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ABSTRACT OF THE DISSERTATION 

 

Putrescine-Mediated Changes in Mammalian Intracellular Polyamine Levels 
Increase Spermidine/Spermine-N1-Acetyltransferase Activity and Increase Gene 

Expression of Several Cell Cycle-Related Genes 
 

by 

 

Allan Atienza Ancheta 

 

Doctor of Philosophy, Graduate Program in Biochemistry & Molecular Biology 
University of California, Riverside, June 2010 

Dr. Craig V. Byus, Chairperson 
 

Polyamines are aliphatic polycations existing in all living organisms and 

are essential for life.  Most organisms synthesize three types of polyamines: 

putrescine, spermidine, and spermine.  Putrescine is the product of the rate-

limiting reaction of ornithine decarboxylase (ODC) and the amino acid ornithine.  

Spermidine and spermine are downstream metabolites sequentially derived from 

putrescine.  In a recent landmark colon cancer chemopreventative clinical trial 

researchers found that combining α-difluoromethylornithine (DFMO), a selective 

ODC suicide inhibitor, and sulindac, a nonsteroidal anti-inflammatory drug, led to 

a 70% reduction of recurrence of all adenomas and a 90% reduction of recurrence 

of advanced and/or multiple adenomas over a 3-year treatment.  This study 

shows that polyamine metabolic enzymes are attractive targets for possible 

chemotherapeutics.  Our previous research has shown that stable ODC 
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overexpression led to increased ODC activity, elevated intracellular putrescine 

levels with concomitant losses of spermidine and spermine, and increased 

spermidine/spermine-N1-acetyltransferase (SSAT) activity.  Following a genome-

wide array analysis on the effects of ODC overexpression in mammalian cell lines, 

several cell cycle-related genes were found to be upregulated.  We investigated 

whether changes in polyamine levels, polyamine metabolism, and gene 

expression following stable ODC overexpression could be replicated following 

treatment with exogenously supplied putrescine.  We observed that intracellular 

putrescine levels following treatment with exogenous putrescine accumulated to 

levels observed during stable ODC overexpression.  These putrescine-mediated 

changes in intracellular putrescine pools also led to increased mRNA levels and 

activity of SSAT and to increased gene expression of ID1, c-Jun, and c-Fos in a 

time- and dose-dependent manner.  We also determined that the observed 

increases in gene expression were mediated by the accumulation of intracellular 

putrescine independent from the activation of key, rate-limiting polyamine 

metabolic enzymes.  Changes in intracellular polyamine pools, polyamine 

metabolism, and gene expression following the administration of exogenously 

supplied putrescine closely resembled the changes observed following stable 

ODC overexpression. 
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GENERAL INTRODUCTION 

The three naturally occurring polyamines in mammalian cells are 

putrescine, spermidine, and spermine.  Although the cellular functions of these 

polyamines are still largely unknown, many studies have shown that these 

polycationic compounds are necessary for growth and proliferation of mammalian 

cells [1].  The exogenous sources of polyamines include diet and gut bacteria. 

Polyamines are also derived from endogenous polyamine metabolism.   

Ornithine decarboxylase (ODC) is the key rate-limiting enzyme of the 

polyamine biosynthetic pathway that converts ornithine into putrescine (Figure 

1.1).  Sources of ornithine come from breakdown of arginine by arginase and/or 

from breakdown of agmatine by arginine decarboxylase.  Spermidine is formed 

from putrescine through the addition of an aminopropyl group donated from the 

enzymatic actions of s-adenosyl-L-methionine decarboxylase (SAMDC or 

AdoMetDC).  s-Adenosyl-L-methionine (SAM), which is a major donor of the 

methyl groups, is also catabolized by SAMDC by removal of the carboxyl group 

forming decarboxylated SAM (dcSAM).  dcSAM serves as an aminopropyl donor 

for the larger polyamines.  Spermidine synthase (SpdS) transfers an aminopropyl 

group from dcSAM to form spermidine from putrescine.  Spermine synthase 

(SpmS) transfers an aminopropyl group from dcSAM to form spermine from 

spermidine.  5'-methylthioadenosine (MTA) is the product from the aminopropyl 

group transfers.   
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ODC catalyzes the conversion of ornithine into putrescine.  ODC is a 

homodimer, and its regulation is mediated by a small protein called antizyme (Az) 

[2].  Aberrant regulation of ODC has been implicated in various diseases and 

thus makes ODC an attractive target for regulation by inhibitor [3].  One key tool 

used in myriad studies to inhibit ODC activity and deplete polyamines is α-

difluoromethylornithine (DFMO).  DFMO is a suicide inhibitor of ODC and is 

arguably the most used inhibitor of the polyamine pathway [4].  The effectiveness 

of DFMO as an inhibitor of polyamine biosynthesis has been associated with 

reduction in growth rates, cell size, and cell death [4, 5].  ODC and its connection 

with neoplastic growth continues to be investigated, and this relationship makes 

ODC a favorable target for potential chemotherapeutics [6].   

SAMDC is also a rate-limiting enzyme in the polyamine biosynthetic 

pathway.  Putrescine strongly induces the autocatalytic and decarboxylation 

reactions in human SAMDC.    Previous research has also shown that treatment 

with DFMO and the subsequent reduction in putrescine also raises SAMDC 

activity [7].  SAMDC is a homodimer with two active sites and two putrescine 

binding sites [8].  SAMDC is activated by low concentrations of putrescine 0.5 µM 

and noncompetitively inhibited by spermine 0.5 mM [9].  Inhibition of SAMDC can 

be accomplished by treatment with methylglyoxal bis(guanylhydrazone) or 4-

amidoinoindan-1-one-2’-amidinohydrazone (CGP48664A or SAM486) [10].  

Studies investigating SAMDC as a target for therapeutics have found that 
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inhibiting SAMDC with SAM486A leads to reduction in polyamines, accumulation 

of p53, and cell cycle arrest in neuroblastoma cell lines [11, 12].   

Spermidine synthase (SpdS) and spermine synthase (SpmS) are 

aminopropyltransferases that catalyze the transfer of the aminopropyl group to 

assemble spermidine from putrescine and spermine from spermidine.  Deletion 

of SpmS in male Gyro (Gy) mice has been characterized with substantial 

increases in spermidine levels, low levels of spermine, greatly reduced size, 

deafness, and short life spans [13-15].  Defects in human SpmS has been the 

cause of the Snyder-Robinson syndrome, an X-linked mental retardation disorder 

which leads to increased spermidine pools and SRS complications such as mild-

to-moderate mental retardation, hypotonia, and facial asymmetry [16].   

The polyamine catabolic branch of polyamine metabolism reverts the 

larger polyamines down to putrescine (Figure 1.1).  Within the catabolic branch, 

two fates of the initial polyamine, spermine, have been determined.  The first 

pathway consists of an acetylation of the end of spermine by 

spermidine/spermine-N1-acetyltransferase (SSAT) forming N1-acetylspermine.  

Acetylspermine is further processed by peroxisomal flavoprotein N1-

acetylpolyamine oxidase (APAO).  APAO catabolizes N1-acetylspermine into 3-

acetoamidopropanal (3-AAP), H2O2, and spermidine.  Spermidine is also 

acetylated by SSAT and further processed by APAO into 3-AAP, H2O2, and 

putrescine.  Spermine can also be processed into spermidine and bypassing 
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acetylation through spermine oxidase (SMO).  SMO catabolizes spermine into 3-

aminopropanal (3-AP), H2O2, and spermidine.  

SSAT catalyzes the primary step in polyamine back conversion.  An acetyl 

group from Acetyl-CoA is transferred onto the terminal ends of spermine and/or 

spermidine.  The acetylated polyamines become preferential substrates for 

APAO.  SSAT is active as a homodimer consisting of two active sites.  The 

turnover rate of SSAT is typically 15 minutes [17], and its activity is typically low 

during inactive states.  Many studies reveal that SSAT is highly inducible through 

a myriad of agents leading to various affects including DNA damage and cell 

death.  Besides spermidine and spermine as natural polyamine inducers of SSAT 

activity, several polyamine analogues of spermine including DENSpm and 

BENSpm have demonstrated robust SSAT activity.  Additional agents that 

stimulate SSAT activity include NSAIDS, chemotherapeutic drugs, and 

ischemic/reperfusion injury [17, 18].  In addition to the other factors that may be 

attributed to elevated SSAT as characterized in these reviews [17, 18], increased 

SSAT activity can also lead to elevated levels of putrescine [19].  However 

putrescine itself has not been previously thought to lead to direct increases in 

SSAT [17, 18]. 

APAO is localized to the both cytoplasm and peroxisomes, and its activity 

is dependent on the availability of N1-acetylpolyamines [20, 21].  Due to its high 

activity and slow turnover rate, APAO is thought to be constitutively expressed in 
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most tissues [22].  APAO activity was also found to be induced by polyamine 

analogues [20].   SMO is primarily located in cytosol and in low levels [21].  Its 

activity is readily induced by many of the same polyamine analogues that also 

high induce SSAT activity [23]. 

Polyamine transport represents another source of polyamines.  Previous 

studies have shown that in Escherichia coli polyamine transport is meditated 

through various polyamine selective transports.  Putrescine may also be 

imported from exogenous sources through uptake system Pot-FGHI [24] and 

PuuP [25].  Spermidine uptake is mediated through Pot-ABCD in E. coli.  In 

mammalian cells, polyamine uptake is mediated through a K-RAS regulated 

caveolar-dependent endocytic mechanism [26]. 

