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Abstract

The polyamines are essential for cellular growth and differentiation. Ornithine decarboxylase 

(ODC), which catalyses the first step in the biosynthesis of the polyamines, has a very fast 

turnover and is subject to a strong feedback control by the polyamines. In the present study 

we show that overexpression of a metabolically stable ODC in CHO cells induced a massive 

cell death unless the cells were grown in the presence of the ODC inhibitor -

difluoromethylornithine (DFMO). Cells overexpressing wild-type (unstable) ODC, on the 

other hand, were not dependent on the presence of DFMO for their growth. The induction of 

cell death was correlated with a dramatic increase in cellular putrescine levels. Analysis using 

flow cytometry revealed perturbed cell cycle kinetics, with a large accumulation of cells with 

sub-G1 amounts of DNA, which is a typical sign of apoptosis. Another strong indication of 

apoptosis was the finding that one of the key enzymes in the apoptotic process, caspase-3, was 

induced when DFMO was omitted from the growth medium. Furthermore, inhibition of the 

caspase activity significantly reduced the recruitment of cells to the sub-G1 fraction. In 

conclusion, deregulation of polyamine homeostasis may negatively affect cell proliferation 

and eventually lead to cell death by apoptosis if putrescine levels become too high. 

Key words: Polyamines; ornithine decarboxylase; apoptosis; protein turnover; caspase-3
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1.  Introduction 

The polyamines putrescine, spermidine and spermine are cellular constituents shown to 

be essential for a variety of cell processes related to growth and differentiation (Heby and 

Persson 1990; Jänne et al. 2004; Wallace et al. 2003). Mammalian intracellular levels of the 

polyamines are under a strong regulatory control, reflecting their importance in cell 

physiology. Too low concentrations of cellular polyamines may negatively affect anabolic 

events such as DNA, RNA and protein syntheses, eventually inducing cell growth arrest 

(Wallace et al. 2003). Too high concentrations of the polyamines, on the other hand, are toxic 

to the cell and may induce cell death (Brunton et al. 1990; Poulin et al. 1995; Tome et al. 

1997). Thus it is important for cells to maintain their polyamine concentrations within rather 

narrow limits. 

Polyamine homeostasis is achieved by a careful balance between synthesis, degradation 

and uptake (Casero, Jr. and Pegg 1993; Coffino 2001; Heby and Persson 1990). All these 

events are highly regulated and subjected to feedback control by the polyamines. Ornithine 

decarboxylase (ODC) (EC 4.1.1.17), which catalyses the first step in polyamine synthesis, has 

a very fast turnover and is highly regulated by the intracellular polyamine levels (Coffino 

2001; Hayashi et al. 1996; Murakami et al. 2000). In the presence of an excess of polyamines, 

there is a marked down-regulation of cellular ODC activity. On the other hand, when cells are 

depleted of their polyamines ODC is markedly induced. The major effect of the polyamines is 

on the level of ODC turnover, although some effect on ODC mRNA translation has also been 

demonstrated (Persson et al. 1996). The polyamines exert their effect on ODC turnover by 

inducing the synthesis of a protein, antizyme, which binds to the ODC monomer and targets it 

for degradation by the 26S proteasome (Coffino 2001; Hayashi et al. 1996; Murakami et al. 

2000).
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The C-terminal part of mammalian ODC has been shown to be very important for the 

fast turnover of the enzyme (Ghoda et al. 1989; Rosenberg-Hasson et al. 1991). Truncations 

or mutations in this part of ODC transform the enzyme into a metabolically stable protein. 

The binding of antizyme to ODC is believed to affect the structure of the protein in such a 

way that the C-terminal part of ODC is exposed, which then is recognized by the 26S 

proteasome (Coffino 2001; Hayashi et al. 1996).

The mechanisms by which too high intracellular polyamine levels may induce cell death 

are not known yet. Interestingly, a few reports exist in which such cell death is shown to be 

caused by apoptosis (Poulin et al. 1995; Tobias and Kahana 1995; Tome et al. 1997; Xie et al. 

1997). However, in some cases the cell death appears to be non-apoptotic (Seiler et al. 2000). 

