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ABSTRACT 

The polyamines are abundant polycations necessary for 

eucaryotic cell growth. Ornithine decarboxylase(ODC) , the 

first and often rate-limiting enzyme in polyamine 

biosynthesis, is responsible for the formation of putrescine, 

the precursor for polyamine synthesis. ODC is normally very 

tightly regulated by a complex interaction of control of both 

synthesis and degradation. Regulation of ODC synthesis 

allows cells to increase ODC in response to various stimuli; 

however, the importance of the rapid degradation of ODC in 

cellular metabolism is less well understood. The studies 

presented here have compared the parental, HTC cells, which 

exhibit rapid ODC degradation, to two cell lines, DH23A and 

HMOA, which express a more stable ODC, to examine the 

cellular consequences of aberrant ODC expression. 

Aberrantly elevated ODC in DH23A cells results in a 

dramatic accumulation of endogenous putrescine, a decrease in 

cell number and the appearance of apoptotic cells. In 

contrast, HTC cells, with moderate polyamine contents, can be 

maintained in exponential growth. Accumulation of similar 

concentrations of putrescine from an exogenous source mimics 

the effect of ODC overexpression. This suggests that 

putrescine is the causative agent or trigger of apoptosis. 

Accumulation of excess intracellular putrescine inhibits 

the formation of modified eIF-5A in vivo. eIF-5A is a 
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protein that is post-translationally modified by spermidine. 

Although the function is unclear, both eIF-5A and the 

modification by spermidine are necessary for growth in 

eucaryotic cells. Treatment of DH23A cells with 

diaminoheptane(DAH), an in vitro inhibitor of eIF-5A 

modification, both inhibits the modification of eIF-5A in 

vivo and increases apoptosis. DAH appears to cause a 

decrease in cell number by acting as a competitive inhibitor 

of the post-translational modification of eIF-5A by 

spermidine. Putrescine probably inhibits the formation of 

modified eIF-5A upstream of the spermidine addition, but not 

at the level of transcription. These data support the 

hypothesis that the rapid degradation of ODC may be a 

protective mechanism to avoid cell toxicity due to putrescine 

accumulation and suggest that suppression modified eIF-5A 

formation is one mechanism by which cells may be induced to 

undergo apoptosis. 
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BACKGROUND INFORMATION 

Functions of polyamines: Necessity for growth 

The polyamines, spermidine and spermine, and putrescine, 

the diamine precursor for polyamine synthesis, are abundant 

ubiquitous polycations in eucaryotic and procaryotic cells. 

At physiological pH, these amines possess two, three or four 

positive charges distributed along an aliphatic backbone. 

Because of these characteristics, they bind readily to 

cellular macromolecules such as DNA, RNA, phospholipids and 

proteins (Davis ̂  al.., 1992). This non-specific binding, 

which also influences the available free polyamine pools, as 

well as the rapid synthesis and interconversion of the 

polyamines by a complex metabolic pathway (see Fig. 1) (Tabor 

and Tabor, 1984) has often made it difficult to assign 

specific functions to these compounds. Additionally, it is 

becoming increasingly clear that while some actions of the 

polyamines have absolute requirements for a specific amine, 

in other cases, the polyamines may wholly or partially 

substitute for each other. Although specific functions for 

specific polyamines have been difficult to elucidate, the 

requirement for polyamines during optimal cell growth and 

normal cell function has become clearly established (Pegg, 

1988; Davis, 1990). 
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Development of polyamine auxotrophs has demonstrated the 

necessity for polyamines to sustain eucaryotic cell growth. 

Mutants of Saccharomvces cerevisiae and Chinese hamster ovary 

cells (CHO) lacking ornithine decarboxylase (ODC), the first 

and often rate-limiting enzyme in polyamine biosynthesis, 

show growth that is dependent on the addition of polyamines 

to the growth mediiim (Cohn ̂  ai-» 1980; Steglich and 

Scheffler, 1982; Pohianpelto et al.. 1985). Normal growth 

can be sustained in the presence of a reduced polyamine pool, 

however as pools become severely depleted the growth rate 

generally diminishes and cytostasis, lack of growth, occurs 

(Paulus 1982; Porter and Bergeron, 1983; Balasundaram 

et al. 1994b among others). These characteristics have made 

the polyamine metabolic pathway an inviting target for the 

development of cancer chemotherapeutic agents. Several 

recent reviews provide an excellent discussion of the 

progress and potential in this area (Pegg, 1988; Moulinoux 

al.. 1991; Seller, 1991; Marton and Pegg, 1995) and will not 

be discussed in detail here. 

The exact mechanism by which polyamine depletion 

inhibits cell growth is poorly understood. A number of 

studies have suggested that polyamines are necessary to 

complete the Gl/S transition during the cell cycle (Rupniak 

and Paul, 1978;Seidenfeld ££.51.., 1981) while others have 

found that the entry into S phase was unaltered, but that 
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polyamine depletion affected mostly the progression through S 

phase (Heby , 1978; Seyfried and Morris, 1979; 

Pohjanpelto sL » 1994) . Another study has suggested that 

replication fork movement in Escherichia coli is defective 

when polyamines are depleted (Geiger and Morris, 1980). Cell 

type specific effects as well as the degree and species of 

polyamine depletion may be critical in explaining the 

observed differences, even as these studies agree that 

depletion of polyamines inhibits replication. Although the 

polyamine requirement for growth is obligate, the natural 

polyamines and synthetic polyamine analogs can substitute for 

each other to some extent (Porter and Bergeron, 1983; Byers 

et al. 1993; Beppu , 1995). For example, Neurospora 

crassa mutants that lack ODC, so they are unable to produce 

putrescine, spermidine or spermine, will grow until the 

residual spermidine pool provided by the growth medium drops 

to 2 nmol per mg dry weight. However, if the cells are able 

to synthesize putrescine, but are unable to synthesize the 

longer chain amines, growth does not decrease until the 

spermidine pool reaches 0.3 nmol per mg dry weight (Davis, 

1990). This suggests that specific polyamines perform 

certain cellular functions, while for other cellular 

processes the amine requirement is less specific as long as 

the total cellular polyamine content is maintained. 
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Functions of polyamines: Macromolecular binding 

As suggested by the data on replication, one of the 

important functions of the polyamines is providing abundant 

polycations that non-specifically bind to and stabilize 

macromolecular structures, Igarashi's group (Wantanabe 

al. . 1991; Miyamoto ̂  / 1993) have postulated from in 

vitro binding constants, that most of the cellular polyamines 

are bound to DNA, RNA phospholipids and ATP. Comparisons of 

in vitro and in vivo data suggest that the binding seen in 

vitro may influence many in vivo cellular processes involving 

macromolecular interactions. X-ray crystallographic 

structures have shown that spermine can bind to the edge of 

the major groove of DNA (Williams , 1990). Binding of 

the polyamines affects the structure of DNA by influencing 

transitions from the B form to both the A and Z 

configurations (Jain sL > 1989; Fuerstein ̂  ai-, 1991; 
Thomas st. » 1991 among others), as well as DNA bending 

(Fuerstein slI-/ 1989). Polyamine-dependent structural 

alterations may help to explain the observed polyamine effect 

on cellular processes that depend on proteins binding to DNA, 

i.e. replication (Geiger and Morris, 1980) and the binding of 

sequence-specific proteins involved in gene regulation 

(Panagiotidis siL / 1995). 

Protein synthesis is another process requiring 

macromolecular interactions that is sensitive to cellular 

polyamine levels (e.g. Rudkin sL ̂ . / 1984; Mitchell al.. 
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1992b; reviewed in Tabor and Tabor, 1984) , Specifically, 

spermine has been shown Co be necessary for the maintenance 

of tRNA structure (Quigley sL ai-» 1978) and polyamines have 

been shown to bind to ribosomes (Frydman , 1984) 

affecting both ribosomal subunit stability (Igarashi ̂  al.- / 

1982b) and the association of ribosomal subunits (Sperrazza 

and Spremulli, 1983). Polyamines also affect the fidelity of 

translation (Igarashi St ai.-/ 1982a; McMurry and Algranti, 

1986; Snyder and Edwards, 1991), stimulate eucaryotic 

initiation factor-2B activity (Gross and Rubino, 1989) and 

recently, in specific instances, have been shown to induce 

ribosomal frameshifting in yeast (Balasundaram / 1994a) 

and in mammalian systems (Rom and Kahana, 1994; Matsufuji 

al.. 1995). Effects on translation by modulation of mRNA 

structure have been postulated because spermidine affects the 

translation of some messages more than general protein 

synthesis jja vitro (Kameji and Pegg, 1987b) or stimulates 

translation in the presence of a long 5'-untranslated region 

(5'UTR) (Ito , 1990). Finally, membrane phospholipids 

are also an important target where the polyamines help to 

stabilize membrane structures (for review see Schuber, 1989). 

Functions of polyamines: Specific (MMDA receptor, 

transglutaminases, eIF-5A modification) 

There are three other known cellular polyamine functions 

that are very specialized. The first of these is the 
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allosteric regulation of the N-methyl-D-aspartate receptor by 

spermine, reviewed recently by Williams (1994), which will 

not be discussed here. The other two involve a covalent 

linkage of polyamines to cellular proteins via two different 

types of reactions, crosslinking by transglutaminases and the 

post-translational modification of eIF-5A. 

Transglutaminases are enzymes that catalyze the 

formation of e - (y -glutamyl) lysine crosslinks between 

proteins (Folk at. , 1980), Direct protein-protein 

crosslinks can be formed; however, polyamines can be used as 

bridge molecules during the formation of these crosslinks so 

the final structure is protein-polyamine-protein (Folk, 

1980). These linkages have been shown to play an important 

role in a number of extracellular reactions such as blood 

clotting, formation of rodent vaginal plugs (reviewed in 

Folk, 1980; Lorand and Conrad, 1984) and attachment to the 

extracellular matrix (Gentile sL > 1992). Although the 

importance of these transglutaminase-induced linkages in 

extracellular compartments is well established, the use of 

the polyamines in these linkages intracellularly generally 

appears to be relatively minor under the conditions studied 

to date (Pegg, 1986; Park ̂  SLL-> 1993) , When eucaryotic 

cells are metabolically labeled with radioactive putrescine 

or spermidine, most of the radiolabel appears in one protein 

of approximately 18,000 Da Mr due to the covalent addition of 

a portion of the spermidine molecule (Park aJL• / 1981) . 
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Modification of this protein, eucaryotic initiation factor 5A 

(formerly eIF-4D or IF-M2Ba), may be one of the most critical 

functions of the polyamines in eucaryotic cell growth 

currently known. 

eIF-5A was initially purified from a salt wash of 

ribosomes that eluted protein synthesis initiation factors 

(Kemper ̂  , 1976) . Although only a small fraction of 

this abundant protein is associated with ribosomes (Thomas sL 

al.. 1979), its ability to stimulate poly(U)-directed 

polyphenylalanine synthesis at low [Mg2+] and AUG-directed 

synthesis of methionyl-puromycin (Kemper et al.. 1976; Benne 

and Hershey, 1978) led to the naming of this protein and the 

characterization as a putative protein synthesis initiation 

factor. Due to the stimulatory effect of eIF-5A in the 

methionyl-puromycin assay, an assay used to simulate first 

peptide bond formation, eIF-5A was postulated to participate 

in translation initiation after the formation of the 80S 

ribosomal complex (Benne and Hershey, 1978; Hershey, 1991) . 

Whole cells metabolically labeled using [^H]spermidine 

or [^Hlputrescine accumulate radiolabel predominantly in 

hypusine, (N^-(4-amino-2-hydro3Q^butyl)lysine), in one 

intracellular protein (Park ai., 1981) which has been 

identified as eIF-5A (Cooper sL # 1983). This post-

translational modification of the eIF-5A precursor protein 

occurs via a two step process (see Fig. IB). In the first 

step, the enzyme deoxyhypusine synthetase catalyzes the 
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transfer of the butylamine moiety from spermidine to the e-

amino group of a specific lysine residue, forming the amino 

acid deoxyhypusine and free 1,3 diaminopropane (Park sL al. . 

1982; Park and Wolff, 1988). Deoxyhypusine is subsequently 

hydroxylated in a reaction catalyzed by deoxyhypusine 

hydroxylase forming mature eIF-5A, which contains hypusine 

(Park sL ai-/ 1981; Park ££. , 1982) . This reaction occurs 

shortly after the translation of eIF-5A so that most cellular 

eIF-5A is in the hypusine form (Beninati , 1990; Wolff 

SL , 1992). Hypusine formation is an irreversible 

reaction (Duncan and Hershey, 1986; Park, 1987) with a 

stoichiometry of one mole hypusine per mole eIF-5A (Cooper 

^. , 1983; Park , 1984). Formation of hypusine has 

been shown to occur only in one mammalian protein (Sano, 

1985) probably because the deojQ^hypusine synthetase substrate 

requirements are very narrow. Deoxyhypusine synthetase 

requires a minimum of a fifty amino acid segment from the 

eIF-5A precursor (Joe and Park, 1994) and spermidine. Of all 

the spermidine-related compounds tested in deoxyhypusine 

synthetase assays, the enzyme was able to use only N-(3-

aminopropyl)cadaverine, a compound not usually found in 

mammalian cells. Compared to the reaction using spermidine as 

a substrate, modification of eIF-5A using N-(3-

aminopropyl) cadaverine was very poor (Park ai-/ 1991) . 
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Regulation of the formation of modified eIF-5A in 

mammalian systems is not well studied. Under normal cellular 

growth conditions translation of eIF-5A mRNA is probably the 

rate-limiting step because inhibition of novo protein 

synthesis abolishes eIF-5A synthesis (Duncan and Hershey, 

1986; Park, 1987; Park et al.. 1993). Hypusine synthesis is 

suppressed in cells where spermidine has been depleted to 

less than 10% of normal concentrations by drug treatment. 

After spermidine replenishment, it has been shown that 

hypusine synthesis depends on the amount of spermidine added 

(Gerner et al., 1986), suggesting that, under some 

conditions, available spermidine may be the limiting factor. 

A survey of eIF-5A mRNA in a number of human tissues and 

various mammalian cell lines has found that eIF-5A is 

generally constitutively expressed at a high level with the 

exception of unstimulated peripheral blood mononuclear cells 

(Bevec ^., 1994). Pang and Chen (1994) have also found 

changes in eIF-5A mRNA expression in hioman IMR-90 fibroblasts 

upon serxim starvation followed by serxim readdition. However, 

as the cells increased in passage number, the expression was 

attenuated so that both down-regulation in response to serum 

starvation and up-regulation in response to serum readdition 

were decreased. This suggests that regulation at the 

transcriptional level may be important under some specific 

conditions in mammalian cells, but may be of less importance 

in tissue culture cells. eIF-5A in yeast has also been found 
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to be phosphorylated on a serine residue (Kang , 1993; 

Klier , 1993) suggesting the potential for another 

level of regulation as yet unknown. Mammalian cells possess 

two forms' of modified eIF-5A, one slightly more acidic than 

the other, consistent with a reversible phosphorylation 

(Park, 1989); however, this has yet to be investigated. 

Hypusine-containing eIF-5A has been found in all 

eucaryotic cells examined to date (Park et al., 1993). 

Eubacteria do not appear to synthesize a hypusine-containing 

protein (Gordon , 1987); however, a hypusine-containing 

protein similar to eIF-5A has been cloned from archebacteria 

(Bartig ̂  , 1992). A comparison of the predicted amino 

acid sequences from the available eIF-5A clones shows that 

this is a highly conserved protein. The human protein, which 

contains 154 amino acids, is 85% identical to the chick 

embryo protein (Rinaudo r 1993), 60% identical to the 

yeast and li. crassa proteins and 50% identical to that in 

tobacco and alfalfa at the amino acid level (Park sL al., 

1993). Particularly conserved is the 12 amino acid sequence 

surrounding Lys-50 (human sequence numbering), which is the 

lysine modified to form hypusine (Smit-McBride ^., 1989). 

This sequence is identical in all eucaryotes and is similar 

(8/12 residues) in the archebacteria (Park ££. si.., 1993), 

suggesting that this region is critical for cellular 

functioning of this protein. 
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Available data indicate that hypusine-containing elF-5A 

is essential for eucaryotic cell proliferation, although the 

biological function of the protein is unclear. A role for 

hypusine in cell proliferation was initially suggested by 

data that showed an increase in synthesis during mitogen 

activation of lymphocytes that was abolished as the cells 

reached quiescence (Cooper / 1982) Correlation between 

cell proliferation and increased formation of modified eIF-5A 

has also been found in other mammalian systems (Chen, 1983; 

Torrelio sL al.-/ 1984; Duncan and Hershey, 1986; Gerner ̂  

1986) . Lack of hypusine-containing eIF-5A has also been 

cited as a cause of cytostasis in mammalian systems. L1210 

cells treated with an inhibitor of S-adenosylmethionine 

decarboxylase (AdoMetDC), the enzyme that catalyzes the 

regulated step in the production of spermidine and spermidine 

from putrescine (Fig. 1), were depleted of spermidine and 

spermine and became cytostatic. In these cells, unmodified 

eIF-5A accumulated. However, when compounds that could be 

used to synthesize hypusine were added to the cells, growth 

was restored (Byers ^., 1992, 1993, 1994). Mammalian 

cells, treated with compounds that inhibit specific steps in 

the modification pathway, have also been shown to be growth-

inhibited. Treatment of CHO cells with inhibitors of 

deoxyhypusine synthetase induced cytostasis, an effect 

ameliorated by the removal of the inhibitor (Park > 

1994) . Mimosine, an inhibitor of deoxyhypusine hydroxylase, 



has been shown Co be an antiproliferative agent as well. CHO 

cells treated with mimosine were blocked in the G1 phase of 

the cell cycle (Hanauske-Abel st aL-/ 1994). 

Additional data from yeast support a role for eIF-5A in 

proliferation. Yeast contain two copies of the gene for the 

eIF-5A precursor protein with predicted sequences that show a 

90% identity at the amino acid level (Mehta ££. Jii. / 1990; 

Schnier ££. , 1991) . These genes are oppositely regulated 

by oxygen so that one gene is expressed during aerobic growth 

and decreases expression during anaerobiosis while the other, 

ANBl, is only expressed under anaerobic conditions (Mehta 

1990) . Double knockout mutants fail to produce viable 

spores (Schnier st. Si,. f 1991); however, strains with either 

of the transcripts under galactose-promotor control grew 

normally, suggesting the proteins function indistinguishably 

(Schwelberger ^., 1993) . If the yeast knockout mutants 

are transformed with a plasmid containing an eIF-5A construct 

with lys-50 mutated to arg-50 so that the hypusine 

modification cannot occur, the resulting spores are non

viable (Schnier sL / 1991). Transformation of the same 

yeast strain with an eIF-5A contruct that produces eIF-5A 

protein which is rapidly degraded causes the cells to become 

blocked in G1 (Kang and Hershey, 1994). Taken together, 

these data suggest that both eIF-5A and the hypusine 

modification are necessary for proliferation and may be a 
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factor in the inhibition of proliferation seen when cells are 

spermidine-depleted. 

