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ABSTRACT 

Maintenance of optimal polyamine pool levels is critical for cell survivaL 

Intracellular polyamine depletion is usually cytostatic, whereas unregulated polyamine 

accumulation can result in cytotoxicity. The purpose of this work was to examine the 

iiiqx>rtance of polyamine depletion in cell survival, either through increased polyamine 

catabolism or decreased polyamine synthesis. 

The polyamine analogue CHENSpm, which induces apoptosis in several cell 

lines, was used to examine the role of polyamine catabolism in cell survivaL The 

susceptibility of Chinese hamster ovary ceUs and HCT 116 human colon cells to 

CHENSpm-mediated toxicity was inversely correlated with the level of polyamine 

oxidase (PAO) activity present in each cell type. Chinese hamster ovary cells (CHO), 

which contained high levels of PAO, were not growth inhibited by CHENSpm, however 

concomitant PAO inhibition led to a moderate growth siq)pression. The inhibition of the 

diamine exporter (DAX) in addition to PAO led to a CHENSpm-mediated cytotoxic 

response that was manifested as ^)optosis induction. HPLC analysis of CHENSpn^ 

treated CHO cell extracts revealed the presence of an unidentified amine that was not 

present \^^n PAO was inhibited. This suggests that PAO is able to ntiliye CHENSpm 

as a substrate, and that this metabolism protects cells from CHENSpm-mediated 

cytotoxicity. 

The effect of polyamine depletion in apoptosis induced by the non-steroidal anti

inflammatory drug (NSAID) sulindac was examined in cells harboring an activated Ki-

ras. Cells overexpressing Ki-ras underwent an accelerated apoptosis induction with 
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either metabolite of sulindac, however overall toxicity was unaffected in long-term 

survival assays. DFMO did not affect apoptosis induction by sulindac sulfone, nor did it 

increase sulindac sul£>ne toxicity in long-term survival studies. DFMO alone was 

selectively cytotoxic to Ki-ras transfected clones in a dose-dependent manner. Ki-ras 

trans&ction increased c-myc expression, but had no effect on 0£>C steady-state mRNA 

levels. The downregulation ofN'-spermidine/spermine acetyltransferase (SSAT) seen 

in BCi-ras transfected cells suggests polyamine catabolism may protect cells from 

DFMO-induced cytotoxicity. These studies demonstrate that polyamine catabolism may 

play an important role in cell survival under conditions of suboptimal polyamine levels. 
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CHAPTER 1 

BACKGROUND INFORMATION 

Potyamine Metabolism 

The polyamines spermidine and spermine and their diamine precursor putrescine, 

are naturally occurring organic polycations foimd in nearly all cells. Although the 

physiological functions of these molecules are not well understood, an overwhelming 

number of studies have shown that the polyamines are essential for normal ceil growth 

and differentiation (Tabor and Tabor, 1984; Pegg and McCann, 1982; Pegg, 1986). 

Polyamine synthesis is enhanced in rapidly dividing cells (Pegg and McCann, 1982), 

and many growth-promoting stimtili, such as hormones, growth factors, and tuumor 

promoters, are known to stimulate polyamine biosynthesis (Tabor and Tabor, 1984; 

Pegg and McCann, 1982). Studies using inhibitors of polyamine synthesis have shown 

that polyamine depletion results in growth inhibition (Tabor and Tabor, 1984). Elevated 

levels of polyamines have also been linked to growth inhibition as well as cell death 

(PoulinetaL, 1995; Poulinet aL, 1993; Davis and Ristow, 1991; Mitchell et aL, 1992). 

It is not surprising, then, that the polyamine pool levels are highly regulated. This tight 

regulation is critical for maintaining polyamine pools at optimal levels. This regulation 

occurs at the level of biosynthesis and catabolism, as well as transport of the polyamines 

into and out of the cell. 

The mammalian polyamine biosynthetic pathway is shown in Figure 1. 

Ornithine, which can be formed by the action of arginase, is converted into the diamine 

putrescine by the action of ornithine decarboxylase (ODC). J'utrescine then undergoes 
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Figure 1. Potyamine metabolism in mammals. Abbreviatioiis: S-
adenosylmethionine decaibojQ^lase (AdoMetDC); methytthioadenosine (MTA); 
polyamine oxidase (PAO); N^-spenmdine/q)enniiie acetyitransferase (SSAT). 
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addition of a propylamine moiety to fonn the pofyamine spermidine, a reaction 

catalyzed by spermidine synthase. A second propylamine moiety added to the molecule, 

which is catalyzed by spermine synthase, results in the formation the tetramine 

spermine. The aminopropyl moiety utilized by both synthases is donated by 

decarbo^lated S-adenosyl methionine, A^iiich is derived from methionine. L-

methionine is converted to S-adenosyl-L-methionine, which is then decarboxylated by 

S-adenosylmethionine decarboxylase. Decarbo^Qrlated S-adenosyl methionine can then 

serve as an aminopropyl donor for the spermidine or spermine synthases. Despite the 

similarity between these reactions, spermidine synthase and spermine synthase are 

distinct enzymes, each specific for its own particular substrate (Pegg et aL, 1981). The 

by-product of the synthase reactions, S'-methylthioadenosine, is rapidly degraded by a 

phosphorylase, resuhii^ in a recyclii^ of methionine in the cell as well as the 

production of 5'-AMP. 

The spermidine and spermine synthase reactions are essentially irreversible, 

however these amines can be converted back into the precursor molecules by the action 

ofa separate catabolic pathway. N^-spermidine/spermine acetyltransferase (SSAT) 

utilizes acetyl CoA to convert the respective amines to N'-acetylspermidine or N'-

acetylspermine. The acetyl derivatives are excellent substrates for the FAD-dependent 

PAO (PAO), which cleaves at the internal nitrogen to yield H2O2, 3-acetamidopropanal, 

and putrescine or spermidine, depending on the substrate. 
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Polyaiiime Fonctions: Cell Growth 

The poiyamines are essential for normal cell growth and differentiation 

(reviewed in Tabor and Tabor, 1984; Pegg and McCann, 1982; Pegg, 1988; Pegg et aL, 

1986). Rapidly dividing cells are known to have higher levels of ODC activity and 

poiyamines than do slower growing or quiescent cells (Tabor and Tabor, 1984; Marton 

and Pegg, 1995; Pegg, 1988). Many growth-promoting stimuli, such as hormones, 

growth &ctors, and timior promoters, stimulate potyamine biosynthesis(Pegg and 

McCann, 1982; Tabor and Tabor, 1984), while inhibition of polyamine synthesis 

typically results in growth inhibition (Tabor and Tabor, 1984; Marton and Pegg, 1995; 

Pegg, 1988) and in some cases, toxicity (Casero et aL, 1987; Luk et aL, 1982). 

Poiyamines have been in:q)licated in the regulation of the cell cycle. Polyamine 

synthesis is biphasic, with peak levels at the beginning of S-phase and a second 

maximum level just prior to cell division (Pegg and McCann, 1982; McCann et aL, 

1975). Poiyamines do iK)t affect the entry of cells into S-phase but are important for 

DNA replication (Morris et aL, 1979). The polyamine synthesis inhibitors a-

difluoromethyl ornithine (DFMO) and methylglyoxal bis(guanylhydrazone) (MGBG) 

inhibit DNA replication in activated lymphocytes without altering the number of cells in 

S-phase (Kamioska et aL, 1990). HTC rat hepatoma cells undergo a similar inhibition 

of DNA replication when polyamine synthesis is inhibited (Mamont et aL, 1976). 

Polyamine depletion appears to arrest 'normal' fibroblasts in Gi, whereas transformed 

ceUs are stalled in S phase (Pegg and McCann, 1982). 
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Tbe mechanisms by which polyamine depletion affects cell growth are not well-

defined. Polyamines appear to be important in maintaining the integrity of rough 

endoplasmic reticulum (Parkkinen et aL, 1997) as well as the Golgi apparatus. They 

have been implicated in maintaining actin filament bimdle integrity as well as 

facilitating actin polymerization (McConnack et aL, 1994, Van Gend et aL, 1986). 

Polyamines induce the e?q}ression of a number of cytoskeletal genes in activated 

conconavaUn-A stimulated T-lymphocytes (Kaminska B., 1992). 

Polyamines are also necessary for embryonic development and cellular 

differentiation. Putrescine or spermidine addition to DFMO-treated 3T3L1 fibroblasts 

restores the ability of these cells to differentiate into ad^cytes (Pegg and McCaim, 

1982). The deoxyhypusine synthase inhibitor G7, which blocks incorporation of 

spermidine into the amino acid hypusine, blocks differentiation of DS19 mouse 

erythroleukemia cells (Chen et aL, 1996). It has been suggested that inhibition of 

polyamine synthesis may interfere with appropriate DNA methylation during mouse 

emlsyonic development. The resultant buildup of decarboxylated S-adeoosylmethionine 

in response to polyamine depletion may interfere with DNA methylase, ^^ch results in 

a genome-wide loss of DNA methylation (Heby et aL, 1995). 

Pofyamine Fonctions: Macromolecalar Binding 

The cationic nature of the polyamines allows them to bind to a variety of acidic 

molecules, including DNA, RNA, ribosomes, and phospholipids (Davis, 1990). 

Polyamines are able to compete with inorganic cations, specifically magnesium and 

potassium, for binding sites on nucleic acids (He et aL, 1993). Addition of Mg^"^ or 
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to bovine lymphocytes results in. an increase ia free intracettular spermine, and a 

relocation of bound spermine from DNA and phospholipid to two species for which 

spermine has an even higher affinity, rRNA and ATP (Watanabe et aL, 1991). 

Spermine, ^^ch is a tetraamine and thus possesses four positive charges, has a higher 

binding affinity for intracellular targets than does the triamine spermine. It has been 

suggested that since the intracellular £i^ concentration of spermine is low, the molecule 

may act as a storage mechanism for other polyamines (Marton and Pegg, 1995). 

The afOnity of polyamines for intracellular binding sites has led to the 

specidation that compartmentalization of the polyamines is an important mechanism in 

the maintenance of polyamine homeostasis. (Davis, 1990; Davis et aL, 1985; Watanabe 

et aL, 1991; Pauhis et aL, 1983; Pegg, 1988). Intracellular ODC and SSAT activities 

are modulated by only a small change in intracellular polyamine levels achieved by 

adding exogenous polyamines to cell cultures (Pegg, 1988; Porter et aL, 1987a). In the 

presence of low levels of exogenous polyamines, DFMO-treated cells resume growth at 

intracellular polyamine levels &r below that of control cells (Pegg, 1988). This suggests 

that much of the polyamine content of the cell is sequestered and imavailable for growth. 

These studies also demonstrated that cellular polyamines can be recruited for some time 

from the bound state if growth is intemqjted. N. csassamutants deficient in arginase 

continue normal growth in polyamine-deficient media until the polyamine pool reaches 

10% of control levels (Davis, 1990). 

Polyamines affect gene e3q}ressi0n at nearly every level, from chromatin 

structure to protein synthesis. Polyamines can stabilize nucleosome structure and also 
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affect histone deposition (Marton and Pegg, 1995; Basu et aL, 1997). A nuclear 

acetylase, which acts on histones H3 and H4 during transcription, also acetylates 

• • ft 
spermidine at the N position, indicating a role for the polyamines in mflintaining 

nucleosome integrity (Matthews, 1993). Polyamines can also protect linker DNA and 

transcr^ionally active regions of chromatin from endonucleases (Basu et aL, 1992; 

Snyder, 1989). 

Many of the roles that polyamines play in gene expression most probably arise 

from their interaction with nucleic acids. Using methylphosphonate intemucleoside 

linkages to neutralize one fece of a DNA oligomer, Strauss et aL (1994) demonstrated 

that spermidine is capable of inducing a conq}ensatory bend in this oligomer by 

neutralization of phospbate charges on tl% other side of the helix (Strauss and Maher, 

1994).The central n-butyl chain of spermidine appears to affect both its interaction with 

the major groove (Williams et aL, 1993), and its ability to bend DNA (Basu et aL, 

1989). Decreasing the length of the central carbon chain affects not only the DNA 

bendii^, but also the DNA binding afGnity of polyamines (Basu et aL, 1989).The ability 

of bis(ethyl) substituted polyamine analogues to DNA bending has been 

correlated with their ability to support cell growth in the absence of pofyamines (Basu et 

aL, 1989). 

The interactions of polyamines and DNA may be more specific than simple 

electrostatic interactions. Matthews (1993) have used photoafBnity-iabeled spermine to 

show that polyamines bind preferentially to pyrimidine residues. Their study of a yeast 

URA3 DNA sequence showed spermine bound most stroi^ly to the 5' TATA promoter 
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sequence (Matthews, 1993) The growth-inhibitory properties of the bis(a]kylated) 

polyamine analogues has been correlated with their inability to interact with nucleic 

acids in a similar manner as the polyamines themselves (Denstman et aL, 1987; Basu et 

aL, 1993). Polyamines also protect DNA from strand breaks caused by reactive oxygen 

species (Ha et aL, 1998) 

A number of genes are regulated by the polyamines at the transcr^tional level 

Many of the enzjones involved in pofyamine synthesis, including ODC 

S-adenosylmethionine decarboxylase, and SSAT exhibit changes in mRNA level and/or 

stability in response to changes in intracellular polyamine levels. Polyamine levels also 

a£fect steady state mRNA levels of the oncogene c-myc (Celano et aL, 1988), and the 

gene encoding the metaUoprotease matrilysin (WaUon and Gemer, 1994). 

Polyamines have a number of effects on translation. Spermidine is necessary for 

a +1 translational fiameshift which is required for the e}q)ression of the ODC inhibitor 

protein antizyme (Matsuiuji et aL, 1995). Polyamines can bind to the 30S and SOS 

ribosomal subunits of £. coli, although they are unable to conq)letely substitute for Mg^^ 

without a loss of fimction (Kimes et aL, 1973). A number of studies have shown that 

polyamines can increase the fidelity of translation by increasing the fidelity of tRNA 

acylation (Loflfield et aL, 1981), preventing aminn acid misincorporation (Thon:^>son et 

aL, 1981), or by increasing the efSciency and fidelity of codon-specific binding of 

tRNAs to the ribosome (Naranda, atxl Kucan, 1989). 

Spermidine is necessary for the post-translational modification of the eukaryotic 

translation initiation &ctors eIF-5A Spermidine is covalently bound to a lysine residue 
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and hydroxylated to form the atninn acid hypusine. This modification is essential for 

viability in yeast and tnammalian cells (Pegg, 1986; Tome and Gemer, 1997). 

Polyamines can also serve as substrates of transglutaminases (Folk et aL,1980) and 

spermidine stimulate the activity of the N-methyl-D-aspartate receptor (^^lliams, 1994; 

Williams et aL, 1994). 

Polyamine Pool Regulation: Synthesis 

Ornithine decarboxylase, which catalyzes the decarboxylation of ornithine to 

form putrescine, is the rate-limiting enzyme in polyamine biosynthesis, and is regulated 

at a myriad of levels to maintain polyamine homeostasis. The upstream region of the 

mamTnalian ODC gene contains a number of regulatory elements, including a TATA 

box, cAMP-responsive element, a CAATT box, a GC box, and an AP-2 binding site 

(Moshier et aL, 1990). Transfection of an inducible c-Fos transcription &ctor into rat 

PC12 pheochromocytoma cells increases ODC mllNA levels in part by an increase in 

the rate of transcriptional initiation (Wrighton et al., 1993). C-myc is also a 

transcr^ional activator of ODC (Pena et aL, 1993). ODC is transcr^ionally activated 

by many of the same £%ents which stimulate cell growth, including epidermal growth 

fector (Nagoshi et aL, 1991), p-adrenergic agonists (Jurani M 1996),, phorbol esters 

(Gilmour et aL, 1985; Yuspa et aL, 1976), androgens (Pegg, 1986) and glucocorticoids 

(Rosewicz et aL, 1991). 

Polyamine-dependent regulation of ODC at the level of translation is a subject of 

debate. The human, rat, and mouse ODC genes contain a G-C-rich 5' imtranslated 

region that has the potential to form extensive secondary structures which may be 
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involved in translational repression by the polyaniines.(Moshier et aL, 1990; Katz and 

Kafaana, 1988). Although CofiBno et al have &iled to find polyamine dependent 

regulation in a chimeric 5'-leader sequence reporter construct (van Daalen Wetters et aL, 

1989), translational repression of ODC has been found in several mouse cell lines 

expressing an an:q)lified ODC gene (Kafaana and Nathans, 1985; Kameji et aL, 1993). 

The ODC protein is primarily regulated at the level of protein degradation. 

(Ghoda et aL, 1990; Ghoda et aL, 1992; Glass and Gemer, 1986). The ODC protein is a 

dimer, consisting of two identical 461-amino acid subunits (Lo^scher et aL, 1991). 

Mutation of the carboxytenninal region of the protein confers stability and renders ODC 

degradation unresponsive to levels of intracellular polyamines (Ghoda et aL, 1990; 

Ghoda etaL, 1992). 

Rather than being feedback-regulated directly by polyamine levels, ODC 

degradation is facilitated by the protein antizyme. ODC monomers are inactive and in 

rapid equilibrium with the dimeric form (Coleman et aL, 1994). Binding of antizyme to 

the aminoterminus of the monomer causes a conformational change that e}q)oses the 

carboxyterminus to attack by the 26S proteasome conqilex (Li and CofGno, 1993; 

Hayashi et aL, 1996). ODC is one of the few molecules known which does not require 

ubiquitination prior to degradation by the 26S proteasome (Murakami et aL, 1993; 

Tokunaga et aL, 1994) Polyamine-dependent degradation of ODC is controlled by the 

synthesis of the protein antizyme (Hayashi et aL, 1996). Synthesis of antizyme mRNA is 

constituitive (Matsuiiiji et aL, 1990) , however translation is regulated through a unique. 
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poiyamine-dependent +l firameshift. (Hayashi et aL, 1996; Kaoamoto et aL, 1993; Rom 

and Kahana, 1994). 