In the present study we have used a cell line overproducing a C-terminus truncated ODC, 

which is metabolically stable and thus non-responsive to the feedback control exerted by the 

polyamines, to examine the effects of deregulation of polyamine synthesis on cell viability. It 

is demonstrated that deregulation of ODC causes an induction of apoptosis, which can be 

reduced by the addition of the caspase inhibitor Z-VAD-fmk. The induction of apoptosis is 

most likely related to the massive increase in putrescine content in the cells caused by the 

deregulation of ODC.
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2.  Materials and Methods 

2.1. Materials 

Caspase-3 Colorimetric Protease Assay kit and N-Benzyloxycarbonyl-Val-Ala-Asp-

fluoromethylketone (Z-VAD-fmk) were purchased from Medical  & Biological Laboratories 

Co., Ltd. (Nagoya, Japan). AlamarBlue™ was purchased from BioSource (Camarillo, CA, 

USA).

2.2.  Cell culture 

Wild-type CHO cells and stable transfectants of CHO cells expressing a C-terminally 

truncated ODC were made resistant to 5 mM -difluoromethylornithine (DFMO) as described 

in Lövkvist Wallström et al. 2001. The cells (CHO-D and CHO- 3-D) were routinely grown 

in Dulbecco's minimum essential medium/Ham's F12 (1:1) containing 10% fetal calf serum, 

nonessential amino acids, antibiotics (50 units/ml penicillin and 50 µg/ml streptomycin) and 

1-5 mM DFMO. The cells were cultured at 37 C in a humidified incubator with 5% CO2 and 

subcultured at a density of 10-20 x 10
3
cells/cm

2
every 3 or 4 days. Cell proliferation was 

determined by cell counting or by means of a reduction-oxidation assay using the metabolic 

indicator resazurin in AlamarBlue.  

2.3.  AlamarBlue assay 

Cells were seeded in the absence or presence of various concentrations of DFMO in 96-

well plates at a density of 25,000 cells/well. The plates were incubated at 37 C for 1-4 days, 
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whereupon 20 l AlamarBlue (10%) was added to each well. The plates were incubated for an 

additional 4 h and then the fluorescence was determined at 544 nm excitation and 590 nm 

emission. Blank values were obtained from wells without cells. Resazurin in AlamarBlue is 

reduced to a fluorescent product by cells and the degree of reduction corresponds to the 

number of viable cells. 

2.4. Polyamine analysis 

Cells grown in the absence or presence of 5 mM DFMO for various times were 

harvested and stored at –20 
o
C until analysed. Chromatographic separation and quantitative 

determination of the polyamines in 0.2 M perchloric acid extracts of the cells were carried out 

using high performance liquid chromatography (HP 1100) essentially as described in Seiler 

and Knödgen 1980.

2.5. Flow cytometric analysis 

Cells were resuspended in ice-cold 70% ethanol and then stored at –20 
o
C until 

analysed. Nuclei were isolated and DNA was stained with propidium iodide nuclear isolation 

medium (phosphate-buffered saline containing 100 g/ml propidium iodide, 0.60% Nonidet 

P-40 and 100 g/ml RNase A) (Hegardt et al. 2001). Flow cytometric analysis was performed 

in an Ortho Cytoron Absolute flow cytometer (Ortho Raritan, NJ) as previously described 

(Fredlund et al. 1994). For computerised analysis  of cell cycle phase distributions, Multi2D 

and MultiCycle software programs (Phoenix Flow Systems, CA) were used. When present, 

sub-G1 peaks were calculated as percentage of  the total DNA histogram.  
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2.6. Analysis of caspase-3 activity 

Cells (1-2 x 10
6
)  grown in the absence or presence of 1 mM DFMO for 72 or 78 h were 

harvested and stored in 50 l of cell lysis buffer at –80 
o
C until analysed. The caspase activity 

was assayed by measuring the cleavage of the chromophore p-nitroanilide (pNA) from a 

pNA-labelled substrate according to the manufacturer’s instructions. The samples were 

incubated with 200 M pNA substrate at 37 
o
C  for 2 h before measurement  of the 

absorbance at 405 nm.  

2.7. Statistical analysis 

Values are expressed as mean ± S.D. Student's t-test was used for statistical evaluation 

and p<0.05 was considered as significant. 