Because eIF-5A appears to be essential for growth and 

this protein has a long half-life in mammalian cells (Diincan 

and Hershey, 1986; Gerner si slI-» 1986) functional studies 

have lagged behind. Initial observations showed that eIF-5A 

stimulated the synthesis of methionyl-puromycin (Benne and 

Hershey, 1978) suggesting a role for eIF-5A in the initiation 

of eucaryotic protein synthesis, in vitro studies have 

suggested that the unmodified eIF-5A (lysine form) or the 

deoxyhypusine form of eIF-5A will not stimulate the 

methionine-puromycin assay to the extent seen with the 

hypusine form of eIF-5A (Park , 1991) . This correlates 

with the observation that the hypusine form of eIF-5A is 

essential for function jji vivo. Although stimulation of 

methionyl-puromycin formation has been used as an in vitro 

assay for eIF-5A, evidence for eIF-5A function in protein 

synthesis has been elusive. When Benne and Hershey (1978) 

tested the effect of the addition of eIF-5A on globin 

synthesis, they found no difference in amount or rate 

dependent on eIF-5A when the other initiation factors were 

present. Overexpression of eIF-5A at the mRNA level in COS-1 

cells also failed to alter synthesis of a reporter protein, 

however there are several possible explanations for this 

result (Smit-McBride , 1989). Yeast eIF-5A knockout 

mutants, transformed with a construct containing eIF-5A that 
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rapidly degrades, showed only slightly diminished (-70% 

normal) general protein synthesis rates several hours after 

eIF-5A was no longer detectable (Kang and Hershey, 1994). 

This suggests that eIF-5A is not involved in general protein 

synthesis; however, eIF-5A may function to facilitate the 

translation of a specific subset of messages (Kang and 

Hershey, 1994) . Recently, it has been found that a 

significant portion of cellular eIF-5A localizes to the 

nucleus and acts as a cofactor essential for Rev function in 

human imunodefficiency virus type 1 (Ruhl ££. , 1993) . Rev 

binds to the Rev response element in viral RNAs in the 

nucleus and results in the translation of viral structural 

proteins (Emerman , 1989) . Rev has been implicated in 

a number of processes including splicing, nuclear export, 

cytoplasmic RNA stability and translation of viral proteins 

(see refs. in Ruhl ££. , 1993) , eIF-5A may be involved in 

any of these processes or act essentially as a chaperone to 

deliver specific messages, viral and host, to the translation 

machinery. 

Regulation of polyamines: General 

The necessity for polyamines during cellular 

proliferation for a number of processes suggests that 

polyamine biosynthesis should respond to growth stimuli. 

Generally, cells and tissues undergoing periods of rapid 

proliferation, are characterized by higher polyamine 
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contents, which then fall as cells become quiescent (Seller, 

1991) . As important as the increase in response to growth 

stimuli may be, the ability of cells to decrease cellular 

polyamines may be equally as important (Morris, 1991) . 

Cellular polyamine contents in eucaryotic cells depend on a 

combination of biosynthesis, catabolism, uptake and 

excretion. To maintain optimal polyamine levels under 

various conditions cells have evolved a complex multi-level 

regulation with control points during each of these 

processes. 

Biosynthesis of the polyamines is mainly controlled at 

two points: 1) putrescine production and 2) during the 

synthesis of decarboxylated S-adenosylmethionine, the 

committed step in the production of the propylamine group 

needed to synthesize the longer chain polyamines (Fig. 1). 

Production of putrescine is regulated partly by the 

availability of ornithine, which plays a role under some 

conditions, and by the activity of ODC, which is regulated at 

the level of transcription, message stability, translation 

and protein degradation. Synthesis of decarboxylated S-

adenosylmethionine is controlled by the regulation of 

AdoMetDC which catalyzes the decarboxylation of S-

adenosylmethionine. 
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Regulation of polyamines: Biosynthesis (ornithine 

decarboxylase} 

Increases in ODC mRNA have been reported in response to 

a number of stimuli (Heby and Persson, 1990). The increase 

in ODC following mitogenic stimulation is partially due to an 

increase in ODC mRNA transcription as demonstrated by nuclear 

runoff assays (Greenberg ££. 1985; Katz and Kahana, 1987; 

Abrahamsen and Morris, 1990). Several promoter/enhancer 

elements have been found in the regulatory region of the ODC 

gene such as a CAAT box, a GC box and several SPl 

transcription factor binding sites as well as the consensus 

sequences of the cAMP response element (Katz and Kahana, 

1988; van Steeg sL , 1989). Recently, c-myc has been 

shown to directly stimulate ODC transcription resulting in an 

increase in ODC activity (Bello-Fernandez 1993; 

Packham and Cleveland, 1994). An AP-2 consensus sequence has 

also been found in the rat ODC gene (Wen sL / 1989) and 

has been recently shown to overlap the c-myc binding site in 

the human cDNA (Gaubatz » 1995). AP-2 binding is 

apparently capable of modulating the response of ODC to c-myc 

(Gaubatz al-/ 1995), c-Fos also has been reported to 

induce ODC transcription in some cell types (Wrighton and 

Busslinger, 1993) and an AP-1 consensus sequence has been 

located in the rat ODC gene (Wen , 1989). A comparison 

of the sequenced genes has shown that this sequence is not 

evolutionarily conserved and only AP-l-like sequences have 
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been found in the 5'UTR and first intron of the human gene 

(van Steeg al-» 1989; Wrighton and Busslinger, 1995) where 

binding of c-fos has yet to be demonstrated (Wrighton and 

Busslinger, 1993). It is possible that AP-1 binding may 

occur downstream of the first intron (Wrighton and 

Busslinger, 1993; Kim et al.. 1994); however, this needs 

further investigation. Under some conditions and during 

mitogenic stimulation in some cell types, the increase seen 

in mRNA has been traced to alterations in mRNA turnover 

rather than increased mRNA synthesis (Holtta ̂  1988; 

Abrahamsen and Morris, 1990; Chen and Chen, 1992), 

Regulation of ODC mRNA at more than one level appears to 

contribute to the alterations in ODC activity. 

The role of translation of ODC mRNA in the regulation of 

ODC protein in vivo has been a matter of some controversy. 

The difficulty in measuring translational effects stems from 

the rapid degradation of ODC protein that contributes a 

significant component to ODC regulation as discussed below. 

One group (van Daalen Wetters al-/ 1989a, 1989b) has 

argued that all of the changes that they could measure in the 

post-transcriptional regulation of ODC could be ascribed to 

alterations in ODC degradation. Other data, however have 

suggested that translational regulation is a component that 

influences cellular ODC levels (Ito ££. ai-/ 1990; Lovkvist 

al. . 1993 among others). ODC mRNA contains a long GC-rich 

5'UTR (-300 nt) which has been predicted to form a very 



stable and extensive secondary structure (Grens and 

Scheffler, 1991; Manzella and Blackshear, 1991), as well as a 

small open reading frame (ORF) upstream from the translation 

initiation site used to produce native ODC (van Steeg sL / 

1989; Wen £Jt. , 1989). Both of these elements have been 

predicted to influence translation of messages (Hershey, 

1991). There is general agreement that translation of ODC 

both in vitro and in vivo is inhibited by the intact 5'UTR 

because truncation improves translational efficiency (Kameji 

and Pegg, 1987b; Ito , 1990; Grens and Scheffler, 1991; 

Manzella and Blackshear, 1991; van Steeg fit » 1989). One 

group has suggested that increased cellular content of 

phosphorylated eIF-4E, a factor that has been implicated in 

the translation of messages with long 5'UTRs (Lazaris-

Karatzas ̂  , 1990), may stimulate ODC translation (Shantz 

and Pegg, 1994) . 

ODC translation has also been reported to be affected by 

polyamines. Data from several groups have suggested that the 

polyamines affect ODC translation in vivo and in vitro, 

specifically that high levels suppress ODC translation 

(Kahana and Nathans, 1985; Kameji and Pegg, 1987b; Johannes 

and Berger, 1992; Lovkvist # 1993). When spermidine is 

depleted, general protein synthesis is decreased. If 

spermidine is added, general protein synthesis and that of 

ODC are stimulated. However, the suppression of ODC 

translation occurs when spermidine concentrations are 
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moderate, while the translation of other messages is 

unaffected, suggesting polyamines play an additional specific 

role in the translational regulation of ODC (Kameji and Pegg, 

1987b; Pegg , 1988; Persson ££. , 1988). Some data 

suggest that the polyamine-dependence of translation is due 

to the 5'UTR, because as the 5'UTR is successively truncated, 

the spermidine dependence diminishes ia vitro (Ito ai. , 

1990), and after removal, is abolished in vivo (Lovkvist 

al•. 1993) . Other groups have found either no change in the 

distribution of ODC mRNA in the polysomes that was polyamine-

dependent (van Daalen Wetters ££, , 1989b), or no polyamine 

effects on ODC or reporter gene translation due to the ODC 

5'UTR (Grens and Scheffler, 1991; van Steeg sL , 1991). 

Taken together, these data suggest that ODC is regulated at 

the translational level; however, the importance and 

specificity of the polyamine-dependent component needs 

clarification. 

The major component of ODC regulation occurs at the 

level of ODC protein degradation. Although ODC is a stable 

protein in mammalian cells when polyamines are depleted 

(McCann j£j£. , 1977; Karvonen and Poso, 1984; Glass and 

Gerner, 1986), ODC is very rapidly degraded upon the addition 

of polyamines with a half life of less than 30 min. (Seeley 

and Pegg, 1983; Glass and Gerner, 1986; Kanamoto fit al.. 

1986) . 
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Major progress has been made during the last few years 

in the understanding of ODC degradation. A brief discussion 

of the process is included here, however further details are 

described in the recent review by Hayashi and Murakami 

(1995). Destabilization of ODC by the polyamines is due to 

the induction of ODC-antizyme which binds to ODC, both 

inactivating it and stimulating its degradation (Fong , 

1976; Heller sJL., 1976; Murakami / 1992) . Induction 

of antizyme by polyamines is blocked by cycloheximide, but 

not by actinomycin D (Fong ai.. , 1976) . Further, antizyme 

mRNA levels in rat liver are polyamine-independent (Matsufuji 

SL &1.'> 1990) suggesting that polyamines increase antizyme 

primarily by increasing antizyme translation. 

Recently, it has been shown that polyamines do stimulate 

ODC-antizyme translation by an interesting mechanism 

(Matsufuji ££.21.., 1995). Sequence analyses of the full-

length cDNA has shown that antizyme mRNA contains two ORFs. 

The first ORF contains both an in-frame initiation codon and 

a stop codon that codes for a protein with a predicted size 

of about 7500 Da (Matsufuji ai-/ 1995) . This is too small 

to account for native antizyme which has a relative molecular 

mass of -25,000 Da (Fong 1976). 0RF2 partially 

overlaps ORFl, but does not contain an in-frame AUG that 

would produce a protein of appropriate size (Matsufuji 

al.. 1995). The original partial clone that produced active 

protein, however contained most of 0RF2 (Murakami , 
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1992a) . Matsufuji (1995) have shown that the addition 

of spermidine to reticulocyte lysate systems, in the presence 

of full-length antizyme mRNA, stimulates the production of 

immunoreactive antizyme ty causing a +1 frameshift. 

Initiation starts in the first ORF, and as the ribosome 

approaches the termination codon of ORFl, spermidine 

stimulates a +1 frameshift that causes the ribosome to 

continue reading in 0RF2 until the 0RF2 termination codon is 

reached. Both the stop codon for ORFl and a predicted 

pseudoknot structure 3 ' to the frameshift site appear to be 

responsible for the polyamine-dependent frameshift (Rom and 

Kahana, 1994; Matsufuji ^. / 1995). 

Once synthesis is complete, antizyme binds to the 

monomeric form of ODC with a 1:1 stoichiometry (Heller 

al. . 1976; Murakami ̂  5^1-, 1992c). Binding of antizyme to 

ODC accounts for the inactivation function because ODC only 

is active as a homodimer where each subunit contains an 

active site (Tobias and Kahana, 1993) . Antizyme binding also 

targets ODC for degradation via the 26S proteasome in an ATP-

dependent, but non-ubiquitin-dependent reaction (Murakami ̂  

al., 1992b). Degradation results in the formation of 

polypeptides derived from ODC (Tokunaga ££. al., 1994). It is 

unclear whether antizyme is degraded at the same time. 

Antizyme is a short-lived protein (Pegg ̂  , 1978), and 

degradation of ODC shows first-order kinetics after 

cycloheximide addition, suggesting that antizyme is also 



degraded (see discussion in Hayashi and Murakami, 1995). 

Binding of antizyme to ODC is a reversible reaction, however, 

and some data suggest that that recycling of antizyme could 

occur after ODC is degraded (Heller fit. , 1976; Tokunaga sL 

al.. 1994; Hayashi and Murakami, 1995). Rapid polyamine-

dependent degradation of mammalian ODC in this manner depends 

on the presence of both an antizyme binding site (Li and 

Coffino, 1992) and the carboxy-terminal region of ODC 

(Phillips fit. si., f 1987; Ghoda fit fil., 1989) . 

Regulation of polysuaines: Biosynthesis (S-

adenosylmethionine decarboxylase) 

During polyamine biosynthesis AdoMetDC is also highly 

regulated. This enzyme catalyzes the decarboxylation of S-

adenosylmethionine which is used as the propylamine donor, 

for the formation of spermidine and spermine from putrescine 

(Fig. 1) . Regulation of AdoMetDC is coordinated with that of 

ODC to increase production of the longer chain amines. As 

with ODC, AdoMetDC activity increases during growth 

stimulation and appears to be regulated by the polyamines at 

a number of levels (Pegg, 1988). Mitogenic activation 

stimulates AdoMetDC synthesis, both by increasing mRNA 

synthesis and by increasing translation (Mach fit. jai-, 1986). 

Spermidine and spermine act primarily to suppress the 

synthesis of AdoMetDC, both at the level of mRNA 

transcription (Pajunen fit aJ.. / 1988; Shantz fit. , 1992; 



Stjernborg ai-» 1993) and translation (Kameji and Pegg, 

1987b; Shantz » 1992; Stjernborg , 1993; Shantz 

SL Sl', 1994 among others). Decreased cellular spermidine 

and spermine have an opposite effect. Depletion of 

spermidine and spermine has been shown to stabilize AdoMetDC 

protein; however, the readdition of spermine decreased the 

half-life of the protein to that in control cells (-90 min.) 

(Autelli sL si-/ 1991). Putrescine generally stimulates 

AdoMetDC activity. AdoMetDC is synthesized as a proenzyme, 

which is subsequently cleaved to produce the two subunits and 

the pyruvate prosthetic group that are needed to form the 

active enzyme (Stanley sL ^-/ 1989). Putrescine acts to 

stimulate both the processing of the proenzyme and the 

catalytic activity of the enzyme (Pegg and Williams-Ashman, 

1969; Kameji and Pegg, 1987a; Stanley 51.. r 1994). 

Spermidine synthase and spermine synthase are also involved 

in polyamine biosynthesis. Both enzymes are constitutively 

expressed and relatively stable. The activity of these 

enzymes appears to be limited mainly by substrate 

availability (Heby and Persson, 1990). 

Regulation of polyamlnes: Catabolism 

Although the reactions for polyamine biosynthesis are 

irreversible, the polyamine catabolic pathway provides a 

means to convert spermidine back to spermine and spermidine 

to putrescine (Fig. lA). This pathway requires two steps: 
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1) Spermidine or spermine is acetylated at the position in 

a reaction catalyzed by the spermidine/spermine 

acetyl transferase (N^SSAT) and 2) The acetylated polyamine is 

oxidized to produce the next shorter-chain amine, putrescine 

or spermidine, respectively, in a reaction catalyzed by the 

FAD-dependent polyamine oxidase (PAO) (Holtta, 1977; Seller 

et al.. 1981). Regulation of this pathway occurs primarily 

at the acetylation step through alterations in N^SSAT 

activity. PAO is a constitutively expressed enzyme and under 

physiological conditions is not usually limiting (Pegg, 1986 

and refs. therein). N^SSAT activity in the uninduced state 

is normally very low; however, after induction activity can 

be stimulated a hundred fold (Persson and Pegg, 1984; Pegg, 

1986). Induction of N^SSAT activity is caused by a wide 

variety of agents including spermidine, spermine, many toxic 

agents, heat shock and growth factors (summarized in Casero 

and Pegg, 1993). Increases in N^SSAT activity have been 

traced to increases in transcription (Casero SiL-, 1990; 

Fogel-Petrovic sL ai-/ 1993 among others), stabilization of 

mRNA (Fogel-Petrovic ££, ai., 1993), and increases in mRNA 

translation (Matsui and Pegg, 1981; Casero sL &1.-> 1990), as 

well as a stabilization of the enzyme, which normally has a 

very short half-life (Matsui and Pegg, 1981; Persson and 

Pegg, 1984; Wallace ££. ai-/ 1988). This widespread induction 

and tight regulation suggests that this enzyme plays a role 

in maintenance of polyamine pools and may play a protective 
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role in preventing the over-accumulation or inappropriate 

accumulation of specific polyamines (Casero and Pegg, 1993). 

Regulation of polyamines: Import 

Cellular polyamine contents are also greatly influenced 

by both polyamine uptake and polyamine excretion. Because of 

their charge characteristics, polyamines do not move readily 

across membranes so most transport appears to occur via a 

transport mechanism (Marton and Pegg, 1995). Polyamine 

import in mammalian cells is a highly regulated, but poorly 

understood phenomenon. The transport system is able to 

import putrescine, spermidine and spermine in an energy 

dependent and saturable manner, but there is not enough 

information available to determine in a general way the 

number of transporters, the driving force or the requirement 

for a cofactor (Seller and Dezeure, 1991; Poulin sL 1995 

and refs. therein). Regulation of polyamine import does, 

however, play a role in the maintenance of cellular polyamine 

concentrations. A number of studies have shown that when 

intracellular polyamine contents are depleted by drug 

treatment exogenous polyamine uptake increases (Rinehart and 

Chen, 1984; Kakinuma sL > 1988; Byers , 1994) . In 

normal cells, when intracellular polyamines are replete, the 

transport system will then shut off (Nicolet ££. ̂ ., 1990; 

Mitchell , 1992a) . Cessation of polyamine transport 

appears to require the production of ODC-antizyme, which has 



then been postulated to reversibly bind to the transporter(s) 

to shut off import (Mitchell sc. , 1S94; Suzuki , 

1994). Increases in polyamine transport have been reported 

for a number of other growth-related stimuli that also 

stimulate ODC suggesting that import may also be an important 

contributor to the subsequent increase in cellular polyamines 

under these conditions (reviewed in Seller, 1991; Marton and 

Pegg, 1995). 

Regulation of polyamines: Export 

Efflux of polyamines has been observed in a number of 

mammalian cell types (Pegg, 1988). This process occurs under 

some conditions, such as confluence in cell culture, and has 

been shown to be selective as well as regulated (Grillo and 

Colombatto, 1994; Hawell al-/ 1994; Tjandrawinata and 

Byus, 1994). Although the importance of this process in 

contributing to cellular polyamine contents is well 

established, the mechanism and regulation of this process has 

received little attention. 