S-adenosylmethiomne decarboxylase (AdoMetEKZ) catalyzes the decarboxylation 

of S-adenosylmethionfne, \^ch acts as an aminopropyl donor for the spermidine and 

spermine synthases. Like ODC, this enzyme is also negatively regulated by intraceUular 

polyamine levels. Polyamine depletion with DFMO increases AdoMetDC mRNA levels 

as well as AdoMetDC activity in a variety of cell types (PajunenetaL, 1988; White et 

aL, 1990; Shantz et aL, 1992; Pegg et aL, 1988). Transcr^on is primarily inhibited by 

spermidine levels, v^ereas spemiine affects AdoMetDC translation (Shantz et aL, 

1992). 

AdoMetDC has a long G-C-rich 5' untranslated region, which has been 

postulated to confer poiyamine-dependent repression of translation. (Ruan et aL, 1996; 

Pajunen et aL, 1988). A small iq)stream open reading frame near the cap of AdoMetDC 

mRNA is able to confer poiyamine-dependent regulation ^^^n inserted into the 5' 

leader sequence of human growth hormone mRNA. Degenerate and non-degenerate 

nucleotide substitutions in the coding region suggest that the protein endoded by 

this uORF has a biological function that is pofyamine-dependent (Pajunen et aL, 

1988). 

AdoMetDC is synthesized as a 38 kDa proenzyme which is then cleaved to form 

two smaller 32 kDa and 6 kDa subunits that make iq) the immunoreactive AdoMetDc 

(Pajunen et aL, 1988). Unlike typical flmino acid decarboxylases ^^ch require a 

pyridoxal phosphate cofector, AdoMetDC utilizes a pyruvate moiety which is formed at 
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the N-terminus of the larger subunit upon cleavage of the proenzyme (Pajunen et aL, 

1988; Stanley et aL, 1989). AdoMetE>C, like ODC, is r^idly degraded, anH has a half 

life of ^proximately one hour in most cells (Pegg and McCann, 1982; Pajunen et aL, 

1988). Spermidine and spermine stimulate AdoMetDC degradation, (Heby et aL, 1990), 

whereas putrescine, in substrate-activator &shion, stimulates proenzyme cleavage as 

well as increases the activity of the enzyme (Pegg et aL, 1988). Putrescine may also 

play a role in increasing translation initiation (White et aL, 1990). 

Poiyamme Pool Regulation: Uptake 

Polyamine uptake plays a vital role in maintaining appropriate levels of 

intracellular polyamines. Chinese hamster ovary cells ad^ed to grow in high 

putrescine concentrations regulate polyamine pools by decreased putrescine uptake, 

without affecting synthesis or catabolism (Pastorian and Byus, 1997). Polyamine uptake 

is enhanced in r^idly proliferating tissues, and can also be enhanced by polyamine 

depletion (Byers et aL, 1989; Byers and Pegg, 1989; Seiler and Dezeure, 1990). DFMO 

increases the Von of the transporter, but does not a£fect the Km, suggesting that 

regulation occurs via the number of transporters rather than an increase in affinity for 

their substrates (Byers et aL, 1989; Byers and Pegg, 1989; Kakinuma et aL, 1988). Cells 

regulate this increased uptake by an eventual feedback-regulated suppression of 

transport mediated by induction of the ODC inhibitor antizyme. This protein is induced 

by high polyamine levels and is able to reversibly inhibit polyamine transport (Mitchell 

et aL, 1994; Suzuki et aL, 1994). 
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To date, the proteins responsible for polyamine iqitake in mammalian cells have 

not been identified. Byers etal, have characterized a polyamine-transport deficient 

CHO cell line that is resistant to the growth-inhibitory effects of a variety of polyamine 

analogues (Byers et aL, 1989; Byers and Pegg, 1989), suggesting that these agents utilize 

the same uptake mechanism as the polyamines themselves. Exogenous polyamines are 

unable to restore DFMO-induced growth inhibition in these cells (Byers et aL, 1989). 

Higher levels of polyamines present in the me^ia of these cells suggests that polyamine 

uptake also functions as a salvage pathway (Byers and Pegg, 1989). 

Polyamine iq>take is independent of amino acid transport mechanisms 

(Kakinuma et aL, 1988; Kumagai and Johnson, 1988). Two different types of polyamine 

transporters have been characterized, distinguished by their ability to take iq) the 

herbicide paraquat (N,N'-dimethyl-4,4'-bipyridylitrai), and their dependence on sodium 

for activity (Byers et aL, 1987). Putrescine iqjtake in bovine adrenal cortical cells is a 

Na^-dependent process, however spermine uptake is Na-independent (Byers and Pegg, 

1989; Feige and Chambaz, 198S). Spermidine appears to be transported by both 

mechanisms (De Smedt et aL, 1989). Putrescine is only partially able to block spermine 

Intake, but spermine corrqietes well with putrescine for iq)take. This has led to the 

suggestion that the Na-independent transporter has binding sites for both aminobutyl and 

aminopropyl groups (Feige and Chambaz et aL, 1985). DeSmedt et aL (1989) have 

distinguished the Na-dependent and -independent transporters by their dependence on 

sulfiiydryl reagents, \A^ch suggest the existence of two different proteins. 
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Polyamine Pool Regnlation: Catabolism 

Three different acetyitransferases have been characterized in mammalian cells. 

A nuclear acetyhransferase which acetylates spermidine at the N* position has been 

associated with acetylation of histones (Seiler, 1987). The biological relevance of 

histone acetylation is not clear, however, since the activity of this enzyme does not 

change in response to conditions that cause an increase in histone acetylation (Desiderio 

et aL, 1993). The only known fete of N*-acetylspermidine is conversion to spermidine 

by a nuclear deacetylase (Mamont et aL, 1981, Pegg and McCan, 1982). It is not a 

substrate for the catabolic cycle (Bolkenius and Seiler, 1987). 

Two cytosolic N'-acetyltransferases have been characterized in mamTnalian cells. 

The basal, non-inducible cytosolic acetyhransferase is immunologically distinct from the 

acetyltransferase induced by trophic stimuli or by polyamine analogues (Erwin et al, 

1984; Persson and Pegg, 1984). The latter SSAT is thought to be the major enzyme 

involved in polyamine catabolism, since increases in polyamine acetylation are almost 

entirely due to the formation of an acetyltran&erase which can be only be 

immimoprecipitated from induced cells (Persson and Pegg, 1984). 

Spermidine/spermine N^-acetyltransferase (SSAT) is the rate-limiting enzyme in 

polyamine catabolism and catalyzes the acetylation of spermidine or spermine at the N' 

position (Seiler et aL, 1980a; Mamont et aL, 1981). SSAT can also utilize putrescine as 

a substrate, however it is not involved in the interconversion of the polyamines (Seiler et 

aL, 1981). The acetylpolyamines can then be catabolized back to their precursor 

molecules by the action of the FAD-dependent polyamine oxidase (PAO) (Seiler and 
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Dezeure, 1990; Seiler et aL, 1980b; Holtta, 1977), or they can be e^qmrted fix)mthe cell 

(Seiler et aL, 1990; Xie et aL, 1997). Like ODC and AdoMetDC, SSAT is a highly 

inducible protein which is regulated at the levels of transcription, translation, and protein 

stability. 

The inducible SSAT gene contains a hj^hly conserved 5' untranslated region 

which is rich in G-C content (Fogel-Petrovic et aL, 1993a; Pegg et aL, 1992). Although 

the mouse gene is devoid of TATAA or CCAAT sequences in the 5' end, its pronuter 

region contains a number of transcr^ion &ctor binding sites, mcluding SPl, AP-1, 

C/EBP, AP-2, PEA-3, and GCN4 (Fogel-Petrovic et aL, 1993a). Uninduced e;q)ression 

of SSAT is typically low, and in many cells SSAT activity is below detection (Casero et 

aL, 1991; Parry et aL, 1995). SSAT can be induced by certain types of trophk; stimuli 

(Desiderio et aL, 1993) and a number of toxic agents (reviewed inCasero and Pegg, 

1993; Seiler et aL, 1980a; Persson and Pegg, 1984), as well as environmental stresses 

(Ignatenko and Genwr, 1994). Increases in polyamine levels can cause a 3-4-fold 

increase in SSAT activity (Shappell et aL, 1993; Fogel-Petrovic et aL, 1996a) whereas 

chemical carcinogens such as CCL4 or thioacetamide can induce the enzyme several-

hundred fold. 

Treatment ofNQ HI 57 undifferentiated human large cell carcinoma cells with the 

polyamine analogue BESpm (N^JN'̂ -bis(ethyl)spermine) induces SSAT activity over 

1000-fold, which is partly the result of an 4-5-fold increase in mRNA levels (Casero et 

aL, 1991; Xiao and Casero et aL, 1996; Casero et aL, 1992). BESpnHmediated increases 

in SSAT mRNA enabled the construction of cDNA libraries and led to the cloning of 
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both hiiman and rodent SSAT genes (Casero et aL, 1991; Pegg et aL, 1992). The SSAT 

gene is transcriptionally activated by a number of bis(alkyl)-substituted polyamine 

analogues, as well as by the polyamines tfaemselves (Parry et aL, 1995; Pegg et aL, 1989; 

Pegg et aL, 1990; Porter et aL, 1987c). This activation is due to increased synthesis of 

SSAT mRNA (Xiao and Casero, 1996; Pegg et aL, 1990; Yang et aL, 1995; Parchment 

et aL, 1990) as well as stabilization of the message (Fogel-Petrovic et aL, 1996b; 

Parchment et aL, 1990). The polyamine analogue DENSpm (N^ 

diethyborspermine), as well as its parent polyamine, spermine, both increase message 

half-life in MALME-3 human melanoma cells, although spermine is less effective in this 

regard (Fogel-Petrovic et aL, 1993b). 

Treatment of cells with polyamine analogues typically results in a level of SSAT 

induction that cannot be completely accounted for by increases in steady-state mRNA 

(Casero et aL, 1991; Xiao and Casero, 1996; Parchment et aL, 1990), %^^iich suggests the 

analogues also affect translation. The analogues BESpm and DENSpm (N',N"-

diethylnorspermine) both induce SSAT nearly 400-fold, yet have only a minimal effect 

on mRNA accumulation (<3-fold increase in SSAT mRNA) (Alhonen et aL, 1998; Pany 

et aL, 1995). The polyamines themselves may act in a similar fiishion, since it has been 

shown that heat shock of HCT 116 cells results in a 3-fold increase in SSAT activity 

without affecting mRNA levels (Ignatenko and Gemer, 1996). Cycloheximide treatment 

of analogue-treated cells results in up to a 70% inhibition of SSAT induction (Parchment 

et aL, 1990). A study of polysomal distrubution of SSAT mRNA in COS-7 cells 
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demonstrated a BESpmrmediated shiil from a non-ribosome-associated sucrose fraction 

to a fraction containing mono- and dimeric polysomes (Parry et aL, 1995) 

Complementation studies performed by Coleman et aL (1996) have demonstrated 

that functional SSAT exists as a dimer of two 20 kDa subunits (Casero et aL, 1991), with 

the acetyl CoA bindii^ site contributed by both subunits (Coleman et aL, 1996). The 

SSAT protein is rapidly degraded and has a measured half-life of as short as 15 minutes 

in the presence of thioacetamide (Persson and Pegg, 1984). Degradation occurs via the 

26S proteosome and requires ubiquitination. Inhibition of the 20S proteosome (tte 

active portion of the 26S complex which lacks regulatory subunits) by calpain inhibitor I 

leads to a persistm:e of ubiquinated SSAT in cell extracts (Coleman and Pegg, 1997). 

BESpm, spermine, and to a lesser extent, spermidine, are able to decrease the rate of 

SSAT degradation but do not appear to affect ubiquitination (Coleman and Pegg, 1997). 

Mutations in the MATEE amino acid sequence at the carboxyterminal end of the 

molecule confer resistance to enzymatic as well as proteosomal degradation (Coleman et 

aL, 1995; Coleman and Pegg, 1997). Binding of BESpm to SSAT results in a 

conformational change in the molecule that renders it resistant to trypsin degradation in 

vitro (Coleman et aL, 1995). The polyamine analogues also inhibit SSAT enzyme 

activity in vitro, however treatment of cells with these agents results in extensive SSAT 

induction due to their effects on synthesis and protein stability. 

The 60 kDa, FAD-dependent polyamine oxidase (PAO) acts on N'-

acetylspermidine, N^,N^^-diacetylspermidine, and N^-acetylspermine to generate the 

precursor polyamine (putrescine or spermidine), 3-acetamidopropanal, and H2O2 (Seiler 
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et aL, 1981; Brunton et aL, 1991). In the case of diacetyispermidineJM'-

acetylspermidine is produced, \^^ch can then be further oxidized to form putrescine 

(Seller et aL, 1980b). PAO has the greatest afBnity for N'-acetylspermine, then N'-

acetylspermidine. N^-acetylspermidine is acted on by a nuclear deacetylase (Mamont et 

aL, 1981, Pegg and McCann, 1982), and is not interconverted to another amine. 

PAO activity is rather stable, and is not induced by many of the same stimuli that 

upregukite other enzymes involved in polyamine metabolism, including growth &ctors 

(Seiler et aL, 1980) or carcinogens (Holtta, 1977). PAO activity is readily detectable in 

rodent cell lines and tissues (Seiler et aL, 1980; Bolkenius et aL, 1985; Hohta, 1977), 

but it is Tninimal in most of the human tumor cell lines which have been studied (Carper 

et aL, 1991). In rodent cells, PAO activities are conqjarable to those of 

spermidine/spermine synthase (Seiler et aL, 1981). 

Several butadienyl putrescine analogues are enzyme-activated irreversible 

inhibitors of PAO (Figure 2). (Bey et aL, 1985), and have been useful in demonstrating 

the importance of PAO activity in maintaining intracellular putrescine pools. MDL 

72.521 (N1-2,3 butadienyl-N2-methyn)utane-l,4 diamine) and MDL 72.527 (Nl-2,3 

butadienyl-N^-methylbutane-1,4 diamine) inhibit 60% of CCU-induced putrescine 

formation in mouse liver (Bolkenius et aL, 1985). Combined treatment of DFMO and 

MDL 72.527 results in larger decrease in polyamine levels than can be accconq>lished 

with either agent alone (Bolkenius and Seiler, 1987). It has also been shown that 

oxidation of N'-acetylspermidine by PAO accounts for over 70% of the putrescine 

production in mouse brain (Seiler, 1987). Thus, PAO functions not only as a catabolic 
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Putrescine 

MDL 72.521 

+ 

NHjCHj 

MDL 72.527 

Figure 2. Structure of putrescine and two putrescine analognes which inhibit 
pofyamine oxidase. Abbreviatioiis: MDL 72.521, N'-methyl, N*-(23-butadienyl)-l,4-
butaaediamine; MDL 72.527, N^JN^-bis-(2,3-butadienyI)-l,4-biitani«iiamme (Bey et aL, 
1985; Edwards etaL, 1990). 
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enzyme, but also helps to maintain polyamine pool homeostasis via the productwn of 

putrescine. 

The unacetylated polyamines can also be acted iq)on by PAO, though they have 

much higher Km values (Morgan, 1987). Unacetylated polyamines are preferential 

substrates for the copper-dependent enzymes diamine oxidase and serum amine oxidase, 

which act on putrescine or spermidine and spermine, respectively (CofiBno and 

Poznanski, 1991). The result of both reactions is the production of an aminoaldehyde, 

NH4, and H2O2. Putrescine is ultimately converted to y-aminobutyric acid, and 

spermidine and spermine to putrescine and spermidine, respectively, with acrolein 

released as a by-product (Seiler et aL, 1981; Seiler, 1987). 

Polyamine Pool Regulation: Export 

In light of the constituitive nature of PAO e}q)ression in most cells, it has been 

suggested that the amount of N^-spermidine and N'-acetylspermine which are cleaved 

into spermidine and putrescine, respectively, is controlled by export (Seiler and Dezeure, 

1990; Seiler, 1987, Wallace, 1986). Ejqwrt itself appears to be a regulated process. 

Putrescine-tolerant CHO cells export 3-fold the amount of putrescine as parental CHOs 

(Pastorian and Byus, 1997). Cells treated with the polyamine analogue BESpm have 

increased intracellular levels of N'-acetylspermidine and also enhanced polyamine 

export, primarily in the forms of putrescine, spermidine and N^-acetylspermidine (Pegg 

et aL, 1989; Pegg et aL, 1990; Porter et aL, 1991). Chinese hamster ovary cells excrete 

polyamines primarily as putrescine, however if PAO activity is limited, N^-
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acetylspermidine or spemiidine becomes the major excretory product (Casero and Pegg, 

1993; Pegg et aL, 1990). 

To date, the proteins responsible for polyamine export in mflmTnalian cells have 

not yet been identified. Our own laboratory has recently characterized a diamine 

e^qwrter in Chinese hamster ovary cells. (Xie et aL, 1997). This e}qx}rter appears to 

mediate the nonrelectrogenic transport of molecules with the structure NH3''"-(CH2)n-

NH2^-R at acidic or neutral pH. Putrescine, cadaverine, and monoacetylspermidine, 

which retain two positive charges at physiological pH, are all substrates. Acetylation of 

spermidine effectively neutralizes one positive charge (Seiler, 1987) and gives 

monoacetylspermidine the electrostatic characteristics of a diamine, renderii^ it a 

substrate for the transporter (Xie et aL, 1997). 

Importance of Regulation: Pofyamine Toxicity 

Maintenance of optimal polyamine levels is critical to cell suivivaL Polyamines 

are required for cell proliferation, and are typically elevated in proliierating cells, but an 

eventual decrease of polyamine levels is necessary to prevent toxicity (Mitchell et aL, 

1992; Davis and Ristow, 1991; Tome et aL, 1994; He et aL, 1993; Morris, 1991). A 

Chinese hamster ovary cell variant, developed by growing these cells in increasing 

concentrations of putrescine, tolerates iq} to 25 mM putrescine and has been shown to 

have an increased e?qx3rt as well as decreased uptake mechanisms (Pastorian and Byus, 

1997). The unregulated uptake of polyanunes induces apoptosis in these cells 

(Pastorian and Byus,1997, Xie et aL, 1997), as well as in ODC-overproducing D-R 
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mouse leukemia ceils (Poulin et aL, 1995; Poulin et aL, 1993), and DH23b rat hepatoma 

cells (Mitchell et aL, 1992). Toxicity due to aboonnally high polyamine levels has also 

been demonstrated in Neurospora arassa mutants deficient in regulated putrescine iqjtake 

(Davis and Ristow, 1991). Aberrant regulation of ODC leads to elevated intracellular 

putrescine content and the induction of apoptosis in DH23a cells (Tome et aL, 1994 

Tome et aL, 1997a), growth-fector deprived murine myeloid cells (Packham and 

Cleveland, 1994), and Chinese hamster ovary cells (Xie et aL, 1997). 

