was removed. 

cells move into S phase. In contrast, ODC activity remains low throughout Gl phase 

in HU treated cells. These cells are able to initiate DNA synthesis (14) but are blocked 

from bulk DNA replication. ODC activity does increase after the HU is removed from 

the culture medium. This increase, however, does not occur until after DNA synthesis 

is initiated and at least 20% of the DNA has been replicated. 

In order to investigate in more detail this increase in ODC activity after removal 

of HU, this enzyme activity was measured at l/2, 1, 2, 3, 5, and 7 hours after drug 

removal and correlated with the amount of DNA replicated. The results, shown in figure 

2, demonstrate that the increase in ODC activity parallels the amount of DNA replicated 

as these cells traverse S phase. 
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Hours After HU Release 

Figure 2: ODC activity after removal of 2 mM HU. CHO cells were selected in mitosis 
and incubated with 2 mM HU for 13 hours. ODC activity was measured after removal of 
the HU (O-O). The DNA replication pattern (---) in figure 2 is taken from figure 1, 
panel A for comparative purposes. 

HU Inhibition of ODC Induction 

During the CHO cell cycle, ODC activity increases at the Gl/S boundary primarily 

due to induction (5,6). The results presented here show that, in the presence of HU 

for 13 hours, no increase in ODC activity is observed. A concern is whether the 13 

hour treatment is actually inhibiting induction of ODC or perhaps resulting in the syn- 

thesis of the ODC antizyme. Figure 3 demonstrates that HU added to synchronized cells 

4 hours after mitosis can prevent the peak of ODC activity. These data show that HU 

can act within one hour to prevent this increase in ODC activity. It should be noted 

that the addition of HU does not completely inhibit existing ODC activity, only the 

induction. 

General protein synthesis rates in the control and the HU treated cells were simil 

and HU did not inhibit ODC activity in vitro (data not shown). -- 

Concentration and Time Dependence of HU Effects on ODC Activity and DNA Synthesis 

Asynchronous populations of CHO cells were treated with varying concentrations 

of HU for 9 hours. Figure 4, panel A shows that DNA synthesis and ODC activity decrear 
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cl Effect of 2 mM HU on ODC activity. ODC activity was measured in CHO cells 
~~ik?h~~ been selected in mitosis and either allowed to progress through S phase (0-a) 
or incubated with 2 mM HU (O-O). HU was added 4 hours after mitosis. 
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Fiqure 4, Panel A: Effect of various concentrations of HU on ODC activity and DNA 
synthesis. 
13 hours. 

Asynchronous CHO cells were incubated in vagious concentrations of MU for 
ODC activity was measured (O-O) as well as [ H]dThd incorporation (0-m). 

Panel 6: Time course of 2 mM HU effect on ODC activity. Asynchronous CHO cells were 
incubated with 2 mM HU for various times and ODC activity was measured (O-O). 
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in a similar manner. At concentrations above lo-BM, DNA synthesis is effected to a 

greater degree than ODC activity and may simply reflect the action of HU on ODC inductic 

rather than an effect on the enzyme itself. Panel B of figure 4 supports this result. 

These data demonstrate that HU has no effect on ODC activity in asynchronous cells for 

up to 2 hours of treatment. After 2 hours, the activity does decrease, probably due 

to accumulation of cells in cell cycle compartments where ODC induction should occur, 

and hence, would be prevented by HU. 

DISCUSSION 

ODC activity in Gl traversing cells generally increases prior to DNA replication. 

The possibilities exist that ODC induction may, therefore, be functionally related to 

entry into, or maintenance of, S phase. In the presence of HU, cells are allowed to 

enter S phase but bulk DNA synthesis is prevented (14). Under these conditions, ODC 

is not induced. This enzyme activity remains low until HU is removed from the culture 

medium and, subsequently, greater than 20% of the ONA has replicated. These data show 

that ODC induction is not a strict requirement for cellular entry into S phase since 

a substantial amount of DhA can ?c synthesized without a previous increase in ODC acti- 

vity. 

The second possibility, that ODC activity is important for the maintenance of S 

phase, is supported by the observation that ODC activity increases in a similar manner 

to DNA replication after the HU is removed. Experiments are in progress to determine 

if dATP added to HU treated cells will rescue ODC activity, since such a treatment 

will rescue DNA synthesis (19), 

We suspect that the inhibition of ODC induction by HU does not function through 

the ODC antizyme mechanism, since figure 3 showed that HU will prevent stimulation wit1 

one hour. Since we know that the appearance of the ODC antizyme requires protein syntl 

sis (20,21,22, 23), one would not expect such a rapid effect on the expression of the 

enzyme. In addition, if homogenates from HU treated cells are mixed with asynchronous 

cell extracts, ODC activity is not decreased (data not shown). This only indicates 

that no unbound ODC antizyme is present, since ODC activity is still detectable and 

any antizyme present would presumably be bound (20). 
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ODC induction may also be prevented by sensitive membrane mediated sites respondin{ 

to extracellular diamines (20). HU is known to dimerize (24) and still inhibit ribonuc- 

leotide diphosphate reductase (25). However, the kinetics of ODC inactivation by HU 

do not correspond to the inactivation curve observed with spermine (data not shown). 