Importance of regulation: Oncogenicity 

The complex, but coordinated, regulation of the 

processes affecting cellular polyamine content allows cells 

to respond to a variety of mitogenic stimuli; however, it has 

been argued that the down regulation of the processes used to 

increase cellular polyamines is just as important (Morris, 
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1991) . Morris (1991) argues Chat decreasing ODC by active 

degradation rather than just suppressing ODC synthesis 

reflects the necessity for the cell to shut off polyamine 

biosynthesis to avoid accumulating toxic levels of the 

polyamines. Several other features of the regulation of 

polyamine metabolism, such as the abrupt termination of 

polyamine import and the short half-life of AdoMetDC, support 

this idea. Rapid induction of high levels of N^SSAT and the 

efflux of polyamines are also designed to alter the polyamine 

species available and to remove polyamines from the cell. 

The importance of down-regulation is also suggested by the 

studies showing that ODC is a putative oncogene and that 

polyamines can be toxic to the cell. 

Increased ODC activity has been observed in a number of 

tumors and in response to a number of tumor promoting agents 

such as phorbol esters (reviewed in Pegg, 1988). 

Classification of ODC as a putative oncogene comes from 

studies by two groups, both of whom found that overexpression 

of ODC in NIH3T3 cells caused transformation (Auvinen sL , 

1992; Moshier f 1993). In both studies, constitutive 

expression of ODC resulted in loss of contact inhibition and 

anchorage-independent growth. Moshier (1993) also 

found increased tumor formation in nude mice. Additional 

evidence comes from an increase in papilloma formation, 

observed after treatment with phorbol esters in transgenic 

mice aberrantly expressing the human ODC gene (Halmekyto 



1992) . Another group reported transformation after co-

expression of ODC and activated c-Ha-ras; however, in these 

studies expression of ODC alone was not sufficient for 

transformation (Hibshoosh et al.. 1991). The mechanism by 

which transformation occurs is unclear. The known function 

of ODC is to produce putrescine, and exogenous putrescine 

addition does not appear to transform cells (Marton and Pegg, 

1995). It is possible that the ability to down regulate ODC 

is important here. In the above cases the ODC activity was 

constitutively high so that polyamine production was elevated 

all the time rather than the usual increase during 

exponential growth and the decrease seen as cells grow into 

plateau phase. The inability to decrease polyamine 

production so that polyamines fall below a certain threshold 

as cells become confluent or quiescent, rather than the 

absolute amount may be important, i.e. expression of ODC is 

temporally inappropriate. 

Importance of regrulation: Toxicity 

Toxicity of the polyamines in vivo and jji vitro has also 

been known for some time, in vivo toxicity has been reported 

for putrescine, spermidine and spermine (for review see 

Seiler, 1991), although whether the source of the toxicity is 

the naturally occurring polyamines or some potentially lethal 

metabolite as suggested by the studies of Parchment and 

Pierce (1989) is unknown. Early work on the in vitro 



toxicity of polyamines showed that the inhibitory effect of 

spermidine and spermine was due to the presence of a serum 

amine oxidase commonly found in fetal bovine serxim (Allen 

al •, 1979). Oxidation of spermidine and spermine by the 

amine oxidase produces potentially toxic aminoaldehydes, 

ammonia, hydrogen peroxide (Tabor # 1964) and acrolein 

(Kimes and Morris, 1971). The aminoaldehydes (Gaugas and 

Dewey, 1978, 1980; Morgan , 1986) and ammonia (Flesher 

et al.. 1991) appear to be the most likely candidates for 

these toxic polyamine effects. 

Cellular amine oxidases may also be involved in 

polyamine toxicity (Smith , 1983; Brunton , 

1991). There are two known types of cellular amine oxidases. 

The first of these, the Cu2+-dependent amine oxidases that 

are involved in the terminal catabolism of the polyamines, 

produce a number of potentially toxic products similar to 

those produced by the serum amine oxidase (Seiler ££. ai.., 

1985; Seiler, 1987). The other type of amine oxidase is the 

FAD-dependent polyamine oxidase that is involved in the 

conversion of the polyamines to the next shorter chain amine 

(Holtta, 1977; Seiler ai., 1981). Hydrogen peroxide is 

produced as a byproduct of this oxidation reaction. In the 

studies mentioned above, when the Cu2+-dependent amine 

oxidases were blocked cytoxicity was wholly (Smith al. 

1983) or partially (Brunton al-f 1991) eliminated. 
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Several studies have suggested that the amines 

themselves may be toxic. Brunton SLL- (1991) found that 

the inhibition of the Cu2+-dependent amine oxidases did not 

completely block the toxicity of spermine. In addition, they 

found that blocking PAO, which resulted in increased cellular 

spermine, actually exacerbated the effect. Mitchell al. 

{1992b) have found that over-accumulation of spermidine and 

spermine in DH23b cells, due to a loss of polyamine uptake 

regulation, resulted in toxicity even in the presence of 

oxidase inhibitors. There have been two groups that have 

reported putrescine toxicity. Davis and Ristow (1991) have 

shown that crassa with a mutation affecting putrescine 

uptake, can over accumulate putrescine with toxic 

consequences. Accumulation of very high putrescine in 

Anacvstis nidulans has also been found to be lethal (Guarino 

and Cohen, 1979). 

Rat ionale 

ODC is very tightly regulated by a complex multi-level 

process in mammalian cell systems. Increases in ODC 

synthesis allow for the production of polyamines, which are 

essential for growth, when cells receive mitogenic stimuli. 

Rapid degradation of the ODC protein, stimulated by 

spermidine, seirves to effectively shut off putrescine 

synthesis and prevent the accximulation of potentially toxic 

amounts of the polyamines. Both the increase and decrease in 
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cellular polyamines may contribute to optimal cell growth and 

survival. My work has focused on the effects of altered ODC 

regulation on cell growth, cell survival and the biochemistry 

of modified eIF-5A production, a spermidine-dependent process 

critical for growth. 

One method used to study the importance of regulation of 

a particular protein has been to develop cell lines with 

altered regulation. Because ODC is a relatively rare 

protein, 0.003% of total cellular protein in stimulated rat 

liver (Tabor and Tabor, 1984), it has been difficult to 

study. To increase the relative cellular ODC protein 

content, a number of laboratories have developed cell lines 

with amplified ODC. Selection of cells that are resistant to 

gradually increasing concentrations of an ODC inhibitor, has 

allowed the isolation of a number of cell lines that 

overproduce ODC (Choi and Scheffler, 1983; McConlogue and 

Coffino, 1983; Alhonen-Hongisto , 1985; Persson al.. 

1988; Mitchell ££, ai.-/ 1991; Kameji ^., 1993 among 

others) and most have been shown to contain an amplified ODC 

gene. These drug-resistant cell lines and the overexpression 

of ODC in transgenic mice (Halmekyto ^., 1991) have 

provided tools to study not only ODC, but also the importance 

of the polyamines and other polyamine-dependent or 

-influenced pathways to the cell. My work has exploited cell 

lines, developed in this way, to examine the effect of growth 

under chronically-limiting spermidine on the eIF-5A 
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modification pathway and to assess the consequences of ODC 

overexpression for cell growth and survival. 

The three cell lines that have been used for the 

comparative studies that follow are the parental rat hepatoma 

tissue culture cells (HTC) and two drug-resistant variant 

cell lines, HMOA and DH23A(b), derived from the HTC cells by 

selection in ODC-inhibiting drugs. HMOA cells were selected 

in a-methylornithine, a competitive inhibitor of ODC and 

currently grow in drug-free medium (Mamont / 1978). 

DH23A(b) cells were selected for growth in a-

difluoromethylornithine (DFMO), a suicide inhibitor of ODC, 

and routinely grow in 10 mM DFMO (Mitchell al.., 1991) . 

The phenotype reported for both cell types is a more stable 

ODC protein than that seen in the HTC cells (Pritchard 

, 1982; Mitchell fit , 1991) . In the HMOA cells the 

increase in ODC stability can be traced to a point mutation 

in the ODC protein (Miyazaki ai-» 1993). The source of the 

increased ODC stability in DH23A cells is unknown. Based on 

purification characteristics, the ODC protein in HTC and 

DH23A cells appears to be physically similar (Mitchell st. 

Sl..» 1991) . Initial sequencing of the ODC in DH23A cells has 

shown that the protein contains the same point mutation found 

in the HMOA ODC protein (J.L.A. Mitchell personal 

communication), however this does not explain the difference 

in ODC stability seen when comparing HMOA and DH23A(b) cells 

(Pritchard sL sX-, 1982; Mitchell ai-/ 1991) and as 
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discussed in Chapter 3. A later selection isolate of the 

DH23A cell line has also been shown to have the ability of 

accumulate abnormal amounts of the polyamines from the medium 

after exogenous polyamine treatment. (Mitchell al.. 

1992a). 

By comparing the three cell lines described above, HTC, 

HMOA and DH23A(b), which have different ODC expression 

characteristics, it has been possible to test the hypothesis 

that moderate cellular plyamines are necessary for optimal 

cell growth and survival. More precisely, I have attempted 

to address the following specific aims: 

1. Assess the consequences of ODC overexpression for 

cell growth and survival. 

2. Assess the effect of the selection in ODC-inhibiting 

drugs on the modification of eIF-5A by spermidine. 



Chapter 2 

MATERIALS AND METHODS 

Cell culture and drug treatments 

HTC and HMOA cells were obtained from Dr. Peter McCann 

(Marion Merrell Dow Pharmaceutical Co., Cincinnati, OH). 

HMOA cells were isolated and characterized by Dr. Pierre 

Mamont (Mamont ^-/ 1978) . The DH23b and DH23A cells, a 

mutant earlier in the selection of the DH23b cells, were 

donated by Dr. John L. A. Mitchell (Northern Illinois 

University, DeKalb, IL). DH23b and DH23A cells have been 

used interchangeably because no differences have been found 

(J.L.A. Mitchell personal communication). DH23A(b) refers to 

experiments where both types were used. The development and 

characterization have been described in Mitchell al. 

(1991). HTC, HMOA and DH23A cells were grown in suspension 

culture in modified McCoy's 5A medium, without bicarbonate, 

with the addition of 10% horse serum and 1% penicillin 

(10,000 units/ml)-streptomycin (10,000 mg/ml) solution 

(GIBCO, Grand Island, NY). DH23b cells were grown in similar 

medium with the addition of 25 mM (N-[2-

Hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]) sodium 

salt (HEPES) (Sigma Chemical Co., St. Louis, MO) and 0.5 g/L 

sodium bicarbonate (Mallinkrodt, Inc. Paris, KY). Cells were 

incubated at 37°C and diluted into new medium every three to 



four days. DH23A cells were maintained in mediiim containing 

10 mM DFMO unless noted. When cells were grown attached, 

they were plated in similar medium with similar additions 

except that bicarbonate was added at the recommended 

concentration. Dishes were incubated at 37°C in the presence 

of 5% CO2 in air. 

Drugs and chemicals were added directly to the growth 

medium prior to the addition of the cells. Treatment of 

cells with DFMO was generally at a 5 mM DFMO concentration 

for HTC and HMOA cells, however DH23A and DH23b cells were 

treated using 10 mM DFMO to achieve the same level of 

polyamine depletion. DFMO and the FAD-dependent polyamine 

oxidase inhibitor, MDL 72,521, were generous gifts from 

Marion Merrell Dow Company (Cincinnati, OH). Cycloheximide 

was purchased from Calbiochem (San Diego, CA) while 

aminoguandine hemisulfate, putrescine hydrochloride, 

monodansy 1cadaverine, diaminoheptane, ornithine 

hydrochloride, S-adenosylmethionine chloride salt, and S-

adenosylmethionine iodide salt and magnesium chloride were 

obtained from Sigma Chemical Co. (St. Louis, MO). 

Cell number and viability determinations 

Cell n\jmber for cells growing in suspension was 

determined by averaging at least four counts using a 

hemocytometer. When cells were grown attached, cells were 

removed from the monolayer by treatment with trypsin (-1500 



units/ml, Calbiochem, San Diego, CA)-EDTA (0.7 mM) and 

counted using a Coulter Counter (Coulter Electronics, Inc., 

Hialeah, FL). Viability was measured by the ability of the 

cells to metabolize diacetylfluorescein using the method of 

Freshney (1987). Cells were removed from the suspension 

culture, pelleted by centrifugation (800 x g, 5 min.) and 

resuspended in the dye solution at a final concentration of 

diacetylfluorescein stain (1 p,g/ml)-ethidium bromide 

counterstain (50 (ig/ml) in phosphate-buffered saline (136.9 

mM NaCl; 27 mM KCl; 1.4 mM KH2PO4; 8.1 mM NaHP04) (PBS), pH 

O 
7.4. The solution was incubated at 37 C for 10 minutes and 

the cells counted using fluorescence microscopy. A minimum 

of 1000 cells was scored for each measurement, 

Polyamine and S-adenosylmethionine measurements 

Acid-soluble polyamines were extracted by sonication of 

the cells into 0.1 N HCl, precipitation of cellular protein 

by adjusting the solution to 0.2 N HCIO4, and incubation 

O 
overnight at 4 C. The samples were then centrifuged (10,000 x 

O 
g, 15 min.) at 4 C and the supernate was loaded onto a 

fiBondapak C18 reverse phase column (Millipore-Waters, 

Milford, MA). Polyamines were eluted, derivitized and 

detected as discrete peaks using the method of Seiler and 

Knodgen (1980). S-adenosylmethionine and decarboxylated S-

adenosylmethionine were detected in the polyamine samples by 

connecting a UV detector in line post-column and pre-
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derivitizacion as described by Pegg ££. (1985) . Peaks 

were identified and quantified by comparison to commercially 

available compounds and decarboxylated S-adenosylmethionine 

kindly donated by Dr. Keijiro Samejima. 

Protein measurements 

Acid-precipitable (0.2 N HCIO4) cellular proteins were 

dissolved in 0.5 N NaOH and measured using the BCA protein 

assay kit from Pierce (Rockford, ID. Protein concentrations 

were estimated by comparing the absorbance of unknown samples 

to that of known bovine serum albumin standard concentrations 

in the same assay. 

ODC activity measurements 

ODC activity was measured using the carbon dioxide 

trapping assay as described by Glass and Gerner (1986). 

Briefly, cells were lysed by sonication into the assay buffer 
O 

and centrifuged (10,000 x g, 15 min.) at 4 C. Aliquots of 

the lysate were incubated with ^^C-labeled ornithine (DuPont 
O 

NEN, Boston, MA) at 37 C for 30 min. The carbon dioxide 

released was captured on a filter paper and quantified by 

counting in a liquid scintillation counter (LS 5000TD, 

Beckman, Fullerton, CA). 
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pH and calcium measurements 

pH and free [Ca^ + j were simulcaneously measured by-

examining the intracellular fluorescence of two dyes, snarf-

l(pH) and fura-2 {Ca2+), using the procedure, equipment and 

chemicals of Wegner (1990). For these determinations, 

cells were grown attached to coverslips placed in 60 mm 

tissue culture dishes. Prior to the measurements, cells were 

washed in Hank's medium, pH 7.18, and incubated (30 min. at 
O 

37 C in 5% CO2 in air) in 3 ml Hank's medium containing 4 mM 

fura-2 and 7 mM snarf-1. After the cells were loaded with 

dye, they were washed and incubated in 3 ml Hank's medivim (15 
O 

min. at 37 C in 5% CO2 in air). Coverslips were then 

transferred to the spectrofluorometer so that measurements 

could be taken as described. Intracellular pH and [Ca2+] 

were calculated as described (Wegner ££. , 1990) . 

Measurements of actual cell volume were not taken, however 

relative average cell volume as measured on a Coulter Counter 

(Coulter Electronics, Hialeah, FL) did not differ 

significantly among treatments. A theoretical average volume 

was used for calculating these parameters. Thus, 

intracellular pH and [Ca2+] are expressed as relative mean 

values ± standard error of the mean. 

Cellular morphology determinations 

Samples for light microscopy were removed directly from 

the suspension culture or prepared from attached cultures. In 



the attached cultures, samples were prepared by pooling the 

supernate medium, the trypsinized cell suspension and an 

additional wash of the tissue culture plate. Slides for 

light microscopy were prepared by placing 10,000 or 20,000 

cells into the cytospin cup and pelleting the cells onto the 

slide by centrifuging using a cytospin (Shandon, Inc., 

Pittsburgh, PA) at 600 r.p.m. for 2 min. Cells were fixed on 

the slides by immersion of the slide into 100% ethanol for 1 

min. Slides were stained using the DiffQuick staining kit 

(Baxter Diagnostics, Inc., McGraw Park, ID according to 

manufacturer's directions and scored. At least 500 cells 

were scored for each treatment for each day and frequencies 

expressed as a % of the total cells counted. 

Electron microscopy samples were prepared by 

resuspending the cells in 2% glutaraldehyde in PBS, pH 7.4, 

and incubating 4h at 4°C. Cells were washed in PBS and 

repelleted before embedding in epoxy. One micron sections 

were stained with uranyl acetate and photographed using an 

electron microscope (Philips CM12S, Philips Electronics Inc., 

Mahwah, NJ). 

DNA fragmentation measurements 

DNA fragmentation was measured as in Telford al. 

(1991). Briefly, 2 x 10^ cells were lysed and then treated 

sequentially with Proteinase K and RNase in buffer containing 

2% low melting agarose (NuSieve, FMC Bioproducts, Rockland, 



ME). Low melting agarose plugs containing the DNA from 1.25 

X 105 cells were loaded into the wells of a 1% agarose gel. 

DNA was separated by electrophoresis in TAE at 50V for 4h and 

stained with ethidium bromide using standard protocols 

(Sambrook sL / 1989) . 

Field inversion gel electrophoresis (FIGE) was run using 

the FIGE Mapper Field Inversion System (BioRad Labs., 

Hercules, CA) according to manufacturer's directions. DNA 

was separated on a 1% pulsed-field agarose gel (BioRad Labs., 

Hercules, CA) in 0.5 X TAE using a forward voltage of 180V, a 

reverse voltage of 120V and a run time of 20h at room 

temperature. The initial switch time was 0.4 sec and the 

final switch time was 3.5 sec with a linear ramp. Samples 

were prepared and loaded as for standard DNA gel 

electrophoresis for DNA fragmentation assays. Fragment size 

was determined by comparison to 50-1,000 kb pulse marker 

standards (Sigma Chemical Co., St. Louis, MO) loaded 

according to manufacturer's directions on the same gel. 

Glutathione assay-

Cellular glutathione contents were assayed by the method 

of Tietze (1969). Cells were washed twice in PBS, pH 7.4, 

and sonicated into 0.1 N HCl containing 0.6% sulfosalicylic 

acid at a concentration of 3 x 10^ cells/ml. Samples were 

centrifuged (10,000 x g) for 15 min. at 4°C and the supernate 



assayed for glutathione by spectroscopy at 412 nm. Readings 

were taken in the presence of glutathione reductase and 

NADPH 3 min. after the addition of dithionitrobenzoic acid. 

Values represent the mean of three determinations for each 

sample. 