The exact nature of polyamine toxicity is not well-understood, but several 

mechanisms have been proposed. Although spermidine or spermine can enhance 

translation, at higher concentrations they can strongly inhibit protein synthesis. (Kameji 

1987; Mitchell 1992). The aberrant accumulation of putrescine in DH23A rat hepatoma 

cells suppreses both the hypusine-dependent modifiation and synthesis of eIF-5A 

(Tome and Gemer, 1997a, Tome et aL, 1996), a eukaryotic translation initiation &ctor 

which is essential for viability (Pegg, 1986; Tome and Gemer, 1997, Tome 1997b). 

Studies of high polyamine accumulation in mouse mammary carcinoma FM3A cells 

suggests that polyamine toxicity and the inhibition of protein synthesis is due in part to a 

replacement ofMg '̂̂  ions at critical binding sites on the ribosome and in the 

naitochondria (He et aL, 1993). In E. coli, neither putrescine or spermidine is capable of 

functionally replacing ions on the 50 S ribosomal subunit beyond a threshold 

level (Kimes and Morris, 1973), while in N. crassa, putrescine accimiulation displaces 

ions (Davis and Ristow, 1991). High levels of polyamines may thus induce 

toxicity as a result of the displacement of other ions critical for cell survivaL 
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Polyamine cataboiism can also contribute to cytotoxicity. H2O2 

production as a result of PAO activity has been shown to mediate apoptosis in the 

murine emt^onic limb bud (Parchment and Pierce, 1989) as well as analogue-treated 

Chinese hamster ovary cells (Hu and Pegg, 1997). Studies in DIES A rat hepatoma cells 

(Tome et aL, 1994), D-R cells (an ODC-overproducing murine leukemia cell line) 

(Poulin et al., 1993), or murine-myeloid cells overexpressing c-myc (Packham et aL, 

1996) have &iled to find such an association, which suggests other pathways are also 

involved. 

Copper-dependent amine oxidases, commonly found in the bovine serum used 

for tissue culture, cause cytotoxicity in a number of rodent and Vinman cell lines 

(Brunton et aL, 1991; Averill-Bates et aL, 1993, 1994; Morgan, 1987; Parchment et aL, 

1990). Polyamine oxidation by these enzymes results in the production of H2O2, 

ammonia, and a dialdehyde that can undergo spontaneous p-elimination to form the 

toxic aldehyde acrolein (Fig. 3). The toxicity of amine oxidase to Chinese hamster ovary 

cells exposed to spermine is a result of both H202 production upon initial exposure, and 

a later accunnilation of toxic aldehydes, suggesting acrolein-mediated cytotoxicity. 

(Averill-Bates et aL, 1993, 1994). 

The massive induction of SSAT by the bis(alkyl) polyamine analogues 

suggests that SSAT activity can also contribute to cytotoxicity, either directly or via an 

increase m substrates for PAO. Although SSAT has been correlated with growth-

inhibition in lung carcinoma cells (Casero et aL, 1992), several other studies have failed 

to find such a relationship (Pegg et aL, 1990; Shappell et aL, 1992; Ha et aL, 1997; 
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Figure 3. Potyamine oxidation pathways (adapted from Seiler et al, 1981; Seiler, 
1987). Abbreviations: polyamine oxidase (PAO), N^-spermidine/spermine 
acetyitranslerase (N^-SSAT). 
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reviewed in Wallace 1994). The analogue N',N'̂ -dimethylspermine (DMSpm), in feet, 

not only induces SSAT several hundred-fold, but is also able to substitute for spermine 

in DFMO-treated NCI H157 cells to restore growth (Pany et aL, 1995). Several tn'east 

cancer cell lines exposed to the analogue CPENSpm exhibit moderate apoptosis without 

a corresponding elevation in SSAT activity (McCloskey et aL, 1995). The polyamine 

analogue CHENSpm induces only a 3-fold increase in SSAT yet induces a con^arable 

amount of apoptosis in these same cell lines (Ha et aL, 1997). 

Catabolism may, in fact, be essential for cell survival. SSAT is induced under a 

variety of stresses, including heat shock (Fuller et aL, 1990; Harari 1989a, Harari 1989b, 

Harari 1990), hypoosmotic shock (Brunton, 1991), carcinogens (Seiler et aL, 1980; 

Persson and Pegg, 1984), reactive oxygen species (Chopra et aL, 1998, Harari 

1989b) and other toxic agents such as arsenite or ethanol (Obayashi, M. 1992). Morgan 

et al have shown that polyamine acetylation protects human vascular endothelial cells 

from toxic aldehydes produced by the action of PAO on spermidine or spermine 

(Morgan, 1987). PAO has a protective effect on the survival of baby hamster kidney 

cells e?qx>sed to excess extracellular spermine (Brunton, 1991). 

Importance of Regnlation: Potyamine Analogues 

The inhibition of polyamine synthesis is detrimental to cell growth, and is a 

strategy that can be of significant use in anticancer therapies. One of the most effective 

groups of polyamine-depleting agents are the bis(a]kyl) spermine analogues (Fig 4). 

These agents consist of a spermidine moleoile with conjugated alkyl groiq>s on its 

amino termini The toxicity of these molecules is directly related to their ability to 
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regulate feedback mechanisms of pofyamine metabolic pathways as well as their 

inability to fimctionally substitute for normal polyamines. 

Chinese hamster ovary cells resistant to a nimiber of polyamine analogues, 

including N'N'̂ -bis(ethyl)spermine (BESpm), N'N'*-bis(ethyl)homospermine 

(BEHSpm), and N*N'̂ -bis(ethyl)norspennine (BENSpm), were also resistant to 

polyamine uptake, as shown by the inability of polyamines to rescue these cells 

from DFMO-induced growth inhibition (Shao et aL, 1996, Byers et aL, 1989). This 

suggests that bis(ethyl) spermine analogues are taken up by the same mechanisms as the 

polyamines themselves. In addition, it has been shown that the uptake of the analogues 

can be increased under conditions of low endogenous polyamine levels. Treatment of 

CHO cells with DFMO, or the use of an ODC-deficient CHO line in the absence of 

exogenous polyamines, greatly increased the uptake of BESpm and a variety of 

structurally-related polyamine analogues (Byers and Pegg, 1990, Hu and Pegg, 1997). 

Uptake of the spermine analogues in rodent and human cell lines is acconq>anied 

by dramatic decreases in ODC activity that are primarily a result of translational or post-

translational effects (Porter et aL, 1990; Casero et aL, 1989; Casero et aL, 1995; Sh^jpell 

et aL, 1992; Parry et aL, 1995). In L1210 leukemia cell line, the analogue BESpm, but 

not BES (N'N'-bis(ethyl)spermidine), also affected AdoMet activity in a similar manner 

(Porter et aL, 1990). The majority of spermine analogues also superinduce the SSAT 

enzyme several-hundred fokl, resulting in an upregulation of polyamine catabolism and 

excretion in addition to decreased synthesis (Pegg et aL, 1989; Pegg et aL, 1990; 

Sh^)pell et aL, 1992; Casero et aL, 1989). The end result of this analogue-mediated 
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regulatioa is a near-con^lete depletion of intracellular polyamine pools (Pegg et aL, 

1989). 

Accumulating evidence suggests that the cytotoxicity exerted by the analogues is 

a result of their ability to induce ^x>ptosis in susceptible cell types (McCloskey et aL, 

1995; Pastorian and Byus, 1997; Byers and Pegg, 1990), though the mechanism by 

which this occurs is unclear. The superinduction of SSAT has been investigated as a 

probable cause, but no strong correlations between acetylation activity and apoptosis 

induction have been found. Of six human breast cancer cell lines which underwent 

CPENSpm-induced apoptosis, only one exhibited an iq)regulation of SSAT (McCloskey 

et aL, 1995). Although the analogue CHENSpm causes only a 3-fold increase in SSAT 

activity in NCI H157 cells, it induces levels of qraptosis comparable to that of 

CPENSpm, which induces SSAT activity several hundred-fold (Casero et aL, 1995; Ha 

et aL, 1997). 

Results from several studies have suggested that it is the accumulation of the 

analogues themselves, rather than their effects on polyamine depletion, which lead to the 

induction of ^ptosis (Hu and Pegg, 1997; Ha et aL, 1997; Yang et aL, 1995). A strong 

correlation has been found between the ability of an analogue to exert toxicity and its 

inability to mimic natural polyamine functions, particularly in terms of macromolecular 

binding (Basu et aL, 1997; Basu et aL, 1989; Denstman et aL, 1987; Yang et aL, 1995). 

Polyamine analogues appear to be less efiBcient at chromatin aggregation, which could 

potentially render certain areas of the genome susceptible to apoptotic endonucleases. 



Importance of Regniation: Carcinogenesis 

Although polyamine levels increase in the course of normal cell growth, 

polyanune metabolism is subject to strict regulatory mechanisms. In neoplastic cells, 

however, these control mechanisms frequently become deregulated, resulting in 

abnormal increases in both ODC and intracellular polyamine levels. ODC esqiression is 

stimulated by chemical carcinogens, tumor promoters, and trans&>rming oncogenes such 

as c-myc (Pena et aL, 1993), Ki-ras (Tabib and Bachrach, 1994), and Ha-ras (ref). ODC 

itself has been suggested as a putative oncogene by some authors (Marton and Pegg, 

1995; Pegg et aL, 1995). This is primarily due to several studies in which the 

overexpression of ODC led to transformation of NIH 3T3 ceUs with subsequent tumor 

formation when inoculated into in nude mice. It has also been shown that DFMO is able 

to reverse the phenotype of these transformed cells (Marton and Pegg, 1995). In rat 6 

fibroblasts, ODC overe^qnression did not produce neoplastic transformation, however 

coexpression of an activated Ha-ras resulted in a transformed phenotype. In the 

carcinogenrinduced mouse skin model of carcinogenesis, overe:q>ression of ODC in 

cells vdth an activated Ha-ras enhances tumor development (Smith et aL, 1997). It has 

recently been demonstrated, through the use of dominant negative ODC subunits, that 

induction of ODC is necessary for Ha-ras-mediated transformation of NIH 3T3 cells 

(Shantz and Pegg, 1998). 

The antitumor effects of PAO inhibitors on tumor development has also 

suggested a role for polyamine interconversion in carcinogenesis. Administration of 

MDL 72.527 in the 1,2-dimethylhydrazine-treated rat model reduced both the number 
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and size of chemically-induced tunaors conq>ared to controls (Halline et aL, 1990). 

Inhibition of PAO has also been shown to improve the antitumoral effects of DFMO in 

L1210-derived mouse leukemias (Claverie et aL, 1987). It has been postulated that 

polyamine interconversion becomes important in transformed ceUs, i»x>viding additional 

amounts of putrescine required for increase growth (Claverie et aL, 1987). Chick 

embryo fibroblasts transformed with Rous sarcoma virus exhibit enhanced SSAT 

activity, which may function to increase putrescine levels in these rapidly-dividing cells 

(Bachrach and Seiler, 1981). 

The importance of high polyamine levels to neoplastic growth is underscored by 

the efiBcacy of DFMO and other polyamine-depleting agents at reducing carcinogenesis 

in animal models. Many studies have foimd that treatment with DFMO greatly reduces 

tumor development in rodent models of carcinogenesis (reviewed in Marton and Pegg, 

1995; Pegg et aL, 1985; Pegg, 1988). Bisalkylated spermine analogues, viiich deplete 

polyamine levels more completely than DFMO, have also been useful in the prevention 

of tumorigenesis in murine pancreatic ductal xenografts and L-1210-<lerived leukemias 

(Bergeron et aL, 1988; Chang et aL, 1992). 

In spite of its efBcacy in animal models of carcinogenesis, however, clinical 

success with DFMO has been rather limited (Pegg, 1988). It has been suggested that the 

^iu:e of DFMO alone in clinical trials is a result of the availability of exogenous 

polyamines from the diet, as well as conq)ensatory increases in other enzymes of the 

biosynthetic pathway (Pegg, 1988). Also, human cancers may differ from chemically 

induced rodent tumors in that at the time of diagnosis, human tumors may have already 
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passed their most rapid growth phase, whereas many studies in animal models involve 

either pretreatment with DFMO or concomitant administration with the carcinogen. 

A new generatk)n of studies are currently underway in which DFMO is utilized 

in combination therapies with other types of chemopreventive agents to potentiate their 

antitumor effects. One combination therapy under active investigation is the use of 

DFMO with nonsteroidal anti-inflammatory drugs (NSAEDs). The NSAIDs, including 

piroxicam (Reddy et aL, 1990, Singh et aL, 1994), indomethacin (Narisawa T. 1981) , 

and sulindac (Piazza et aL, 1997; Rao et aL, 1995), have been effective 

chemopreventive agents in the azoxymethane-treated rat model of colon carcinogenesis. 

With the exception of aspirin, all of the NSAIDs inhibit prostaglandin synthesis via a 

reversible binding to cyclooxygenases-l and —2 (Vane and Botting, 1997). 

Accumulating evidence suggests that NSAIDS inhibit carcinogenesis via the induction 

of ^)optosis in tumor cells (Bedi, 1995; Liq>ulescu, 1996; Piazza et aL, 1995; Piazza et 

aL, 1997). 

A number of studies suggest that the chemopreventive properties of the NSAIDs, 

incliiding the induction of apoptosis, is a fimction of their ability to inhibit prostaglandin 

synthesis (reviewed in DuBois et aL, 1996; Lupulescu, 1996; and Vane and Botting, 

1997). Recent studies, however, suggest that the NSAIDs may act through both 

prostaglandin-dependent and -independent mechanisms (Alberts et aL, 1995; Piazza et 

aL, 1997; Thon^son et aL,1995; Hanif et aL, 1996). Sulindac sulfone (Fig. 5), a 

metabolite of the NS AID sulindac, lacks COX-inhibitory activity yet induces ^)optosis 
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Sulindac sulfone 
Sulindac sulfide 

Figure 5. Metabolic products of the NSAID solindac. Sulindac sulfide is a potent 
inhibitor of prostaglandin synthesis by means of its cyclooiQrgenase (CO!?0-inhibitoiy 
activity. Sulindac sulfone lacks COX-inhibitoiy activity and does not inhibit 
prostaglandin synthesis.. Ad^ed finm Piazza et al, 1997. 



in tumor cells (Piazza et aL, 1995,1997) and inhibits tumor development in rodent 

models of carcinogenesis (Thompson et aL, 1995,J*ia2za et aL, 1995,1997a). 

Additk)nal data which support a prosraglandin-independent mechanism of 

NSAID-mediated chemoprevention comes from studies with DFMO and the NSADD 

piroxicam. The combination of DFMO and piroxicam has been shown to have a 

synergistic chemopreventive effect in the azoxymethane-treated rat model of colon 

carcinogenesis (Reddy et aL, 1990), although DFMO exerts a greater effect than 

piroxicam on tumorigenesis when the agents are administered separately (Singh et aL, 

1993; Reddy et aL, 1990; Kulkami et aL,1992). Colon tumors from azoxymethane 

(AOM)-treated rats, as well as human colon tumors, freqtiently contain activating 

mutations in both Ki-ras and Ha-ras oncogenes (Singh et aL, 1994; Erdman et aL, 1997, 

Ward et aL, 1996). DFMO, piroxicam, and sulindac each decrease the frequency of Ki-

ras mutations in this model (Singh and Reddy, 1995). In one study, administration of 

DFMO or piroxicam to AOM-treated rats reduced the number of tumors harboring Ki-

ras mutations from 90% to 36% and 25 % respectively (Singh et aL, 1994). Both agents 

also reduced the amount of biochemically active p21'̂  in existii^ tumors (Singh et aL, 

1993). 

The efGcacy of DFMO and the NSAIDs on timurs with Ki-ras mutations is of 

great clinical interest. In sporadic human colorectal tumors, Ki-ras mutations have been 

detected in 47% of carcinomas and 50% of late adenomas (Vogelstein et aL, 1988). In 

the multistep model of colon carcinogenesis proposed by Fearon and Vogelstein (1990), 

it has been suggested that Ki-ras fimctions to &cilitate tumor growth, enabling small 
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adenomas to grow to lai^er ones (Carethers, 1996). Ki-ras activation has also been 

associated with a decreased level of apoptosis in colorectal neoplasms (Ward et aL, 

1997). Both DFMO and piroxicam appear inhibit the development of tumors harborii^ 

an activated Ki-ras., but it is not known if these agents act on separate or convergit^ 

pathways. 

Rationale 

The toxicity of sufBciently elevated polyamine levels suggests that catabolism 

may be an essential mechanism of cell survival It has been suggested that stress-

induced increases in SS AT activity may be a protective mechanism whereby the 

accimiulation of polyamines to high levels is prevented under conditions which inhibit 

cell growth (Chopra and Wallace, 1998). High polyamine levels may transmit a signal 

for proliferation which, combined with environmental &ctors that inhibit cell growth, 

results in a 'mixed s^nal' that drives the cell toward apoptosis (Askew et aL, 1991; 

Packham and Cleveland, 1994). Enforced expression of the c-myc oncogene as well as 

its transactional target, ODC, is known to induce apoptosis in transfected cell lines 

upon withdrawal of growth &ctors (Askew et aL, 1991; Packham and Cleveland, 1994). 

Polyamine depletion has been shown to protect fymphocytes firom apoptosis induced by 

H2O2 (Harari 1989), 2-deoxy-D-ribose (Monti et aL, 1998), and ghicocorticoids (Brune 

et aL, 1991). Catabolism may function to deplete polyamine levels below an ^wptosis-

triggering threshold, either through acetylation or by &cilitating export of polyamines 

and/or their acetyl derivatives from the celL The purpose of the present study was to 
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examine the role of pofyamine depletion as a cell survival mechanism either throu^ 

increased catabolism or decreased synthesis and/or uptake. 