3. Results

The CHO- 3-D cells, which express large amounts of a metabolically stable (C-

terminally truncated) ODC (Lövkvist Wallström et al. 2001), were capable of growing in the 

presence of 5 mM DFMO (Fig. 1). However, omission of DFMO from the growth medium 

induced a growth arrest followed by a dramatic reduction in cell number starting 3 days after 

seeding (Fig. 1). As comparison a cell line of wild-type CHO cells resistant to the same level 

of DFMO (CHO-D) (Lövkvist Wallström et al. 2001) were used. As seen in Fig. 1, these cells 
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grew equally well in the absence and presence of 5 mM DFMO. No reduction in cell number 

was seen during day 3 and 4 after seeding in a medium without DFMO. 

The omission of DFMO from the growth medium gave rise to a large increase in 

cellular ODC activity (results not shown). The increase in ODC activity was reflected in an 

increase in putrescine content of the cells (Fig. 2). In the CHO-D cells the putrescine content 

rose to a peak level by day 2 when grown without DFMO. This level was more than 25 times 

higher than the putrescine level found in the same cells grown for 2 days in the presence of 5 

mM DFMO (p<0.05). The putrescine level of the CHO- 3-D cells increased to a very high 

level when the cells were grown without DFMO (Fig. 2).  The peak levels, which were found 

3 days after seeding, were more than 200-fold higher than in the CHO- 3-D cells grown in 

the presence of DFMO (p<0.001), and almost 10-fold higher than the putrescine content of 

the CHO-D cells grown without DFMO (p<0.001). The putrescine content of the CHO- 3-D

cells grown without DFMO was lower on day 4 compared to day 3 (Fig. 2). This 

corresponded in time with the marked reduction in cell number seen when the CHO- 3-D

cells were grown in the absence of DFMO.

During exponential growth (day 1-3) the CHO- 3-D appeared to contain slightly less 

spermidine than the CHO-D cells when grown in the presence of 5 mM DFMO (Fig. 2). 

However, when the cells were grown without DFMO both cell lines exhibited a transient 

increase in spermidine content compared to the cells grown in the presence of DFMO. For the 

CHO-D cells this increase appeared on day 1 and was about 1.6-fold (p<0.01), whereas for 

the CHO- 3-D cells the spermidine content was increased both on days 1 (2.0-fold, p<0.01) 

and 2 (3.7-fold, p<0.001) (Fig. 2). However, during day 4 there was a significant decrease in 

the spermidine content in both cells lines (p<0.01) when grown in the absence of DFMO 

compared to the cells grown in the presence of DFMO  (Fig.2). The spermine concentration, 
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on the other hand, was markedly decreased in both cell lines during day 2-4 (p< 0.001-0.05), 

when DFMO was omitted from the growth medium (Fig. 2).  

To determine whether the death of CHO- 3-D cells occurring 3-4 days after growth in 

the absence of DFMO may be related to the huge increase in putrescine content we did a 

titration of the effects of various DFMO concentrations on cell growth and putrescine content. 

Cell growth was analysed by a sensitive fluorescent assay using the reagent AlamarBlue. 

Surprisingly, there was an increase (p<0.001) in the amount of fluorescence (cell number) 

when the CHO- 3-D cells were grown in concentrations of 0.75-1.5 mM DFMO compared to 

5 mM DFMO (Fig. 3A). This may indicate that the cells were not completely resistant to the 

higher concentration of DFMO. Thus, 1 mM DFMO was selected as the optimal 

concentration for growth of the CHO- 3-D cells. The adverse effects on cell growth caused 

by reduction of DFMO in the growth medium was apparent on day 4 when concentrations of 

0.5 mM DFMO and lower was used (p<0.01) (Fig. 3). Concentrations of 0.1 mM or less gave 

a reduction in cell growth also on day 3 (results not shown). The putrescine contents of the 

cells grown in the presence of 0-1 mM DFMO are shown in Fig. 4. As seen in this figure the 

putrescine content was very high in the cells grown in the presence of 0.1 mM DFMO or less 

compared to the cells grown in the presence of 1 mM DFMO. The levels appeared higher on 

day 4 than on day 3 (Fig. 4).