In vivo modification of eIF-5A 

Cells were incubated in the presence of terminal 

methylenes [1,8-^H]spermidine (DuPont NEN, Boston, MA) under 

the conditions described below. For analysis of modification 

rates, cells were incubated for 48h in the presence of DFMO 

and subsequently incubated with 5 spermidine in the 

presence of 2 p.Ci/ml radiolabeled spermidine. Analysis of 

samples by two dimensional gels occurred after first 

incubating cells in the presence of DFMO and resuspending 

cells in the absence of drug in medium containing 5 [iCi/ml 

[1,8-^H]spermidine and incubating for 24h. Measurements of 

eIF-5A turnover were made by first treating cells with DFMO 

for 48h, pulse-labelling cells in the absence of DFMO with 3 

|iCi/ml [1,8-^H] spermidine for 6h and then incubating the 

cells in the presence of 5 |iM spermidine for the indicated 

times. For the partial purification of eIF-5A to compare 

eIF-5A protein in the three cell lines, 5% of the sample was 

incubated for 24h in the presence of 5 ^iCi/ml [1,8-

3h]spermidine and added to the total sample during the 

initial wash step. Labeling for the analysis of the 



inhibition of eIF-5A modification occurred by treatment of an 

aliquot of the cells with 2 (iCi/iul [1,8--K] spermidine for a 

24h period. 

Amounts of radiolabel in hypusine (in eIF-5A) were 

analyzed by eluting the protein from an SDS-polyacrylamide 

gel electrophoresis as described under protein gel 

electrophoresis or by hydrolysis of precipitated protein and 

elution of hypusine from the HPLC column. At specified 

times, cells were harvested by centrifugation (500 x g for 5 

min.) and washed twice in PBS, pH 7.4. For SDS-PAGE 

analysis, samples were boiled in sample buffer and separated 

by one-dimensional gel electrophosesis(see below). For 

analysis by HPLC, the proteins were precipitated as described 

under polyamine measurements, and the pellet washed twice 

with 0.2 N HCIO4 at 4°C. Proteins were hydrolyzed by heating 

at 120°C for 18h in 6 N HCl. Acid was subsequently 

evaporated and the sample reconstituted in 0.2 N HCIO4. 

Samples were injected into the HPLC and hypusine eluted using 

the separation method that separates the polyamines as 

previously described. Fractions containing hypusine were 

quantitated by counting on a liquid scintillation counter (LS 

5000TD. Beckman, Fullerton, CA). Spermidine specific 

activity was calculated by counting the column eluate 

fractions containing spermidine and comparing it to the 

cellular spermidine content. 
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Protein gel electrophoresis 

SDS-poiyacryiamide gel electrophoresis was run according 

the method of Laemmli (1970) except that bisacrylamide was 

replaced with NN'-diallyltartardiamide (BioRad, Hercules, 

CA) , so that gel slices could be dissolved in 2% periodic 

acid for counting in a scintillation counter. Samples were 

heated for 5 min. in 2% SDS/5% P-mercaptoethanol/3% sucrose 

in 300 mM Tris/HCl, pH 7.0, at 100°C before loading onto the 

gel. Gels were fixed and stained with Coomassie before 

slicing. For analysis of radiolabeled eIF-5A, regions 

containing elF-5A protein were excised, dissolved in 2% 

periodic acid and radiolabel quantitated by counting in a 

liquid scintillation counter. 

Two-dimensional gel electrophoresis was carried out 

using the method of O'Farrell (1975). Cells were labeled as 

described above, washed twice in PBS, pH 7.4, and sonicated 

into 0.1 N HCl. For radiolabeled or partially purified 

samples proteins were precipitated by adjusting the solution 

to a concentration of 0.2 N HCIO4 . Proteins were 

precipitated at overnight, pelleted by centrifugation 

(10,000 X g for 15 min.), washed twice in cold 0.2 N HCIO4 

and twice in 95% ethanol. Samples were dried and sonicated 

into lysis buffer before loading on the first dimension. 

First and second dimensions were run as in O'Farrell (1975) 

and the resulting gel soaked in ENLIGHTEN (DuPont NEN, 

Boston, MA) and exposed to film (Kodak, Rochester, NY) or 
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stained using Coomassie or silver stain (Rapid Silver Stain 

Kit, ICN, Irvine, CA). 

Protein synthesis rate measurements 

Cells were added to new medium minus methionine and 

50 HCi/ml [35s]methionine (EJuPont NEN, Boston, MA) added to 

each culture. Samples were removed at specified times and 

diluted 30-fold into mediiim containing no label on ice. 

Cells were pelleted by centrifugation (500 x g for 5 min.) 

and the cell pellet washed twice with PBS, pH 7.4, Cellular 

proteins were acid precipitated as described under polyamine 

measurements. Protein pellets were solubilized in 0.5 N NaOH 

and acid soluble and acid precipitable counts quantitated by 

liquid scintillation counting. Measurements were normalized 

to cellular protein. For the rate measurements during the 

longer time course, at specified times, an aliquot was 

removed from the culture and incubated in the presence of 20 

p.Ci/ml [35s]methionine for 3 min. at 37°C. Incorporation of 

[35s]methionine into protein and acid soluble label were 

quantitated. Incorporation was normalized to acid soluble 

methionine and cellular protein. 

Partial purification of modified and unmodified eIF-5A 

eIF-5A was partially purified for analysis and for use 

in deoxyhypusine synthetase assays using the method described 

by Park (1989) with minor variations. For the samples 
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analyzed by two dimensional gel electrophoresis 5% of the 

cells were labeled as described and pooled with the cells 

grown in the presence or absence of DFMO as described. 

Preparation of the partially pure unmodified eIF-5A for use 

in the deoxyhypusine synthetase assays required the pooling 

of cell pellets from HTC cells grown 4 days in the presence 

of 5 mM DFMO. Approximately 1.6 x 10^0 cells were harvested 

as starting material. Briefly, cells were harvested, washed 

in PBS, pH 7.4, and sonicated into PBS at a concentration of 

108 cells/ml. The preparation was then centrifuged (37,000 x 

g for 30 min.) to remove debris. Precipitate from the 45-75% 

ammonium sulfate fraction was resolubilized in buffer A(0.05 

M Tris acetate, pH 6.8; 1 mM dithiothreitol; 0.1 mM EDTA) and 

dialyzed against 3 changes of buffer A. Dialysate was loaded 

onto a Mono Q HR 5/5 column connected to an FPLC system 

(Pharmacia LKB Biotechnology, Uppsala, Sweden). The column 

was washed with 20 ml buffer A and the protein eluted by a 

linear gradient of 0 - 0.5 M KCl in buffer A. Samples 

containing radiolabel (or the corresponding fractions) were 

pooled and concentrated using Centricon concentrators (3,000 

MW cutoff) (Amicon, Inc., Beverly, MA). Aliquots were 

analyzed by polyacrylamide gel electrophoresis and for 

protein content using BCA. 



Collection of samples £or measurement of unmodified 

eIF-5A and deoxyhypusine syntbetase 

Cells were harvested, the cells were washed twice in 

PBS, pH 7.4, and sonicated into PBS at a concentration of 10® 

cells/ml. Preparations were centrifuged (37,000 x g for 30 

min.) and the resultant supernatant was treated with ammonium 

sulfate to 45% saturation. This fraction has been shown to 

contain the enzyme, but not eIF-5A (Park and Wolff, 1988). 

Precipitate was collected by centrifugation (10,000 x g for 

20 min.) and dissolved in PBS, pH 7.4, at a concentration of 

10*7 cells/0.02 ml. Samples were dialyzed against 3 changes 

of PBS, pH 7.4, then stored at -80° C until assay. An 

aliquot of this sample was assayed for protein content using 

BCA. Before measurement of the enzyme activity, the sample 

was diluted into 0.25M glycine/NaOH buffer, pH 9.5. 

Supernatant from the 45% ammonium sulfate cut was brought to 

75% saturation with additional ammonium sulfate and the 

precipitate, shown to contain eIF-5A (Park and Wolff, 1988), 

collected by centrifugation (10,000 x g for 20 min.). 

Precipitate was dissolved, dialyzed, assayed for protein 

content and stored until use as for the enzyme sample. These 

samples were also diluted into 0.25M glycine/NaOH buffer, pH 

9.5, before analysis. 
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Deoxyhypuslne synthetase assays 

Deoxyhypusine synthetase activity was measured by 

quantitating the incorporation of [1,8-^H]spermidine in vitro 

into the unmodified eIF-5A precursor partially purified from 

HTC cells using reaction conditions similar to Wolff al. 

(1990). Reaction mixtures contained 4.9 fJM spermidine (10 

p.Ci) [1, 8-2H] spermidine, 0.5 mM NAD+, 1 mM dithiothreitol, 

125 ng bovine serum albumin, 28 nM eIF-5A precursor protein 

and an aliquot of enzyme preparation in a total volume of 0.1 

ml 0.25 M glycine NaOH buffer, pH 9.5. Reactions were 

incubated for 6h at 37°C and then 500 ^ig bovine serum albumin 

was added to each tube. The protein was immediately 

precipitated by adjusting the concentration of the solution 

to 0.2 N HCIO4/2 mM spermidine and radiolabel incorporated 

into protein analyzed by HPLC as described under in vivo 

modification of eIF-5A. Activities were normalized to 

protein measurements. Inhibition was measured using similar 

conditions, however the specific inhibitor was added to the 

reaction mixture prior to the addition of enzyme. 

Incorporation of [^Hjputrescine into eIF-5A was tested in a 

similar reaction using 6.6 pM [^Hjputrescine (20 |iCi) (DuPont 

NEN, Boston, MA) instead of [1,8-^H]spermidine. 

Measurement of cellular unmodified eIF-5A is. vitro 

Measurements of unmodified eIF-5A were made using 

reaction conditions similar to those for the enzyme activity 
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except the enzyme to substrate ratio was decreased and the 

reaction allowed to run to completion. Reaction mixtures 

contained the components described for the deoxyhypusine 

synthetase assays with additional [1,8-^H]spermidine (9.8 pM) 

(20 M-Ci) , a known amount of deojQ^hypusine synthetase from HTC 

cells and an aliquot of the substrate preparation. Samples 

were incubated for 6h or 16h at 37°C and radiolabel 

incorporated into hypusine measured by HPLC as described 

above or eluted from the excised eIF-5A band on an SDS-PAGE 

gel as described. A similar measurement was used to 

determine the concentration of unmodified eIF-5A in the large 

substrate purification used for the enzyme assays. Amounts 

were normalized for protein content. 

Northern analyses 

A cDNA probe was constructed for Northern analyses by 

using polymerase chain reaction (PGR) to synthesize cDNA with 

the human eIF-5A sequence. PGR reactions contained exact 

match human primers (4 jiM concentration) , 

5' TGGAGGTTCAGAGGATCAGT 3 ' and 5' GGAGTTGGAATGGAAGCCTG 3 ' 

(Ruhl et al., 1993) and hximan buccal mucosa DNA template. 

Buccal mucosa cells were harvested by scraping into saline 

solution, washed twice and the DNA isolated using standard 

methods (Sambrook fit / 1989). A 30-cycle PGR 

amplification was run using the following parameters: 95°G 

for 30 sec.; 50°G for 30 sec.; and 72°C for 1 min. with 
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reaction mixtures as recommended by the protocol accompanying 

the Taq polymerase (GIBCO-BRL, Gaithersburg, MD). DNA was 

extracted from the reaction mixture and precipitated 

(Sambrook sL ' 1989) and then analyzed using a 1.5% 

agarose gel. Size determinations were made by comparison to 

a commercially available 1 kb DNA ladder (GIBCO-BRL, 

Gaithersburg, MD). A region of the gel of approximately the 

predicted product size range (-500bp) was excised and the DNA 

extracted using the "freeze-squeeze" method (Krawetz al., 

1986). Extracted DNA then served as the template for a 

second PGR amplification using the conditions described 

above. PGR yielded a single product of -511 bp that was 

treated with Pfu polymerase (GIBGO-BRL, Gaithersburg, MD) for 

30 min. at 72°C, extracted and ligated into pCR-Script 

(Stratagene, LaJolla, CA) according to manufacturer's 

directions. DH5a competent cells (GIBCO-BRL, Gaithersburg, 

MD) were transformed as suggested, positive colonies 

selected, amplified and plasmid DNA isolated from the 

bacteria using standard methods (Sambrook 1989) . 

Inserts were verified by restriction digests and then 

sequenced using the recommended chain-termination reaction 

protocol and Sequenase T7 DNA polymerase provided by United 

States Biochemical (Cleveland, OH). Sequence was analyzed by 

separation using denaturing gel electrophoresis (Sambrook at 

, 1989) and exposure to film (Veterinary X-ray, 3M Health 

Care, St. Paul, MN) . The resulting subclone used to 
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synthesize probe was 89.9% identical to the pxiblished human 

eIF-5A sequence (Smit-McBride fit, , 1989) at the nucleic 

acid level. 

For RNA isolation, 2 x 10^ cells were harvested and 

washed twice with PBS, pH 7.4. Cell pellets were sonicated 

into lysis solution, and RNA isolated using the solutions and 

protocol from the RNaid kit (Bio 101, Inc., LaJolla, CA) . 

RNA was separated by size using standard RNA gel 

electrophoresis methods on a 1.5% agarose gel run for 16h at 

20V with 20 |lg RNA/lane (Sambrook , 1989) . Size 

determinations were made by comparison to a commercial 0.24-

9.5 kb RNA ladder (GIBCO-BRL, Gaithersburg, MD) The RNA was 

transferred to a nitrocellulose membrane (Schleicher and 

Schuell, Inc., Keene, NH) by blotting overnight using gravity 

transfer (Sambrook , 1989). RNA was UV crosslinked to 

the membrane using the Stratalinker 1800 autocrosslink 

program (Stratagene, Inc., LaJolla, CA) and the membranes 

stored at -20° C until use. 

Radiolabeled probe was synthesized using 0.1 pmol DNA 

template from the plasmid preparation used for sequencing in 

a PGR reaction containing 5 mM antisense primer and standard 

PGR components (protocol from GIBGO-BRL, Gaithersburg, MD) 

except that dATP was used for labeling instead of dCTP. One 

hundred microcuries dAT[a-22p] (3000 Gi/mmol, IGN, Irvine, 

GA) were added to the reaction mix, and PGR amplification 

carryed out for 40 cycles using the following parameters: 
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1 min. at 94°C; 1 min. at 45''C; and 1 min. at 72°C. Labeled 

probe was separated from unincorporated label using colxomn 

chromatography (Sambrook 1989). Blots were 

prehybridized and then hybridized with 2 x 10^ cpm/ml at 65°C 

overnight (Sambrook at , 1989) , Membranes were washed at 

high stringency as in Smit-McBride sL (1989) and exposed 

to film (X-Omat, Kodak, Rochester, NY) at -80°C using 

intensifying screens (Lightning-Plus, DuPont NEN, Boston,MA) 

for 24h or longer. eIF-5A transcript levels were compared by 

calculation of band density using a phosphoimager (Imagequant 

Densitometer, Molecular Dynamics, Sunnyvale, CA) . 
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EFFECT OF SELECTION USING ODC-INHIBITING DRUGS ON ODC, LONG-

TERM CELL GROWTH AND CELL SURVIVAL. 

Introduction 

Selection of cells in ODC-inhibiting drugs generally 

produces drug-resistant cell lines with an amplified ODC 

gene; however, the characteristics and regulation of ODC in 

all of the cell lines does not appear to be the same. For 

example, in the L1210 cells selected in DFMO by Persson sL 

al. (1988) elevated ODC protein levels and elevated mRNA are 

due to an amplified gene. When the cells are removed from 

DFMO, initially ODC protein and mRNA remain elevated, however 

within 4 days ODC protein decreases ten-fold and regulation 

of ODC protein degradation appears normal. In contrast, the 

DH23b cells selected by treating HTC cells with DFMO, appear 

to have aberrant ODC protein degradation so that ODC remains 

chronically elevated (Mitchell / 1991). 

Before attempting to test the effect of aberrant ODC 

regulation on long-term growth and survival, it was necessary 

to compare the characteristics of ODC regulation and cellular 

polyamine contents in the parental, HTC cells, and the two 

drug-resistant mutant cell lines, HMOA and DH23A, used in 

these studies. First, it was necessary to established that 

the two drug-resistant mutants both have altered ODC 
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regulation under these culture conditions, as reported in the 

literature (Mamont si. , 1978; Pritchard sL > 1982; 

Mitchell ££. si.., 1991) , and that ODC is chronically elevated 

in the DH23A cells. Once this had been established, it was 

possible to test the hypothesis that moderate cellular 

polyamines are necessary for optimal cell growth. A 

comparison of growth and survival in the HTC cells with that 

in the DH23A cells was then used to assess the consequences 

of chronically elevated ODC on long-term cell growth and 

survival. 

Results 

Growth properties and polyamine profiles of the 

parental and drug-resistant cell lines 

To establish the growth characteristics of the three 

cell lines in this culture system, cells were transferred 

into new medium in the presence or absence of DFMO and 

cultured until the cells reached plateau-phase growth. As 

shown in Fig. 2, the parental, HTC cells, have a doubling 

time of approximately 24h. ODC and intracellular putrescine 

peak 24h after dilution into fresh medium and then decline. 

Treatment of HTC cells with 5 mM DFMO does not change the 

initial doubling time; however, the growth rate declines 

after 2 days of drug treatment. Drug treatment suppresses 

ODC activity which is reflected in a depletion of putrescine 
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Figure 2. Response of ODC activity and cellular polyamine 
contents in parental and drug-resistant cells to continuous 
DFMO treatment. Panel A shows cell number. Panel B shows 
ODC activity and Panel C shows cellular polyamine content in 
HTC { • ) ; HTC + 5 mM DFMO (a ) ; HMOA ( A ) ; HMOA + 5mM DFMO 
(A ); DH23A ( • ); and DH23A + 10 mM DFMO. (o ) over time in 
culture. Cells were diluted into new medium with the above 
treatments at day 0. Polyamines are abbreviated as follows: 
putrescine (PUT), spermidine (SPD) and spermine (SPM). Data 
shown are from one representative experiment which has been 
replicated. ODC activity data represent the mean of three 
determinations from the same sample at each time point. 
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by 24h and a decline of spermidine to non-detectable levels 

within 48h. Cellular spermine concentrations remain similar 

in the drug-treated and non-treated controls. 

HMOA cells show a slightly longer doubling time than 

that in the HTC cell cultures and 5 mM DFMO similarly 

decreases the doubling time. ODC activity peaks in HMOA 

cells at 24h after dilution into new medium, however the 

decline is more gradual and both putrescine and spermidine 

are slightly elevated when compared to HTC cells. DFMO 

treatment suppresses ODC activity in these cells resulting in 

non-detectable putrescine and barely or non-detectable 

spermidine. 

In medium containing 10 mM DFMO the doubling time of 

DH23A cells is closer to 48h and the lag phase of the growth 

curve is longer than that seen in HTC cells. ODC activity in 

these cells is comparable to the activity seen in HTC cells 

during plateau-phase growth. Putrescine is non-detectable 

under these conditions and spermidine concentrations remain 

approximately 10% of that seen in non-drug-treated HTC cells. 