The bis(a]kyl) polyamine analogues have been a usefiil tool in the study of 

polyamine-associated toxicity. These agents reduce normal polyamine levels to a 

greater extent than DFMO, primarily due to their feedback-regulation of polyamine 

metabolic enzymes. The exact mechanism of analogue-induced toxicity is no more 

well-understood than that of the polyamines themselves. Studies to date suggest toxicity 

occurs as a result of the inability of these molecules to fimctionally substitute for the 

polyamines (Porter et aL, 1987c; Parry et aL, 1995), as well as a result of inappropriate 

function of the analogues (Denstman et aL, 1987). 

The polyamine analogue CHENSpm, and a related analogue, CPENSpm, both 

induce ^)optosis in hmg and breast cancer cell lines (Ha et aL, 1997,1998; MCcCloskey 

et aL, 1995). CHENSpm is imusual in that this analogue does not siq)erinduce SSAT, as 

do the majority of the bisalkylated polyamine analogues (Ha et aL, 1997). Catalase is 

able to partially block CPENSpm mediated e^ptosis, but inhibitors of reactive oxygen 

species (ROS) had no effect on CHENSpm-induced apoptosis, suggesting that it in spite 

of its structural similarity to CPENSpm, CHENSpm toxicity does not involve the 

generation of ROS from PAO. 

It has been proposed that the toxicity of the polyamine analogues is a result of 

their intracellular accimiulation rather than a consequential decrease in normal 

polyamine pools (Hu and Pegg, 1997; Ha et aL, 1997; Yang et aL, 1995). The 

bisalkylated polyamine analogues may be potential substrates for PAO (Edwards et aL, 
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1990; BoOcenius and Sefler, 1989; Ha et aL, 1997; Pegg and Hu, 1995). If the toxicity of 

the polyamine analogues is a result of the in^)propriate function of these molecules, as 

some studies suggest, then their effect on cell survival may be directly related to tlK 

ability of the cell to catabolize and hence detoxify these stents. 

The role of the polyamines in apoptosis is also important from a clinical 

perspective. A number of clinical chemoprevention strategies now utilize DFMO in 

combination with other antitumor agents to potentiate their effects. DFMO has been 

used successfully in combination with such antitimior agents as suramin (Gritli-Linde et 

aL, 1998), interferon (Bielefeldt-Ohmann et aL, 1995), cyclosporine (Saydjari et aL, 

1987), and doxirubicin (Chang et aL, 1986) in either animal models or human clinical 

trials. In another study, however, DFMO had no effect on the toxicity of tamoxifen in 

chemically induced mammary carcinomas (Thonq>son et aL, 1986). Several instances 

have been reported in which polyamine depletion reversed the toxicity of anticancer 

agents in human cancer cell lines (Desiderio et aL, 1997; Das et aL, 1997). In the latter 

study, toxicity was via an apoptotic mechanism that could be inhibited by DFMO (Das 

et aL, 1997). 

The NSAIDs ^>pear to prevent colon carcinogenesis in part by the induction of 

apoptosis (Samaha et aL, 1997; Boolbol et aL, 1996; Barnes et aL, 1998). The efBcacy 

of these agents with concomitant pofyamine depletion has not been well tested, though 

early studies with piroxicam and DFMO in the AOM-rat model demonstrated a 

synergistic interaction. The NSAID sulindac is metabolized to two products i^^iich both 

possess antitiunor activity and induce apoptosis, yet sulindac sulfone does not inhibit 
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prostaglandin synthesis. Sulindac sulfide and sulfone may act through prostaglandin-

dependent and independent pathways to induce apoptosis in tumor cells. The 

importance of polyamines in this induction has not yet been investigated. 

The efScacy of DFMO and sulindac against tumors with an activated Ki-ras 

suggests that Ki-ras is an important conqwnent of the toxicity induced by these agents. 

The mechanism by which Ki-ras may confer sensitivity is not known. Previous studies 

with DFMO suggest that polyamine depletion in itself may confer a cytotoxicity to cells 

with an activated Ki-ras (Singh et aL, 1994), and that concomitant treatment with 

sulindac may result in a synergistic toxicity (Reddy et aL, 1990). Since sulindac appears 

to induce apoptosis by multiple mechanisms, however, the importance of the polyamines 

in facilitating sulindac-induced ^wptosis cannot be discounted. 

The central hypothesis of this work is that polyamine depletion is essential for 

cell survival under conditions of stress and/or growth inhibition. The polyamines may 

act as growth factors similar to c-myc, where a 'mixed signal' of high polyamine levels 

and environmental stresses result in the induction of apoptosis. This may be important 

in normal cell growth as well as in the devebpment of chemoprevention strategies 

which utilize potj^amine depletion as a con^nent of combination therapies. In order to 

bettCT characterize the role of the polyamines in apoptosis induction, I have atten^ted to 

address the following specific aims; 

1. Assess the inqx>rtance of catabolism in the detoxification of the polyamine 

analogue CHENSpm. 

2a. Assess the effect of polyamine depletion on the toxicity induced by 



chemopreventive agents in cells with an activated Ki-ras. 

Characterize the effect of Ki-ras on the regulation of polyamine metabolism. 
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CHAPTER 2 

MATERIALS AND METHODS 

Cell cnhare and drag treatments 

Chinese hamster ovary (CHO) K1 cells, HCT 116 ceUs, and Caco-2 cells were 

obtained from the American Type Culture Collection (Rockville, MD). CHO cells were 

grown in Ham's F-12 media (GIBCO, Grand Island, NY). HCT 116 cells were 

maintained in Dulbecco's Modified E^le Media (MEM) (GIBCO, Grand Island, NY), 

with the addition of L-ghitamine and sodium pyruvate (Sigma Chemical CoL, St. Louis, 

MO). Transfected HCT 116 cells which were resistant to neomycin were grown in 300 

ug/ml of G418 (GIBCO, Grand Island, NY). Caco-2 cells were maintained in Modified 

Eagle Media (GIBCO, Grand Island, NY). Transfected Caco-2 cells resistant to 

neomycin were maintained in 350 ug/ml G418. All media iised for cell culture was 

supplemented with 10% fetal bovine serum and a 1% penicillin (10,000 units/ml)-

streptomycin (10,000 mg/ml) solution (GIBCO, Grand Island, NY). Cells were 

maintained at 37° in the presence of 5% CO2 in air. 

All cells were passaged into new medium every two to three days, just prior to 

confluence. Drug additions were performed at the time of cell seeding and in the 

aforementioned media type for each cell line imless otherwise noted. DFMO and the 

FAD-dependent PAO inhibitors, MDL 72,521 and MDL 72,527 were generously 

provided by Marion Merrel Dow Con:q}any (Cincinnati, OH). CHENSpm was a 

generous gift from Dr. Patrick Woster (John Hopkins University School of Medicine, 
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Baltizoore, MD). Verapamil and sulindac were purchased finm Sigma Chemical Co (St 

Louis, MO). The two metabolites of sulindac, sulindac sulfiine and sulfide, were a 

generous gift from Dr. Gary Piazza (Cell Pathways, Doiver, CO). 

Cell nnmber and viability determinations 

CHO and HCT 116 cells were removed from the monolayer by treatment with 

trypsin (-1500 units/ml, Calbiochem, San Diego, CA)-EDTA (.7 mM) and counted 

using a Coulter Counter (Coulter Electronics, Inc., Hialeah, FL). Caco-2 cells were 

similarly removed fi'om the monolayer, but were coimted by hemocytometer. A san^le 

of the ceil suspension was combined in a 1:1 volume ratio with trypan blue dye 

(GIBCO, Grand Island, NY), aiKl at least two independently prepared suspensions were 

counted on a hemocytometer, two counts each. For all cell types, viability was 

determined by the percentage of cells able to exclude the trypan bhie dye. 

Apoptosis Qaantitation 

Apoptosis was quantitated by morphological examination of cells on prepared 

slides. Each sample was prepared by pooling the tiypsinized cells with the aspirated 

culture medium and an additional saline wash ofthe tissue culture plate. Slides for light 

microscopy were prepared by placing 20,000 or 40,000 cells into a cytospin cup and 

pelleting the cells onto slides via centrrfi^ation using a cytospin (Shandon Lipshaw, 

Pittsburgh, PA) at 600 r.p.nL for 2 min. Cells were afiOxed to the slides by immersion of 

the slide into 100% methanol for at least 1 min. Slides were stained using a 1:10 ( for 

CHO cells) or a 1:20 (for Caco-2 cells) dilution of Modified Giemsa stain (Sigma 

Chemical Co., St. Louis, MO). .^Mptotic cells were identified by characteristic 
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chromatin condensation, cytoplasmic vacuole formation, cell shrinkage, and formation 

of ^wptotic "bodies" (Kerr et al,, 1994). Apoptotic bodies which were not enclosed by 

membranes were iK>t included in the cell scoring. At least 500 cells were scored for each 

treatment for each day and frequencies were e^qiressed as a percentage of the total cells 

coimted. 

Cloaogenic Assays 

Caco-2 cell survival was determined by colony-forming efSciency. Caco-2 cells 

or the Ki-ras-transfocted cloaes were plated at a cell density of 2 x 10^ cells per 60 mm 

dish in MEM, in the presence or absence of DFMO at varied concentrations. Cells were 

grown for 24 hours, and then the DFMO/MEM media was removed. The plates were 

rinsed twice with saline, and MEM containing varied concentrations of sulindac sulfide 

or sulfone was added. Cells were groA^ for an additional 24 hours, and then replated at 

3 serially diluted concentrations, with 3 plates seeded for each concentration. 

Approximately 21 days later, the plates were stained for colony formation. 

Plates were removed from the incubator and an equal volume of a 3:1 volume 

ratk) of methanol and acetic acid was added to each plate for 5 minutes. The siq)emate 

was aspirated, and the colonies were stained by the addition of approximately 1 mL of 

crystal vwlet stain (5 n^mL in 100% ethanol) (Sigma Chemical Co., St. Louis, MO). 

The plates were then rinsed in distilled water and air dried. Colonies were defined as 

consisting of a minimnm of 50 cells, with each plate containing 20 or more colonies for 

inclusion in the data set Standard deviations were prepared from data in which all 3 

plates contained a sufBcient number of colonies to be included. 
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Establish meat and characterization of clones 

A cDNA endcoding Ki-ras was purchased from the American Type Culture 

Collection (Rockville, MD). This cDNA was ligated into the multiple cloning site of a 

pCDNA3 mammaHan e}q)ression vector (Invitrogen Corp., Carlsbad, CA), which 

contains a cytomegalovirus-derived promoter region as well as a oeomycin-resistance 

marker. DH5a con^etent cells were transformed with the ligation product, ampicillin-

resistant clones were selected, and plasmid DNA was isolated from these clones using 

standard methods (Ausubel, 1995). Restriction digests were used to identify bacterial 

colonies containing the correct vector/Insert sequence. Large-scale amounts of plasmid 

(mg quantities) suitable for mammalian cell transfection were purified using the 

Nucleobond Plasmid Kit (Clontech Laboratories, Inc., Palo Alto, CA). 

The calcium phosphate transaction method was used to introduce the pCDNA3-

Ki-ras plasmid into Caco-2 cells, according to established protocols (Ausubel, 1995): 10 

ug of DNA in a solution of .25 M CaCh was added to an equal volume (500^L) of 2x 

Hepes Buffered Saline in a dropwise ^hion with aeration of the HBS solution as the 

DNA/CaCla sohition was added. The prec^itate was incubated for 20 min, at room 

tenq)erature. The media was aspirated from 100 nim tissue culture plates containing 

Caco-2 cells at approximately 60% confluence and 1 mL of the calcium phosphate 

precipitate solution was added to each plate. Ten mL of fresh media was added to each 

pla^, ^nd the cells were then incubated for 4 hours at 37 "C. After 4 h, the media was 

removed and 2 ml of 10% glycerol was added to the cells for 3 minutes. The cells were 

then rinsed twice witll saline and then refod with con^lete niftrfia 
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One week after transfectioD, geneticin (Life Techootogies, Inc. Germantown, 

MD) was added to the media at an active concentration of350 ug/mL Stable clones 

were isolated with the use of trypin-soaked filter Hklcs placed over isolated colonies on a 

tissue culture plate, and then transferred to the wells of a 48-well plate. Clones were 

maintained in 350 i^ml of geneticin, and screened via western blot for Ki-ras 

expression. 

Preparation of whole cell iysates of Caco-2 cells 

Whole-cell Iysates of Caco-2 cells were prepared according to commercially 

available protocols (Santa Cruz Biotechnology, Santa Cruz, CA). Plates were kept on 

ice, and cells were scraped ofif the tissue culture plates in the presence of RIPA buffer 

(PBS, 1% NP-40,0.5% sodium deoxycholate, 0.1% sodium dodecylsul&te, 10 mg/ml 

PMSF, 30 ug/ml aprotinin, 100 mM sodium orthovanadate). The cell suspension was 

then passed twice through a 22-gauge needle, and was centrifuged at lOOOOxg for 20 

min. to clarify the lysate. 

Western Blot 

Characterization of Ki-ras and c-myc expression in transfected Caco-2 clones 

was performed by western blot, using the appropriate mouse monoclonal antibody 

directed against each protein (Santa Cruz Biotechnology, Santa Cruz, CA). Whole cell 

Iysates were electrophoresed onto a 12.5% acrylamide gel, and the proteins were then 

transferred onto a Hybond nitrocellulose membraiie (Amersham Life Science, Inc., 

Arlington Heights, IL). Sanq>les were run at 50 V for 16 hours in a transfer apparatus 

(Bio-Rad Laboratories, Hercules, CA) in transblot buffer (30% MeOH, 50 mM Tris, 191 
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mM glycine). The nitrocellulose membrane was blocked for one hour in Blotto (TBS, 

5% non-&t dry milk. .05% Tween-20) (Sigma Chemical Co., St Louis, MO). A mouse 

monocbnal IgG directed against either Ki-ras or c-myc (Santa Cruz Biotechnology, 

Santa Cruz, CA) was diluted 1; 100 in Blotto and applied to the membrane for 2 hrs. 

Membranes were washed in TTBS for 3 washes of5 min. each, and then a horse radish 

peroxidase (HRP)-conjugated goat anti-mouse IgG secondary antibody was diluted in 

Blotto and applied to the membrane. The memlvane was incubated in secondary 

antibody for 1 hour and then the membrane was washed again in TTBS. Visualization 

was made with the ECL Detection system (Amersham Life Science, Inc., Arlington 

Heights, IL). 

Protein gel electrophoresis 

SDS-polyacrilimide gel electrophoresis (PAGE) was performed according to the 

method of Laemmli (1970), except that bisacrylamide was replaced withNN-

diallyltartardiamide (Bio-Rad Laboratories, Hercules, CA). Sanq)les were diluted in 

electrophoresis bu£fer (2% SDS/5% ^mercaptoethanol/3% sucrose in 300 mM Tris-

HCl, pH 7.0) and heated at 100° for 5 minutes before loading on a 12.5% aciylamide geL 

Protein quantitation 

Protein measurements of the lysates used for western blotting were performed 

with the DC protein assay kit (Bio-Rad Laboratories, Hercules, CA), using the modified 

method suitable for use with detergents. Protein measurements for quantitation of 

polyamine levels in HPLC san:q)les were made using the BCA protein assay kit (Pierce). 

Acid-precipitable (.2 N HCIO4) cellular proteins were dissolved in 0.5 N NaOH and 
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measured using the BCA protein assay kit from Pierce (Rockford, IL). Protein 

concentrations for both assay types were estimated by comparing the absorbance of 

unknown samples to that of known bovine serum albumin standard concentrations in the 

same assay. 

Potyamine Oxidase Assays 

Polyamine oxidase activity was determined by the method of Carper et aL 

(1991). Cells were seeded at 2 x 10^ cells per 150 mm dish (Costar) and collected at 24-

hour intervals. Cells were washed twice in ice-cold phosphate-buffered saline (140 mM 

NaCl/2 mm KCl/8.1 mM Na2HP04/-9 mM K2HP04) and counted with an electronic 

particle counter (Coulter Electronics, Inc., Hialeah, FL). Cell pellets were resuspended 

in 50 mM glycine/NaOH buffer, pH 9.5, and stored at -80 "C before assay. Sanples of 

the thawed and clarified supernatant were adjusted to a final concentration of 25 |iM-

MDL 72.521 and incubated on ice for 30 min. These and control samples without the 

inhibitor were then incubated at 30 °C in a total volume of500 ml of assay cocktail 

containing 50 mM-glycine/NaOH, pH 9.5, .82 mM-aminoant^yrine, 10.6 mM phenol, 5 

mM N'-acetylspermine, 25 mM aminotriazole and 1 unit of horseradish peroxidase. 

HCT 116 cell lysates were incubated for 2 hours, while CHO cell lysates were incubated 

for 30 minutes per assay. H2O2 formation was estimated by the peroxidase-coupled 

formation of dye product This was quantified spectrophotometrically by the Asoo. One 

unit of enzyme activity is defined as 1 pmol of N^-acetylspermine oxidized/min of 

reaction incubation. 
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Pofyamine anafysis 

Cells wCTe harvested and sonicated in the {»:es»ce of 0.1 N HCL To {xecip^e 

cellular iroteins, the cell lysate was adjusted to 0.2 N HCLO4 and incubated ov^ight at 

4° C. The acid-sohible fiaction was obtained by centriiugation at 15,000 x g for 10 min 

at 4" C. The siq)erDatant was loaded onto a pBondapak C18 reverse phase cohmin 

(Nfflipore-Waters, Mllford, MA). Polyamines were ehited, derivatized and detected 

using the method of Seiler and Knodgen (1980). The protein pellet was resu^)ended in 

0.5 N NaOH and quantitated using the Pierce BCA (bicinchoninic acid) Protein Assay 

Reagent (Pierce, Rockford EL). 