For a number of years, researchers have noted that cancer cells have 

higher levels of ODC activity than do the corresponding non-cancerous tissues 

[27-31]. Because increases in ODC activity (and  subsequently, the polyamines) 

occur regularly in the cell cycle and are necessary before successful cell division 

can occur, the exact role of these increased polyamine levels in tumorigenesis 

was not completely understood.   It was unclear whether the increases in ODC 

and polyamine levels directly participated in the generation on the cancer 

phenotype, or whether, these increases were only a result of the increased cell 

cycling that is a hallmark of many cancerous cells and tumors [32-35]. 
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This “chicken or egg” conundrum was clearly resolved by the production of 

a transgenic mouse that overexpressed ODC only in keratinocytes [36, 37]. 

Although the overexpression of ODC alone in these animals was not sufficient of 

a stimulus to cause the appearance of tumors, when, the skin of these transgenic 

mice was treated with a low dose of the mutagen 7,12-

dimethylbenz[a]anthracene (DMBA), an initiator of v-Ha-ras, papillomas were 

readily formed [38]. This observation indicated that elevated ODC and the 

resulting increases in intracellular polyamines could act as a tumor promoter 

(taking the place of phorbol esters) in this two-stage model of tumorigenesis [39-

41]. There have been many other studies which have further implicated ODC 

overexpression and increased polyamines as a causative factor in other 

experimental models of cancer development and in the etiology of human 

cancer. 

While the precise mechanism(s) by which increases in ODC activity (and 

intracellular polyamine levels) lead to tumor formation are unknown, it appears 

likely that there must first be an independent initiating event (mutation) that will 

allow the elevated polyamines to promote tumor growth. This was also 

demonstrated when a transgenic mouse that expressed the mutant form of v-Ha-

ras (that normally results from DMBA exposure) was crossed with the ODC 

overexpressing mouse line. While neither of these two transgenic mouse lines 

individually bore any tumors, when bred to each other, the resulting offspring 

spontaneously produced papillomas without the need for any further input [42].  
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Additionally, once formed, these tumors could be regressed by the administration 

of DFMO in the drinking water of the tumor bearing mice. When DFMO was 

removed from the water, the tumors reappeared at the same sites that they had 

occupied prior to the DFMO-mediated regression [43]. These observations 

underscore the reversible role that ODC activity and increased polyamine levels 

play in the promotion and maintenance of these papillomas. 

Our hypothesis was that ODC overexpression and sustained elevated 

polyamine accumulation led to an alteration in net gene expression of a specific 

subset of genes involved in tumor promotion. Although a number of genes have 

been shown to be differentially expressed in various tumor tissues, only SSAT 

has been definitively shown to have a polyamine responsive element in its 

upstream regulatory region [44].  Further, in the case of the transgenic mouse 

model, the overexpression of ODC in the keratinocytes was chronic in nature. 

These continuously elevated intracellular polyamine concentrations may have, 

over time, brought about a series of accommodative long-term changes in the 

metabolism or gene expression patterns in these keratinocytes that were 

responsible for the tumor promotion. 

For these reasons, our laboratory became interested in the subset of 

genes whose levels of expression are affected in the short term by acute 

changes (either up or down) in intracellular polyamine pools. In an effort to 

identify “early” polyamine responsive genes, we developed model systems using 
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the T-Rex system (Invitrogen) to produce a series of human cell lines containing 

an inducible antizyme-resistant truncated-ODC cDNA. The resulting cell lines 

were named 293 ODC/Tet-Ind (derived from the 293 human embryonic kidney 

cell line); MCF-7 ODC/Tet-Ind (derived from the MCF-7 human breast cancer cell 

line); and LNCaP ODC/Tet-Ind (derived from the LNCaP human prostate cancer 

cell line). In the absence of tetracycline, all of these cell lines had low basal levels 

of ODC activity and intracellular putrescine. When tetracycline was added to the 

culture media, ODC activities (and concomitant intracellular putrescine levels) in 

these cells could be rapidly induced to high levels in a dose-dependent manner 

[45]. 

In chapter 1, we will detail some of the different ways in which polyamine 

pools can be manipulated to increase the net levels of expression of some of the 

mRNA, identified via genome wide expression analysis in another ODC inducible 

cell line the LNCaP ODC/Tet-Ind cells.  Our contention was that the ability of 

elevated polyamines to increase the net accumulation of specific mRNA should 

not be cell type specific. 

In chapter 2, we want to determine whether treatment with exogenous 

putrescine causes a similar polyamine profile and result in increased SSAT 

activity.  Putrescine itself has not been reported as a classical inducer of SSAT 

activity although others have reported that SSAT activity has increased in the 

presence of high exogenous putrescine.  Since the polyamine metabolic 
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enzymes work in concert during changes in polyamine flux, we also want to 

determine whether the putrescine-mediated elevation in SSAT activity acts 

independently of the other key polyamine metabolic enzymes.  It has been 

proposed that SAMDC activation by putrescine may modulate the observed 

increase in SSAT activity.  Additionally, SMO/APAO activity may also play a role 

in putrescine-induced SSAT activity.  To investigate these possibilities we used 

the LNCaP ODC/Tet-Ind cell line as well as parental LNCaP and Reuber H35 rat 

cell lines.  We report that exogenous putrescine can raise intracellular putrescine 

levels in all cell lines tested, and that this putrescine accumulation raises SSAT 

activity independent of the other rate-determining polyamine metabolic enzymes.   

In chapter 3, we wanted to determine whether (1) treatment with 

exogenous putrescine leads to increased steady-state protein levels of ID1, c-

Jun, and c-Fos in a time-and dose-dependant manner and (2) the increase in 

protein levels occurs independently of the other polyamine metabolic enzymes.  

Accumulating research supports that activation of polyamine catabolism at the 

level of SSAT leads to compensatory increases in ODC and SAMDC activities as 

well as a large increase in intracellular putrescine [46, 47].  Additionally, 

SMO/APAO activity may also play a role in putrescine-induced SSAT activity 

since intracellular acetylspermidine pools were observed to increase following 

stable ODC overexpression [45].  We employed the SAMDC and SMO/APAO 

inhibitors SAM486A and MDL-72,527, respectively, to assess the whether 

SAMDC and SMO/APAO mediate the observed increase of steady-state protein 
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levels following the accumulation of intracellular putrescine.  We report that 

elevated intracellular putrescine levels following exogenous putrescine 

treatments led to the increase in steady-state protein levels of ID1, c-Jun, and c-

Fos in the LNCaP ODC/Tet-Ind cell line in time- and dose-dependent fashion.  

This accumulation of intracellular putrescine increased these protein levels 

independently from the other rate-determining polyamine metabolic enzymes. 
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Figure 1.1: Polyamine Metabolic Pathway.  Abbreviations used are the following: 

arginine (Arg), ornithine (Orn), α-difluoromethylornithine (DFMO), ornithine 

decarboxylase (ODC), putrescine (Put), spermidine (Spd), spermine (Spm), s-

adenosylmethionine (SAM), s-adenosylmethionine decarboxylase (SAMDC), 

decarboxylated s-adenosylmethionine (dcSAM), 4-(aminoiminomethyl)-2,3-

dihydro-1H-inden-1-one-diaminomethylenehydrazone free base, CGP 48664 

(SAM486A), 5-methylthioadenosine (MTA), spermidine synthase (SpdS), 

spermine synthase (SpmS), spermine oxidase (SMO), N1-acetylpolyamine 

oxidase (APAO), spermidine/spermine-N1-acetyltransferase (SSAT), acetyl-CoA 

(Ac-CoA), Coenzyme-A (CoA), N1-acetylspermine (AcSpm), N1-acetylspermidine 

(AcSpd), hydrogen peroxide (H2O2), 3-acetoamidopropanal (3-AAP), 3-

aminopropanal (3-AP), and N1,N4-bis(2,3-butadienyl)-1,4-butanediamine (MDL-

72,527). 
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ABSTRACT 

 In order to study the early changes in patterns of gene expression 

following acute increases in intracellular putrescine concentration, we performed 

Affymetrix gene chip analysis on mRNAs from human 293 and MCF-7cell lines 

containing a stably transfected tetracycline-inducible ornithine decarboxylase 

(ODC) construct.  Among the genes identified as upregulated following induction 

of ODC in the presence of substrate ornithine were c-fos, c-jun, RING3, and Id1.  

Using another human cell line (LNCaP) containing this inducible ODC construct 

to confirm the previous observations, we analyzed the changes in the patterns of 

expression of these genes following alterations in intracellular polyamine pools 

mediated either by overexpression of ODC or administration of exogenous 

putrescine.  Large increases in intracellular putrescine, in addition to inducing 

these genes, were accompanied by decreases in intracellular spermidine and 

spermine. Studies with the inducer of SSAT, DENSPM, mirrored the decreases 

in intracellular spermidine and spermine without the increase in intracellular 

putrescine or induction of the genes.   Our data indicates that the threshold of 

induction for these mRNAs is time- and dose-dependent and that in the short 

term, intracellular putrescine levels of at least 50 nmol/mg protein for a period of 

time greater than three hours were capable of significantly increasing the steady 

state levels of the mRNAs coding for these growth or cancer-related genes.   
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INTRODUCTION 

 

For a number of years, researchers have noted that cancer cells have 

higher levels of ornithine decarboxylase activity than do the corresponding non-

cancerous tissues [1-5]. Because increases in ODC activity (and  subsequently, 

the polyamines) occur regularly in the cell cycle and are necessary before 

successful cell division can occur, the exact role of these increased polyamine 

levels in tumorigenesis was not completely understood.   It was unclear whether 

the increases in ODC and polyamine levels directly participated in the generation 

on the cancer phenotype, or whether, these increases were only a result of the 

increased cell cycling that is a hallmark of many cancerous cells and tumors [6-

9]. 