ODC activity increases rapidly after drug removal and remains 

higher than that seen in exponentially growing HTC cells. 

Correlated with the high ODC activity in DH23A cells is a 

dramatic increase in cellular putrescine concentrations that 

can reach 80 nmol/mg protein or more in some experiments. By 

48h after drug removal, spermidine pools are similar to those 



seen in HTC cells. These data suggest that ODC is 

chronically elevated in DH23A cells in the absence of drug 

and that this elevated ODC is responsible for the greatly 

elevated cellular putrescine contents. 

Comparison o£ ODC regulation in the three cell lines 

Differences in the ODC activity profiles are due to 

alterations in ODC regulation in the drug-resistant cell 

lines as shown in Figs. 3 and 4. When new protein synthesis 

is inhibited, the tl/2 of ODC in HTC cells is 23 min. (Fig. 

3). In contrast, the ODC activity in both HMOA and DH23A 

cells under similar conditions showed no decrease within 3h. 

ODC regulation in the HMOA and DH23A cells, however is not 

identical. Addition of exogenous putrescine to the cell 

cultures will cause a loss of ODC activity in both the HTC 

and HMOA cells, although the concentration required to cause 

a 50% activity loss is much higher in HMOA cells (Fig. 4) . 

DH23A cells did not show a significant ODC activity loss with 

exogenous putrescine treatment up to a concentration of 1 mM. 

These data show that the ODC in the DH23A cells is more 

stable than that in the HTC or HMOA cells. This suggests 

that increased ODC stability is at least partially, 

responsible for the chronically elevated ODC seen when DH23A 

cells are cultured in the absence of DFMO. 
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Figure 3. Determination of ODC activity half-life. HTC (•) 
and HMOA ( • ) cells were grown in new medium for 24h before 
resuspension in medium containing 0.18 mM cycloheximide at 
time 0. DH23A cells (A ) were grown in medium without DFMO 
for 72h, then grown in new medium for 24h before resuspension 
in medium containing 0.18 mM cycloheximide at time 0. Each 
point represents the mean of three determinations from the 
same sample at each time point. Half-life determinations 
were made by extrapolation from the calculated regression. 
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Figure 4. Comparison of ODC turnover in the presence of 
exogenous putrescine. HTC (• ) and HMOA { A ) cells were 
grown in new mediiom for 24h before resuspension in medium 
containing putrescine at time 0. DH23A (• ) cells were grown 
in medium without DFMO for 72h, then grown in new medium 24h 
before resuspension in medium containing exogenous putrescine 
at time 0. ODC activity was determined 3h after putrescine 
addition. Each point represents the mean of three 
determinations from the same sample at each time point and 
are calculated relative to OIX activity in medium without 
exogenous putrescine addition. 



Consequences of different cellular polyamlne 

concentrations for exponential growth 

Cell growth in DH23A cells cultured continuously in the 

absence of DFMO was compared to growth in the presence of 

DFMO and HTC cell growth to test whether chronically elevated 

ODC affected long-term cell growth. When cells are 

maintained in exponential growth, cellular polyeimine contents 

are correlated with growth rate (Fig, 5). HTC cells contain 

moderate concentrations of intracellular polyamines and show 

the fastest growth rate. Slightly elevated polyamines are 

seen in the HMOA cells and growth is slightly less than that 

of the HTC cells. DH23A cells in the presence of 10 mM DFMO 

contain lower concentrations of total cellular polyamines 

than HTC cells (10% of the spermidine) and also grow more 

slowly. In contrast, DH23A cells exhibit very different 

growth kinetics and an altered polyamine profile in the 

absence of DFMO. After removal of the drug, putrescine 

increases to high concentrations and remains elevated. 

Concomitant with the very high cellular putrescine 

concentrations is a period of cytostasis followed a 

decrease in viable cells. Cellular spermidine increases to a 

concentration similar to that seen in HTC cells. Spermine 

concentrations, initially slightly higher than that of HTC 

cells, decrease to that seen in HTC cells or slightly lower. 

Low concentrations of Nlacetylspermidine also appear at this 

time. These data suggest that moderate cellular polyamine 
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Figure 5. Growth characteristics and the polyamine profile 
in cell cultures maintained in exponential growth. Panel A 
shows cell number and Panel B the polyamine profile in HTC 
cells (• ), HMOA cells (A ) and DH23A cells in the presence 
(o ) or absence ( • ) of 10 mM DFMO. Polyamines are 
abbreviated as in the legend for Fig. 2 with the addition of 
N^acetylspermidine (N^AcSPD). Cells were diluted into new 
medium with the above treatments on day 0 and transferred to 
new medium on days 3,6, and 9 in the continued presence or 
absence of drug. Cell number data have been corrected for 
viability (range 78%-9 6%) and dilution. Data shown are for 
one representative experiment which has been replicated. 



content promotes optimal cell growth, while suppression of 

cellular polyamines decrease growth and excess putrescine 

production causes a decrease in cell number. 

Effects of altered polyamlne profile on cellular 

morphology, mitosis and apoptosis 

Alterations in cell growth characteristics are 

correlated with differences in mitotic and apoptotic 

frequency. To test whether the alterations in cell growth 

characteristics (Fig. 5) were due to changes in mitosis or 

apoptosis, cellular morphology was examined and both mitotic 

and apoptotic frequency scored in these cultures. Comparison 

of morphological features seen in HTC cells and DH23A cells 

in the presence of 10 mM DFMO with those in DH23A cells 

cultured in the absence of DFMO for 10 days shows an increase 

in the number of cells that appear apoptotic in the DH23A 

minus DFMO cell cultures (Fig. 6) . Shrinkage of the cells, 

condensation of the nuclei and the formation of apparent 

apoptotic bodies are visible at the light microscope level. 

Cells that show the hallmarks of classic apoptotic 

morphology, condensation of the DNA around the nuclear 

periphery (Fig. 6E) and the formation of membrane-bound 

apoptotic bodies (Fig. 6D) can be seen at higher 

magnification. The number of cells appearing apoptotic is 

low in HTC cell cultures and fairly low in DH23A cells 

cultured in the presence of 10 mM DFMO. After removal from 
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Figure 6. Comparison of cellular morphology after ten days 
continuous culture in the presence or absence of drug. A. 
HTC cells (light micrograph: lOOX oil) B. DH23A cells in the 
presence of DFMO (light micrograph lOOX oil) C. DH23A cells 
in the absence of DFMO (light micrograph 10OX oil) D. and 
E. DH23A cells in the absence of DFMO (electron micrograph 
magnification: D -7500X; E. -10,000X). 
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DFMO, the apoptotic frequency is initially low in the DH23A 

cells, however the number of apoptotic cells increases 

sharply after cells are maintained in the absence of drug for 

5-6 days and continues to rise (Fig. 7B). Increases in the 

number of apoptotic cells is correlated with a decrease in 

viable cells. Differences in cell number observed in the HTC 

cells compared to the DH23A cells in the presence of DFMO is 

correlated with alterations in mitotic frequency (Fig. 7C) . 

HTC cells have a higher rate of mitosis than the DH23A cells 

in the presence of drug throughout the time course. These 

data suggest that a suppression of the polyamines affects 

cell growth primarily decreasing the mitotic frequency; 

however, chronically elevated ODC and putrescine stimulate an 

increase in apoptosis. 

DNA fragmentation in cells undergoing apoptosis 

One of the biochemical features of apoptosis reported in 

some cell lines is fragmentation of DNA into internucleosomal 

(Wyllie ^., 1980) or 50 kb (Oberhammer , 1993b) 

fragments, these cells were examined for an increase in DNA 

fragments as shown in Fig. 8A-C. In DH23A cell cultures 

where a large percentage of the cells are undergoing 

apoptosis, no increase in internucleosomal DNA cleavage, when 

compared to HTC cells or DH23A cells plus DFMO, was seen. 

Throughout the time course as the apoptotic frequency. 
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Figure 7. Growth characteristics, mitotic frequency and 
apoptotic frequency in cell cultures maintained in 
exponential growth. Panel A shows cell number. Panel B the 
apoptotic frequency and panel C the mitotic frequency in HTC 
( • ) and DH23A cell cultures in the presence { o ) or absence 
(• ) of 10 mM DFMO. Cells were diluted into medium with the 
above treatments on day 0 and transferred to new medium on 
days 3, 6, and 9 in the continued presence of absence of 
drug. Cell number data have been correctd for viability 
(range 82%-93%) and dilution. Data shown are for one 
representative experiment which has been replicated. 
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Figure 8. DNA fragmentation characteristics in parental and 
drug-resistant cells. Panel A-C show DNA isolated from HTC 
cells or DH23A cells in the presence or absence of DFMO run 
on a 1.5% agarose gel and stained with ethidium bromide. 
Size standards are shown in the first lane on the left. 
Cells were diluted into medium with the above treatments on 
day 0 and transferred to new medium in the presence or 
absence of drug on days 3,6, and 9. 
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Panels D and E show field inversion gel electrophoresis of 
DNA isolated from HTC cells of DH23A cells in the absence of 
DFMO. Size standard markers are indicated on the right side 
of each gel. Cell culture conditions are as in panels A-C. 
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judged by morphologic parameters, increased there was no 

evidence for the internucleosomal cleavage of DNA (see lanes 

7-10 in the DH23A cells minus DFMO in Fig. 8B). 

Endonucleolytic cleavage of DNA into 50 kb fragments during 

apoptosis also was not detected (Fig. 8D, E). The DNA 

appeared to be larger than 100 kb although by the latter part 

of the time course DH23A cells minus DFMO may show some 

cleavage of intact DNA into fragments larger than 100 kb 

(lanes 9 and 10). 



8 7  

Summary 

Both drug-resistant cell lines, HMOA and DH23A cells, 

have a higher level of more stable ODC than the parental, 

HTC, cells. ODC in the DH23A cells is higher and more stable 

than that in the HMOA cells resulting in chronically elevated 

enzyme activity and the over accumulation of intracellular 

putrescine. When cells are maintained in exponential growth, 

HTC cells, with moderate intracellular polyamines, show the 

fastest growth rate. DH23A cells in the presence of DFMO 

show decreased polyamines and grow more slowly primarily due 

to a decreased mitotic frequency. In the absence of DFMO, 

DH23A cells accumulate excess intracellular putrescine and 

show a decrease in cell number primarily due to an increase 

in apoptosis. Although classic apoptotic morphology was 

observed, no internucleosomal fragmentation was found. 
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EFFECT OF SELECTION USING ODC-INHIBITING DRUGS ON EIF-5A 

MODIFICATION. 

Introduction 

eIF-5A, a putative eucaryotic protein synthesis 

initiation factor, is a critical cellular component, although 

the exact function of this protein is unknown. Yeast studies 

have shown that both eIF-5A and the modification by 

spermidine to form hypusine are necessary for the production 

of viable spores (Schnier , 1993) . In mammalian 

systems, production of modified eIF-5A also appears to be 

necessary for cellular proliferation (Hanauske-Abel , 

1994; Park ai-/ 1994). Because the modified protein s 

critical, cells that have been selected in ODC-inhibiting 

drugs must have a strategy to maintain enough of this protein 

to proliferate. Long-term selection in drugs that inhibit 

the formation of spermidine, one of the substrates in the 

modification reaction, may alter this pathway (see Fig. IB). 

Further, if this pathway is altered in these three cell 

lines, this could provide a tool to test whether eIF-5A is 

involved in general protein synthesis in mammalian cells. 
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Results 

Rate of modified eIF-5A formation 

The first indication that this pathway might be altered 

by the drug selection comes from a comparison of the 

formation of modified eIF-5A in the three cell lines (Fig. 

9). Modified eIF-5A is synthesized at different rates in the 

three cell lines after spermidine is first depleted by DFMO 

treatment and then added back to the cell culture. HTC cells 

synthesize modified eIF-5A at a moderate rate while the rate 

in HMOA cells is somewhat lower. DH23A cells synthesize 

modified eIF-5A much faster than either of the other two cell 

types. Under these conditions cellular spermidine is similar 

(Fig. 10) suggesting that this apparent rate difference is 

not due to spermidine concentration. No acciimulation of the 

deoxyhypusine form of eIF-5A was found (data not shown). 

Turnover of modified eIF-5A and comparison of eIF-5A 

protein 

To test whether an apparent difference in synthesis was 

actually an alteration in degradation rates, eIF-5A half-life 

was compared in the three cell lines (Fig. 11) . Pulse-chase 

experiments showed that the turnover of eIF-5A is similar in 

HTC, HMOA and DH23A cells. Modified eIF-5A is a very stable 

protein with a half-life of about 24h. 

eIF-5A protein was partially purified from each cell 

line to test whether the selection had caused alterations in 
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Figure 9. Comparison of the in vivo modification rate of elF-
5A after treatment with DFMO. Incorporation of [1,8-
^Hjspemidine into eIF-5A after treatment of HTC (•), 
HMOA ( A ) and DH23A cells ( • ) with DFMO for 48h. Spermidine 
(5 |iM unlabeled plus 2 |ici/ml) was added at time 0. This is a 
representative experiment which has been replicated. 
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Ficfure 10. Comparison of the repletion of intracellular 
spermidine. HTC (•), HMOA (A ) and DH23A (• ) cells were 
treated for 48h with DFMO and spermidine (5 HM unlabelled 

plus 2 HCi/ml [1,8-^H]spermidine) was added at time 0. This 
is a typical repletion experiment which has been replicated. 
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Figure 11. Comparison of the turnover of modified eIF-5A. 
HTC { • ), HMOA ( A ) and DH23A ( • ) cells were treated with 
DFMO for 48h, then incubated in the presence of [1,8-
3H]spermidine for 6h. Cells were removed from the label at 
time 0. HTC and HMOA cells were incubated in the absence of 
DFMO while DH23A cells remained in 10 mM DFMO. eIF-5A 
remaining is calculated relative to the amount present when 
label was removed for each cell line. This is a 
representative experiment which has been replicated. 
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the protein itself. Comparison of eIF-5A precursor protein 

and modified eIF-5A suggests that the protein is physically 

similar in all three cell lines (Fig. 12). Purification 

characteristics were the same, yielding a protein with a Mr 

of approximately 18,000 Da with a pi of 5.4. A mixture of 

partially purified eIF-5A from the three cell lines ran to 

the same position on a two-dimensional gel. Metabolic 

labeling of the cells with [1,spermidine produced a 

similar pattern in all three lines. In each cell line one 

protein with a pi of approximately 5.4 showed incorporation 

of the label. When either HTC or DH23A cells were grown in 

the presence of DFMO, two forms of unmodified eIF-5A appeared 

(identification based on Park, 1989). Fig. 12B shows the 

appearance of the two precursor forms in HTC and DH23A cells. 

The two putative precursor forms, with pis of 5.2 and 5.1, 

were similar in HTC and DH23A cells. Residual modified elF-

5A was identified as the most basic of the three forms that 

appeared on the gel. Addition of putrescine to, or removal 

of DFMO from, the cell cultures causes the disappearance of 

the two putative precursor forms and an increase in the 

protein spot identified as modified eIF-5A (data not shown). 

These data suggest that the differences observed in eIF-5A 

modification were not due to changes in eIF-5A turnover or 

gross physical alterations in eIF-5A protein. 
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Figure 12. Comparison of eIF-5A protein in HTC, HMOA and 
DH23A cells. Panel A shows the region of a 2-D gel 
containing the partially purified eIF-5A from each cell line 
and a mixture of the protein partially purified from each and 
combined to run on the gel. Cells were grown for 3 days in 
the absence of DFMO before sampling. On the right are 
autoradiographs of the corresponding region of the gel loaded 
with total cellular protein after the cells were 
metabollically labeled with [1,8-^h]spermidine. 
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Panel B shows the region of the 2-D gel containing partially-
purified eIF-5A protein from HTC or DH23A cells grown in the 
presence of 5 mM DFMO or 10 rtiM DFMO, respectively, for 3 
days. 
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Deoxyhypusine synthetase activity assay conditions and 

comparison in the three cell lines 

Fig. 13A shows a one-dimensional gel of an aliquot from 

the partial purification of unmodified eIF-5A from HTC cells, 

grown in the presence of DEMO, that was used as substrate in 

the deoxyhypusine synthetase activity assays. The Mr -18,000 

Da band is enriched although not completely pure. Two-

dimensional gel analysis of a similar aliquot showed a 

pattern similar to that in Fig.l2B, with the appearance of 

the two precursor forms and some remaining modified eIF-5A. 

Under the assay conditions used in these experiments the 

linear range was extensive {Fig. 13B) and the 6h incubation 

time for the enzyme assay measurements fit well within the 

linear range. To test whether deoxyhyppusine synthetase 

activity was altered in the drug-selected cell lines when 

compared to that in the parental cells, enzyme activity was 

compared in the three cell lines. Deo3<yhypusine synthetase 

activity appeared to be quite similar in all three cell lines 

and unaltered by growth phase or growth in the presence of 

DFMO (Fig. 14). These data suggest that deoxyhypusine 

synthetase activity is constitutive and unaffected by the 

drug selection. 
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Figure 13. Assay conditions for the measurement of 
deoxyhypusine synthetase. Panel A shows 1-D SDS-PAGE of an 
aliquot of the partial purification of eIF-5A from HTC cells 
used as the substrate in the assay. Abbreviations: W (whole 
cell lysate); AS (ammonium sulfate cut); Mono Q (Mono Q 
column eluate). Panel B shows the incorporation of [1,8-
^H]spermidine into deoxyhypusine over time under the assay 
conditions used to measure deoxyhypusine activity. 
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Figure 14. Comparison of deoxyhypusine synthetase activity in 
cells grown in the presence or absence of DFMO. 
Deoxyhypusine synthetase activity in HTC cells in the absence 
(• ) or presence (• ) and HMOA cells in the absence (A ) or 
presence (a ) of 5 mM DFMO was compared to that in DH23A 
cells in the absence { • ) or presence (o ) of 10 mM DFMO. 
Cells were diluted into new medium at time 0. 
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Analysis o£ unmodified eIF-5A accumulation 

To test the hypothesis that the cell types accumulated 

different amounts of unmodified eIF-5A, the amount of 

unmodified eIF-5A was monitored as cells were grown in the 

presence or absence of DEMO. Unmodified eIF-5A accumulates 

only to a small degree under normal growth conditions in HTC 

cells; however, a significant amount accumulated when cells 

were incubated in the presence of DFMO (Fig. 15A). Cells 

continue to synthesize eIF-5A as the growth continues into 

plateau phase. Comparison of the accumulation of unmodified 

eIF-5A in the three cell lines shows that the DH23A cells can 

accumulate more unmodified eIF-5A than either of the other 

two cell lines when grown in the presence of DFMO (Fig. 

15B,C) . A comparison of the unmodified eIF-5A accumulation 

in HTC and HMOA cells, by a more sensitive assay, showed that 

the HTC cells appeared to accumulate slightly more unmodified 

eIF-5A, 9.06 +/- 1.29 fmol/pig protein vs. 6.82 +/-1.52 

fmol/^g protein in HMOA cells on average, after two days in 

the presence of 5 mM DFMO. These data suggest that the 

difference in the rate of eIF-5A modification can be 

attributed to altered accumulation of the unmodified elF-5A 

precursor. 