Northern Analysis 

For RNA isolation, 2x10^ cells were harvested per treatment group. RNA 

isolation was performed using the Trizol RNA isolation reagent (Life Technologies, 

Inc., Germantown, MD). RNA was separated by size using standard RNA gel 

electrophoresis methods on a 1.5% agarose gel run for 3 h at 65 V with 20 ng RNA/lane 

(Ausubel, 1995). The RNA was transferred to a nylon membrane (Amersham Life 

Science, Inc., Arlington Heights, EL) with the aid of a vacinmi blotter unit (Bio-Rad 

Laboratories, Hercules, CA). RNA was UV crosslinked to the membrane using the 

Stratalinker 1800 autocrosslink program (Stratgene, Inc,., La JoUa, CA) and the 

membrane stored at -80 "C until use. 

Nfembranes were subsequently hybridized with a ^^P-labeled cDNA encoding 

either human SSAT or ODC. Incorporation of dCT[a-^^P] into the probe was performed 

with the use of the RTS RadPrime DNA Labeling Kit (Life Technologies, Inc., 
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Germantown, MD). Labeled probe was separated fix>m unincorporated label using 

Quickspin G25 Sephadex Cohmms (Boefaringer Mannheim Corp., Indianapolis, IN). 

Blots were {^hybridized and then hybridized with 2 x 10^ cpm/ml at 65 "C overnight 

(Ausubel, 1995). Membranes were washed at high stringency according to the naethod 

of Casero et aL (1991) and exposed to film (X-Omat, Kodak, Rochester, NY) at -80 ®C. 

Autoradiograms were quantitated by densitometric analysis (Imagequant densitometer. 

Molecular Dynamics, Sunnyvale, CA). 
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CHAPTERS 

CATABOLISM OF THE 
POLYAMINE ANALOGUE CHENSPM 

Introduction 

The intracellular accumulation of the polyamine analogue CHENSpm has been 

correlated with increased cytotoxicity via the induction of apoptosis (McCloskey et aL, 

1995,1996; Ha et aL, 1997; 1998b), though the mechanism(s) responsible for this 

induction is not clear. Unlike many analogues, CHENSpm does not superinduce SSAT 

(Ha et aL, 1997). Antioxidants were unable to prevent CHENSpm-mediated DNA 

fragmentation in human non-small cell lung carcinoma cells, suggesting that reactive 

oxygen species generated by PAO are not mediators of this response (Ha et aL, 1997). 

PAO may, in feet, protect cells from the actions of CHENSpm. Several studies 

suggest that the polyamine analogues may be substrates of PAO (Ha et aL, 1997; 

Bolkenius and Seller, 1989). NCI HI 87 cells treated with CHENSpm displayed an 

increased accumulation of the analogue in the presence of PAO inhibitor (Ha et aL, 

1997). If the apoptosis associated with CHENSpm accumulation is a result of its 

accumulation in the cell, polyamine catabolic pathways may be important mechanisms 

by which to deplete the cell of this toxic agent (Fig.6). 

The purpose of this work was to investigate polyamine catabolism as a detoxification 

mechanism, using CHENSpm-induced toxicity as a model system. The same 

mechanisms which are inqx}rtant in preventing pofyamine-associated toxicity may also 

play a role in preventing ^wptosis induced by spermine analogues. Both rodent and 
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human cell lines were used to study the effects of varied levels of endogenous PAO 

activity on CHENSpnt-induced ^wptosis. Pfaarmacologicaliy inhibiting various aspects 

of the pofyamine catabolic and excretory pathways also allowed for the importance of 

these enzymes to be evaluated in the im>tection of cells from analogue-mediated 

cytotoxicity. 
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Results 

Toxicity of CHENSpm treatment in rodent and human cell lines 

Toxicity of CHENSpm was examined in both rodent and human cells, which are 

known to differ in their levels of pofyamine catabolic enzymes. Chinese hamster ovary 

K1 cells and human colon adenocarcinoma-derived HCT 116 cells were treated with 10 

fiM CHENSpm for one week (approximately 9 doubling times), and analyzed for cell 

growth and ^wptosis (Fig. 7-8; Table I). In the CHO K1 cells, CHENSpm treatment 

had little effect on cell growth, whereas in the HCT 116 cells, treatment with CHENSpm 

resulted in only a 7% increase in cell number at plateau phase compared to untreated 

control cells (Fig. 7-8). Measurement of the apoptosis levels in both cell populations 

showed baseline levels of ^)optosis in CHENSpm-treated CHO K1 cells, and sqxjptosis 

levels as high as 55% in HCT 116 cells (Fig. 7B; Table I). This increase in apoptosis 

suggests the slight increase in cell number seen with HCTl 16 cell CHENSpm treatment 

is partially due to the induction of programmed cell death, most likely facilitated by the 

accumulation of CHENSpm. HCT 116 cells were much more sensitive to the effects of 

CElENSpm accumiilation than CHO K1 cells. 

Measurement of poiyamine oxidase activity in CHO K1 and HCT 116 cells 

The difference in susceptibility to CHENSpm-induced toxicity may have been 

accounted for by differences in PAO activity, PAO activity in both cell lines was 

measured over a 4-day time course (Fig. 9). PAO activity was very high in Chinese 

hamster ovary cells conq)ared to HCT 116 cells, >^ch contained barely-detectable 
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Figure 7. Effect of CHENSpm treatment on ceD growth and apoptosis in 
Chinese hamster ovary K1 cells. Giinese hamster ovary cells were treated with 
(O) no drug, (A) 10 nMCHENSpm,(0) 10 jiM CHENSpm and 25 pMMDL 
72.521, ( • ) 10 uM CHENSpm and 10 jiM verq)amil, or ( A ) 10 pM CHENSpm, 25 

MDL 72.521, and 10 fxM verapanaiL Cells were treated with the indicated agents 
over the course of 7 days. Cells were harvested and analyzed at the indicated tin^ for 
(A) viable cell number, and (B) percent of ^mptotic cells. .^>optosis was detennined 
as referenced in Materials and Methods. Data shown are fiom one representative 
experiment \^ch has been replicated. 
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Figure 8. Effect of CHENSpm treatment on the growth of HCT 116 human coh>n 
adenocarcinoma cells. HCTl 16 cells were treated with ( O) no drug, ( A ) 10 
HM CHENSpm,(O) 10nMCHENSpmand25^iMMDL72.521,(•) lOuM 
CHENSpm and 10 verapamil, or ( • ) 10 (xM CHENSpm, 25 |iM MDL 72.521, and 
10 verapamil Cells were treated with the indicated agents over the course of 8 days. 
Cells were harvested and analyzed at the mdicated times for viable cell number as 
determined by trypan blue dye exclusioa Data shown are fix)m one representative 
e:q)eriment >^ch has been replicated. 
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Treatment % Apoptosb 

No drag 3 
lOuMCHENSpm 56 
25 uM MDL 3 
10 uM Verapamil 0 
CHENSpm, MDL 62 
CHENSpm, Verapamil 12 
MDL, Ver^)aniil 3 
CHENSpm, MDL, Verapamil 40 

Table 1. Effect of CHENSpm treatment on apoptosis induction in HCT 116 human 
colon adenocarcinoma celb. HCT 116 cells were grown for 8 days in the presence of 
the indicated agent and then harvested for apoptosis analysis. All treatments were 
performed at the foUowing concentrations: 10 ^M CHENSpm; 25 ^M MDL; 10 ^M 
verapamiL Abbreviations: MDL, MDL 72.521. Data shown are fi»m one representative 
e:q)eriment which has been replicated. 
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Figure 9. Potyamine oxidase activity in HCT 116 and CHO K1 cells. HCT 116 ( • ) 
or CHO K1 cells (•) were grown for 1,2,3, and 4 days and then harvested for 
polyamine oxidase activily analysis. PAO activity was assayed according to Materials 
and Methods. *Data shown are from one representative e:q)eriment which has been 
replicated. 
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levels throughout all phases of growth. PAO activity in CHO cells decreased widi time, 

and was reduced ^^proximately 3-foki at plateau phase. In spite of this decrease, PAO 

activity in CHO cells remained well above levels seen in HCT 116 cells. 

Effect of PAO inhibition on CHENSpm-indoced toxicity 

Since CHO cells contained a level of PAO activity several hundred-fold above 

that of HCT 116 cells, and were refractory to CHENSpm-induced toxicity, it was 

possible that, in CHO cells, PAO was acting to metabolize CHENSpm to a nontoxic 

form. Lack of appreciable PAO activity in HCT 116 cells would thus render them more 

susceptible to the toxic effects of the analogue, since catabolism by PAO would be 

negligible. To test this hypothesis, CHO cells were treated with 10 CHENSpm and 

10 pM MDL 72.521, an inhibitor of PAO (Bey et aL, 1985; Edwards et aL, 1990). Cells 

were harvested and counted over the course of 7 days. Although CHENSpm treatment 

alone had no deleterious growth effects, the addition of MDL 72.521 caused a moderate 

growth siqipression (Fig. 7A). Cell numbers at plateau phase were slightly lower than 

control cells, and the CHENSpm and MDL-treated cells approached plateau phase 2 

days after both the CHENSpm-treated and control cells. This growth suppression in 

CHO K1 cells was not acconqianied by an increase in apoptosis (Fig. 7A3)-

CHENSpm- and MDL-treated HCT 116 cells exhibited apoptosis levels which were 

comparable to that seen with CHENSpm alone (Fig 8). Treatment of CHO cells with the 

PAO inhibitor alone does not affect cell growth rates (Tome et aL, 1996). The growth-

inhibition seen with the CHENSpm/MDL combination suggests that PAO is important 

in the detoxification of CHENSpm. 
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Effect of verapamil on CHENSpm-induced toxicity 

Polyanaine export is another mechanism by ^iiich levels of intracellular 

pofyamixies can be depleted. It has been demonstrated by a number of groups that 

poiyamine analogues utilize the same inqMrt mechanisms as the polyamines themselves, 

however it is not laiown ifthe anatogues utilize the same exporters. The calcium channel 

blocker venq)amil has recently been shown to block the activity of a diamine exporter 

(DAX) ^^ch can facilitate the export of putrescine and acetylspermidine from CHO 

cells. This e^qwrter may also have acted on CHENSpm to deplete intracellular 

concentrations of the analogue and reduce cytotoxicity. To determine ifthe inhibition of 

export by DAX would influence CHENSpm-induced cytotoxicity, CHO and HCT 116 

cells were e?qK>sed to 10 pM CHENSpm and 25 verapamil, and analyzed for growth 

and apoptosis rates. In HCT 116 cells, the cytotoxicity exhibited in re^wnse to 

CHENSpm alone prevented an accurate assessment of tte growth effects of a verapamil-

CHENSpm combination (Fig. 8; Table 1). In CHO K1 cells, however, CHENSpm and 

verapamil treatment had no effect on cell growth or ^ptosis rates (Fig. 7A3)-

The simultaneous inhibition of DAX and PAO resulted in a synergistic growth 

inhibition and pronounced cell loss in CHO K1 cultures. Cells growth was still able to 

occur in the presence of CHENSpm and either inhibitor alone, however treatment with 

both agents led to a cell loss that was partly due to the induction of ^x>ptosis. .^wptosis 

rates in cells treated with ver^)amil, MDL and CHENSpm were elevated as early as Day 

2 axxi peaked at 40% by Day 7. This level of apoptosis was conparable to the amount of 

^xjptosis seen in similarly-treated HCT 116 cells (Tablel). Neither the MDL nor 
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ver^)amil treatments resulted in significant amounts of ^x>ptosis in CHENSpm-tieated 

cells. The growth inhibitory activity of the MDL-CHENSpm combinatioD, taken 

together with the induction of ^wptosis when verapamil was added, suggests that PAO 

and, to a lesser extent, DAX, both contribute to tl^ detoxification of CHENSpm in 

Chinese hamster ovary cells. 

Quantitation of polyamine leveb in CHENSpm-treated CHO cells 

The cytotoxicity of the polyamine analogues has been well-demonstrated, but the 

mechanisms responsible for their effects are not yet clear. A definite correlation 

between the analogues and the superinduction of the SSAT has not been shown. 

Apoptosis induced by CPENSpm or CHENSpm is unaccompanied by the usual himdred-

fold increases in SSAT activity seen with other spermine analogues (Ha et aL, 1997). 

The level of N'-acetylspermidine produced in CHO cells in response to a variety of 

CHENSpm treatment is shown in Table 2. In control cells, N'-acetylspermidine levels 

were below detectioiL Upon CHENSpm treatment, N'-acetylspermidine levels became 

measurable, however there was no large increase in N^-acetylspermidine levels that is 

typically seen with other polyamine analogues, such as BESpm. The addition of MDL 

had only a slight effect on N^-acetylspermidine levels in CHENSpm-treated cells. 

CHENSpm caused a slight decrease in spermidine levels, which may be a result of both 

autoregulatory feedback mechanisms as well as a slight stimulation of SSAT. The 

polyamine synthesis inhibitor DFMO reduced spermidine levels 97% by Day 2. 



Polyamines (mnol/mg protein) 

Spd Spm N^-AcSpd 
Control 12.78 9.96 n.d. 
DFMO 0.51 9.02 n-d-
CHENSpm 7.37 7.32 3.86 
CHENSpm, MDL 5.75 9.39 3:25 
DFMO, CHENSpm 0.72 6.73 n.d. 

Table 2. Effect of DFMO and CHENSpm on intraeellnlar polyaniine levels of 
Chinese hamster ovary ceils. CHO K1 cells were grown in tte presence of 5 mM 
DFMO, 10 CHENSpm, aod/or 25 MDL 72.521 for 48 hours prior to harvest 
and acid extraction for HPLC analysis. Data shown are fix}m one representative 
aq)erinient which has been replicated. 
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Efiiect of DFMO on CHENSpm-indnced cytotoxicity 

Studies with MGBG as well as other polyamine analogues have suggested that 

these molecules are tran^rted by the same mechanisms as the polyamines themselves, 

and can conqjete with polyamines for uptake into cells. Polyamine depletion causes an 

increase in polyamine uptake from extracellular sources, and has also been shown to 

increase uptake of certain polyamine analogues. The polyamine analogue DENSpm, 

which is not cytotoxic, can restore growth to DFMO-treated L1210 hmg carcinoma 

cells. In order to determine the efTects of intracellular polyamine depletion on 

CHENSpm-induced accimiulation and toxicity, CHO K1 cells were treated with 10 nM 

CHENSpm and 5 mM DFMO (Fig. 10A3)- Polyamine depletion in the presence of 

CHENSpm did not inhibit growth unless mechanisms of polyamine catabolism were 

blocked with ver^)amil or MDL 72.521 (Fig. lOA). Polyamine depletion and 

concomitant treatment with both agents decreased cell growth to a greater extent than 

with the catabolic inhibitors alone. Apoptosis was also greatly increased in these cells, 

approaching 80% by the end of the treatment period (Fig. lOB). Polyamine depletion 

led to a greater CHENSpm cytotoxicity in the presence of both DAX and PAO 

inhibitors, and also doubled the amount of ^x)ptosis in this treatment group. 

EDPLC anafysis of CHENSpm-treated cell lysates 

In the course of investigating the effect of CHENSpm on intracellular polyamine 

levels, HPLC analyses of acid extracts from CHENSpm-treated cells revealed a 

derivatized molecule that did not correspond to any polyamine standard (Fig 1IC). This 
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Figure 10. EjBect of DFMO on CHENSpm-mediated cytotoxicity. Chinese hamster 
ovary cells were treated with (O) no drug, (A) 5 mM DFMO, or 5 mM DFMO in 
combiiiatioa with: (•) 10 ^M CHENSpm, (•)10 (JLM CHENSpm, 10 ^M verapamil, or 
(•)10 nM CHENSpm, 10 pM verapamil, 10 and 25 jiM MDL 72.521. Cells were 
treated with the indicated agents over the course of 7 days. Cells were harvested and 
analyzed at days 0,2,4, and 7 for (A) viable cell number and (B) percentage of 
^x)ptotic cells. .^)optosis was detennined as referenced in Materials and Methods. Data 
shown are &om one representative e}q)eriment which has been replicated. 
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Figure 11. ELPLC analysis of CHO K1 ceUs treated with CHENSpm and/or MDL 
72.521. HPLC chromatograms represent (A) known poiyamine ^anHarrf<; or extracts 
from (B) untreated CHO cells, cells treated with (C) 10 pAl CHENSpm, or cells treated 
with (D) 10 pM CHENSpm and 25 MDL 72.521. Cells were treated for 4 days and 
then harvested for poiyamine analysis. Extracts and HPLC procedures were performed 
as described in '̂ Materials and Methods". Data shown are one representative 
experiment which has been replicated. 
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peak was present only in the acid-soluble extracts of CHENSpm-treated Chinese 

hamster ovary cells, and was decreased ^^dien cells were also treated with MDL 72.521 

(conq)are Fig. 1IC with 1 ID). Since CHENspm is a bis(alkylated) molecule, and the 

HPLC methods employed rely on a free amino terminus for reaction with a fluorescent 

conjugate, CHENSpm itself cannot be detected. However, the appearance of an 

unknown peak in CHENSpm-treated cells with large amounts of PAO forther suggests 

that PAO may be metabolizing the analogue. 

Relative amounts of the unknown metabolite were calculated by normalizing 

peak areas from HPLC chromatograms to total protein levels in the acid extracts (Fig. 