This “chicken or egg” conundrum was clearly resolved by the production of 

a transgenic mouse that overexpressed ODC only in keratinocytes [10, 11]. 

Although the overexpression of ODC alone in these animals was not sufficient of 

a stimulus to cause the appearance of tumors, when, the skin of these transgenic 

mice was treated with a low dose of the mutagen 7,12-

dimethylbenz[a]anthracene (DMBA), an initiator of v-Ha-ras, papillomas were 

readily formed [12]. This observation indicated that elevated ODC and the 

resulting increases in intracellular polyamines could act as a tumor promoter 

(taking the place of phorbol esters) in this two-stage model of tumorigenesis [13-
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15]. There have been many other studies (many reviewed in this monograph) 

which have further implicated ODC overexpression and increased polyamines as 

a causative factor in other experimental models of cancer development and in 

the etiology of human cancer. 

While the precise mechanism(s) by which increases in ODC activity (and 

intracellular polyamine levels) lead to tumor formation are unknown, it appears 

likely that there must first be an independent initiating event (mutation) that will 

allow the elevated polyamines to promote tumor growth. This was also 

demonstrated when a transgenic mouse that expressed the mutant form of v-Ha-

ras (that normally results from DMBA exposure) was crossed with the ODC 

overexpressing mouse line. While neither of these two transgenic mouse lines 

individually bore any tumors, when bred to each other, the resulting offspring 

spontaneously produced papillomas without the need for any further input [16].  

Additionally, once formed, these tumors could be regressed by the administration 

of the ODC inhibitor α-DFMO in the drinking water of the tumor bearing mice. 

When DFMO was removed from the water, the tumors reappeared at the same 

sites that they had occupied prior to the DFMO-mediated regression [17]. These 

observations underscore the reversible role that ODC activity and increased 

polyamine levels play in the promotion and maintenance of these papillomas. 

Our hypothesis was that ODC overexpression and sustained elevated 

polyamine accumulation led to an alteration in net gene expression of a specific 
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subset of genes involved in tumor promotion. Although a number of genes have 

been shown to be differentially expressed in various tumor tissues, only SSAT 

has been definitively shown to have a polyamine responsive element in its 

upstream regulatory region [18].  Further, in the case of the transgenic mouse 

model, the overexpression of ODC in the keratinocytes was chronic in nature. 

These continuously elevated intracellular polyamine concentrations may have, 

over time, brought about a series of accommodative long-term changes in the 

metabolism or gene expression patterns in these keratinocytes that were 

responsible for the tumor promotion. 

For these reasons, our laboratory became interested in the subset of 

genes whose levels of expression are affected in the short term by acute 

changes (either up or down) in intracellular polyamine pools. In an effort to 

identify “early” polyamine responsive genes, we developed model systems using 

the T-Rex system (Invitrogen) to produce a series of human cell lines containing 

an inducible antizyme-resistant truncated-ODC cDNA. The resulting cell lines 

were named 293 ODC/Tet-Ind (derived from the 293 human embryonic kidney 

cell line); MCF-7 ODC/Tet-Ind (derived from the MCF-7 human breast cancer cell 

line); and LNCaP ODC/Tet-Ind (derived from the LNCaP human prostate cancer 

cell line). In the absence of tetracycline, all of these cell lines had low basal levels 

of ODC activity and intracellular putrescine. When tetracycline was added to the 

culture media, ODC activities (and concomitant intracellular putrescine levels) in 
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these cells could be rapidly induced to high levels in a dose-dependent manner 

[19]. 

To identify the population of genes whose expression levels are altered by 

acute increases in intracellular putrescine concentrations, we treated the MCF-7 

ODC/Tet-Ind and the 293 ODC/Tet-Ind cells with either tetracycline (TET) alone, 

or in concert with exogenous substrate ornithine (ORN) or inhibitor DFMO. After 

12 hours (293) or 18 hours (MCF-7) the cells were harvested and their polyamine 

contents determined. Total RNA from these cells was also collected.  In both cell 

lines, the cells receiving TET or TET + ORN had significantly elevated 

intracellular polyamine levels. In contrast, the cells treated with DFMO and TET 

had intracellular polyamine levels that were identical to levels measured in 

control (untreated) cells.  The RNA collected from the MCF-7 ODC/Tet-Ind and 

293 ODC/Tet-Ind cells were subjected to genome-wide gene expression analysis 

using Affymetrix U95 human gene chip arrays.  

Upon careful analysis of the resulting data from all treatments and cell 

types (data not shown), we identified a small number of mRNA whose expression 

levels were significantly increased in response to elevated intracellular 

polyamines. Expected and found among these induced genes were SSAT, c-

FOS, and c-JUN. However, we also found the dominant-negative transcription 

factor ID1 (inhibitor of differentiation-1) [20-24] and RING3 (which reportedly 
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interacts with E2F and modulates E2F–mediated transcription) [25, 26] to be 

some of the polyamine-related genes. 

In this chapter, we will detail some of the different ways in which 

polyamine pools can be manipulated to increase the net levels of expression of 

some of the mRNA, identified via genome wide expression analysis in another 

ODC inducible cell line the LNCaP ODC/Tet-Ind cells.  Our contention was that 

the ability of elevated polyamines to increase the net accumulation of specific         

mRNA should not be cell type specific.  
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MATERIALS AND METHODS 

 

Cell Cultures 

Parental LNCaP cell lines were purchased from American Type Culture 

Collection (Manassas, VA).  LNCaP cells were cultured in RPMI 1640 medium 

(Mediatech, Inc.) supplemented with 2 mM glutamine, 100 units/ml penicillin, 100 

units/ml streptomycin, 1 mM sodium pyruvate (Mediatech, Inc.), and 10% fetal 

bovine serum in the presence of 5% CO2 at 100% humidity.  Cell lines were 

maintained in culture for a maximum of 10 passages.   

Intracellular Polyamine Determination 

Intracellular polyamine levels were measured by the method described by 

Gilbert et al. [27] involving HPLC analysis of dansylated polyamines. 

Polyamine levels were determined by comparing with appropriate 

standards.  The samples were normalized by resuspending the precipitated 

proteins in 0.2 N sodium hydroxide and total protein content was measured using 

the Bradford method [28].  Polyamine levels were expressed as nmol per mg of 

total cellular protein present in the culture dish. 

RNA Isolation 
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The cells were lysed in the culture dish by adding 1 ml of TRIzol Reagent 

(Invitrogen).  The cells were then scraped from the plate with a cell lifter and 

transferred to a 2.0 ml microfuge tube.  Next, 200 µl of chloroform was added to 

each tube.  The tubes were vortexed for about 10 seconds and placed on ice to 

allow separation of the aqueous and organic layers.  The tubes were then 

centrifuged at 11,000 x g for 10 minutes at 4̊C to permit separation into a lower 

phenol-chloroform phase containing DNA, an interphase containing proteins, and 

an upper aqueous phase containing RNA.  The aqueous phase was transferred 

to a clean 1.7 ml microfuge tube and the remaining solution was discarded.  

About 0.5 ml of isopropanol was added to each tube which was then placed at -

20˚C for approximately 20 minutes to precipitate the RNA from the solution.  The 

tubes were centrifuged at 11,000 x g for 10 minutes at 4̊ C, the supernatant was 

removed, and the RNA pellet was washed with ice-cold 70% ethanol.  The tubes 

were centrifuged at 7,000 x g for 5 minutes at 4˚C, the ethanol was removed, and 

the RNA pellets were dissolved in 1X T.E. buffer and quantitated (A260). 

Northern Analysis 

A 1.1% agarose gel was prepared.  A 1X solution of MOPS (0.2M 

Morphpropane sulfonic acid (MOPS) 41.8 g/L, 0.05M Sodium Acetate 6.8 g/L, 

0.01M EDTA 3.72 g/L.  Make up to 1L with DEPC treated water.  Adjust pH to 7.0 

with solid NaOH) and a 1% solution of formaldehyde was added to the gel as it 

cooled.  For each RNA sample, a microfuge tube containing 17 ml formamide, 6 
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ml 37% formaldehyde, 4 ml 10X MOPS, and 5 ml formaldehyde loading buffer (1 

mM EDTA at pH 8, 0.25% bromophenol blue, 0.25% xylene cyanol, 50% 

glycerol).  10 mg of RNA and enough water to bring the total volume to 35 ml 

were added to each tube which was then heated to 70oC for 10 minutes.  The 

tubes were cooled in ice and spun briefly in a centrifuge.  The gel was assembled 

in the electrophoresis apparatus, and 1X MOPS buffer was added to cover the 

gel.  The RNA samples were added to the wells and electrophoresed at 4-6 

V/cm.  When the bromophenol blue band was about 80% down the gel, the gel 

was removed from the apparatus and placed in deionized water for about 20 

minutes. The gel was washed in 20X SSC (3 M NaCl, 0.3 M sodium citrate at pH 

7.2) for about 40 minutes to remove the formaldehyde.  A VacuBlot apparatus 

(American Bionetics) was used to transfer the RNA to a nylon filter. When the 

transfer was complete, the RNA was cross-linked to the filter using a U.V. cross 

linker then placed in a sealed bag with Rapid Hyb (Amersham) hybridization 

solution which was incubated at 65oC for about an hour. 