In DH23A cells, accumulation of additional eIF-5A was 

not due to increased eIF-5A mRNA (Fig. 16). eIF-5A transcript 

levels were similar in HTC and HMOA cells and apparently not 

affected by treatment with DFMO for 48h. DH23b cells showed 
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Figure 15. Accumulation of unmodified eIF-5A in the three 
cell lines in the presence of DFMO. Panel A is a 
representative experiment showing the kinetics of unmodified 
eIF-5A accumulation in HTC cells in the absence (• ) or 
presence (d ) of 5 mM DFMO. Panel B shows a comparison of 
the accumulation of unmodified eIF-5A in cells grown in the 
presence of DFMO for four days. Accumulation is compared to 
analysis of counts in eIF-5A protein after separation by SDS-
PAGE and corrected for equal loading of cellular protein. 
Measurements represent the mean +/- standard error of the 
mean.Panel C shows the accumulation of unmodified eIF-5A in 
DH23b cells in the presence of 10 mM DFMO. 
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Figure 15. Comparison of eIF-5A mRNA levels during growth 
into plateau and in the three cell lines. Panel A shows the 
expression of eIF-5A message in HTC cells diluted into new 
medium on day 0. Panel B shows the expression of elF-5A 
message in the three cell lines in exponential growth (2 days 
after dilution into new medium) in the absence or presence of 
DFMO. Abbreviations are as follows: HTC (H); HMOA (A); and 
DH23b (D). Ethidium bromide staining is shown for a 
comparison of loading. 
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slightly lower eIF-5A mRNA, -80% of that in HTC cells in the 

absence of DFMO. Growth in DFMO also slightly depresses elF-

5A mRNA in these cells; DH23b + DFMO transcripts are -70% of 

those seen in DH23b in the absence of DFMO. eIF-5A mRNA in 

these cells also appeared unaltered as cells grow into 

plateau as shown for HTC cells (Fig. 16A). 

Effects of altered cellular eIF-5A sunounts on general 

protein synthesis 

To test the hypothesis that eIF-5A is involved in 

general protein synthesis, protein synthesis rates in these 

cells were compared under conditions where intracellular elF-

5A content should differ. First, general protein synthesis 

rates in the three cell lines during exponential growth was 

measured as shown in Fig. 17. Incorporation of 

[35s]methionine into cellular protein was very similar in HTC 

and HMOA cells in the absence of DFMO to that in DH23A cells 

in the presence of 10 mM DFMO. Further, in DH23A cells 

cultured continuously in DFMO where spermidine is limiting, 

cells accumulate unmodified eIF-5A (Fig. 15C), yet 

proliferate thereby decreasing cellular eIF-5A content. 

Protein synthesis rates appear to be unaffected i.e. compare 

day 2 HTC with DH23A + 10 mM DFMO or day 1 to day 4 DH23A + 

10 mM DFMO (Fig. 18) . These data suggest that either eIF-5A 
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Figure 17. Comparison of general protein synthesis in 
exponentially growing cells. Incorporation of 
[35S]methionine into protein in HTC (•) and HMOA (A ) cells 
in the absence of DF^O and DH23A cells in the presence of 10 
mM DFMO ( • ) was measured various times after the addition of 
label. This is a representative experiment which has been 
replicated. 
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Figure 18. Protein synthesis rates in DH23A cells and 
correlation with intracellular putrescine. Panel A shows 
protein synthesis rates in DH23A cells in the presence (o ) 
or absence of 10 mM DFMO (• ) where drug was removed on day 
0. A similar rate for exponentially growing HTC cells 
(• ) is shown as a single point. This is a representative 
experiment which has been replicated. Panel B. shows the 
corresponding intracellular putrescine accumulation. 
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is not involved in general protein synthesis or that eIF-5A 

is not limiting under these conditions in these cells. 

Summary 

DH23A cells can synthesize modified eIF-5A faster than 

the rate of modification seen in HTC or HMOA cells. eIF-5A 

protein, eIF-5A protein turnover and deoxyhypusine synthetase 

activity are similar in the parental and drug-resistant 

mutant cell lines. DH23A cells can accximulate more 

unmodified eIF-5A when grown in the presence of DFMO which 

results in the observed apparent modification rate 

difference. The accumulation is not due to increased 

cellular eIF-5A mRNA. General protein synthesis rates are 

not correlated with altered cellular eIF-5A content in this 

system. 
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INDUCTION OF APOPTOSIS BY PUTRESCINE: MECHANISTIC STUDIES 

Introduction 

The data from Chapter 3 suggest that aberrant regulation 

of ODC, which results in chronically elevated ODC activity 

and elevated putrescine, causes the cells to undergo 

apoptosis. Although these data suggest that down regulation 

of ODC is important, the mechanism by which chronically 

elevated putrescine could induce apoptosis is unknown. Data 

from the polyamine field combined with the work in the 

apoptosis field on inducers and the cellular biochemistry of 

the apoptotic process suggest a number of potential 

mechanisms. Work on polyamine toxicity implicating polyamine 

oxidation (Smith Sl-. 1983; Parchment and Pierce, 1989; 

Brunton sL. &1.'> 1991) as well as a large body of data showing 

oxidative stress can induce apoptosis (e. g., Korsmeyer st, 

al. . 1995; Slater sL » 1995) suggests one possible 

pathway. Other work has shown that polyamines affect 

intracellular Ca2+ (Seiler, 1991) a well known effector of 

apoptosis (Orrenius , 1989). Polyamines are also used 

as bridge molecules by transglutaminases in protein 

crosslinking reactions (Folk, 1980), and polyamines have been 

shown to stimulate transglutaminase activity in the 

intestinal mucosa (Wang et al.. 1994). Increased 
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transglutaminase activity has been correlated with increased 

apoptosis (Facentini et al., 1991; Fukuda et al., 1993} . 

Finally, lack of modified eIF-5A has been implicated as the 

causative agent in cytostasis when cells are treated with 

inhibitors of spermidine synthesis or compounds that inhibit. 

eIF-5A modification in vitro (Byers ££. s^., 1992; Hanauske-

Abel St si.., 1994; Park , 1994) . Because putrescine is 

an inhibitor of eIF-5A modification in vitro (Jakus , 

1993) it is possible that elevated putrescine is playing the 

same role in vivo. These data suggest a plethora of 

potential mechanisms and provide a fertile ground for testing 

hypotheses. 

Results 

Effect of polyamine oxidation on cell loss after drug 

removal 

To test the hypothesis that the cell loss in DH23A cells 

after removal of DFMO was due to the byproducts of polyamine 

oxidation, the cell growth kinetics and intracellular 

polyamine content of cells treated with amine oxidase 

inhibitors were examined (Fig, 19). After removal of DFMO, 

cells incubated with MDL 72,521 (PAOI), an inhibitor of PAO 

(Seiler fit SJ.-/ 1985), showed growth kinetics similar to 

those seen in cultures after the removal of DFMO without the 

addition of PAOI. The polyamine profiles were similar with 
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Figure 19. Growth characteristics and polyamine profiles of 
DH23A cells in the presence of amine oxidase inhibitors. 
Panel A shows cell number and Panel B the polyamine profile 
in DH23A cells in the presence of 10 mM DFMO (o ), the 
absence of DFMO ( • ) , without DFMO + 25 jiM PAOI ( • ) , without 

DFMO + 1 mM aminoguanidine ( A ) or without DFMO + 25 ^iM PAOI 
+ 1 mM aminoguanidine (A ). Polyamines are abbreviated as in 
the legends for Figs. 2 and 5 with the addition of 
N^acetylspermine (N^AcSPM). Cells were diluted into medium 
with the above treatments on day 0 and transferred to new 
medium on days 3 and 6 in the continued presence or absence 
of drugs. Cell number data have been corrected for viability 
(range 62%-94%) and dilution. Data shown are for one 
representative experiment which has been replicated. 
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the exception of a greater accumulation of N^-

acetylspermidine and the presence of small amounts of 

Nl-acetylspermine in the PAOI-treated cells. Treatment of 

DH23A cells with aminogiianidine, which inhibits the Cu2+-

dependent amine oxidases (Seiler Stl.-> 1985), did not 

substantially change the cell growth kinetics. Although 

putrescine accumulation was delayed slightly and the cells 

initially grew slightly faster, the cells became cytostatic 

and there was a similar loss of viable cells correlated with 

the over-accumulation of putrescine. Treatment of cells with 

both oxidase inhibitors together did not improve the survival 

of the cells over treatment with either alone. Growth of 

cells in the presence of 10 mM DFMO was unaffected by 

treatment with either oxidase inhibitor (data not shown). 

This suggests that stimulation of polyamine oxidation by the 

known polyamine oxidation pathways is not the cause of 

apoptosis in DH23A cells in the absence of DFMO. 

Effect of putrescine accumulation on cellular 

glutathione and S-adenosylmethionine 

Forty-eight hours after removal of DFMO from the DH23A 

cell cultures the cellular spermidine concentration is 

similar to that in HTC cells (Fig. 2), although the elevated 

putrescine would be expected to stimulate AdoMetDC and result 

in increased spermidine production. To test whether 



1 1 3  

spermidine production was limited by decarboxylated S-

adenosyimethionine, the cellular S-adenosylmethionine(SAM) 

and decarboxylated S-adenosylmethionine (dcSAM) 

concentrations in DH23A cells, in the absence of DFMO, were 

compared to those in HTC cells (Table 1). Stabilization of 

spermidine in DH23A cells minus DFMO at a concentration 

similar to that in HTC cells is probably a reflection of the 

size of the SAM pool. When DFMO is removed, SAM and dcSAM 

decrease to non-detectable levels. Treatment of cells with 

exogenous SAM to replete SAM pools and decrease the cell 

death were unsuccessful (data not shown). 

Polyamine biosynthesis influences glutathione synthesis 

because both require SAM as a precursor (Fig. ID). To test 

the hypothesis that the synthesis of excess polyamines was 

depleting SAM and thus inhibiting glutathione synthesis, 

total intracellular glutathione was measured (Fig. 20). 

Total glutathione does not appear to differ in DH23A cells in 

the presence (growth maintained) or the absence (loss of 

cells) of DFMO. These data suggest that depletion of SAM may 

be involved in the induction of apoptosis seen in the DH23A 

cells in the absence of DFMO; however, this SAM depletion is 

not affecting total cellular glutathione pools. 
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Table 1. Comparison of S-adenosylmethionine (SAM) and 
relative decarboxylated S-adenosylmethionine (dcSAM) 
in DH23A cells (+/- OFMO) and HTC cells. 

SAM (nmols/mg prot) 

-DFMO -t-DFMO 

DH23A 

Day 1 

Day 9 

HTC 

Day 1 

Day 9 

n.d.* 

n.d. 

0.78 

1.15 

9.3 

2.5 

dcSAM (relative) 

-DFMO -i-DFMO 

2.0 

n.d. 

n.d. 

n.d. 

5.0 

13.0 

*n.d. - denotes non-detectable 

Table 1. Comparison of S-adenosylmethionine (SAM) and 
relative decarboxylated S-adenosylmethionine (dcSAM)in DH23A 
cells and HTC cells. 
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Figure 20. Comparison of cellular glutathione content in the 
parental and drug-resistant cells. Panel A shows the growth 
characteristics in the HTC { • ) and the DH23A cells in the 
presence ( o ) or absence (• ) of 10 mM DFMO. Cells were 
diluted into new medium with the above treatments on day 0 
and transferred to new medium on days 3, 6 and 9 in the 
continued presence or absence of drug. Cell number data have 
been corrected for viability (range 78%-93%) and dilution. 
Panel B shows the corresponding intracellular glutathione 
accumulation. 



1 1 6  

Effect of high Intracellular putrescine on cellular pH 

and free calcium concentration 

To determine whether the high intracellular putrescine 

was perturbing intracellular pH or intracellular free 

calcium, the steady state pH and free [Ca^+J in DH23A cells 

at various times after the removal of DFMO were monitored. 

As shown in Fig. 21, even with a large accumulation of 

intracellular putrescine both intracellular pH and 

intracellular free [Ca2+] were similar in the presence or 

absence of DFMO. This suggests that the mechanism by which 

putrescine induces apoptosis is not by generally perturbing 

intracellular pH or intracellular free calcium. 

Effect of transglutaminase inhibitors on cell growth 

Elevated putrescine may stimulate transglutaminases, 

thus increasing the formation of crosslinked proteins and 

triggering apoptosis. Cells were grown in the presence of 

monodansylcadaverine, an inhibitor of transglutaminase 

activity (Lorand and Conrad, 1984), to determine whether 

inhibition of transglutaminase activity would affect cell 

growth kinetics. As shown in Fig. 22, treatment of cells 

with monodansylcadaverine did not affect growth in the 

presence of DFMO (Fig. 22A) and did not promote cell survival 

in the absence of DFMO (Fig. 22B). When DFMO was removed, 

cell number decreased more rapidly in the presence of 100 or 
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Figure 21. Effect of elevated putrescine on steady state 
intracellular pH and free calcium concentration. Relative 
intracellular pH (Panel A), relative intracellular [Ca^+j 
(Panel B) and the polyamine profile (Panel C) in DH23A cells 
after the removal of DFWO at day 0 are shown. In panels A 
and B each bar represents the mean ± standard error of the 
mean. In panel C the symbols represent putrescine ( • ) , 
spermidine ( • ) and spermine(A ). 
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Figure 22. Effect of monodansylcadaverine on the grov;th of 
DH23A cells. Panel A shows the growth of DH23A cells in the 
presence of 10 iiiM DFMO with the addition of 10 |IM ( • ) ; 

25 ( • ) ; 50 IJM ( 4 ) ; 100 ( A ) ; 200 |iM ( a ) ; or no ( o ) 
monodansylcadaverine. Panel B shows DH23A cells growing in 
the presence of 10 mM DFMO {o ) or the absence of DFMO with 
the addition of 10 |iM {• ); 100 pM (A ) ; or 200 |iM {• ) 
monodansylcadaverine. Cells were diluted into new medium 
with the above treatments on day 0 and transferred to new 
medium on days 3 and 6 in the continued presence of absence 
of drugs. Cell number data have been corrected for viability 
(range 73%-89%) and dilution. 
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200 HM monodansylcadaverine than when the cells were grown in 

10 pM monodansylcadaverine. Stimulation of transglutaminases 

is not apparently the mechanism by which excess putrescine 

causes cell death. 

Effect of exogenous putrescine or ornithine on cell 

growth kinetics 

To determine whether exogenous addition of putrescine to 

DH23A cells in the presence of DFMO would mimic the effects 

of drug removal, 1 mM putrescine was added to the growth 

medium in the presence of DFMO (Fig. 23) . Under these 

conditions, putrescine accumulation occurs more rapidly in 

cells treated with exogenous putrescine than in cells where 

DFMO has been removed; however, intracellular putrescine 

reaches concentrations similar to those seen in cells after 

drug removal. Growth kinetics of the cells treated with 

exogenous putrescine in the presence of DFMO were very 

similar to those seen in DH23A cells after the removal of 

DFMO except that the cell loss occurred earlier in the time 

course. Treatment of cells with 1 mM ornithine in the 

absence of DFMO caused the production of higher 

concentrations of putrescine and the decrease in cell number 

occurred more quickly. Exogenous 1 mM MgCl2 or 1 mM 

ornithine did not affect either growth kinetics or polyamine 

contents in DFMO-treated cells (data not shown). 
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Figure 23. Effect of the addition of exogenous putrescine on 
growth and the polyaitiine profile of DH23A cells in the 
presence of DFMO. Panel A shows cell number and panel B the 
polyamine profile in DH23A cells in the absence of DFMO 
( • ) , the absence of DFMO + 1 itiM ornithine (A ) , the presence 
of 10 mM DE^O (o ) or the presence of 10 mM DFMO + 1 mM 
putrescine ( d ) . Polyamines are abbreviated as in the 
legends to Fig. 2. Cells were diluted into new medium with 
the above treatments on day 0 and transferred to new medium 
on days 3 and 6 in the continued presence or absence of 
drugs. Cell number data have been corrected for viability 
(range 76%-96%) and dilution. Data shown are for one 
representative experiment which has been replicated. 
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Comparison of the apoptotic frequency in DH23b cells 

growing in the absence of DFMO to that of cells growing in 

the presence of DFMO with the addition of exogenous 

putrescine shows that an increase in apoptosis correlates 

with increases in intracellular putrescine (Fig. 24). 

Exogenous putrescine addition mimics the effect of endogenous 

putrescine production on both cell growth kinetics and 

apoptosis. Mitotic frequency is fairly similar in both the 

treatment and control cells (grown in the presence of DFMO). 

An increased number of aberrant mitoses were also seen in the 

cultures containing exogenous putrescine when compared to 

that in the control cells (0.2% in DH23b + DFMO vs. 9.5% in 

DH23b + DFMO + 1 mM putrescine on day 2). Because exogenous 

putrescine addition mimics the effect of DFMO removal in 

DH23A cell cultures, this suggests that excess putrescine is 

the causative agent or trigger of the observed apoptosis. 

Effect of elevated putrescine and diaminoheptane 

treatment on eZF-5A modification 

To test the hypothesis that excess putrescine was 

inhibiting the formation of modified eIF-5A, the effect of 

putrescine addition on eIF-5A modification in vitro was 

measured (Fig. 25). In vitro putrescine addition inhibits the 

formation of modified eIF-5A similar to the effect seen when 

diaminoheptane (DAH), a competitive inhibitor of the 

modification reaction in vitro (Jakus , 1993), is 
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Figure 24. Effect of exogenous putrescine addition on growth 
characteristics, cellular putrescine content and 
corresponding mitotic and apoptotic frequencies. Panel A 
shows the relative apoptotic frequencies in DH23b cells in 
the absence of DFMO ( • ), the presence of 10 mM DFMO (o ) or 
the presence of 10 mM DFMO + 1 mM putrescine (A ). Panel B 
shows the growth curves of the cells. Panel C shows cellular 
putrescine concentration and Panel D the mitotic frequency in 
the same cell cultures. Cells were diluted into new medium 
with the above treatments on day 0 and transferred to new 
medium on days 4 and 8 in the continued presence or absence 
of drugs. Cell number data have been corrected for viability 
(range 81%-96%) and dilution. This is a representative 
experiment which has been replicated. 
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Additions 

Figure 25. Modification of eIF-5A in vitro in the presence of 
inhibitors. Relative amount of eIF-5A modified under 
conditions where unmodified eIF-5A is saturating after 6h in 
the presence of various concentrations of putrescine or 
diaminoheptane. Numbers are expressed as a percentage of the 
modification that occurs when no inhibitors are present. 
Abbreviations are as in Fig. 2 and diaminoheptane (DAH) . 
added. Incorporation of radiolabeled putrescine into eIF-5A 
in a similar experiment was not detected. 
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in vivo, putrescine also inhibits the formation of 

modified eIF-5A (Fig. 26A) . Both the exogenous addition and 

endogenous production of putrescine suppresses the formation 

of eIF-5A. This is particularly apparent on day 2 where the 

concentration of spermidine is similar in the DH23b cells in 

the absence of DFMO and the DH23b cells in the presence of 

DFMO (Fig. 26c); however, endogenous putrescine is radically 

different (Fig. 26B), and the formation of modified eIF-5A 

was suppressed in the presence of putrescine. As DAH 

accumulated in the cells (Fig. 26D), the formation of 

modified eIF-5A was also suppressed in these cultures. The 

specific activity of spermidine was similar in the samples 

containing DFMO alone and the DH23b cells in the presence of 

DFMO and DAH, but the rate of formation of modified eIF-5A 

was suppressed as the cells took up DAH (compare days 3-6) . 