12). At Day 2, the levels of the putative metabolite are 6-fold higher in CHENSpm-

treated CHO cells than in cells treated with the PAO inhibitor MDL 72.521. The 

addition of verapamil appeared to have no effect on the level of this metabolite, 

suggesting that it is not a substrate for e}q)ort Most significant, however, was the &ct 

that levels of this metabolite were just as high in DFMO-treated cells as in CHENSpm-

treated cells. DFMO was quite effective in decreasing intracellular spermidine levels, 

and the finding th3t levels of this metabolite are increased suggest that the molecule is 

not a normal polyamine. 
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Figure 12. Relative leveb of a patative CHENSpm metabolite from various 
treatment groups of CHO cells. Chinese hamster ovary cells were harvested after 2 
(B) or 4(B) days of treatment with the indicated agent(s), and acid-sohible extracts 
were prepared for HPLC anafysis. Since no standard was available for the putative 
metabolite, HPLC chromatogrz^h peak areas representing this molecule were 
normalized to total protein per injection volume and a diaminoheptane intonal standard, 
and the results were expressed as the peak area/mg protein divided by the lowest vahie 
obtained (treatment with MDL at Day 4). Data shown are from one representative 
esqperiment which has been replicated. 
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Sunmiary 

Treatment of Chinese hamster ovary ceils with the polyamine analogue 

CHENSpm had no deleterious effects on cell growth rates, whereas in HCT 116 cells, 

growth was severely inhibited. HCT 116 cells contained very low levels of PAO 

activity in comparison to Chinese hamster ovary cells. Inhibition of PAO activity in 

CHEhTSpm-treated CHO cells resulted in a moderate growth inhibition that became 

cytotoxic when the diamine exporter was also inhibited. This cytotoxicity was 

manifested as the induction of apoptosis. CHENSpm-treated HCT 116 cells imderwent 

cooqiarable levels of ^wptosis iixiuction ia the absence of PAO inhibitor. HPLC 

analysis of CHENSpm-treated Chinese hamster ovary cell extracts revealed an unknown 

amine which was present in CHENSpm-treated cells but whose levels were reduced 

when PAO was inhibited. The levels of this amine did not increase with the addition of 

verapamil or the polyamine synthesis inhibitor DFMO, however both ver^amil and 

DFMO potentiated CHENSpm-mediated cytotoxicity in the presence of PAO inhibitor. 
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CHAPTER 4 

EFFECTS OF POLYAMINE DEPLETION ON SULIND AC-INDUCED 
CYTOTOXICITY 

Introduction 

Optimal levels of intracellular polyamines are critical for cell proliferation and 

survivaL Polyamine depletion in most cell types results in a cytostatic effect, whereas 

accumulation to high levels in many instances leads to toxicity, most commonly in the 

form of apoptosis. Polyamines have been shown to mediate the induction of apoptosis in 

many rodent cell lines, including DH23 rat hepatoma cells (Mitchell et aL,1992), mouse 

myeloma cells (Tobias and Kahana, 1995), D-R murine leukemia cells (Poulin et aL, 

1993, 1995), baby hamster kidney cells (Brunton et aL, 1991), and Chinese hamster 

ovary ceUs (Xie et aL, 1997). Several studies have shown that the proto-oncogene c-

myc is a transcriptional activator of ODC (Pena et aL, 1993; Bello-Femandez et aL, 

1993), and that ODC is a mediator of c-myc-induced apoptosis in murine myek>id cells 

(Packham and Cleveland, 1994; Askew et aL, 1991). Polyamine depletion in c-myc-

overe}q>ressing murine myeloid ceUs prevented apoptosis upon growth &ctor withdrawal 

(Packham and Cleveland, 1994). 

A number of studies suggest that the inhibition of apoptosis is an inqwrtant 

contributor to colon carcinogenesis (Bedi et aL, 1995; Ward et aL, 1997, Samaha et aL, 

1997). Chemopreventive agents, such as the nonsteroidal antirmflammatory drugs 

(NSAIDs), which inhibit colon tumor development in animal models of carcinogenesis. 
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also increase the amount of apoptosis in existing tumors (Samaha et aL, 1997; Boolbol et 

aL, 1996; Barnes et aL, 1998) as well as in tumor cell lines (Piazza et aL, 1995). 

While it bas been observed that both piroxicam and sulindac reduce the 

frequency of Ki-ras mutation in colon tumors, the role of Ki-ras in NSAID-induced 

apoptosis has not yet been elucidated. Studies with DFMO suggest that polyamine 

depletion may have its own cytotoxic effect on cells with an activated Ki-ras, and that 

the combination of DFMO and sulindac may be synergistic with respect to BCi-ras-

mediated cytotoxicity. The effect of polyamine depletion on NSAID-mediated 

chemoprevention has been studied only in piroxicam-treated rat models. The NSAID 

sulindac is metabolized to two different molecules which differ in their ability to inhibit 

COX, yet both are able to exert chemopreventive ejects by the indiiction of apoptosis 

(Figure 5). Sulindac sul£>ne lacks COX-inhibitory activity, and most likely &cilitates 

the induction of apoptosis in a manner independent of prostaglandin synthesis. The 

effect of polyamine depletion on apoptosis induced by this metabolite is not known. 

Depletion of pofyamines with DFMO could potentially reduce the induction of apoptosis 

that would otherwise be caused by sulfone administration. 

The efBcacy of DFMO against tumors harboring an activated Ki-ras suggests 

that polyamines may play an important role in the survival of cells with constituitively 

active ras signaling pathways. The relationship between ras-mediated growth signaling 

mechanisms and polyamine metabolism is not well-understood. The cDNAs of the 

polyamine metabolic enzymes ODC and SSAT contain a number of consensus elements 

for transcriptional activator binding sites (Moshier et aL, 1990; Fogel-Petrovic et aL, 
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1993a) , yet the physiological relevance of many of these sequences has yet to be 

established. 

Several authors suggest that the polyamines may modulate the growth effects of 

Ki-ras by positively affecting the e?q)ression of the c-myc and c-fos proteins (Berchtold 

et aL, 1998; Celano et aL, 1988; Wang et aL, 1993). Rat kidney cells exhibiting 

temperature-sensitive Ki-ras e7q)ression show an increase in ODC and polyamine 

contents that is accompanied by elevations in c-myc protein. The addition of putrescine 

to these cells at nonpermissive teiiq)eratures also triggers the transcription of both c-myc 

and c-fos (Tabib and Bachrach, 1994). 

It has also been demonstrated by several groups that c-myc is a transcriptional 

activator of ODC (Pena et aL, 1993; Packham and Cleveland). An antisense oligomer to 

c-myc reduced the amount of the endogenous c-n^c/max protein complex formed, and 

also the amount of endogenous ODC mRNA expressed, in WI-38 hnman d^loid 

fibroblasts (Pena et aL, 1993). Thus the upregulation of ODC seen in temperature-

sensitive rat kidney cells may be due in part to ijocreased Ki-ras signaling via c-myc 

(Tabib and Bachrach, 1994). 

An inducible Raf-1 kinase has recently been used to demonstrate Ras-mediated 

r^ulation of c-myc through the RaFMek/Erk signaling cascade in NIH 3T3 cells 

(Kerkhofif et aL, 1998). Ki-ras activation in Caco-2 cells may alter normal polyamine 

reg;uiatk}n via the upregulation of c-myc and subsequent changes in the e}q)ression of 

polyamine metabolic enzymes. 
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The overall goal of this study was to examine the effect of polyamine depletron 

on the induction of apoptosis by the NSAID sulindac in cells with an activated Ki-ras. It 

was also of interest to determine whether the activation of Ki-ras conferred a particular 

sensitivity to polyamine depletion or to either metabolite of sulindac, as the AOM-

treated rat model studies suggest To better understand the mechanism by which 

NSAIDs and/or DFMO could a£fect cells with an activated Ki-ras, it was also of interest 

to characterize the effects of BCi-ras activation on the regulation of polyamine metabolic 

enzymes, as well as to determine whether this regulation was subject to perturbation by 

polyamine depletion. 

In this study, an activated Ki-ras gene was stably introduced into the Caco-2 

hiunan colon carcinoma cell line. Cells were treated with both sulindac sulfone and 

sulfide to determine if Ki-ras rendered the cells more susceptible to the induction of 

apoptosis by these agents. The cytotoxic effects of DFMO, either alone or ia 

combination with the sulindac metabolites, was also investigated. The e:q>ression of 

several polyamine-associated genes was also examined to determine if they were subject 

to Ki-ras-dependent regulation. 



81 

Results 

Isobtion and characterization of Caco-2 transfected cells 

Caco-2 hnman colon adenocarcinoma cells were used to determine the effects of 

sulindac and DFMO on cells containing an activated Kirsten-ras. Caco-2 cells are one 

of the few colon tumor lines ^^ch contain a normal Ki-ras gene (Delage et aL, 1993; 

Trainer et aL, 1988). These cells possess many of the characteristics of mature 

enterocytes, including spontaneous differentiation and hydrolase secretion (Rousset, 

1986). 

Caco-2 cells were stably transfected with a plasmid directing the overexpression 

of an activated p21 '̂'̂ ^ Ki-ras, aixi individual clones were subsequently isolated. Ten 

clonal populations were characterized by western blot enq>loying an antibody that reacts 

with both normal and mutated Ki-ras proteins. (Figure 13A). Normal Ki-ras protein 

was detectable in the parental cells, i^^iereas the transfectants contained elevated levels 

of Ki-ras, which was presumably due to the directed overproduction of an activated Ki-

ras. One clone, 13, bad levels of Ki-ras bebw that of the parental Caco-2 cells, whereas 

clones 14,22, 59, 80, 74, and 87 were intermediate e^qxressors, and contained levels of 

Ki-ras similar to the uncloned Kirras-transfected population. Clones 60,66, and 96 

showed the highest level of Ki-ras e3q>ression. Clones 60 and 66 were utilized for 

further study. 
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Figure 13. Ki-ras transfection ofCaco-2 human colon adenocarcinoma celk Caco-2 
cells were transfected with a plasmid directing the overexpression of an activated Kirsten
ras gene and subject to drug-resistance selection and clone isolation as described in 
Materials and Methods. (A) Detection of Ki-ras expression in various transfected clones 
by western blot, utilizing an antibody which detects both normal and activated p21K-ras. 
Numbered lanes refer to clonal isolates oftransfected cells; Caco-2, untransfected 
parental cells; Ki-ras, pooled clones. (B) Growth of parental (0) and transfected clone 
numbers 13 (/J.), 14(<>), 22 (e), 59 (•), 60 (&), 66 <•), and 96 (e). Cells were harvested 
at the indicated times and analyzed for viable cell number as determined by dye 
exclusion. 



Growth properties of parental and Ki-ras transfected cells 

The growth of Caco-2 parental cells and the various Ki-ras-transfected clones 

was measured over a 12-day period, representing approximately 6 doubling times 

(ATCC) (Fig. 13B). In contrast to H-ras, which has been shown to dramatically affect 

ceil growth ^^n overe^qiressed (Ling, 1989), transfection of Ki-ras did not produce a 

dramatic change in the growth of Caco-2 Ki-ras cells. Clone 13, which e}q>ressed the 

lowest anoount of Ki-ras protein, grew slower than the parental or transfected cell lines, 

however the difference in growth between the parraital cells and the other transfected 

cells was negligible. With the exception of clone 13, all of the transfected cells had a 

doubling time of 48 hours, i^ch was comparable to that of the Caco-2 parental cells. 

Effect of snlindac salfone and sulfide on growth of cells expressing an activated Ki-
ras 

Growth of parental Caco-2 cells as well as clones 60 and 66 were measured in 

the presence of vehicle, 120 sulindac sulfide, or 600 foM sulindac sulfone (Fig. 14A-

C). In the presence of vehicle only, the expression of activated Ki-ras did not confer a 

growth advantage to either transfected cell line. The number of viable cells in all sulfide-

treated cultures remained relatively unchanged throughout the 10-day growth period, 

whereas treatment of cultures with the suifene derivative resulted in a pronoimced cell 

loss beginning 6 days after treatment. Ki-ras activation did not confer a selective toxicity 

in the presence of either sulindac metabolite. 
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Figure 14. Effect of solindac sulfide and solfone on the growth of Ki-ras 
transfected cells. Caco-2 parental cells ( O), Ki-ras clone #60 ( • ), and Ki-ras done 
#66 (A ) were seeded in the presence of (A) vehicle, (B) 120 sulindac sulfide, or 
(C) 600 pM sulindac sulfone and harvested at 2-day intervals. Viable cell munber was 
detemiined by trypan bhie dye exchision. Data shown axe fiom one representative 
e}q)eriment v^ch has been replicated. 



85 

Effect of Ki-ras on apoptosis induced by snlindac sulfide or 5Ulfone. 

Sulindac has been shown to cause apoptosis in the azojcymethane-treated rodent 

model In this model, sulindac also reduces the number of tumors harboring an activated 

Ki-ras, which suggests that apoptosis may occur by a Ki-ras dependent mechanism. To 

test this hypothesis, Caco-2 parental cells and clones 60 and 66 were treated with 

vehicle, 120 ^M sulindac sulfide, or 600 |iM sulindac sulfi>ne and apoptosis of each 

culture was quantitated by light microscopy (Fig 15A-Q. Th^ percentage of cells 

undergoing apoptosis in response to vehicle alone were minimftl, with a peak apoptosis 

index of 4 percent. Caco-2 parental cells e7qx>sed to sulfide displayed a gradual increase 

in apoptosis which peaked at 8 days in culture. Clone 60 cells, and to a lesser extent, 

clone 66 cells, displayed an earlier onset of apoptosis. Clone 60 reached peak apoptosis 

levels at day 2 compared to day 8 of the parental cells, while clone 6 reached a peak 

level of qwptosis by day 6. In both the Caco-2 parental and clone 60 cells, induction of 

apoptosis by sulindac sulfone was more pronounced than with the sulfide. Upon 

exposure to the sulfone, clone 60 cells reached a peak level of a{)optosis by day 4, 

con^jared to day 8 in the parental cells. Kirras appears to accelet^e the onset of 

^x>ptosis in response to both sulindac sulfone and sulfide. 

Effect of DFMO and sulindac on cell growth and apoptosis 

Since polyamines are mediators of apoptosis in certain systems (Packham and 

Cleveland, 1994), and can cause ^wptosis if improperly regul^^ (Xie et aL, 1996; 

Mitchell et. aL, 1992), polyamine depletion may be a survival mechanism by ^^ch cell 

death may be circumvented. Polyamine depletion with DFMO may protect cells fix)m 
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Figure 15. Indnction of apoptosis by snlindac sulfide and saUbne in Ki-ras-
transfected cells. Caco-2 parental ceUs ( O ), Ki-ras clone #60 ( • ), and Kirras clone 
#66 ( A ) were seeded in the presence of (A) vehicle, (B) 120 ^M sufindac sulfide, or 
(C) 600 pM sulindac sulfone and harvested at 2-day intervals. .^x)ptosis was 
determined by light microscopy. Data shown are from one representative e}q)eriment 
vt^ch has been replicated. 
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the induction of apoptosis by other agents if polyamines are necessary mediators of the 

apoptotic signaling pathway. To determine whether DFMO could affect cytotoxicity 

induced by sulindac sulfide or sulfone, Caco-2 parental ceils and clone 60 were treated 

with 600 ^M sulindac sulfone for 6 days and analyzed for growth and apoptosis rates 

(Fig. 16-17). DFMO treatment alone resulted in cytostasis for both Caco-2 and clone 60 

cell lines (Fig. 16A). Although there was no increase in cell number, viability for both 

lines was still near 100 percent (Fig. 16B). The combination of DFMO with sulindac 

sulfone did not affect the growth-inhibition seen with the sulindac metabolite alone, 

although at day 6 the Ki-ras clone was slighly more growth-inhibited with the 

combination treatment than with sulindac sulfone alone. DFMO treatment did not affect 

the apoptotic index of Caco-2 cells, ^^ch exhibited the most apoptosis with sulfone 

treatment (Fig 17). In the Ki-ras clone, polyamine depletion did not change the 

induction of apoptosis until day 6, vv^iere the apoptotic levels increased with the 

combination treatment. Contrary to previous models that suggest polyamines mediate 

apoptosis, polyamine depletion does not appear to interfere with sulindac sulfone-

induced cytotoxicity. 

Effect of Ki-ras activation on the survival of cells exposed to sulindac sulfide or 
salfone 

In an effort to better characterize the toxicity of the sulindac metabolites in cells 

with an activated Ki-ras, the colony-forming efBciencies of Caco-2 and #60 cells were 

measured after e^qmsure to increasing concentrations of sulindac sulfide or sulfone (Fig. 

18 A-B). Cells were treated for 24 hours and then replated at diluted concentrations m 
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Figure 16. Effect of DFMO and salindac salfone on the growth of Caco-2 celb and 
Ki-ras transfectants. Caco-2 parental cells and Ki-ras clone #60 were seeded in the 
presence of vehicle (O), 5 mM DFMO (•), 600 sulindac sulfbne (O), or 5 mM 
DFMO + 600 fiM sulindac sulfone (A), and collected at 2-day intervals for growth 
analysis. (A) Viable cell number; (B) Percentage of viable cells out of the total cell 
population. Viability was determined by trypan blue dye exclusion. Data six>wn are 
fix>m one representative ejqieriment which has been replicated. 
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Figure 17. Effect of DFMO on induction of apoptosb fay snlindac snlfone. Caco-2 
parental cells and Ki-ras done #60 were seeded in the presence of vehicle (O), 5 mM 
DFMO (•), 600 nM sulindac sulfone (O), or 5 mM DFMO + 600 pM sulindac sulfone 
(A), and collected at 2-day intervals for ^»ptosis analysis. Apoptosis was determined 

light microscopy. Re^ihs are from a representative e?q)erinient which has been 
repeated. 
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Figure 18. Survival of Caco-2 parental or Ki-ras clone #60 cells in sulfide or 
snlfone. Caco-2 paiental cells (O) and Ki-ras clone #60 (•) were treated for 24 hours 
with increasing concentrations of (A) sulindac suliSde (0,75, 150, and 300 pM) or (B) 
sulindac sulfene (0, 300, 600 and 1200 |xM). Cells were replated in tr^licate at diluted 
concentrations in the absence of drug and grown for 21 days. Plates were stained with 
crystal vk>let and the number of colonies on each plate was determined. Plating 
efficiency was determined by dividing the number of colonies by the total number of 
cells plated. These numbers were then normalized to the plating ef5cienciy of non-drug-
treated controls of the same line. Data points without error bars contain a standard 
deviation too small to be represented. 
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£resh media. By this method, a 50% decrease in cell number occurred at qiproximately 

225 sulindac sulfide and 800 pM sulindac sulfone. The ejqiression of an activated 

Ki-ras did not affect the toxicity induced by either sulindac metabolite, as the transfected 

cells displayed the same toxicity as the parental cells. Activation of Ki-ras was unable to 

confer a selective cytotoxicity in the presence of either sulindac metabolite. 