 Using a random primers labeling kit (Invitrogen), 25 mg of template cDNA 

was labeled with [a-32P] dCTP (ICN) and incubated for 30 minutes at room 

temperature, 30 minutes at 37oC, and 10 minutes at 55oC.  Templates were 800-

1000 base pairs in length.    A spin column was made from a 1 mL syringe by 

removing the plunger and pushing a piece of siliconized glass wool into the 

syringe.  A microfuge tube was placed inside a conical glass centrifuge tube 

along with the syringe so that the syringe could empty into the microfuge tube.  
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SEPHADEX G25 beads preswollen in 1X Tris/EDTA (10 mM Tris base, 1 mM 

EDTA at pH 7.5) were added to the syringe which was then spun for 4 minutes in 

a clinical centrifuge to pack the beads.  The syringe was replaced and the 

microfuge tube emptied, and the radioactive probe was added on top of the 

beads.  The syringe setup was centrifuged for 3 minutes at medium speed in a 

clinical centrifuge.  The syringe contained the unincorporated nucleotides and 

was discarded.  500 ml of water was added to the labeled probe in the microfuge 

tube, the solution was mixed and incubated for 5 minutes at 90oC, cooled on ice, 

centrifuged briefly and a 5 ml aliquot was counted in a scintillation counter.  

Specific activity was greater than 109 cpm/mg of template. 

 About 2 x 106 cpm of the probe was added to the bag containing the nylon 

filter and the hybridization solution.  The bag was resealed and incubated at 65oC 

overnight.  The filter was washed with shaking for 5 minutes in 2X SSC and 0.1% 

SDS at room temperature, 5 minutes 1X SSC and 0.1% SDS at room 

temperature, 10 minutes in 1X SSC and 0.1% SDS at 40oC, 10 minutes in 0.5X 

SSC and 0.1% SDS at 45oC, 5 minutes in 0.1X SSC and 0.1% SDS at 50oC.  

When the filter read at or near background with a Geiger counter, the washing 

was stopped and the filter was placed in plastic wrap in an autoradiograph with 

an intensifying screen for 12 to 24 hours at -70oC. 

 The cDNA for RING3 was donated by Kazuza Institute (Japan).  Id1 was 

donated by Pierre Yves Desperez (Children’s Hospital, San Francisco, CA).  c-
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fos and c-jun were donated by Manuela Martins-Green (University of California, 

Riverside).  GAPDH was purchased from Amnion Inc.  All enzymes and reagents 

were from Promega (Madison, WI). 

SSAT Activity Assay 

Measurement of SSAT activity was performed as previously reported [29] 

and enzyme activity was expressed as pmol acetylspermidine generated/mg 

protein/min.  Protein levels were quantitated by the Bradford method [28]. 

Cell Viability  

LNCaP ODC/Tet-Ind cells were seeded in 100 mm cell culture dishes in 

RPMI 1640 medium (Mediatech, Inc.) supplemented with 2 mM glutamine, 100 

units/ml penicillin, 100 units/ml streptomycin, 1 mM sodium pyruvate (Mediatech, 

Inc.), and 10% fetal bovine serum.  The cells were allowed to grow to 80% 

confluency in the presence of 5% CO2 at 100% humidity.  At the time of 

treatment, the cell medium was changed to fresh medium of the same 

composition as the original growth medium.  Cells were harvested by 

trypsinization and spun in a clinical centrifuge to pellet the cells.  The trypsin 

supernatant was discarded and the cell pellet was resuspended in 1X PBS.  

Trypan blue dye was added to a final concentration of 10% and the viability of the 

cells was determined by counting blue (dead or dying) versus unstained (alive) 

cells on a hemacytometer. 



 

 32 

RESULTS 

 

In order to determine the extent of which tetracycline alters intracellular 

polyamine levels following the induction of ODC in the cultured LNCaP ODC/Tet-

Ind cells, the cell culture media was treated for up to 9 hours with either 1 μg/ml 

exogenous tetracycline (TET), 1 μg/ml TET along with 1 mM DFMO, TET and 1 

mM ornithine (ORN), 1 mM ORN only, or untreated (control). At 3 hour intervals, 

cells were harvested, and their intracellular polyamine concentrations determined 

as described in the materials and methods. 

Figure 2.1A shows changes in intracellular putrescine.  In the untreated 

cells, the intracellular putrescine levels were essentially unchanged at 6 nmol/mg 

protein over the 9 hour time course.  In contrast, the addition of tetracycline 

caused a marked and steady increase in intracellular putrescine levels for the 

first 6 hours to 160 nmol/mg protein followed by a slight decrease to 100 

nmol/mg protein after 9 hours.   The addition of the ODC inhibitor, DFMO, 

effectively blocked the TET-mediated accumulation of intracellular putrescine.  

The addition of 1 mM ORN along with TET produced levels of intracellular 

putrescine similar to those seen in the TET only cells at 3 and 6 hours.  However, 

at 9 hours, the TET + ORN cells had continued to accumulate intracellular 

putrescine concentrations to 250 nmol/mg protein.  The addition of substrate 
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ornithine alone in the absence of TET resulted in intracellular putrescine levels 

that were essentially unchanged from control concentrations. 

Figure 2.1B illustrates the levels of intracellular spermidine over the 9 hour 

time course.  In the control, TET + DFMO and ORN only treated cells exhibited 

intracellular spermidine levels which remained unchanged.  However, in the cells 

receiving TET or TET + ORN, intracellular spermidine levels continued to 

decrease throughout the time course.  At 9 hours, the cells treated with TET + 

ORN had lost half of their intracellular spermidine, while the TET only cells 

retained only 5% of the intracellular spermidine relative to the control values.  

Intracellular spermine values were relatively stable throughout the 9 hour time 

course with one notable exception being the TET only cells which lost 50% of the 

intracellular spermine between 6 and 9 hours. 

Would the genes identified from the genome wide expression analysis of 

293 ODC/Tet-Ind cells and MCF-7 ODC/Tet-Ind cells show altered gene 

expression in another cell line engineered to overexpress ODC?  Using the same 

experimental treatments as mentioned in figure 2.1, the LNCaP ODC/Tet-Ind 

cells were harvested at 3 hour intervals and their steady state mRNA levels of 

RING3, c-jun, Id1, c-fos, and GAPDH determined as described in the materials 

and methods.  In the Northern Blot pictured in figure 2.2, the control cells 

revealed no change in steady state mRNA levels during the 9 hour time course, 

while the TET treated cells revealed increased steady state mRNA levels of 
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RING3, c-jun, and Id1 after 6 hours and continued to remain elevated for the 

duration of the time course.   The TET-mediated mRNA elevations of the genes 

were diminished through the addition of DFMO.  The addition of ORN together 

with TET produced higher levels of steady state mRNAs in RING3, c-jun, and Id1 

genes than in the treatment with TET alone.  The ORN + TET treated cells also 

produced increased mRNA levels of the c-fos gene after 6 and 9 hours.  The 

cells treated with ORN alone resulted in no change from the control lanes. 

In order to determine whether cell viability was affected by exogenous 

putrescine, we treated the LNCaP ODC/Tet-Ind cells with increasing exogenous 

putrescine concentrations for up to 72 hours (Figure 2.3).  Even the cells treated 

with 30 mM exogenous putrescine had similar doubling times as control 

untreated LNCaP ODC/Tet-Ind cells for the initial 24 hours.  A dose dependent 

reduction in the growth rate of the cells occurred after 72 hours of incubation.  

However, cell viability remained at 100% after the initial doubling time of 24 

hours.  The tetracycline-mediated cells remained 100% viable throughout the 9 

hour time course. 

We wished to determine whether the addition of exogenous putrescine to 

the cultured media would alter intracellular polyamine concentrations in a similar 

manner as the tetracycline-mediated ODC overexpression.  Figure 2.4 shows 

that exogenous could putrescine alter intracellular polyamine concentrations in a 

dose-dependent manner when cultured LNCaP ODC/Tet-Ind cells were 
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incubated with increasing concentrations of exogenous putrescine for 24 and 36 

hours.  Similar changes in intracellular polyamine concentration occurred during 

the 24 and 36 hours.  Intracellular putrescine concentration increased 8 fold due 

to increasing doses of exogenous putrescine (Figure 2.4A).  In a similar manner 

to treatments of TET + ORN, intracellular spermidine and spermine 

concentrations showed a decreasing trend as the exogenous putrescine 

concentrations increased (Figure 2.4B & 2.4C).  Intracellular spermidine and 

spermine decreased 90% and 80%, respectively, in cells treated with increasing 

exogenous putrescine. 