This suggests that one mechanism by which putrescine may 

induce apoptosis is by inhibiting the formation of modified 

eIF-5A. 

Effect of diaminoheptane on cell growth and apoptosis 

If putrescine is inducing apoptosis by suppressing 

modified eIF-5A formation, the it can be predicted that after 

treatment of cells with DAH, under conditions where 

modification of eIF-5A is inhibited, apoptosis should occur. 
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Figure 26. Effect of putrescine or diaminoheptane on the 
modification of eIF-5A in vivo. Panel A shows the synthesis 
of hypusine in DH23b cells in the absence of DEMO ( • ) ; the 
presence of 10 mM DEMO ( o ) ; the presence of 10 mM DFMO + 1 
mM putrescine ( n ) ; or the presence of 10 mM DFMO + 10 fiM DAH 
(A ). Panel B shows the corresponding intracellular 
putrescine. Panel C the intracellular spermidine and Panel D 
the diaminoheptane accumulation. Cells were diluted into new 
medium with the corresponding treatments at day 0 and the 
stock transferred to new medium on day 3 . For each 
measurement an aliquot was removed from the stock and 
incubated separately in the presence of [1,S-^h]spermidine 
for 24h. This is a representative experiment which has been 
replicated. 
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Fig. 27 shows the effect of exogenous DAH addition on cell 

growth kinetics, apoptosis and mitosis in DH23A ceils in the 

presence of DFMO. Increased apoptosis was seen in cultures 

approximately four days after the addition of exogenous DAH 

(Fig. 27A) . Mitosis in the presence or absence of DAH was 

relatively similar (with the exception of day 4) (Fig 27D) . 

These rates are reflected in the growth kinetics where 

treatment with DAH inhibited the increase in cell number 

(Fig. 27C). DAH treatment also increased the number of cells 

that contained extranuclear DNA (1.4% in DH23b + DFMO vs. 

19.6% in DH23b + DFMO + 100 jiM DAH on day 10) . These data 

suggest that inhibiting the formation of modified eIF-5A in 
\ 

these cells can cause the cells to undergo apoptosis. 

Effect of elevated putreaclne or dlaminoheptane 

treatment on the accumulation of unmodified eIF-5A 

If both putrescine and DAH are suppressing the formation 

of modified eIF-5A by acting as competitive inhibitors of the 

addition of the butylamine moiety of spermidine to the newly 

synthesized eIF-5A, then it can be predicted that unmodified 

eIF-5A should accumulate. A comparison of the cellular 

unmodified eIF-5A content (Table 2) shows that unmodified 

eIF-5A accumulated in the presence of DAH. However, in the 

presence of elevated putrescine, either by exogenous addition 

or endogenous formation, no accumulation of unmodified elF-5A 

was detected. Sampling on day 9 verified that the apoptotic 
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Figure 27. Effect of exogenous diaminoheptane addition on 
cell growth and apoptosis. Panel A shows the frequency of 
apoptotic cells in DH23b cell cultures grown in the presence 
of 10 itiM DFMO alone ( o )or in 10 mM DET̂ O plus 25 |iM ( A ) or 

100 (iM (O ) DAH. Panel B shows the corresponding endogenous 
DAH accumulation. Panel C the cumulative cell number and 
Panel D the mitotic frequency in the same cell cultures. 
Cells were diluted into new medium with the above treatments 
on day 0 and transferred to new medium on days 3, 6 and 9 in 
the continued presence of drugs. Cell number data have been 
corrected for viability (range 86%-99%) and dilution. 
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Table 2. Comparison of unmodified elF-SA accumulation in OH23b cells 
{*!•) DFMO and in the presence of exogenous putrescine or diaminoheptane. 

Treatment Unmodified elF-5A Put OAH 
(fmol/ug prot) (nmol/mg/prot) 

Day 0 
-i-OFMO 13.7 n.d.** n.d. 

Day 6 
-•-DFMO 41.1 n.d. n.d. 
-DFMO <1 81.3 n.d. 
•i-DFMO-i-lmMPUT <1 75.5 n.d. 
•i-DFIMO-i-IOuM DAH 30.7 n.d. 30.2 

* Abbreviations: Put (putrescine); OAH (diaminoheptane) 
** n.d. denotes measurements below the detection limits. 

Table 2. Comparison of unmodified elF-5A accumulation in 
DH23b cells. 
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frequency was greater in the presence of putrescine or DAH 

than that in cultures grown in DFMO alone. These data are 

consistent with DAH acting as a competitive inhibitor of the 

modification of eIF-5A by spermidine; however, this cannot be 

the sole mechanism by which putrescine suppresses the 

formation of modified eIF-5A. 

E££ect o£ elevated putrescine on eIF-5A transcription 

To test whether putrescine was suppressing the formation 

of modified eIF-5A by suppressing eIF-5A transcription, 

eIF-5A mRNA in cells grown in the presence or absence of DFMO 

was compared. eIF-5A mRNA content was unaltered in the 

presence of elevated putrescine (Fig. 28). The concentration 

of eIF-5A mRNA in the presence of DFMO was no different than 

that seen after the addition of exogenous putrescine (compare 

Panel A lanes 1-5 with Panel B) . Accumulation of putrescine 

after removal of DFMO occured later in the time course than 

accumulation after exogenous addition (Fig. 28D). Putrescine 

accumulation by endogenous production also did not alter the 

eIF-5A mRNA signal (Panel A lanes 4-7 compared to Panel C) . 

Putrescine does not suppress modified eIF-5A formation by 

suppressing transcription. 
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Figure 28. Effect of excess putrescine on eIF-5A mRNA. 
Panel A shows the level of eIF-5A mRNA in DH23b cells on days 
1-7 in culture in the presence of 10 mM DFMO. Panel B shows 
the eIF-5A mRNA levels in DH23b cells in the presence of 10 
mM DFMO + 1 mM putrescine on days 1-4 and Panel C the eIF-5A 
mRNA on days 4-7 in DH23b cells cultured in the absence of 
DFMO. Ethidium bromide staining is provided as a loading 
control. Cells were diluted into new medium with the above 
treatments on day 0 and transferred to new medium with 
similar treatments on day 4.Panel D shows intracellular 
putrescine accumulation in cells from the corresponding 
cultures: 10 mM DFMO (O ); minus DFMO ( • ); 10 mM DFMO + 1 mM 
putrescine (a ). 
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Summary 

Excess intracellular putrescine by endogenous production 

or exogenous addition causes a decrease cell number and an 

increase the frequency of apoptosis. Alterations in 

intracellular pH or Ca2+, stimulation of transglutaminase 

activity, changes in total glutathione, or stimulation of 

polyamine oxidation appear not to cause the apoptosis 

observed in the DH23A cells. In the absence of DFMO, DH23A 

cells do, however, show a decrease in SAM pools and the 

excess intracellular putrescine suppresses the formation of 

modified eIF-5A. Suppression of eIF-5A modification by DAH 

is also correlated with an increase in apoptosis in DH23A(b) 

cells. DAH appears to suppress eIF-5A modification by acting 

as a competitive inhibitor of the modification reaction; 

however, putrescine appears to act upstream of the 

modification reaction, but not at the level of transcription. 
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DISCUSSION 

Effect of selection using ODC-inhibiting drugs on ODC, 

long-term cell growth and cell survival 

The HMOA cells, as reported by McCann (1979), and 

the DH23A cells, similar to the results reported by Mitchell 

St. (1991) for the DH23b cells, show a higher level of ODC 

activity that is more stable than that seen in HTC cells. 

ODC in HMOA cells follows the same pattern of induction and 

decay as seen in HTC cells although the activity is somewhat 

higher and the decay slightly slower resulting in slightly 

elevated intracellular putrescine and spermidine. DH23A 

cells have even higher ODC activity than that in the HMOA 

cells. As DH23A cells reach plateau phase growth there is 

some decrease in ODC activity; however, the activity is still 

substantially higher than that seen in HTC cells during 

exponential growth. The data suggest that the drug selection 

has caused aberrant ODC regulation and that this altered ODC 

expression is at least in part due to a more stable ODC 

protein in both HMOA and DH23A cells. The difference between 

the HMOA cells and the DH23A cells is a matter of degree that 

has critical cellular consequences. ODC protein in HMOA 

cells can be stimulated to degrade; however, this is not the 
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case in the DH23A cells where the protein has a tl/2 > 12h 

(Mitchell SL. / 1991) and putrescine does not stimulate 

degradation. In DH23A cells either the degradation pathway-

is altered or the concentration of available antizyme is too 

low to cause a degradation rate that is able to keep up with 

synthesis. This dramatically increased stability has 

resulted in chronically high ODC activity and substantially 

elevated putrescine when DH23A cells are cultured in DFMO-

free medium. 

These data clearly support the idea that a moderate 

cellular polyamine content is necessary for optimal cell 

growth (for reviews see Tabor and Tabor, 1984; Pegg, 1988; 

Davis sL f 1992). In the DH23A cells, either a decrease 

in or an over-accumulation of the polyamines affects growth. 

Work with mutants lacking ODC has shown that growth is 

dependent on the addition of exogenous polyamines (Steglich 

and Scheffler, 1982; Pohjanpelto al-/ 1985), however 

growth can be sustained in the presence of a reduced 

polyamine pool (Porter and Bergeron, 1983). The DH23A cells 

growing in the presence of 10 mM DFMO contain a spermidine 

pool that is approximately 10% of that seen in the parental 

cells. This is enough to sustain growth albeit at a reduced 

rate. When DFMO is removed from the DH23A cells, putrescine 

rapidly over accumulates and the growth rate is suppressed. 

Maximal cellular putrescine concentrations vary somewhat, 
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probably due to substrate availability in different batches 

of medium, however when concentrations reach 50 nmol/mg 

protein or greater growth suppression occurs. Cell number 

data from the HMOA cells suggest that even smaller 

alterations in the polyamine profile may change cell growth 

characteristics. Optimal growth, therefore, depends upon 

maintenance of the polyamines within a moderate range. 

Apparent growth rates in cell culture are a reflection 

of both the increase in cell number due to mitosis and a 

decrease in cell number due to cell loss or death. A 

comparison of the mitotic and apoptotic frequency in HTC 

cells and the DH23A cells in the presence of DFMO suggests 

that the difference in cell growth between the cell types is 

primarily due to alterations in mitosis. Reduced cellular 

polyamines result in a reduction of mitotic frequency. These 

data fit well with the observations that polyamines are 

necessary for the Gl/S transition (Rupniak and Paul, 1978; 

Seidenfeld al..,1981) or the progression through S phase 

(Heby St , 1978; Pohjanpelto ^., 1994) . Reduced 

polyamines would then be expected to decrease mitoses as seen 

here and in other systems (Anehus , 1984; Pohjanpelto 

et al•. 1994 among others). 

Downregulation of cellular polyamines appears to be 

necessary not only for cell growth, but also survival. 

Culture of the DH23A cells in the absence of DFMO results in 

the loss of viable cells (-50% in 10 days) (Fig. 5). 
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Concomitant with the loss of viable cells is a large increase 

in intracellular putrescine. This loss in cell nximber is 

also correlated with a dramatic increase in the number of 

apoptotic cells seen in these cultures, but little alteration 

in mitotic frequency. This suggests that the chronically 

high ODC activity resulting in the over accumulation of 

putrescine is altering cell growth primarily by inducing 

these cells to undergo apoptosis. 

Induction of apoptosis by excess putrescine production 

may serve a protective role by removing cells that have 

aberrant ODC regulation from the population. Apoptosis is a 

form of cell death first described by Kerr st. (1972) in 

which death occurs by a controlled cascade of steps in an 

asynchronous fashion affecting single cells in a population. 

Morphologically apoptosis is characterized by condensation of 

the chromatin at the nuclear periphery, shrinkage of the cell 

and the formation of membrane-bound apoptotic bodies 

containing intact organelles and/or condensed bits of 

chromatin (Walker , 1988) . JtH vivo apoptotic bodies 

are generally phagocytized. This provides a mechanism 

whereby single cells can be removed from a population or 

tissue resulting in little damage to adjacent cells. 

Appearance of the morphologic features characteristic of 

apoptosis in a good portion of the DH23A cells cultured in 

the absence of DFMO when excess putrescine has accximulated 

suggests that putrescine is able to induce this biochemical 
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cascade. Induction of apoptosis rather than necrosis by 

putrescine also suggests that excess cellular polyamines 

interfere with some critical cellular process. 

Although morphologic parameters are the gold standard 

for measuring apoptosis, one of the biochemical features 

identified with apoptosis is the appearance of an 

internucleosomal DNA ladder. Production of DNA fragments in 

multiples of 180-200 bp suggests that endonucleolytic 

cleavage is occurring in the linker regions between 

nucleosomes in cells undergoing apoptosis (reviewed in V^llie 

» 1980; Compton, 1992). More recently, comparison of 

DNA fragmentation in cells undergoing apoptosis (as 

determined by morphologic parameters) has shown that while 

some cell types, especially thymocytes, produce a DNA ladder 

that is easily isolated this is not a universal feature 

(Oberhammer ̂  ̂. , 1993b; Zakeri ^., 1993) . Hepatocytes 

undergoing apoptosis induced by TGF-pi do not form 

internucleosomal DNA fragments (Oberhammer ̂  sl.-/ 1993a) so 

that it is lacking in the hepatoma cells studied here is not 

surprising. There is increasing evidence that cleavage of 

DNA into larger fragments 50, 300 or even 700 kb may be the 

critical step and that internucleosomal fragmentation may be 

absent or a late event in apoptosis in many cell types 

(Oberhammer ̂  , 1993b; Brown Si-/ 1993 ) . Although no 

50 kb DNA fragments were found in the cells used in this 

study, there is some indication that the DNA is cleaved into 
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fragments larger than lOOkb during the latter part of the 

time course when the percentage of cells undergoing apoptosis 

in these cultures nears 40%. This suggests that cleavage of 

DNA into larger fragments may be more critical for these 

cells as has been reported for other cell types (Oberhammer 

ai.-' 1993b; Brown di-/ 1993). 

The role of polyamines in apoptosis is unclear. In 

several instances polyamines appear to play a protective role 

in the induction of apoptosis. Spermidine and spermine have 

been found to prevent apoptosis in thymocytes by preventing 

endonuclease activation (Brune , 1991) and have been 

proposed as a protective agent during DNA damage by singlet 

oxygen because of their quenching effect (Khan sL > 1992). 

In addition, spermine, and to a lesser extent spermidine at 

low concentrations, have been shown to protect against 

neuronal damage in cerebral ischemia under certain conditions 

(Gilad and Gilad, 1991) and to decrease nerve cell loss 

during the normal loss of neurons in newborn rats (Gilad 

al.. 1985). Polyamines have also been implicated in 

apoptosis as inducers or enhancers. Packham and Cleveland 

(1994) have shown that nyc-induced apoptosis in IL-3-

dependent murine myeloid cells after IL-3 withdrawal can be 

partially traced to an induction of ODC. Recently, McCloskey 

et al• (1995) have also reported that a polyamine analog can 

induce apoptosis in human breast cancer cell lines. The data 
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presented here suggest that putrescine may also play a role 

in inducing apoptosis as discussed below. 

Dovmregulation of ODC appears to play an important 

physiological role. These data suggest that, with a loss of 

ODC downregulation, the cell is capable of producing toxic 

levels of the polyamines, specifically putrescine. This may 

occur in vivo as well. Often in vivo production of the 

polyamines may be substrate limited; however, when substrate 

is not limiting, overproduction of the polyamines can be 

detrimental to cell function and survival. This hypothesis 

is supported by the data from the transgenic mouse testis 

where ODC is overexpressed, putrescine is high and function 

in impaired (Halmekyto sJl ai-» 1991). Periods of recovery 

from cerebral ischemia are also characterized by dramatic 

increases in putrescine correlated with increased neuronal 

death (Paschen et al.. 1987,1988). Together these data 

suggest that the downregulation of ODC may be important to 

prevent the accumulation of toxic levels of the polyamines as 

suggested by Morris (1991). 

Effect of selection using ODC-inhibiting drugs on elF-

5A modification 

Differences observed in the modification rate of eIF-5A 

in the three cell lines probably occur because the cells 
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accumulate different amounts of the unmodified eIF-5A 

precursor. In ail three cell types, treatment with DFMO 

depletes cellular spermidine, decreasing substrate for the 

modification reaction and causing cells to accumulate 

unmodified eIF-5A. This is similar to the accumulation 

reported in other cell types where spermidine depletion 

occurs by treatment with DFMO (Gemer , 1986; Park, 

1987) or AbeAdo, which blocks AdoMetDC (Byers ££. al. . 

1992,1993,1994). In the absence of DFMO, little unmodified 

eIF-5A accumulates suggesting that, similar to other cell 

types, modification of eIF-5A occurs shortly after 

translation of the eIF-5A precursor (Duncan and Hershey, 

1986; Park, 1987; Wolff » 1992). A slightly lower 

accumulation in the HMOA cells when compared to that in the 

HTC cells after the cells are cultured in the presence of 

DFMO for 48h is consistent with the slightly decreased 

modification rate observed upon spermidine repletion. The 

elevated rate observed in the DH23A cells is probably due to 

an increased accumulation of the unmodified substrate because 

the cells are continuously grown under chronically limiting 

spermidine. 

Comparison of the eIF-5A modification process and 

components in the three cell lines has shown that this 

pathway is similar in these cells. Deoxyhypusine synthetase 

activity is apparently constitutive and unaffected by the 

growth phase of the cells, depletion of putrescine and 
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spermidine by DFMO or long-term selection in ODC-inhibiting 

drugs. Deoxyhypusine synthetase appears to be relatively 

abundant as well, in vitro. deoxyhypusine synthetase was 

able to quickly modify all the available unmodified eIF-5A 

the cells produced when adequate spermidine was supplied, in 

vivo. little unmodified eIF-5A accumulates under conditions 

where spermidine is not limiting. This finding suggests that 

the abundance of deoxyhypusine synthetase is probably not the 

limiting factor in this reaction. 

eIF-5A protein behaves similarly in all three cell lines 

during purification and 2-D gel analysis suggesting that 

there are no gross physical differences in the protein 

itself. Appearance of two precursor forms that disappear 

upon the addition of putrescine or spermidine is consistent 

with what is seen in CHO cells (Park, 1989). In CHO cells 

neither precursor contains hypusine or deoxyhypusine and both 

can be modified by spermidine to contain hypusine, however 

the difference between the precursors is an as yet 

unidentified modification that produces a change in pi. 