Effect of DFMO on the cdony-forming efBciency of salindac sulfone- and sulfide-
treated Caco-2 ceUs 

Caco-2 cells and Ki-ras transfectants exhibit a growth cessation in response to 

polyamine depletion, which is not accompanied by a loss of viability in short-term 

experiments. Polyamine depletion in these experiments appears to have no effect on 

sulindac-induced cytotoxicity. To fiirther characterize the effects of polyanune 

depletion, both alone and in combination with sulindac, colony forming efiBciencies of 

Caco-2 and #60 cells were analyzed after e^qposure to 5 mM DFMO and increasing 

concentrations of sulindac sulfide or sulfone (Fig. 19A-B). Exposure of the Ki-ras 

transfocted cells to 5 mM DFMO had a much more pronounced effect on cell survival 

than that exhibited by the parental Caco-2 cells. Treatment of the transfected cells with 

5 mM DFMO alone resulted in a 60% decrease in cell survival compared to untreated 

transfectants, whereas in the parental cells, DFMO treatnaent alone had little effect. For 

both Caco-2 and #60 cell lines, the combination of DFMO and increasing concentrations 

of either sulindac metabolite resulted in an even iiirther decrease in cell survival, which 

suggests that DFMO is not inhibiting sulindac-induced cytotoxicity. 
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Figure 19. Effect of DFMO on snrvival of Caco-2 parental or Ki-ras clone #60 cells 
in snlindac sulfide or snifone. Caco-2 parental (• ) or Ki-ras clone #60 (• ) cells were 
treated for 24 hours with 5 mM DFMO, and then trrated for an additional 24 hours ^with 
increasing concentrations of (A) snlindac sulfide (0, 75,150, and 300 pNQ or (B) 
sulindac sulfone (0,300,600,1200 (iM) in the absence of DFMO. Cells were replated in 
tr^licate at diluted concentrations and grown for 21 days.. Plates were stained with 
crystal violet and the number of colonies on each plate was determined. Plating 
ef5ciency was determined by dividing the number of colonies by the total number of 
cells plated. These numbers were then normalized to the plating efficiency of non-drug-
treated controls ofthe same line. Data points without error bars contain a standard 
deviation too small to be represented. 
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When the survival of DFMO-treated #60 or parental Caco-2 cells was 

normalized to like DFMO-treated controls, the survival rates of the DFMO-treated cells 

mirrored those of the non-DFMO-treated cells in response to increasing concentrations 

of sulindac sulfide (Fig 20A-B). Clone #60, which expressed an activated Ki-ras, was 

slightly more resistant to the effects of sulindac sulfone than the parental cells, 

regardless of whether or not DFMO was present. 

Effect of increasing concentrations of DFMO on survival of cells with an activated 
Ki-ras 

The 60% decrease in survival of #60 clones treated with 5 mM DFMO suggests 

that polyamine depletion is selectively toxic to cells expressing an activated Ki-ras. To 

further examine this response, Caco-2 cells and clones 60 and 66 were treated with 

increasing concentrations of DFMO for 24 hours and then replated for colony formation 

(Fig. 21). Caco-2 cells were refractory to DFMO treatment, and maintained 100% 

survival at concentrations up to 5 mM DFMO. In contrast, both clone 60 and 66 

exhibited increasing toxicity with increasing concentrations of DFMO, with 50% cell 

survival occurring at only 0.5 mM DFMO. At 5 mM DFMO, cell survival for both 

trans&ctants was decreased to 20-40% of controls. This toxicity was not apparent in the 

earlier short-term DFMO treatment experiments (Fig. 18 A-B), \^ch utilized an active 

metabolism rather than cell division as the criteria for viability. In these e:q>eriments, 

polyamine depletion was selectively toxic to cells with an activated Ki-ras at 

concentrations as low as 50 (iM. 
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FIgare 20. Effect of DFMO on the dose-dependent toxicity of snlindac snlfide or 
snlfone. Caco-2 parental ( O, • ), or Ki-ras cells (•, • ) were treated with vehicle 
( O, • )or 5 mM a-difhioromediylomithine (DFMO) ( •, • ) for 24 hours, and then 
treated for an additional 24 hours with increasing concentratiDns of (A) snlindac sulfide 
(0, 75,150, and 300 |iM) or (B) sulindac sulfone (0,300,600, andl200 |iM), in the 
absence of DFMO. Cells were replated in tr^licate at diluted concentrations and grown 
for 21 days. Plates were stained with crystal violet and the number of cotonies on each 
plate was determined. Plating e£5ciency was determined by dividing the number of 
colonies by the total number of cells plated. These values were then normalized to the 
plating ef&ciency of control cells that were treated similarly with respect to DFMO 
dosage. Datapoints without error bars contain a standard deviation too small to be 
represented. 
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Figure 21. Effect of DFMO on sorvival of Caco-2 and Ki-ras transfected cells. 
Caco-2 (• ), Ki-ras #60 (• ) or Ki-ras #66 (A ) cells were treated with 0, 50, 500, and 
5000 pM DFMO for 24 hours prior to subsequent dilution and reseedii^ in triplicate in 
drug-free media. Cells were gro^ for q>ptoximately 21 days and then analyzed for 
colony-forming efficiency. Plating efficiency was determined by dividing the number of 
colonies by the total number of cells plated. These values were then normalized to the 
plating efficiency of untreated control cells of like cell type. Data points without error 
bars contain a standard deviation too sniall to be represooted. 
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Potyamine levels in salindac sulfide- or sulfone-treated cell lines 

The ras/raf-l signal transdiiction pathway can induce e^qiression of the c-myc 

protein, which is a traDscriptk>nal activator of ODC. Thus, it was of interest to 

deteraoine if the activation of Ki-ras led to increased polyamine synthesis as a 

consequence of iqiregulated ODC. The efEects of sulindac sulfide and sulfbne on 

polyamine levels was also mvestigated. Levels of intracellular polyamines were 

quantitated in parental and Ki-ras transfected cells after 24 hours of growth in normal 

media, 120 fiM sulindac sulfide, or 600 |xM sulindac sulfone (Table 3). Both spermidine 

and spermine levels were slightly lower in the Ki-ras transfectants than in parental Caco-

2 cells. The activation of Ki-ras did not appear to affect polyamine depletion in sulfide-

treated cells, however sulfone-treated Ki-ras-transfected cells had slightly higher 

polyamine levels than did sulfone-treated parental cells. 

Effects of Ki-ras activation on c-myc protein levels 

The proto-oncogene c-myc is positively regulated by Ki-ras in several cell types 

(Celano et aL, 1998; Wang et aL, 1993). C-myc levels in Caco-2 cells are positively 

regulated by intracellular pofyamine levels (Berchtokl et aL, 1998). It was therefore of 

interest to determine whether the introduction of an activated Ki-ras in Caco-2 ceUs 

affected the e^qjression of c-myc. Western blots of total cell lysates prepared firom 

Caco-2 parental cells and three transfected clones (60, 66, and 96) demonstrated a large 

increase in c-myc expression in cells with an activated Ki-ras (Fig. 22). Woric is 

currently in progress to determine whether this expression is affected by DFMO. 
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Polyamines (nmol/mg protein) 

Spd Spm 

Caco-2 8.20 10.72 

Caco-2, 120 |iM sulfide 5.58 5.69 

Caco-2,600 pM sulfone 3.30 5.42 

60 6.36 8.37 

60, 120 (iM sulfide 4.63 5.09 

60, 600 nM sulfone 4.82 7.29 

Table 3. Intracellular potyamine contents of Caco-2 cells and Ki-ras transfectant 
#60 cells treated with snlindac sulfide and sulfone. Cells were seeded at equal 
densities (1.2 x 10^ cells per 150 mm plate) in the fvesence of vehicle (DMSO), 120 
sulindac sulfone, or 600 sulindac sulfide for 96 hours prior to harvest and HPLC 
analysis. HPLC was performed according to procedures detailed in Materials and 
Methods. 
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Figure 22. C-myc protein levels in Caco-2 cells and Ki-ras transfected 
clones. Caco-2 and K.i-ras transfectants 60, 66, and 96 were harvested after 
3 days of growth for preparation of total celllysates. Each lane contained 
50 Jlg total protein. 
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Effect of Ki-ras activation on ODC expression 

Several groups have denranstrated that c-myc is a transcr^ion &ctor of ODC 

(Packham and Cleveland, 1994; Pena et aL, 1993). Since western blots for c-myc 

demonstrated an increase in c-myc protein, it was possible that c-myc was acting to 

upregulate ODC as well, as has been shown in murine myeloid cells (Packham and 

Cleveland, 1994). Caco-2 cells and Ki-ras clones 60 and 66 were grown in the presence 

or absence of 5 mM DFMO for 24 or 72 hours and then harvested for RNA analysis. 

The overexpression of an activated Ki-ras did not result in an increase in ODC mRNA 

levels, even though c-myc protein levels were substantially elevated in transfected cells 

(Fig. 23). The inhibition of polyamine synthesis by DFMO also Mled to perturb ODC 

levels in either Ki-ras transfoctants or parental cells. 

Effect of Ki-ras activation on SSAT expression 

Ki-ras may also affect polyamine levels via the regulation of catabolic pathways. 

SSAT is induced by carcinogens as well as a number of other trophic stimuli To 

determine the effects of BCi-ras activation on SSAT expression, Caco-2, Ki-ras clones 

#60, or #66 cells were harvested at daily intervals for SSAT mRNA analysis. As has 

been shown previously in HCT 116 human colon adenocarcinoma cells (Ignatenko and 

Gemer, 1996), SSAT levels increased as Caco-2 cells approached confluence (Fig. 24A-

B). In Ki-ras clone 60, SSAT levels remained 40-50% lower than parental cell levels at 

all days examined (Fig.24B). Cbne 66 had SSAT levels coiq)arable to parental cells at 

Day 6, but &iled to exhibit a characteristic growth-dependent increase in SSAT mRNA. 
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Figure 23. Effect of DFMO and Ki-ras activation on steady-state levels of ODC 
mRNA. Caco-2, K.i-ras clone #60, and clone #66 cell lines were seeded in normal 
media (C), or 5 mM DFMO (D) and harvested after 1 (Cl, Dl) or 3 (C3, D3) days of 
growth for RNA isolation and analysis. Ethidium bromide staining is shown for 
comparison of loading. Data shown are from one representative experiment which has 
been replicated. 
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Figure 24. Steady-state levels ofSSAT mRNA in Caco-2 ceUs and Ki-ras 
transfected clones. Caco-2 cells or Ki-ras clones #60 or #66 were seeded at 1.2 x I 06 

cells per 162 cm2 tissue cuhure flask. Cells were collected at days 1, 2, 3, 4 and 6 for 
total RNA isolation and northern analysis. A 32P-labeled SSAT probe was used to detect 
both transcripts of the SSAT mRNA. The same membrane was then rehybridized to a 
radiolabeled probe for glyceraldehyde 3-phosphate dehydrogenase (GAP) as a control 
for equal loading. (A) Northern blot ofCaco-2 and Ki-ras mRNA utilizing a probe for 
SSAT and GAP. (B) Relative levels ofSSAT mRNA in Caco-2 and Ki-ras cells at day 
1 (o ), 2 (rtJ ), 3 (E3 ), 4 (Sf), and 6 <• ), as measured by densitometry. Relative levels of 
mRNA species were corrected for RNA loading as measured by densitometry of GAP. 
Data shown are from one representative experiment which has been replicated. 
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SnTTimary 

Caco-2 human colon adenocarcinoma cells overexpressing an activated Kirstenr 

ras gene did not exhibit altered growth rates in the presence or absence of sulindac 

sulfone, sulindac sulfide, or a-difluoromethylomithine when compared to those of 

parental cells. Sulindac sulfide and sulfone accelerated the induction of apoptosis in Ki-

ras transfected clones, but the overall survival of Caco-2 parental cells and transacted 

clones, as determined by colony-forming efSciency, was similar in both treatment 

groiq>s. DFMO did not affect the inductk>n of ^wptosis by sulindac sulfone, nor did it 

increase the toxicity of sulindac sulfone or sulfide in long-term survival studies. 

Treatment of Ki-ras-transfected cells with increasing concentrations of DFMO alone 

resulted in a dose-dependent cytotoxicity, whereas parental cell survival remained 

unaffected by DFMO treatment at all concentrations tested. Ki-ras transfection caused 

an increase in the expression of c-myc protein, but did not increase steady-state levels of 

ODC mRNA. SSAT mRNA levels in Ki-ras cells were lower than in parental cells. 



103 

CHAPTERS 

DISCUSSION 

CataboUsm of the polyamine analogae CBXNSpm 

Cytotoxicity resulting from polyamine and polyamine analogue accumulation 

has been reported in a number of cell lines (Xie et aL, 1997; Mitcbell et ai, 1992; Ha et 

aL, 1997). The present study suggests that polyamine catabolic mechanisms may protect 

cells from the cytotoxic effects of polyamine analogues in the same manner as they 

prevent polyamine-mediated cytotoxicity. Both PAO and the diamine exporter appear to 

be inqwrtant contributors to this process. 

The appearance of an unknown peak in HPLC chromatagrams of CHENSpm-

treated cell extracts suggested that in Chinese hamster ovary cells, CHENSpm was a 

substrate for the FAD-dependent PAO. The bis-alkylated nature of the CHENSpm 

molecule precluded its detection by the HPLC methods used in this study, since the post-

column derivatization methods enq>loyed required the presence of a free terminal amino 

groiQ). The detection of an unknown molecule in HPLC chromatagrams of CHENSpm-

treated CHO cell extracts combined with the reduction of this peak in HPLC 

chromatagrams from MDL and CHENSpm-treated CHO cell extracts, suggests that this 

peak represents a product of a PAO-mediated oxidation reaction. Both MDL 72.521 and 

the related conopound, MDL 72.527 (Fig 2), are potent, highly-specific inhibitors of the 

FAD-dependent PAO (Edwardset aL, 1990; Bey et aL, 1985), and do not inhibit related 

oxidases such as monoamine oxidase or diamine oxidase (Bey et aL, 1985). 
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Several studies suggest that PAO can utilize polyamine analogues as substrates, 

(Edwards et aL, 1990; Bolkenius and Seiler, 1989; Ha et aL, 1997; Pegg and Hu, 1995). 

BoDcenius and Seiler (1989) have proposed a reaction mechanism whereby N-alkyl 

derivatTves can be considered prodrugs of aldehydes, with the oxidation reaction 

releasing the internal aldehyde fix}m its precursor (Fig. 25A). The miTm'niiTn structural 

requirments, as determined by their evaluation of a number of structurally similar 

analogues, are a diamine with an alkyl substituent on one or both ends of the molecule, 

and a primary hydrophobic side chain of less than six carbons. The length of the central 

carbon chain is not critical, nor is the length of the substituent on the second nitrogen 

atom of the diamine (Le. the part of the molecule which becomes the aldehyde). 

By this criteria, CHENSpm is a potential substrate of PAO. The putative 

structures resulting from PAO-medlated CHENSpm oxidation are shown in Figure 25B. 

The metabolite seen in HPLC chromatagrams ehites between spermidine and spermine 

(Fig. lie. Peak X), suggests that the unknown structure contains three amino groups, 

and is slightly larger than spermidine. This suggests that cleavage is occurring to 

liberate cycloheptyl-aminopropionaldehyde and N-ethyl-spermidine. Another potential 

product, ^diich matches a peak seen in the chromatograms, is the release of cycloheptyl-

aldehyde. This would produce a tetraamine that is larger than spermine, which may 

correspond to a peak that ehites after spermine in the CHENSpm-treated HPLC sanq)les 

yet disappears with the addition of PAO mhibitor (Fig 1IC, Peak Y). 

PAO appeared to have a protective effect on cells treated with CHENSpm, as 

evidenced by the growth and apoptosis data of HCT 116 and CHO cells treated with 
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Figure 25. PAO-mediated d^mdation of bis-alkylated potyamine analogues. (A) 
Proposed mechanism for the actk)n of PAO on alkylated putrescine and spermine 
analogues. (B) Putative CHENSpm metabolites that may correspond to unidentified 
peaks seen in the HPLC chromatograms of CHENSpm-treated cells. 
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CHENSpm. Chinese hamster ovaiy cells contained up to SOO times more PAO activity 

than do HCT 116 cells, and were unaffected by the presence of 10 uM CHENSpm. 

HCT 116 cells treated in a similar manner were severely growthrinhibited and 

underwent a large induction of apoptosis. When CHO cells were treated with 

CHENSpm and PAO inhibitor, growth was only moderately siqjpressed, with no 

induction of apoptosis. This suggested that the metabolite(s) of CHENSpm degradation 

by PAO was not toxic to the cell, but \^n PAO was blocked, the unmetabolized form 

of CHENSpm was growtb-inhibitory. The generation of H2O2 as a by-product of the 

oxidation reaction (Seller, 1987) was of little consequence to cell growth under these 

conditions. This is similar to findings by Ha et aL that both MDL 72.521 and catalase 

failed to inhibit CHENSpnt-induced apoptosis in NCI H187 cells (Ha et aL, 1997). 

The diamine e}qx>rter also appeared to be an important mechanism of CHENSpm 

detoxification. Treatment of CHO cells with CHENSpm and the DAX-inhibitor 

verapamil had no effect on cell growth or apoptosis rates, but cotreatment with the PAO 

inhibitor resulted in the induction of apoptosis. Combined treatment of cells with both 

MDL and verapamil was not growth inhibitory, suggesting that the inhibition of PAO 

was causative for apoptosis induction. The diamine exporter does not £^pear to 

:l̂ ilitate transport of the CHENSpm metabolite identified by HPLC, however the 

cytotoxicity of ver^)amil in cells that are normally growth-siq)pressed by the MDL-

CHENSpm combination suggests that DAX may facilitate transport of CHENSpm itsel£ 

This is in keeping with the structure of DAX substrates proposed by Xie et aL (1997a). 

Although DAX does not e:qx>rt spermine, the alkylation of the aminotermini of 
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CHENSpm may sufficiently neutralize these charges to render it a substrate for the 

ejqwrter. Both N'- and N^-monoacetylspermidine accumulated in CHO cells treated 

with verapamil, implicating charge neutralization as a &ctor in DAX substrate 

specificity (Xie et aL, 1997). 