Next, we analysed the cell cycle phase distribution among the CHO- 3-D cells grown 

in the presence of 0-1 mM DFMO (Fig. 5). A major difference found was that the cells grown 

in the presence of 1 mM DFMO accumulated in the G1-phase (Fig. 5B), whereas the cells 

grown in 0.1 mM DFMO or less accumulated in the S- and G2-phases (Fig. 5C-D), with a 

decrease in the G1 phase 3-4 days after seeding (Fig. 5B). Another striking observation was 

that a large fraction of the cells seeded in the presence of 0.1 mM DFMO or less contained 

reduced DNA content (sub-G1) on days 3 (p<0.001-0.05) and 4 (p<0.001) (Fig. 5A). The 
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number of cells in the sub-G1 fraction increased between day 3 and 4 when cells were grown 

in 0.1 mM DFMO or less. More than 50% of the cells grown in the absence of DFMO, 

whereas less than 7% of the cells grown in the presence of 1 mM DFMO was found in the 

sub-G1 fraction 4 days after seeding (Fig. 5A).

Accumulation of cells in the sub-G1 fraction is often a result of cells undergoing 

apoptotic cell death (Darzynkiewicz et al. 1992). The appearance of cells in the sub-G1

fraction in the present study coincided with the inhibition of cell growth and later cell death 

occurring 3-4 days after seeding the cells in absence or in the presence of low concentrations 

of DFMO. In order to analyse whether apoptosis may be induced, we measured the activity of 

caspase-3, which is generally activated by all major apoptotic signal transduction pathways 

(Kaufmann and Earnshaw 2000), in cells grown in the absence or presence of 1 mM DFMO 

for 72 and 78 h. As shown in Fig. 6A, there was a significant increase (p<0.01) in the caspase-

3 activity in the cells grown without DFMO. Treatment of cells seeded in the absence of 

DFMO with 1 M Z-VAD-fmk, a broad-spectrum caspase inhibitor (Graczyk 2002), reduced 

the number of cells found in the sub-G1 fraction (from 51% to 34%, p<0.001) 4 days after 

seeding (Fig. 6B). However, cells grown in the presence of both 1 M Z-VAD-fmk and 1 mM 

DFMO showed an increased number (from 2% to 21%, p<0.01) of cells in the sub-G1 

fraction on day 4 (Fig. 6B). 

4.  Discussion 

The deletion of the C-terminus of ODC transforms the protein from a metabolically 

unstable protein into a stable protein with a very slow turnover (Ghoda et al. 1989). The 
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extensive regulation of ODC is highly dependent on the very fast turnover of the protein 

(Coffino 2001; Hayashi et al. 1996; Murakami et al. 2000). Any change in synthesis or 

degradation of ODC is rapidly causing a change in the amount of protein, and thus in activity, 

of the enzyme. Hence, cells expressing the wild-type ODC are capable of rapidly responding 

to a disturbance of polyamine homeostasis by adjusting the ODC level accordingly. Cells 

expressing a C-terminally truncated ODC, on the other hand, may not respond as effective 

due to the very slow turnover of the enzyme. In the present study we have demonstrated the 

importance of the ODC turnover for the cellular response to a disturbed polyamine 

homeostasis. The cells used were expressing ODC to very high levels and were routinely 

grown in the presence of DFMO. Thus, only a fraction of the ODC protein was enzymatically 

active. However, omitting DFMO from the growth medium should result in a loss of enzyme 

inactivation and, if unregulated, in a massive increase in ODC activity and putrescine 

synthesis. In the cells expressing wild-type ODC there was an increase in putrescine content 

when the cells were grown without DFMO. However, this was minor compared to the huge 

increase in putrescine content found when the cells expressing the c-terminally truncated 

ODC were seeded in a medium without DFMO. The cellular putrescine reached levels that 

were 1 to 2 orders of magnitude greater than those normally found in wild-type CHO cells 

(Fredlund and Oredsson 1997). 