Dose-dependent increases in steady state mRNA levels of RING3, Id1, 

and c-jun in response to increasing concentrations of exogenous putrescine after 

24 and 36 hours are shown in figure 2.5.  At the times indicated, the cells were 

harvested and their total RNA isolated and subjected to Northern Blot analysis as 

described in the materials and methods.  Similar changes in the levels of all three 

of the mRNA species were observed for each of the concentrations of exogenous 

putrescine after 24 and 36 hours of exposure, with the possible exception of the 

30 mM putrescine-exposed c-jun, which had 36 hour mRNA levels that were 

slightly higher than those seen after 24 hours. There was no significant increase 

over control levels in observed mRNA levels in the cells receiving 1 mM 

exogenous putrescine.  However, incubation with 5 mM exogenous putrescine 

did result in modest increases in the levels of RING3, Id1, and c-jun mRNA.  This 

indicates that the low end of the induction of these mRNAs was reached when 
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exogenous putrescine levels are 5 mM putrescine or higher.  This corresponds to 

intracellular putrescine levels of 50 nmol/mg protein, intracellular spermidine 

levels of 18 nmol/mg protein, and intracellular spermine levels of 10 nmol/mg 

protein was sufficient to raise mRNA levels (Figure 2.4).      

In order to ascertain the time-dependent changes in intracellular 

polyamine concentrations, the cells were treated with 30 mM exogenous 

putrescine for 24 hours and harvested for polyamine analysis at 3, 6, 9, 12 and 

24 hours (Figure 2.6).  The intracellular putrescine concentration increased in a 

linear fashion for the initial 12 hours reaching a level approximately 16-fold higher 

than measured in the control levels.  The putrescine-treated cells also displayed 

a concomitant loss of spermidine and spermine during the 24 hour incubation 

period.  Intracellular spermidine and spermine concentrations decreased 88% 

and 70% following a delay of 3 hours and 9 hours respectively.  Our cumulative 

data would indicate that intracellular spermidine and spermine levels do not 

decrease until intracellular putrescine concentrations reach ~50 nmol/mg protein. 

Cells treated with 30 mM exogenous putrescine were harvested for 

Northern analysis at 3, 6, 9, 12 and 24 hours as well (Figure 2.7).  After 3 hours 

of treatment, Id1 steady state mRNA levels increased 2 fold from the control 

levels.  The Id1 mRNA levels continued to increase throughout the 24 hour time 

course reaching a level of 15 fold higher than in control cells.  c-jun and RING3 

mRNA levels also increased during the time course although not to the same 
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degree as observed with Id1.  c-fos, unlike with tetracycline-mediated ODC 

overexpression treatments, yielded no consistent change of mRNA levels with 

exogenous putrescine treatments.  These results showed that the Id1, RING3, 

and c-jun genes increased in a time- and dose-dependent manner with 

exogenous putrescine.  Id1 showed the most dramatic increases in steady state 

mRNA levels while RING3 and c-jun were less affected.  c-fos mRNA levels were 

not observed following treatment with exogenous putrescine but again ODC 

overexpression did lead to increases in c-fos (Figure 2.2).   

The observed reduction in intracellular spermidine and spermine following 

treatment with exogenous putrescine or tetracycline-mediated ODC 

overexpression might have been due to an increased SSAT activity.  To 

determine the extent to which putrescine induces SSAT activity, the LNCaP 

ODC/Tet-Ind cells were grown in media containing either 15 mM exogenous 

putrescine for 24 hours or 10 μM DENSPM for 24 hours (Table 2.8).  N1, N11-

diethyl-norspermine (DENSPM) is a spermine analog that induces high levels of 

SSAT activity [30].   The cells were harvested and assayed for SSAT activity as 

described in the materials and methods.  The cells receiving exogenous 

putrescine displayed an 8 fold higher SSAT activity than the control cells (Table 

2.8).  The DENSPM treated cells showed an 18 fold higher SSAT activity than 

the control cells.  Our previous studies have shown that TET-mediated ODC 

overexpressing cells also raised SSAT activity 115 fold higher than control 

treated cells (data not shown). 
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 ODC overexpression and exogenous putrescine raised intracellular 

putrescine levels, increased SSAT activity, and further caused a reduction in 

intracellular spermidine and spermine.  We wished to determine whether it was 

the increase in intracellular putrescine or the reduction in intracellular spermidine 

and/or spermine that led to the increase in RING3, Id1, and c-jun mRNA levels.  

Since DENSPM caused an increase in SSAT coupled with a reduction of 

intracellular putrescine (as well as spermidine and spermine) and yet did not alter 

the specific mRNA levels (Table 2.8), we concluded that increased intracellular 

putrescine was mediating the alteration of the mRNA levels. 
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DISCUSSION 

 

Several mechanisms of polyamine-mediated induction of gene expression 

have been proposed.  Some studies have suggested a mechanism involving 

changes in DNA structure and conformation either through histone acetylation or 

by enhancing the interaction between nuclear transcription factors and steroid-

hormone receptors [31-34].  

A polyamine-responsive element (PRE) upstream of the transcription start 

site of SSAT has been identified as another mechanism of how polyamines may 

modulate transcription [18].  NF-E2-related transcription factor 2 (Nrf-2) is a 

nuclear factor that has been reported to bind to the PRE of the SSAT gene. Two 

other proposed ligands of the PRE are the mammalian homologue of the 

Arabidopsis COP 9 signalosome subunit 7a (CSN-7) and the polyamine 

modulated factor 1 (PMF-1) [35-37]. The exact mechanisms by which these 

ligands modulate the transcription of SSAT have yet to be determined.   

Data from other investigators have suggested that intracellular polyamines 

can regulate the expression of specific genes by depleting intracellular 

polyamines with DFMO [38-46].  In order to lower polyamine levels, the most 

often used approach was to use DFMO to deplete intracellular putrescine which 

would then result in decreased intracellular polyamine pools, mRNA, and the 

resulting protein product of the polyamine-responsive genes.  Additionally, this 
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DFMO effect was ablated by the simultaneous administration of exogenous 

polyamines [38-46].  This depletion-model has revealed decreases in steady 

state expression levels of the RNA coding for c-myc, c-fos, c-jun, 4E-BP1, SSAT, 

and IκBα  in a number of different cell lines [38-46].  

Our data show that increases in intracellular putrescine lead to net 

changes in levels of gene expression.  Two distinct methods were used to raise 

intracellular putrescine concentrations in LNCaP ODC/Tet-Ind cells and increase 

the steady state levels of RING3, Id1, c-jun, and c-fos mRNAs.  Either 

tetracycline-mediated ODC overexpression or the administration of exogenous 

putrescine was capable of producing sustained increases in intracellular 

putrescine and elevated steady state mRNA levels. Although we have yet to 

identify the mechanism(s) by which these mRNAs are induced by polyamines, 

we are currently in the process of analyzing the upstream regions of these genes 

for elements capable of activating reporter gene transcription under conditions of 

elevated intracellular polyamine levels. 

It is interesting to note that the genes identified as upregulated by our 

microarray analysis of cells with elevated intracellular putrescine had been 

previously shown to be involved either in growth or cancer.  AP-1 factors, c-jun 

and c-fos, have been well established in their involvement in tumorigenesis [47]. 

In addition to transcriptional and translational regulation appearing to stem from 

the ras signaling pathway [47], other investigators have demonstrated that 
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exogenous polyamines are capable of causing increases in c-fos and c-myc 

gene expression [46].   

RING3, (really interesting new gene 3), is a serine-threonine kinase that 

participates in nuclear protein complexes associated with E2F [25].  RING3 has 

been shown to transactivate E2F-dependent cell cycle regulatory genes. In 

concert with activated ras, RING3 was also shown to induce the transformation 

of NIH/3T3 cells. It has been speculated that activated ras may mediate the 

phosphorylation of inactive RING3 [26]. 

  Id1, (inhibition of differentiation) belongs to the Id family of proteins which 

are known to bind with basic helix loop helix transcription factors and prevent 

them from binding DNA. The net effect of ID1 binding is a dominant negative 

regulation of the bound transcription factor, and the silencing of the associated 

gene(s).  These target genes are generally associated with lineage-specific 

expression and differentiation [48].  Id1 gene expression has been shown to be 

elevated in a number of primary tumors versus normal control tissue specimens 

[48].  In a review by Norton et al. [49], Id1 regulation was found to be regulated 

by the expression of immediate early gene EGR-1, however, Id1 protein is 

involved in a negative feedback loop that downregulates the formation of ECR-1 

and c-fos. This may explain the decrease in expression of c-fos mRNA we 

observed at later time points when the expression of ID1 was highest.  
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At first, we were unsure whether the changes in gene expression 

observed were the result of the increased intracellular putrescine stemming from 

the TET-mediated overexpression of ODC, or the concomitant decreases in the 

other polyamines. The data in Table 2.8 strongly suggest that the decreases in 

intracellular spermine and spermidine observed following ODC induction did not 

play a substantial role in the inductions of RING3, Id1, c-jun, or c-fos. 