The effects of MDL and Verapamil on CHENSpm-indiiced toxicity suggested 

that PAO and DAX may be con:q)eting mechanisms of detoxification. DAX appeared to 

be less critical, as evidenced by the lack of growth inhibition in cells treated with 

CHENSpm and verapamil When PAO was inhibited, however, DAX activity appeared 

to be critical to cell survival. 

Treatment of cells with DFMO and CHENSpm suggests that CHENSpm import 

was not mediated by the same transport mechanism as the polyamines. Intracellular 

levels of BESpm, BEHSpm, and BENSpm have been shown to increase with DFMO 

treatment, but these conqmunds do not accumulate in a nuitant CHO line which lacks a 

polyamine transport system (Byers and Pegg, 1989, 1990). Treatment of CHO cells 

with DFMO and CHENSpm would be expected to increase intracellular levels of 

CHENSpm, as well as intracellular levels of the CHENSpm metabolite, if CHENSpm 

were in^rted in the manner as the polyamines. DFMO and CH^Spm did not 

result in a greater cell toxicity, nor did it increase the levels of detected metabolites. 

Since the PAO activity was not saturated at 10 uM CHENSpm, elevations in 

intracellular CHENSpm should have produced a larger amount of metabolite. This 

suggests that an increase in CHENSpm uptake does not occur with concomitant 

polyamine depletion. 
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Although DFMO did not increase levels of metabolite in CHENSpm-treated 

cells, DFMO appeared to have a greater effect on CHENSpm-induced cytotoxicity when 

administered in combiziation with the catabolic inhibitors. Polyamine depletion 

combined with CHENSpm treatment did not resuk in an additional growth suppression, 

yet in the presence of verapamil, cell growth was mininial. Combined treatment with 

both PAO and D AX inhibitors resulted in cell death that was primarily due to the 

massive induction of apoptosis. This data suggests that it is not the depletion of 

polyamines that is causing cytotoxicity with CHENSpm treatment, but the accumulation 

of the analogue itself which is causing the induction of ^wptosis in the absence of 

normal levels of intracellular polyamines. 

The mechanisms behind the cytotoxicity of the analogues is not well-

characterized. The massive induction of SSAT in response to bisalkylated polyamine 

aiialogues has been an ^jpealing focus of investigation into the mechanisms behind 

analogue-induced apoptosis, however a consistent correlation between NSSAT-

induction and growth inhibition has not been established (Casero et aL, 1995; Chang et 

aL, 1992; Parry et aL, 1995; Pegg et aL, 1990; Pegg et aL, 1989). The increased 

oxidation of acetylated amines, and thus the generation of reactive oxygen species, has 

been suggested as a potential mechanism by which SSAT could mediate the induction 

of apoptosis (Ha et aL, 1997; Hu and Pegg, 1997; Packham and Cleveland, 1994). 

Attempts to inhibit analogue-induced apoptosis by cotreatment of cells with PAO 

inhibitors or antioxidants have produced mixed results (Pegg et aL, 1990; Hu and Pegg, 

1997). Even between the structurally similar compounds CPENSpm and CHENSpm, 
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PAO-inHbition was able to reduce CPEMSpm-induced apoptosis but had no efEect on 

that induced by CHENSpm (Ha et aL, 1997). 

Unlike the majority of bis-alkylated polyamine analogues, CHENSpm is not a 

potent inducer of SSAT (Ha et aL, 1997). In the present study, CHENSpm treatment of 

CHO cells resulted in only a small increase in levels of N'-acetylspermidine.which 

suggests that the induction of apoptosis seen with this con^und does not involve 

siq)erinduction of SSAT. The protective ftmction of PAO with respect to CHENSpm 

treatment also discounts the production of HzOi as an inducer of ^wptosis. 

The effects of DFMO on the CHENSpm treatment groiq>s suggests that CHENSpm 

itself is the toxic entity. A correlation has been found between BESpm accumulation 

and increased apoptosis in Chinese hamster ovary cells (Hu anH Pegg, 1997), v^ch can 

be potentiated by cycloheximide and/or DFMO. Analogue cytotoxicity has been linked 

to alterations in mitochondrial structure and enzyme activities (Albanese et aL, 1993; 

Davis, 1990; Snyder et aL, 1994;), as well as altered macromolecular binding, 

specifically at the level of chromatin aggregation (Denstman et aL, 1987; Brune et aL, 

1991). The intracellular accumulation of CHENSpm may cause the induction of 

apoptosis by failing to substitute for the polyamines at critical binding sites, T^ch 

would be exacerbated by polyamine depletion caused by DFMO. Spermidine and 

spermine are known to bind differently to DNA Metabolism of this analogue by PAO 

may result in a molecule that interacts in a different manner with nucleic acids, and is 

unable to potentiate the structural changes that would otherwise lead to an apoptotic 

response. 
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Effects of polyamme depktion on safindac-indnced cytotoxicity 

In the present study, the polyamine synthesis inhibitor a-difluoromethyiomithine 

was selectively toxic to cells overexpressing a constituitively active Ki-ras protein. Ki-

ras activation did not appear to render cells susceptible to cytotoxicity exerted by either 

metabolite of the NSAID sulindac. This suggests that the antitumor e£fects of DFMO 

and the NSAlDs seen in the AOM-rat model occur through di£ferent mechanisms. 

The expression of an activated Kir-ras did not appear to change the growth rate of 

transacted cells, even in clones which expressed high levels of the protein. Nor did 

sulindac sulfide or suifone exert a Ki-ras-specific e£fect on growth. These data are in 

contrast to work demonstrating a positive correlation between Ki-ras expression and 

growth rates in DLD-1 and HCT 116 human colon cell lines (Sharisawa et aL, 1993). 

A number of studies suggest that NSAID-mediated chemopreveotion occurs 

through the induction of apoptosis (Bedi et aL, 1995; Boolbol et aL, 1996, Samaha et aL, 

1997), however the role of Ki-ras activation in this process has not been extensively 

investigated. One groiq> has foimd that Ki-ras activation in rat enterocytes confers 

resistance to £qx)ptosis induced by sulindac sulfide (Arber et aL, 1997). In the present 

study, treatment of transfected Caco-2 cells with sulindac sulfide and suifone resulted in 

a Ki-ras-dependent induction of ^x>ptosis. i^)optosis induction by both sulfide and 

suifone occurred several days earlier in Ki-ras transacted cells than in parental cells, 

although maximal levels of ^>optosis in both transfectants and parental ceUs were 

similar. The efGcacy of sulindac suifone suggests that the involvement of both 

prostaglandin-dependent and independent mechanisms. 
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The Ki-ras-dependent acceleration of apoptosis seen with sulindac treatment 

^>peared to be inconsequential with respect to overall cytotoxicity. Survival studies 

with increasing concentrations of sulindac sulfide or sulfone did not reveal any 

differences in colony-forming efSciency between Ki-ras transiectants and parental 

Caco-2 cells, though cytotoxicity in both cell types was correlated with increased drug 

concentrations. These data suggest that although Ki-ras activation may render cells more 

susceptible to progranmied cell death, the cytotoxicity induced by sulindac and its 

metabolites occurred through a Ki-ras-independent mechanism. 

The effect of the NS AlDs on Ki-ras mutation frequency of AOM-induced tumors 

may also be caused by a mechanism in which Ki-ras mutation is necessary but not 

sufScient to confer cytotoxic susceptibility. It is well-established that colon tumors arise 

as a result of multiple genetic alterations (Carethers, 1996; Vogelstein et aL, 1988), a 

number of which are reproduced in the AOM-rat model of colon carcinogenesis 

(Erdman 1997; Singh and Reddy, 1995). Thus, the inhibition of tumorigenesis by 

sulindac may depend on the interaction of several altered signaling pathways, only one 

of which is influenced by an activated Ki-ras. 

These data also demonstrated a lack of synergy between DFMO and either 

sulindac sulfide or sulfone. Adniinistration of both piroxicam and DFMO in the AOM-

rat model is synergistically cbemopreventive, decreasing both the number of existing 

tumors as well as the number of tumors with an activated Ki-ras (Reddy et aL, 1990). In 

the present study, treatment of Caco-2 cells with DFMO did not affect the induction of 

^)optosis by the sulindac derivatives, nor did it increase their toxicity in long-term 
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survival studies. Thus, DFMO and sulindac may utilize different mechanisms to prevent 

tumorigenesis. 

This possibility is further siqjported by the selective cytotoxicity of DFMO seen 

in cells with an activated Ki-ras. Treatment of both Ki-ras clone 60 and 66 with 

increasing concentrations of DFMO led to a dose-dependent decrease in colony-forming 

efSciency, whereas survival of parental cells was unaffected. Twenty-four hours of 

treatment with 5 mM DFMO was sufQcient to reduce colony-forming efficiency of the 

Ki-ras transfoctants by 40%, even though cells were subsequently incubated in normal 

media for an additional 24 hours prior to replating. Concentrations as low as 50 ^M 

DFMO were also nooderately cytotoxic. In short-term growth e:q)eriments, where ceUs 

were e?q)osed to 5 mM DFMO continuously over a 6-day time course, exclusion of 

trypan blue dye in either the Ki-ras cells or parentals was imaffected. The ceUs ^ipeared 

to be metabolically active during this time period, yet the colony-forming efficiency data 

indicate they were unable to proliferate. The cytotoxicity of DFMO on cells with an 

activated Ki-ras is consistent with other studies showing potent chemopreventive effects 

of DFMO on AOM-induced tumorigenesis as well as the development of tumors with an 

activated Ki-ras (Singh, et aL, 1994; Kulkami et aL, 1992). 

The mechanism by which DFMO prevents Ki-ras-dependent tmnorigenesis in the 

AOM-rat noodel is unknown. It has been proposed that sulindac and DFMO act through 

a common pathway involving the inhibition of prostaglandin synthesis (Reddy et aL, 

1990), since ODC activity can be inhibited by agents which inhibit cyclooxygenases 

(Reddy et aL, 1990; Reddy et aL, 1988). The effects of DFMO or sulindac did not appeat 
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to be due to a q)ecijGc si^)pFession of a Ki-ras dependent increase in intracellular 

polyamine levels. Spermidine and spermine levels in Ki-ras transfected cells were 

slightly below that of non-transfected cells. Sulindac sulfide and sulfone caused slight 

decreases in polyamine levels of both ceU types. 

Quantitation of c-myc protein by western blot revealed an upregulation of c-myc 

in Ki-ras transfected ceUs con:q)ared to parental Caco-2 cells. This is consistent with 

other studies which have demonstrated a positive regulation of c-myc expression by Ki-

ras (Shirasawa et aL, 1993; Tabib and Bachrach, 1994). C-myc expression has been 

shown to be downregulated in several cell types, including Caco-2 cells (Berchtold et 

aL, 1998) imder conditions of polyamine depletion (Wang et aL, 1993; Celano et aL, 

1988). The effect of DFMO on c-myc expression in Caco-2 cells is under current 

investigation. 

In spite of the increase in c-myc protein, levels of ODC mRKA remained 

constant. This is in contrast to stiidies in murine myeloid cells demonstrating a c-myc-

dependent increase in ODC mRNA (Packham and Cleveland, 1994). It is possible that 

ODC translation is affected by Ki-ras e^qiression, though the similarity of spermidine 

and spermine levels in Caco-2 and Ki-ras cells suggests this is not the case. 

Ki-ras activation did appear to suppress SSAT induction at the level of mRNA 

synthesis. SSAT is induced under conditions of stress (Casero and Pegg, 1993; Seiler et 

aL, 1980; Ignatenko and Gemer, 1994) and has been suggested as a protective 

mechanism for cell survival (Chopra and Wallace, 1998). SSAT induction may be 



114 

iiiq>oitaiit in protecting cells from the consequences of polyamine depletion, either 

through polyamine interconversion or through the action of acetylated amines. 

A model for the actions of DFMO and NSAIDs in cells with an activated Ki-ras 

is shown in Fig. 26. The chemopreventive effects of the NSAIDs do not £q>pear to be 

dependent on an activated Ki-ras. The induction of apoptosis may occur through the 

inhibition of prostaglandin synthesis, or in the case of sulindac sulfone, a prostaglandin-

independent mechanism that is also independent of Ki-ras activation. The activation of 

Ki-ras may lead to the downregulation of genes that are not necessary for growth, but 

are necessary for cell survival, such as SSAT. This downregulation may not cause 

toxicity unless the cell imdergoes the additional stress of polyamine depletion, in which 

case the genes normally eiqiressed during conditions of stress are not available to protect 

the cell from a cytotoxic response. 



115 

NSAIDs 
Apoptotic 
Cell Death 

COX 

Ki-Ras* 

C-myc 

ODC DFMO 
Non-Apoptotic 

Cell Death 

Survival 
Factors 

Figure 26. Model for the toxicity of NSAIDS and DFMO in ceils wttfa an activated 
Ki-ras. 



116 

SUMMARY AND PERSPECTTVES 

Although adequate levels of intracellular polyamines are required for cell 

growth, sufficiently high levels of the polyamines can result in cytotoxicity and the 

induction of apoptosis. Polyamine levels are decreased through a variety of mechanisms 

inchiding downregulated synthesis and import, as well as increased cataholism and 

polyamine e?q)ort. Polyamine depletion in the presence of growth-inhibitory stimuli has 

been shown to protect cells from the induction of apoptosis. In this study, I examined 

the effect of polyamine depletion on the induction of apoptosis. The polyamine 

analogue CElENSpm was used to study the role cataholism and export in CHENSpm-

mediated cytotoxicity, while the polyamine synthesis inhibitor DFMO Avas used to 

examine the effect of polyamine depletion (through the inhibition of polyamine 

synthesis) on the induction of ̂ x>ptosis by the non-steroidal anti-inflammatory drugs. 

Polyamine oxidase appeared to exert a protective effect on cells e^qwsed to the 

polyamine analogue CHENSpm. HCT 116 cells, \^ch had very low levels of PAO 

activity, were severely growth-inhibited, whereas CHO cells, which exhibit high levels 

of PAO, were unaffected by CHENSpm treatment. The inhibition of PAO in 

CHENSpm-treated CHO cells led to a moderate growth suppression which became 

cytotoxic in the added presence of verapamil, a calciimi channel blocker that has been 

shown to block polyamine export. 

Several studies have suggested that polyamine analogues can be metabolized by 

PAO, in much the same manner as it metabolizes its preferred substrate, N^-



117 

acetylspermidine. This was siqjpoited by HPLC chromatograms demonstratiiig an 

unidentified amine in CHENSpm-treated cells which was not present when a PAO 

inhibitor was co-administered. Levels of this putative metabolite did not increase with 

verapamil treatment, suggesting the metabolite is not a substrate for the exporter. 

Verapamil did, however, caused a substantial increase in cytotoxicity in cells also 

treated with CHENSpm and PAO inhibitor. This suggests that the CHENSpm molecule 

itself may be a substrate for the Hiamine exporter. 

Further studies of the mechanism behind CHENSpm detoxification are in 

progress. The identity of the putative CHENSpm metabolite is currently being 

determined by liquid chromatography-mass spectrometry in collaboration with Dr. Dan 

Liebler at the University of Arizona College of Pharmacy. I am also attempting to 

determine whether the ver^)amil-sensitrve diamine exporter is capable of nviHiatTTig 

CHENSpm transport. The elucidation of the mechanisms behind CHENSpm-mediated 

cytotoxicity may serve as a model for polyamine detoxification and for forther 

understanding of the role of catabolism in the prevention of apoptosis induction. 

The effect of polyamine depletion in NSAID-induced ̂ )optosis was also 

investigated. Both DFMO and NS AIDs have shown dramatic chemopreventive efiBcacy 

in rodent models of carcinogenesis. Treatment with these agents decreases tunoor 

incidence as well as the fi«quency of Ki-ras mutation in existing tumors. The NSAID 

sulindac, and its metabolites, sulindac sulfide and sulfone, have been shown to exert 

their chemopreventive effects by the induction of ̂ ptosis. It is not known v^diether the 
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cytotoxicity of sulindac is dependent on Ki-ras activation, nor if polyamines are 

necessary for sulindac-mediated induction of apoptosis. 

Caco-2 cells transfected with an activated Kirsten-ras underwent an accelerated 

^wptosis induction upon sulindac sulfide or sulfone treatment, yet Tnavimal apoptosis 

induction was similar between parental and transfected Caco-2 cells. The survival of 

Caco-2 cells exposed to increasing concentrations of sulindac suLSde or sulfone was not 

altered by the e^qiression of an activated Ki-ras. This suggested that the sulindac-

mediated induction of apoptosis in chemically-induced rodent tumors is not the result of 

specific cytotoxicity against cells with an activated Ki-ras. 

DFMO was selectively toxic to cells with an activated Ki-ras. Two clones 

e^qyressing lii£h levels of activated Ki-ras underwent a dose-dependent cytotoxicity with 

increasing concentrations of DFMO, ^^1lereas parental cell survival was unaffected by 

DFMO treatment at all concentrations tested. Like sulindac, DFMO treatment has been 

shown to decrease the frequency of Ki-ras mutations in AOM-induced rat colon tumors. 

The results of the present study si^est that Ki-ras activation may be a critical &ctor in 

DFMO-mediated chemoprevention. 

These data open new avenues of investigation into the mechanisms behind the 

antitumor efiTects of DFMO. The role of the polyamines in cells with activated 

oncogenes has not been extensively investigated. Caco-2 Ki-ras clones expressed higher 

levels of c-myc than did Caco-2 parental cells, and it is possible that elevated c-myc 

e}q)ression may play a role in the selective toxicity of DFMO in these cells. Polyamine 

depletion downregulates the expression of a number of genes. The introduction of a 
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constituitive growth signal, such as that seen with Ki-ras activation, may cause a conflict 

with this downregulation that results in cytotoxicity. The identification of Ki-ras-

dependent changes in gene expression, and the influence of polyamine levels on the 

expression of these genes, may further elucidate the mechanism behind the Ki-ras-

dependent cytotoxicity of DFMO. 
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