The putrescine levels obtained in the cells expressing the C-terminally truncated ODC 

when these were seeded in the absence of DFMO appeared to be highly toxic to the cells. The 

growth arrest and later cell death observed from day 3 coincided with the huge increase in 

putrescine content. Furthermore, results from titration with DFMO supported a connection 

between supra-physiological putrescine levels and growth arrest/cell death. Analysis of cell 

cycle phase distribution revealed major differences between the cells grown in the absence or 

presence of DFMO. When grown in 1 mM DFMO, which inhibited most of the ODC activity, 
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the cells exhibited normal cell cycle phase distributions. During exponential growth, most of 

the cells were found in the G1 and S phases, whereas the number of cells in the G2 phase 

remained relatively low. When the cells were approaching confluency (day 4) there was an 

accumulation of cells in the G1 phase, and to a lesser extent also in the G2 phase. The number 

of cells in the S phase, on the other hand, decreased markedly by day 4. Cells grown in the 

absence of DFMO, or in low DFMO concentrations, showed instead a marked decrease in the 

number of cells in the G1 phase during days 3-4 and no decrease in the number of cells in the 

S phase at confluency. The number of cells in the G2 phase was higher in the cells grown in 

the absence of DFMO, or in low DFMO concentrations, than found in the cells grown in the 

presence of 1 mM DFMO. Concomitant with the decrease in number of cells in the G1 phase, 

occurring after seeding the cells in the absence or in the presence of low concentrations of 

DFMO, there was a huge increase of cells (up to 50-60%) containing reduced amount of DNA 

(sub-G1), which is a common feature of cells undergoing apoptotic cell death (Darzynkiewicz 

et al. 1992). The number of cells in the sub-G1 fraction was relatively small when the cells 

were grown in the presence of 1 mM DFMO. Interestingly, 0.1 mM DFMO gave an 

intermediate value (about 30%) on the number of cells in the sub-G1 fraction. This 

concentration of DFMO did also give rise to lower cellular putrescine levels than in the cells 

grown in the absence or presence of 0.04 mM DFMO (which gave 50-60% sub-G1 cells), but 

still much higher putrescine levels than in the cells grown in the presence of 1 mM DFMO. 

Thus, elevation of cellular putrescine content seems to contribute to the commitment of cells 

to the sub-G1 fraction. The increased number of cells within the sub-G1 fraction appeared 

concomitant with the reduction of total cell number, indicating that cells were dying by an 

apoptotic process. Since the percentage of cells in the G1 phase decreased simultaneously, it is 

conceivable that a large number of the cells found in the sub-G1 fraction were derived from 

the G1 phase. The finding that the percentage of cells in the S phase did not change indicated 
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that also cells from this cell cycle phase were recruited to the sub-G1 fraction. Otherwise the 

percentage of cells in the S phase should increase due to the decrease in total number of cells. 

The presence of a large number of cells in the sub-G1 fraction strongly indicated that the 

reduction in cell number seen when cells were grown in the absence, or in the presence of low 

concentrations, of DFMO was due to apoptotic cell death. This was supported by the finding 

that there was an induction of caspase-3 activity in the cells at the time when the changes in 

cell cycle phase distribution became apparent. Furthermore, treatment with the caspase 

inhibitor Z-VAD-fmk significantly reduced the recruitment of cells to the sub-G1 fraction. 

Interestingly, Z-VAD-fmk gave rise to an increase in the fraction of sub-G1 cells when given 

together with DFMO. The reason for this is not known. However, Z-VAD-fmk has been 

demonstrated to increase cell death in some systems (Cowburn et al. 2005; Paananen et al. 

2005; Pandey et al. 2000).

Accumulation of excessive levels of polyamines, as well as of various polyamine 

analogues, have been shown to induce apoptosis in different cell lines (Chen et al. 2003; 

Fraser et al. 2002; Hu and Pegg 1997; Pignatti et al. 2004; Poulin et al. 1995; Schipper et al. 

2000; Tobias and Kahana 1995; Tome et al. 1997; Xie et al. 1997). Putrescine has been 

capable of inducing apoptosis in some systems but not in others (Poulin et al. 1995; Tobias 

and Kahana 1995; Tome et al. 1997; Xie et al. 1997). The exact mechanism(s) that are 

involved in the induction of apoptosis by polyamines (or their analogues) are not known. The 

polyamines (and some of their analogues) strongly induce the degradation of polyamines, 

which is associated with H2O2 production (Casero, Jr. and Pegg 1993). It is possible that the 

polyamine-induced apoptosis is caused by an oxidative stress. This theory is supported by the 