Our data indicates that only when intracellular putrescine levels were 

significantly increased, could elevated steady state mRNA levels of RING3, Id1, 

c-jun, and c-fos be measured.  The induction of these mRNAs appears to occur 

when intracellular putrescine concentrations greater than 50 nmol/mg protein are 

sustained for 3 or more hours.  A further refinement of the putrescine levels and 

times of exposure that are necessary for the induction of these genes is currently 

under way in our laboratory. 
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Figure 2.1:  Intracellular polyamine profile of LNCaP ODC/Tet-Ind cells following 

ODC induction by tetracycline for 3, 6, and 9 hours.  The cells were either 

untreated (Control) or given 1 mg/ml tetracycline (TET), 1 mg/ml tetracycline and 

1 mM DFMO (TET/DFMO), 1 mM ornithine (ORN), and 1 mg/ml tetracycline and 

1 mM ornithine (TET/ORN).  The cell culture media was changed at time zero 

and contained the treatments indicated.  In order to completely block the activity 

of ODC, the TET/DFMO cells were preincubated with 1 mM DFMO 1 hour prior 

to the change of media.  Values are means + SEM of data repeated in triplicate. 
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Figure 2.2:  Northern analysis of LNCaP ODC/Tet-Ind cells following ODC 

induction by tetracycline for 3, 6, and 9 hours.  The cells were either untreated 

(Control) or given 1 mg/ml tetracycline (TET), 1 mg/ml tetracycline and 1 mM 

DFMO (TET/DFMO), 1 mM ornithine (ORN), and 1 mg/ml tetracycline and 1 mM 

ornithine (TET/ORN).  The cell culture media was changed at time zero and 

contained the treatments indicated.  In order to completely block the activity of 

ODC, the TET/DFMO cells were preincubated with 1 mM DFMO 1 hour prior to 

the change of media.  Total RNA was isolated and subjected to Northern Blot 

analysis with probes for RING3, c-jun, Id1, c-fos.  Filters were then stripped and 

reprobed for GAPDH. 
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Figure 2.3:  Growth curve profile of LNCaP ODC/Tet-Ind cells following the 

addition of 0, 10, 20, and 30 mM exogenous putrescine for a duration of 72 

hours.  Trypan blue dye was added to a final concentration of 10%, and the 

viability of the cells was determined by counting blue stained (dead or dying) 

versus unstained (alive) cells on a hemacytometer.  Results are a representative 

experiment which has been repeated in triplicate. 
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Figure 2.4:  Intracellular polyamine profile of LNCaP ODC/Tet-Ind cells following 

the addition of either 1, 5, 10, 15, 20, 25, or 30 mM exogenous putrescine 

concentrations for 24 and 36 hours.  Putrescine was added directly to the media.  

After 24 or 36 hours of incubation in putrescine at the indicated concentrations, 

the cells were harvested and their intracellular polyamine levels determined.  

Values are means + SEM of data repeated in triplicate. 
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Figure 2.5:  Northern analysis of LNCaP ODC/Tet-Ind cells following the addition 

of putrescine for 24 and 36 hours.  Putrescine was added directly to the media.  

After 24 or 36 hours of incubation in putrescine at the indicated concentrations, 

total RNA was isolated and subjected to Northern Blot analysis with probes for 

RING3, c-jun, Id1, c-fos.  Filters were then stripped and reprobed for GAPDH. 
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Figure 2.6:  Intracellular polyamine profile of LNCaP ODC/Tet-Ind cells following 

the addition of 30 mM exogenous putrescine for 3, 6, 9, 12, and 24 hours.  

Putrescine was added directly to the media.  After incubation in putrescine for the 

times indicated, the cells were harvested and their intracellular polyamine levels 

determined.  Values are means + SEM of data repeated in triplicate. 
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Figure 2.7:  Northern analysis of LNCaP ODC/Tet-Ind cells following the addition 

of 30 mM exogenous putrescine for 3, 6, 9, 12, and 24 hours.  Putrescine was 

added directly to the media.  After incubation in putrescine for times indicated, 

total RNA was isolated and subjected to Northern Blot analysis with probes for 

RING3, c-jun, Id1, c-fos.  Filters were then stripped and reprobed for GAPDH. 
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Table 2.8:  SSAT activity, intracellular polyamine profile, and relative expression 

levels of the genes in LNCaP ODC/Tet-Ind cells following the treatment of 15 mM 

exogenous putrescine or 10 μM DENSPM for 24 hours.   

 

 
 Control Exogenous 

putrescine DENSPM 
SSAT Activity 

(pmol [14C]-
acetylspermidine 

formed / mg 
protein x hour) 

162.6+/- 3.2 1301.5 +/- 142.7 2718.2 +/- 218.6 

    

Putrescine 
(nmol/mg protein) 

15.2 +/- 0.8 122.1 +/- 8.5 11.9 +/- 0.9 

Spermidine 
(nmol/mg protein) 

 
23.1 +/- 0.9 

 
7.7 +/- 0.9 2.1+/- 0.1 

Spermine 
(nmol/mg protein) 

14.7 +/- 0.4 9.9 +/- 1.1 4.9 +/- 0.4 

    
RING3 
(relative 

expression) 
1 3.5 1.1 

Id1 
(relative 

expression) 
1 5.8 0.8 

c-jun 
(relative 

expression) 
1 2.2 1 

c-fos 
(relative 

expression) 
1 0.9 0.9 
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ABSTRACT 

 

Polyamines are aliphatic cations which have been shown to be involved in 

various cellular processes including cell growth and proliferation.  Putrescine, 

spermidine and spermine constitute the major polyamines generated from the 

polyamine biosynthetic pathway.  Ornithine decarboxylase (ODC) and 

spermidine/spermine-N1-acetyltransferase (SSAT) are rate-limiting enzymes of 

the polyamine biosynthetic and catabolic pathways, respectively.  Our previous 

research has shown that increasing intracellular putrescine levels by induction of 

stable ODC overexpression or administration of exogenous putrescine resulted in 

elevated SSAT activity beyond the control levels in human cell lines.  We wanted 

to determine whether putrescine directly caused this induction of SSAT.  There 

has been speculation as to whether the putrescine-associated induction of SSAT 

was mediated through the s-adenosylmethionine decarboxylase (SAMDC), a key 

polyamine biosynthetic enzyme, or through spermine oxidase and 

acetypolyamine oxidase (SMO/APAO), key polyamine catabolic enzymes.  We 

used the SAMDC inhibitor, SAM486A, and the SMO/APAO inhibitor, MDL-

72,527, to determine the whether these enzymes were necessary for the 

observed putrescine-associated SSAT induction.  We also combined SAM486A 

and MDL-72,527 with the ODC inhibitor, α-difluoromethylornithine (DFMO), to 

reduce all polyamine metabolism and to determine whether an undetermined 

polyamine-dependent factor mediated the putrescine-associated SSAT induction.  
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Our results demonstrated that inhibiting the activities of SAMDC, SMO/APAO, 

and polyamine metabolism showed no effect on the putrescine-associated SSAT 

induction, and that putrescine directly mediated the increased SSAT activity.   
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INTRODUCTION 

 

Putrescine, spermidine, and spermine are the main constituents of the 

family of molecules known as polyamines.  Although the exact function of these 

molecules remains unresolved, polyamines have been implicated as essential for 

cellular growth and proliferation [1].  Putrescine is the initial and terminal 

polyamine of the biosynthetic and catabolic pathways, respectively, of polyamine 

metabolism.  Putrescine is formed from decarboxylation of ornithine by ornithine 

decarboxylase (ODC).  Putrescine is further processed into spermidine then 

spermine through the transfer of aminopropyl groups to its terminal ends.  

Putrescine is also generated through the breakdown of spermine then 

spermidine through the transfer of acetyl groups to their terminal ends forming 

N1-acetylpolyamines.  These N1-acetylpolyamines are catabolized by the N1-

acetylpolyamine oxidase (APAO) to eventually produce putrescine.  Putrescine 

may also be imported from exogenous sources through uptake system Pot-FGHI 

[2] and PuuP [3] in Escherichia coli or through a K-RAS regulated caveolar-

dependent endocytic mechanism [4] in animal cells.   

Accumulating research continues to support the individual roles of 

putrescine, spermidine, and spermine that extend beyond biosynthetic precursor 

relationships of polyamine metabolism.  Spermine has been reported to bind to 

the intracellular regions inward rectifying K+ channel and regulate the stabilization 

of the resting conformation of the channel [5].  Spermidine has an independent 
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and specific function in eukaryotic organisms as a source of the 4-aminobutyl 

moiety of hypusine [Nε-(4-amino-2-hydroxybutyl)-lysine] in the essential cellular 

protein eIF5A [6].  Typically, the fate of putrescine in polyamine biosynthetic 

pathway is to become spermidine then spermine.  Our previous studies, 

however, reported that putrescine accumulation mediated by an inducible, stable 

ODC construct resulted in a marked decrease in intracellular spermidine and 

spermine levels [7, 8].  Using LNCaP ODC/Tet-Ind cells, tetracycline-mediated 

ODC overexpression resulted in high amounts of intracellular putrescine with 

losses of spermidine and spermine [7].  This “elevated intracellular putrescine 

profile” with reduced spermidine and spermine was accompanied by increased 

steady-state mRNA levels of ID1, c-Jun, and c-Fos and increased SSAT activity 

[8].  Previous studies have also implicated putrescine to be involved in changes 

in gene expression including 4E-BP1 [9] and also increasing enzyme activity 

including SAMDC [10].  