Concentrations of HU from 10m2M to 10m6M do not inhibit ODC activity when administered 

for 90 minutes whereas a spermine concentration of 10m6M inhibits ODC activity to less 

than 50% of controls. 

At this point, we have ruled out the decrease in ODC by HU as being due to a non- 

specific diamine effect mimicking the action of exogenous polyamines, appearance of 

the antizyme, a decrease in general protein synthesis , cell cytotoxicity or a direct 

inhibitory effect on the enzyme in vitro. Therefore -- , we suspect that HU acts to prevent 

ODC induction by a direct or indirect consequence of the already defined intracellular 

actions of HU, i.e., decreased DNA precursor pools or the scavenging of cations (26). 

Acknowledgments 

This work was supported by grants CA-18273, CA-17343, Gm-07239 from the NIH. 

REFERENCES 

1. 
2. 
3. 

4. 
5. 

6. 

;: 

1;: 

11. 
12. 

13. 

14. 

2 

ii: 

Russell, D.H. and Snyder, S.H. (1968). 
Tabor, C.W. and Tabor, H. (1976). 

Proc. Nat. Acad. Sci. USA 60, 1420-1427. 
Ann. Rev. Biochemistry 45, 285-306. 

Cohen, S.S. (1971). Introduction to the polyamines, Prentze-Hall, Englewood 
Cliffs, NJ. 
Tabor, H. and Tabor, C.W. (1972). Adv. in Enzymology 36-, 203-268. 
Fuller, D.J.M., Gerner, E.W., and Russell, D.H. (1977). J. Cell. Physiol. 
93, 81-88. 
Heby, 0. Gray, J.W., Lindl, P.A., Marton, L.S., Wilson, C.B. (1976). Biochem. 
Biophys. Res. Comnun. 71, 99-105. 
Sakai, T., Lundgren, D.W., and Oka, T. (1978). J. Cell. Physiol. 95, 259-268. 
Fillingame, R.H., Jorstad, C.M., and Morris, D.R. (1975). Proc. Nat. Acad. Sci. 
USA 72, 4042-4045. 
Fillingame, R.H, and Morris, D.R. (1973). Biochemistry l2-, 4479-4487. 
Mamont, P.S., Bohlen, P., McCann, P.P., Bey, P., Schuber, F., and Tardiff, C. 
(1976). Proc. Nat. Acad. Sci. USA 73-, 1626-1630. 
Heby, O., Andersson, G., and Gray, J.W. (1978). 
Sukara, P.S., Rao, P.N., and Nishioka, K. (1977). 

Exp. Cell Res. 111, 461-464. 
Biochem. Biophys. Res. Comnun. 

74, 1125-1133. 
Walters, R.A., Tobey, R.A., and Ratliff, R.L. (1973). Biochim. Biophys. Acta 
319, 336-347. 
Walters, R.A., Tobey, R.A., and Hildebrand, C.E. (1976). Biochem. Biophys. Res. 
Comnun. 69, 212-217. 
Cress, A.E. and Gerner, E.W. (1977). Exp. Cell Res. 110, 347-353. 
Tobey, R.A., Anderson, E.C., and Peterson, D.F. (1967r J. Cell. Physiol. 70, 
63-68. 
Meyn, R.E., Hewitt, R.R., and Humphrey, R.M. (1973). Exp. Cell Res. 82, 137-142. 
Gerner, E.W., Meyn, R.E., and Humphrey, R.M. (1974). Radiat. Res. 60, 62-74. 

779 



19. 

20. 

21. 

22. 

2 

2: 

Vol. 87, No. 3, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Castellot, J.J., Miller, M.R., and Pardee, A.B. (1978). Proc. Nat. Acad. Sci. 
USA 75, 351-355. 
Heller, J.S., Chen, K.Y., Kyriakidis, D.A., Fong, W.F., and Cannelakis, E.S. 
(1978). J. Cell. Physiol. 96, 225-234. 
Fong, W.F., Heller, J.S., and Cannelakis, E.S. (1976). Biochim. Biophys. Acta 
428, 456-465. 
mer, J.S., Fond, W.F., and Cannelakis, E.S. (1976). Proc. Nat. Acad. Sci. USA 
7&;o18f3-1B62. 

Gula, Siki, and Jhne, J. (1978). Biochim. Biophys. Acta 524, 466-473. 
Jacois,'i.J. and Rosenkranz, H.S. (1970). Cancer Res. 30, 1084-10940 
Timson, J. (1975). 
Moore, E.C. (1969). 

Mutation Res. 32, 115-132. 
Cancer Res. 2, 291-295. 

780 