finding that MDL 72,527, an inhibitor of cellular FAD-dependent polyamine oxidase, was 

capable of reducing the apoptotic cell death caused by different polyamine analogues (Ha et 

al. 1997; Hu and Pegg 1997). Putrescine, on the other hand, has never been shown to induce 
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polyamine degradation. Nevertheless, Erez et al. (Erez et al. 2002) demonstrated that 

apoptosis caused by putrescine in a mouse myeloma cell line was inhibited by 

aminoguanidine, which is an inhibitor of copper-containing amine oxidases like diamine 

oxidase. Thus, it is conceivable that also the apoptosis induced by excessive putrescine 

accumulation is due to an oxidative stress caused by H2O2. However, aminoguanidine did not 

appear to inhibit the induction of apoptosis in the CHO- 3-D cells after omission of DFMO 

from the growth medium (preliminary results).  

Two different activation pathways have been revealed for the apoptotic process, one 

mitochondrial (release of cytochrome c) and one membrane receptor (death receptor). The 

signalling pathways also includes cascades of different caspases (Kaufmann and Earnshaw 

2000). As shown in the present study, as well as in studies using different polyamine 

analogues, apoptosis was associated with an induction of caspase-3, which is a common 

nominator for both of the activation pathways (Chen et al. 2003; Fraser et al. 2002; Hegardt et 

al. 2002). Furthermore, results indicate that polyamine-induced apoptosis occurs through the 

mitochondrial pathway (Chen et al. 2001; Chen et al. 2003). However, the exact steps 

involved in the signalling pathway leading to apoptosis by supra-physiological polyamine 

levels is for the main part still unknown. The present cell system may provide a useful tool for 

further studies of these mechanisms. 
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Figure legends 

Fig. 1. Effect of DFMO withdrawal on growth of DFMO resistant CHO cells. Cells were 

grown in the absence or presence of 5 mM DFMO for four days. CHO-D + DFMO, ; CHO-

D without DFMO, ; CHO- 3-D + DFMO, ; CHO- 3-D without DFMO, Mean ± S.D., 

n = 5 independent samples. 

Fig. 2.  Effect of DFMO withdrawal on polyamine content in DFMO resistant CHO cells. 

Cells were grown in the absence or presence of 5 mM DFMO for four days. CHO-D + 

DFMO, ; CHO-D without DFMO, ; CHO- 3-D + DFMO, ; CHO- 3-D without DFMO, 

 Mean ± S.D., n = 3 independent samples (except for day 0, n = 2). 

Fig. 3. Effect of DFMO on growth of CHO- 3-D cells. The cells were seeded in 96-well 

plates in the absence or presence of various concentrations of DFMO (A: 0.1 – 5 mM; B: 0.01 

– 0.1 mM). On day 4 the number of cells were analysed using AlamarBlue. Mean ± S.D., n = 

6 independent samples. 

Fig. 4.  Effect of DFMO on putrescine content in CHO- 3-D cells. The cells were seeded in 

the absence or presence of various concentrations of DFMO and analysed for putrescine 

content on days 1, 2, 3 and 4. Mean ± S.D., n = 3 independent samples. 

Fig. 5. Effect of DFMO on cell cycle phase distribution of CHO- 3-D cells. The cells were 

seeded in the absence or presence of various concentrations of DFMO and analysed by flow 

cytometry on days 1, 2, 3 and 4. A, Sub-G1; B, G1; C, S; D, G2. 1 mM DFMO, ; 0.1 mM 
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DFMO, ; 0.04 mM DFMO, ; without DFMO, Mean ± S.D., n = 3 independent 

samples. 

Fig. 6. A. Effect of DFMO withdrawal on caspase-3 activity in CHO- 3-D cells. The cells 

were seeded in the absence or presence of 1 mM DFMO and analysed for caspase-3 activity 

after 72 and 78 h. B. Effect of the general caspase inhibitor Z-VAD-fmk on the percentage of 

CHO- 3-D cells in the sub-G1 phase of the DNA histogram. The cells were seeded in the 

absence or presence of 1 mM DFMO and/or 1 M Z-VAD-fmk and analysed by flow 

cytometry after 4 days. Mean ± S.D., n = 3 independent samples. 
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Fig. 3 
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