SSAT catalyzes the primary step in polyamine back conversion.  An acetyl 

group from acetyl-CoA is transferred onto the terminal ends of spermine and/or 

spermidine.  The acetylated polyamines become preferential substrates for 

APAO, which further process N1-acetylspermine into spermidine and N1-

acetylspermidine into putrescine.  SSAT is active as a homodimer consisting of 

two active sites.  The turnover rate of SSAT is typically 15 minutes [11], and its 

activity is typically low during inactive states.  Many studies reveal that SSAT is 

highly inducible through a myriad of agents leading to various affects including 
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DNA damage and cell death.  Besides spermidine and spermine as natural 

polyamine inducers of SSAT activity, several polyamine analogues of spermine 

including DENSpm and BENSpm have demonstrated robust SSAT activity.  

Additional agents that stimulate SSAT activity include NSAIDS, 

chemotherapeutic drugs, and ischemic/reperfusion injury [11, 12].  In addition to 

the other factors that may be attributed to elevated SSAT as characterized in 

these reviews [11, 12], increased SSAT activity can also lead to elevated levels 

of putrescine [13].    

SAMDC or AdoMetDC is a rate-limiting enzyme in the polyamine 

biosynthetic pathway. s-Adenosylmethionine (SAM) is decarboxylated by 

SAMDC to form the aminopropyl group donor, adenosylmethionprioponate or 

decarboxylated SAM (dcSAM).  Spermidine synthase (SpdS) adds the 

aminopropyl group to putrescine to form spermidine, and spermine synthase 

(SpmS) also utilizes the aminopropyl group to form spermine from spermidine.  

Putrescine strongly induces the autocatalytic and decarboxylation reactions in 

human SAMDC.  Previous research has also shown that treatment with α-

difluoromethylornithine (DFMO), an inhibitor of ODC, also raises SAMDC activity 

[14].  SAMDC is a homodimer with two active sites and two putrescine binding 

sites [15].  SAMDC is activated by low concentrations of putrescine 0.5 µM and 

noncompetitively inhibited by spermine 0.5 mM [16].  Inhibition of SAMDC can be 

accomplished by treatment with methylglyoxal bis(guanylhydrazone) or 4-

amidoinoindan-1-one-2’-amidinohydrazone (CGP48664A or SAM486) [17].   
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In this study, we wanted to determine whether the observed increase in 

intracellular polyamine levels, SSAT mRNA and SSAT activity following stable 

ODC overexpression could be achieved through treatment with exogenous 

putrescine.  We wanted to determine if these events could be achieved in other 

mammalian cell lines and independent from the stable ODC construct. We also 

wanted to determine whether putrescine directly mediated the observed 

increases in SSAT activity.  In recent reviews featuring SSAT [11, 12], putrescine 

was not among the list of SSAT inducers.  Accumulating research proposes 

several mechanisms regarding the increased putrescine levels and subsequent 

increase in SSAT activity.  One mechanism suggests that since putrescine 

stimulates SAMDC activity, the increased flux in spermidine and/or spermine 

levels may induce SSAT activity.  Accumulating research supports that activation 

of polyamine catabolism at the level of SSAT leads to compensatory increases in 

ODC and SAMDC activities as well as a large increase in intracellular putrescine 

[18, 19].  Another potential mechanism suggests that spermine oxidase (SMO) 

and/or APAO activity may also play a role in putrescine-induced SSAT activity 

since polyamine catabolism through increased SSAT expression and subsequent 

increase in putrescine levels was also associated with increased SMO 

expression in murine kidneys following LPS administration [20].  Finally, we 

combined SAM486A and MDL-72,527 with DFMO to reduce all polyamine 

metabolism and to determine whether an undetermined polyamine-dependent 

factor mediated the putrescine-associated SSAT induction.   
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We employed the SAMDC inhibitor, SAM486A, and the SMO/APAO 

inhibitor, MDL-72,527 to determine whether the putrescine-associated increases 

in SSAT activity occurred through these suggested mechanisms.  We used the 

LNCaP ODC/Tet-Ind cell line from our previous investigations [7, 8] as well as 

parental LNCaP and Reuber H35 rat cell lines.  We report that the changes in 

intracellular polyamine levels, SSAT mRNA, and SSAT activity observed 

following stable ODC overexpression could be achieved through treatment with 

exogenous putrescine.  These events occurred independent of the stable ODC 

construct and in other mammalian cell lines. Our results also demonstrated that 

inhibiting the activities of SAMDC, SMO/APAO, and polyamine metabolism 

showed no effect on the putrescine-associated SSAT induction, and that 

putrescine directly mediated the increased SSAT activity. 
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MATERIALS AND METHODS 

 

Chemicals and Supplies 

 All reagents and materials used for the following experiments were 

purchased through Fischer Scientific unless stated otherwise.  SAM486A was 

generously given as gift from Novartis Pharma AG.  MDL-72,527 was generously 

given as a gift from Dr. Debora L. Kramer and Dr. Carl W. Porter from Roswell 

Park Cancer Institute and from Dr. Patrick M. Woster from Wayne State 

University. α-difluoromethylornithine (DFMO) was generously given as a gift from 

ILEX Pharmaceuticals. 

 

Cell Cultures 

Parental LNCaP cell lines were purchased from American Type Culture 

Collection (Manassas, VA).  LNCaP cells were cultured in RPMI 1640 medium 

(Mediatech, Inc.) supplemented with 2 mM glutamine, 100 units/ml penicillin, 100 

units/ml streptomycin, 1 mM sodium pyruvate (Mediatech, Inc.), and 10% fetal 

bovine serum in 37 oC, 5% CO2 , 100% humidity.  Cell lines were maintained in 

culture for a maximum of 10 passages. 

LNCaP ODC/Tet-Ind cells were designed and maintained as described in 

Wilson et al. [7].  Reuber H35 rat hepatoma cells were purchased through 

American Type Culture Collection (Manassas, VA).  H35s cells were cultured in 
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DMEM   (Mediatech, Inc.) supplemented with 5% fetal bovine serum in 37 oC, 5% 

CO2 , 100% humidity. 

 

Intracellular Polyamine Determination 

Intracellular polyamine levels were measured by the method described by 

Gilbert et al. [21] involving HPLC analysis of dansylated polyamines. 

Polyamine levels were determined by comparing with appropriate 

standards.  The samples were normalized by resuspending the precipitated 

proteins in 0.2 N sodium hydroxide and total protein content was measured using 

the Bradford method [22].  Polyamine levels were expressed as nmol per mg of 

total cellular protein present in the culture dish. 

 

RNA Isolation 

The cells were lysed in the culture dish by adding 1 ml of TRIzol Reagent 

(Invitrogen).  The cells were then scraped from the plate with a cell lifter and 

transferred to a 2.0 ml microfuge tube.  Next, 200 µl of chloroform was added to 

each tube.  The tubes were vortexed for about 10 seconds and placed on ice to 

allow separation of the aqueous and organic layers.  The tubes were then 

centrifuged at 11,000 x g for 10 minutes at 4̊C to permit separation into a lower 

phenol-chloroform phase containing DNA, an interphase containing proteins, and 

an upper aqueous phase containing RNA.  The aqueous phase was transferred 

to a clean 1.7 ml microfuge tube and the remaining solution was discarded.  
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About 0.5 ml of isopropanol was added to each tube which was then placed at -

20˚C for approximately 20 minutes to precipitate the RNA from the solution.  The 

tubes were centrifuged at 11,000 x g for 10 minutes at 4̊C, the supernatant was 

removed, and the RNA pellet was washed with ice-cold 70% ethanol.  The tubes 

were centrifuged at 7,000 x g for 5 minutes at 4˚C, the ethanol was removed, and 

the RNA pellets were dissolved in 1X T.E. buffer and quantitated (A260). 

 

Northern Analysis 

A 1.1% agarose gel was prepared.  A 1X solution of MOPS (0.2M 

Morphpropane sulfonic acid (MOPS) 41.8 g/L, 0.05M Sodium Acetate 6.8 g/L, 

0.01M EDTA 3.72 g/L.  Make up to 1L with DEPC treated water.  Adjust pH to 7.0 

with solid NaOH) and a 1% solution of formaldehyde was added to the gel as it 

cooled.  For each RNA sample, a microfuge tube containing 17 ml formamide, 6 

ml 37% formaldehyde, 4 ml 10X MOPS, and 5 ml formaldehyde loading buffer (1 

mM EDTA at pH 8, 0.25% bromophenol blue, 0.25% xylene cyanol, 50% 

glycerol).  10 mg of RNA and enough water to bring the total volume to 35 ml 

were added to each tube which was then heated to 70oC for 10 minutes.  The 

tubes were cooled in ice and spun briefly in a centrifuge.  The gel was assembled 

in the electrophoresis apparatus, and 1X MOPS buffer was added to cover the 

gel.  The RNA samples were added to the wells and electrophoresed at 4-6 

V/cm.  When the bromophenol blue band was about 80% down the gel, the gel 

was removed from the apparatus and placed in deionized water for about 20 
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minutes. The gel was washed in 20X SSC (3 M NaCl, 0.3 M sodium citrate at pH 

7.2) for about 40 minutes to remove the formaldehyde.  A VacuBlot apparatus 

(American Bionetics) was used to transfer the RNA to a nylon filter. When the 

transfer was complete, the RNA was cross-linked to the filter using a U.V. cross 

linker then placed in a sealed bag with Rapid Hyb (Amersham) hybridization 

solution which was incubated at 65oC for about an hour. 