Phosphorylation of eIF-5A in mammalian cells as in yeast 

(Kang ̂  , 1993; Klier ill-/ 1993) is certainly a good 

candidate. In the HTC and DH23A cells, a pattern similar to 

that in CHO cells occurs when cells are treated with DFMO. 

Only the most basic of the three spots contains the trace Un

label suggesting that this spot corresponds to the residual 

modified eIF-5A in these cells. Both acidic proteins 
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disappear upon the addition of putrescine or removal of DFMO 

consistent with the interpretation that these represent 

unmodified eIF-5A. Appearance of a doublet when cells are 

metabolically labeled with [1,8-^H]spermidine is consistent 

with the modification of both forms and similar to that seen 

in other cells (Duncan and Hershey, 1986;Park, 1989). eIF-5A 

is a long lived protein in these cell lines as it appears to 

be in other systems (Dunccin and Hershey, 1986; Gerner ££. al. . 

1986) . Turnover of eIF-5A is \inaltered by this drug 

selection. 

Increased amounts of unmodified eIF-5A in DH23A cells is 

probably due to a biochemical accxamulation of the precursor. 

Comparison of the accumulation of unmodified eIF-5A in HTC 

and DH23A cells in the presence of DFMO suggests that eIF-5A 

precursor doesn't appear to accumulate faster, rather just to 

a greater degree. This argues against an increased 

translation and fits well with the data on the comparison of 

cellular eIF-5A mRNA content. Comparison of transcription in 

the three cell lines suggests that the increased accumulation 

of eIF-5A in DH23A cells is not due to increased 

transcription; in fact, eIF-5A mRNA is slightly decreased in 

DH23A cells compared to HTC cells. The cause of the 

accumulation is probably the limiting spermidine in the DH23A 

cells. When cells are diluted into new medium a small amount 

of spermidine is probably produced. Because modification of 

eIF-5A is a high priority reaction in the hierarchy for 
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spermidine use (Gemer / 1986; Park ££. , 1993), some 

eIF-5A is modified; however, a cellular pool of unmodified 

eIF-5A can remain. Additional lanmodified eIF-5A is 

subsequently synthesized. Production of the small amount of 

modified eIF-5A is probably the reason the cells are able to 

proliferate, albeit more slowly. 

Expression of eIF-5A mRNA appears to be constitutive in 

HTC cells and in the other cell lines as well (data not 

shown). There is some evidence that eIF-5A expression is 

growth regulated because IMR-90 fibroblasts show decreased 

eIF-5A mRNA during senescence; however, when serum is added 

to the medium eIF-5A mRNA increases (Pang and Chen, 1994). 

This response is attenuated as the passage number of the 

cells increases. A survey of eIF-5A expression in a number 

of tissue culture cell lines by another group found 

constitutively high expression (Bevec ^., 1994) . 

Immortalization of the cells in tissue culture may select for 

cells with constitutively high eIF-5A expression. In the 

three cell lines used in this work, there is no evidence for 

major growth regulation of eIF-5A mRNA expression nor for 

regulation by putrescine and spermidine depletion. eIF-5A 

message is slightly decreased, however in DH23A cells in the 

presence of DFMO. This may be connected to the slightly 

reduced growth rate in these cells. 

Manipulation of eIF-5A levels, at least on this scale, 

does not affect general protein synthesis in this system. 
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Decreased eIF-5A due to DFMO treatment did not decrease 

general protein synthesis nor did different times of 

incubation in DFMO alter the rate in DH23A cells. This 

suggests eIF-5A may not be involved in general protein 

synthesis in mammalian systems, although the possibility that 

elF-5A is not limiting has not been ruled out. Lack of 

function in general protein synthesis fits well with the data 

in other systems where a role for eIF-5A in general protein 

synthesis has not been found. In yeast, when eIF-5A 

decreased to non-detectable levels, general protein synthesis 

decreased only 30% (Kang and Hershey, 1994). eIF-5A also 

does not stimulate globin synthesis in vitro in the presence 

of all the other initiation factors (Schreier et al, 1977; 

Benne and Hershey, 1978). The role for eIF-5A in protein 

synthesis may be more specific. eIF-5A may either stimulate 

translation of specific messages directly or, as suggested by 

the data from Ruhl (1993), affect the processing or 

transport of certain mRNAs resulting in increased 

translation. 

Selection in drugs that inhibit ODC has not caused 

alterations in the eIF-5A modification pathway, although 

modification of eIF-5A is both dependent upon the presence of 

spermidine and critical for growth. Modified eIF-5A may be 

limiting in these cells and affect growth; however, the main 

response in the cell appears to be to funnel a portion of 

newly synthesized spermidine to eIF-5A modification allowing 
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the cells to proliferate. This supports the idea that one of 

che main effects of spermidine depletion is depletion of the 

modified eIF-5A pool and that this is a critical factor in 

the cytostasis often observed after depletion of cellular 

polyamines. 

Induction of apoptosis by putresclne: Mechanistic 

studies 

Excess putrescine accumulation appears to be the 

causative agent or trigger of the apoptosis observed in the 

DH23A(b) cells. Putrescine over accumulation either by 

synthesis or uptake stimulates apoptosis suggesting that the 

high concentration of putrescine is the important factor in 

the observed cell death. Comparison of the growth rate in 

the HMOA cells with that in the HTC or DH23A cells in the 

absence of DFMO indicates that a slight chronic elevation in 

cellular putrescine is tolerable; however, above a certain 

threshold cytostasis and cytotoxicity occur. Downregulation 

of cellular polyamines by some combination of decreased 

synthesis and uptake or increased export appears to be 

necessary for survival. 

Putrescine itself, rather than the products of polyamine 

oxidation, is the apparent toxic agent. Blockage of 

polyamine oxidation either by PAO or Cu2+-dependent amine 
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oxidases did not alter the observed toxicity. These results 

are in contrast to the observations for spermidine (Smith ££ 

al.. 1983) and spermine (Brunton al., 1991) toxicity in 

other cell culture systems. Recycling of the polyamines is 

not protective in this case as is suggested by the data for 

spermine toxicity in BHK cells (Brunton , 1991). 

Depletion of cellular glutathione stores also is apparently 

not the source of the putrescine toxicity. High 

intracellular putrescine would be expected to stimulate 

production of spermidine which would in turn stimulate 

polyamine catabolism producing putrescine in a futile cycle 

that has the potential to drain S-adenosylmethionine from the 

synthesis of glutathione. Oxidative stress has been shown to 

be a cause of apoptosis in other systems (e.g., Korsmeyer sL 

1995; Slater ££. , 1995) so depletion of a major 

defense against oxidative stress could be lethal. Although 

S-adenosylmethionine pools are depleted as cells accumulate 

putrescine in the absence of DFMO, glutathione pools are 

similar in the presence or absence of the drug. Altered 

response to oxidative stress cannot be ruled out in this 

system because only total glutathione was measured. Because 

total glutathione is not affected, additional measurements 

are needed to determine the pool of reduced glutathione in 

order to assess the potential to respond to oxidative stress 

in the presence or absence of drug. 
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Putrescine accumulation causes suppression of the 

formation of modified eIF-5A in these cells. Modification of 

eIF-5A by spermidine and the subsequent hydroxylation to form 

hypusine in mature eIF-5A is necessary for growth in yeast 

(Schnier ̂  si.., 1991; Kang and Hershey, 1993) and 

forproliferation in a nximber of mammalian systems (Hanauske-

Abel , 1994; Park JlI-» 1994) . In the DH23A(b) 

cells, treatment with DAH, a competitive inhibitor of eIF-5A 

modification (Jakus , 1993), suppressed the formation 

of modified eIF-5A and stimulated apoptosis in this cell 

population. This correlation suggests that first, inhibition 

of eIF-5A modification in these cells may lead to apoptosis 

and second, that one mechanism by which putrescine may cause 

apoptosis is suppression of the formation of modified eIF-5A. 

Additional support for the importance of modified eIF-5A 

comes from other work in mammalian systems where high 

putrescine has been correlated with cytotoxicity or 

cytostasis Gahl and Pitot (1978) found that treatment of 

human fibroblasts with exogenous putrescine prevented 

phytohaemaglutinin-stimulated proliferation by an unknown 

mechanism. Cytostasis and toxicity correlated with high 

putrescine concentrations occurs in L1210 murine leukemia 

cells treated with an S-adenosylmethionine decarboxylase 

inhibitor, although the simultaneous depletion of spermidine 

and spermine may be more important (Byers sL , 1992; 

Kramer ski-/ 1989) . In three studies, Byers si.- (1992, 
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1993, 1994) have suggested that the depletion of spermidine 

decreased, to critical levels, the substrate available for 

the post-translational modification of eIF-5A. When 

spermidine was replaced, the unmodified eIF-5A decreased and 

cytostasis was reversed. 

Putrescine and DAH both suppress the formation of 

modified eIF-5A, however the mechanism may differ. 

Accumulation of unmodified eIF-5A in the presence of DAH 

suggests that DAH acts as a competitive inhibitor of the 

modification reaction. Lack of unmodified eIF-5A in cells 

which accumulate putrescine by endogenous production or 

exogenous addition rules out the hypothesis that putrescine 

suppresses the formation of modified eIF-5A by acting solely 

as a competitive inhibitor of the modification reaction. 

Putrescine may act at several other points in eIF-5A 

metabolism that would result in the appearance of suppressed 

formation (Fig. 29) . The data here suggest that excess 

putrescine is not suppressing eIF-5A transcription. eIF-5A 

in other systems is a very stable protein (Duncan and 

Hershey, 1986; Gerner / 1986) and as shown in Chapter 4 

(Fig. 11) appears to be stable in DH23A cells as well 

although this has not been rigorously tested. Excess 

putrescine may either stimulate degradation of unmodified 

eIF-5A or specifically inhibit eIF-5A translation. 

Translation as the rate-limiting step in eIF-5A synthesis has 

been suggested by two studies (Duncan and Hershey, 1986; 
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Park, 1987; Park , 1993). Polyamines have also been 

shown to affect protein translation in many ways (Tabor and 

Tabor, 1984), some of which are specific to certain messages 

(Kameji and Pegg, 1987b; Balasvindaram st / 1994; Matsufuji 

St Sl.-' 1995). There is also evidence suggesting that 

specific proteases are activated during apoptosis (Miura 

1993; Kumar, 1995) so that specific degradation is also 

a possibility. 

Because of the multiple interactions of polyamines with 

macromolecules to facilitate key cellular processes, excess 

cellular putrescine may disrupt normal cellular function in 

other ways as well. Polyamines have been shown to stimulate 

transglutaminase activity (Wang / 1993) and increased 

activity has been correlated with apoptosis in other systems 

(Pacentini al.., 1991; Fukuda / 1993) . Blockage of 

transglutaminase activity did not rescue the cells suggesting 

that increased transglutaminase activity is probably not 

contributing to this putrescine-induced apoptosis. Addition 

of higher concentrations of monodansylcadaverine, in fact, 

accelerate the cell loss seen when excess putrescine 

accumulates. This finding suggests either that the 

monodansylcadaverine acts synergistically with the excess 

putrescine to increase cell death or that transglutaminase 

activity is protective. Putrescine toxicity studies in H-

crassa and Anacvstis nidulans have suggested another 
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mechanism, namely, that the high putrescine might displace 

other cations in critical cellular processes. Davis and 

Ristow (1991) have shown that a mutant H- crassa which 

accumulates putrescine to toxic levels also shows decreased 

intracellular K+. In nidulans putrescine toxicity is 

apparently due to cessation of protein synthesis correlated 

with an increased conjugation of putrescine to the ribosomes 

(Guarino and Cohen, 1979) . Replacement of a critical amount 

of Mg2+ by putrescine on £. coli ribosomes in vitro can cause 

a loss of function (Weiss and Morris, 1970) and integrity 

(Kimes and Morris, 1973; Weiss and Morris, 1973). General 

protein synthesis rates in the DH23A cells grown in the 

absence of DFMO for 5 days is similar to that in 

exponentially growing HTC cells of DH23A cells grown in the 

presence of DFMO, although putrescine is elevated (Fig. 18). 

Effects on general protein synthesis are probably not a major 

cause of apoptosis in this case; however, long term effects 

or effects on specific messages were not examined. The 

polyamines have been shown to affect Ca2+ homeostasis as well 

(reviewed in Seller, 1991). Although chronically elevated 

putrescine has no effect on Ca2+ homeostasis or intracellular 

pH in these experiments, displacement of other cations or the 

longer-chain amines are certainly possibilities. 

Displacement of polyamines by similar compounds has been 

suggested as the mechanism by which some of the (bis) ethyl 

spermidine derivatives (Pegg, 1989) and 
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methylglyoxal-bis(guanylhydrazone) (Pegg, 1988) exert their 

effects. 

Suppression of the formation of modified eIF-5A is 

correlated with the increase in apoptosis; however, the 

question remains: How could this suppression lead to 

apoptosis? Although the function of eIF-5A is unknown, that 

the protein is necessary for proliferation has been 

documented in a number of systems. If the synthesis of 

additional modified eIF-5A is suppressed, the cellular stores 

will become depleted as cells divide until cells can no 

longer proliferate. In the studies by Hanauske-Abel al. 

(1994) where the hydroxylation step in eIF-5A modification is 

blocked, the cells became blocked at the Gl/S boundary during 

the cell cycle. Recently, Hanauske-Abel al- (1995) have 

shown that in these cells the mRNA for methionine 

adenosyltransferase disappears from the polysomes. Upon 

removal of the block, the message reappears in the polysomes 

suggesting that modified eIF-5A may affect the translation of 

this message. In the DH23A cells, after removal of the DFMO, 

S-adenosylmethionine pools decrease. Preliminary data 

suggest that methionine adenosyltransferase activity is also 

decreased in these cells (data not shown). A decrease in 

modified eIF-5A in these cells may be connected to the 

observed decrease in S-adenosylmethionine pools. 

S-adenosylmethionine is a key methyl donor as well as a 

precursor for the synthesis of a number of cellular 
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metabolites (Fig. ID) (Friedel ££. ai-» 1989). Synthesis of 

nucleic acids and DNA methylation are two of the cellular 

processes, dependant on S-adenosylmethionine, which may have 

implications for apoptosis in this system. Alterations in 

DNA methylation patterns have been shown to alter gene 

expression (Razin and Cedar, 1994; Martienssen and Richards, 

1995). Expression of cell death genes, postulated based on 

data in other systems (Raff, 1994; Yuan, 1995) , or 

inappropriate expression of other genes may trigger 

apoptosis. S-adenosylmethionine is also important for de 

novo nucleotide synthesis, and the Gl/S block seen when 

hypusine synthesis is impaired may be related to this 

pathway. In the case of the DH23A(b) cells, the cells may be 

unable to proliferate due to a lack of modified eIF-5A (or S-

adenosylmethionine); however, by changing the medium, new 

mitogenic stimuli and the polyamines themselves continue to 

provide a growth stimulus. The cells may then undergo 

apoptosis. This conflicting signal hypothesis has been 

suggested as an explanation for p53-induced apoptosis (Oren, 

1994) . In the presence of p53, cells with damaged DNA will 

undergo apoptosis if a growth signal is provided; however, in 

the absence of p53, the same damaged cells proliferate upon 

receiving a growth signal. p53 apparently induces apoptosis 

by providing a proliferation block in the presence of damaged 

DNA. When cells receive both a signal to stop proliferation 

(by p53) and a mitogenic signal, apoptosis occurs. A similar 
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type of signal conflict could be responsible for triggering 

apoptosis in the DH23A(b) cells (Fig. 30). 
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Figure 30. Model of potential role of eIF-5A in apoptosis. 
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SUMMARY 

Selection of HTC cells using ODC-inhibiting drugs has 

produced two cell lines, HMOA and DH23A(b), that aberrantly 

express ODC. Aberrant ODC expression has resulted in slight 

(HMOA) or greatly elevated (DH23A) endogenous putrescine when 

cells are grown in the absence of DFMO. Data from these 

cells and DH23A cells cultured in the presence of DFMO (low 

cellular polyamines) maintained in exponential growth have 

shown that cellular polyamine (or putrescine) contents are 

critical for cell growth and survival. Moderate cellular 

polyamines promote cell growth while suppressed polyamines 

decrease cell growth (DH23A + DFMO), and excess putrescine 

(DH23A without DFMO) causes the cells to undergo apoptosis. 

Treatment of DH23A cells in the presence of DFMO with 

exogenous putrescine mimics the effects of endogenous 

putrescine accumulation. This finding suggests that 

putrescine accumulation is the causative agent in the 

observed apoptosis. To survive cells need to limit 

intracellular putrescine by some combination of decreased ODC 

and uptake or increased export and further biochemical 

processing. Apoptosis serves to remove cells with aberrant 

enzyme regulation from the population and suggests that 

excess putrescine disrupts some critical cellular process. 

Selection in ODC-inhibiting drugs does not alter the 

biochemical pathway responsible for the synthesis of modified 



1 5 8  

eIF-5A. The DH23A cells, grown continuously under 

chronically limiting spermidine conditions, can accumulate 

additional unmodified eIF-5A. This is probably a metabolic 

accumulation due to limiting spermidine. Changes in 

transcription of eIF-5A are not responsible for this 

accumulation. Turnover of modified eIF-5A, the physical 

structure of eIF-5A, and the high constitutively expressed 

deoxyhypusine synthetase activity are similar in the parental 

and drug-resistant cell lines. 

Accumulation of excess intracellular putrescine inhibits 

the formation of modified eIF-5A in vivo and is correlated 

with a decrease in intracellular S-adenosylmethionine. 

Treatment of DH23A cells with DAH both inhibits the 

modification of eIF-5A in vivo and stimulates apoptosis. The 

DAH data suggest inhibition of eIF-5A modification may 

stimulate apoptosis. Although both DAH and putrescine 

suppress the formation of modified eIF-5A, the mechanisms 

appear to be different. DAH appears to act as a competitive 

inhibitor of the modification reaction, while putrescine 

probably acts upstream of the modification, but not at the 

level of eIF-5A transcription. Putrescine may act on other 

cellular functions as well, replacing ions or longer chain 

amines in other critical processes. Decreased S-

adenosylmethionine may be connected to the loss of modified 

eIF-5A and be a downstream effector in this system. Lack of 

eIF-5A (or SAM) as cells are stimulated to proliferate may 
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cause induction of the apoptotic cascade because cells 

receive conflicting signals. 

These data suggest several interesting areas for future 

investigation. The exact mechanism by which putrescine 

suppresses modified eIF-5A formation is unclear. Two 

potential sites at which that putrescine might act, the 

stimulation of eIF-5A degradation or the inhibition of eIF-5A 

translation, have not been investigated. The connection with 

S-adenosylmethionine also needs closer scrutiny. First, it 

would be interesting to know whether methionine 

adenosyltransferase is decreased in the DH23A(b) cells in the 

absence of DFMO. Second, the implication of the decreased S-

adenosylmethionine for DNA methylation patterns both overall 

and in specific genes, such as the proteases stimulated 

during apoptosis, might be another avenue to pursue. 
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