 Using a random primers labeling kit (Invitrogen), 25 mg of template cDNA 

was labeled with [a-32P] dCTP (ICN) and incubated for 30 minutes at room 

temperature, 30 minutes at 37oC, and 10 minutes at 55oC.  Templates were 800-

1000 base pairs in length.    A spin column was made from a 1 mL syringe by 

removing the plunger and pushing a piece of siliconized glass wool into the 

syringe.  A microfuge tube was placed inside a conical glass centrifuge tube 

along with the syringe so that the syringe could empty into the microfuge tube.  

SEPHADEX G25 beads preswollen in 1X Tris/EDTA (10 mM Tris base, 1 mM 

EDTA at pH 7.5) were added to the syringe which was then spun for 4 minutes in 

a clinical centrifuge to pack the beads.  The syringe was replaced and the 

microfuge tube emptied, and the radioactive probe was added on top of the 

beads.  The syringe setup was centrifuged for 3 minutes at medium speed in a 

clinical centrifuge.  The syringe contained the unincorporated nucleotides and 

was discarded.  500 ml of water was added to the labeled probe in the microfuge 

tube, the solution was mixed and incubated for 5 minutes at 90oC, cooled on ice, 
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centrifuged briefly and a 5 ml aliquot was counted in a scintillation counter.  

Specific activity was greater than 109 cpm/mg of template. 

 About 2 x 106 cpm of the probe was added to the bag containing the nylon 

filter and the hybridization solution.  The bag was resealed and incubated at 65oC 

overnight.  The filter was washed with shaking for 5 minutes in 2X SSC and 0.1% 

SDS at room temperature, 5 minutes 1X SSC and 0.1% SDS at room 

temperature, 10 minutes in 1X SSC and 0.1% SDS at 40oC, 10 minutes in 0.5X 

SSC and 0.1% SDS at 45oC, 5 minutes in 0.1X SSC and 0.1% SDS at 50oC.  

When the filter read at or near background with a Geiger counter, the washing 

was stopped and the filter was placed in plastic wrap in an autoradiograph with 

an intensifying screen for 12 to 24 hours at -70oC. 

 SSAT cDNA (160 bp) primers used were: 5'-

GCAGCATGCACTTCTTGGTA-3' (forward) and 5'-

AGCAGCACTCCTCACTCCTC-3' (reverse).   GAPDC cDNA (536 bp) primers 

used as a loading control were: 5'-ACAGCCTCAAGATCATCAGCAAT-3' 

(forward) and 5'-GTAGCCAAATTCGTTGTCATACCA-3' (reverse).  All enzymes 

and reagents were from Promega (Madison, WI). 

 

SSAT Activity Assay 

Measurement of SSAT activity was performed as previously reported [23] 

and enzyme activity was expressed as nmol 14C-acetylspermidine/mg 

protein/hour.  Protein levels were determined by the Bradford method [22]. 
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SAMDC Activity Assay 

SAMDC activities were measured in the cell extracts as described in [24, 

25] and enzyme activity was expressed as nmol 14C-CO2/mg protein/hr.  The 

radioactive substrates S-[carboxyl-14C]adenosyl-L-methionine was purchased 

from GE Biosciences.  Reactions were measured for 1 hour in 37oC. 
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RESULTS 

 

Effect of exogenous putrescine upon intracellular polyamine levels, SSAT 

activity, and steady-state SSAT mRNA levels in LNCaP ODC/Tet-Ind cells  

We wanted to determine whether the effects of tetracycline-mediated, 

stable ODC overexpression in LNCaP ODC/Tet-Ind cells upon polyamine levels 

and SSAT activity could be achieved through administration of exogenous 

putrescine.   We treated the LNCaP ODC/Tet-Ind cells with increasing doses of 

exogenous putrescine for 24 hours (Figure 3.1).  Intracellular putrescine and 

acetylspermidine levels increased in a dose-dependent manner to values up to 

15- and 11-fold, respectively, above control levels (Figure 3.1A).  Intracellular 

spermidine and spermine levels were observed to decrease in a dose-dependent 

manner to 11% and 25% of control, respectively, as exogenous putrescine was 

increased (figure 3.1A).  The exogenous putrescine treatments resulted in similar 

alterations in intracellular putrescine, spermidine, spermine and acetylspermidine 

as previously demonstrated with treatment with stable ODC overexpression 

following tetracycline [7].  While acute increases in SSAT activity were observed 

in the LNCaP ODC/Tet-Ind cells incubated with 5-10 mM exogenous putrescine 

(figure 3.1B), the most dramatic increases occurred in those cultures incubated 

with 15-30 mM exogenous putrescine.  In a similar manner, increases in the 

SSAT steady-state mRNA levels were not apparent until the 10 mM exogenous 

putrescine dose was applied (figure 3.1C).  SSAT mRNA levels rose 4.2-fold 
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over the control between the 10 and 15 mM exogenous putrescine.  The data 

indicate that intracellular putrescine must increase above a value of 25-30 

nmol/mg protein before SSAT mRNA or activity levels significantly increase.  

 

Effect of exogenous putrescine upon intracellular polyamine levels, SSAT 

activity, and steady-state SSAT mRNA levels in H35 cells  

We performed a parallel study using Reuber H35 rat hepatoma cells to 

determine whether the effects of exogenous putrescine on polyamine levels, 

SSAT activity, and SSAT steady-state mRNA levels affect other mammalian cell 

lines (Figure 3.2).  We treated the H35 cells with increasing doses of exogenous 

putrescine up to 10 mM for 24 hours.  Culture medium concentration of 

putrescine greater than 10 mM for 24 hours proved toxic for the H35 cells as 

measured by Trypan blue exclusion (data not shown).  Intracellular putrescine 

levels increased in a dose-dependent manner to a value up to 45-fold above the 

control level (Figure 3.2A).  Intracellular spermidine and spermine levels 

decreased to values down to 39% and 67%, respectively, as exogenous 

putrescine doses were elevated.  In the H35 cells, an increase in SSAT activity 

up to 3.8-fold over the control levels was observed between the 1 mM to the 

5mM exogenous putrescine dose (Figure 3.2B).  SSAT mRNA levels increased 2 

fold above the control levels at the 5 mM exogenous putrescine treatment (Figure 

3.2C).   
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 Exogenous putrescine treatments up to 10 mM with the H35 cells yielded 

the same alterations in intracellular polyamines levels, SSAT activity, and steady-

state SSAT mRNA levels as observed in LNCaP ODC/Tet-Ind cells.  The 

putrescine-associated alterations of SSAT activity and mRNA levels for both cell 

lines occurred over similar intracellular putrescine levels, i.e. >40 nmol/mg 

protein of intracellular putrescine levels.  The putrescine-dependent threshold for 

SSAT induction appeared similar between mammalian cell lines.  The 5 mM 

exogenous putrescine dose was used to treat the H35 cells for the remaining 

studies. 

 

Effect of SAMDC inhibitor, SAM486A, upon intracellular polyamine levels in 

mammalian cells 

Previous studies have established that putrescine is necessary and 

required for the induction of SAMDC activity [15].  SAMDC is a key enzyme for 

the synthesis of spermidine and spermine.  It was conceivable that the 

putrescine-mediated increase in SAMDC activity may lead to increased 

spermidine and spermine.  Since spermidine and spermine are among the known 

inducers of SSAT activity, the observed putrescine-associated increases in SSAT 

activity may be mediated by the activation of SAMDC.  By blocking SAMDC with 

SAM486A, we should observe a decrease in spermidine and spermine levels and 

a subsequent decrease in the putrescine-associated induction of SSAT activity.  

To determine the effects of SAMDC inhibition on the intracellular polyamine 
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levels in LNCaP ODC/Tet-Ind cells, we treated our cells with 10 μM SAM486A, a 

SAMDC inhibitor, 5 mM DFMO, and 15 mM exogenous putrescine (PUT) for 24 

(Figure 3.3).  5.6- and 3.2-fold increases in intracellular putrescine and 

acetylspermidine levels, respectively, above the control values were observed 

following treatment with SAM486A alone.  Spermidine and spermine levels 

decreased to 69% and 56%.  A 1.3-fold increase in putrescine above the 

markedly elevated intracellular putrescine levels seen with PUT treatment alone 

was observed following the co-treatment with SAM486A and PUT.  Spermidine, 

acetylspermidine, and spermine decreased to 25%, 75% and 64%, respectively.  

Previous research has shown that blocking SAMDC results in increasing 

putrescine levels [17] which may explain why SAM486A and PUT co-treatment 

resulted in increased levels above than PUT alone values.   

 Under the same experimental conditions used for the LNCaP ODC/Tet-Ind 

cells studies (Figure 3.3), the intracellular putrescine levels in the LNCaP 

parental cells were observed to increase to 3-fold over the control following the 

SAM486A treatment (Figure 3.4).  Spermidine levels were unchanged, and 

spermine level decreased to 86% of the control.  Acetylspermidine was not 

detected.  Following the co-administration of SAM486A and PUT, we observed 

that the intracellular putrescine levels increased 1.2-fold above the markedly 

elevated intracellular putrescine levels seen with PUT treatment.  Spermidine, 

acetylspermidine, and spermine levels decreased to 15%, 81% and 74%, 

respectively.  These results demonstrated that the altered intracellular polyamine 
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levels of the parental LNCaP cell line caused by the SAMDC inhibitor closely 

resembled the alterations observed with the LNCaP ODC/Tet-Ind cell line.  

These changes observed during the SAM486A and PUT treatments in both cell 

lines were not dependent on the stable ODC construct.   

 We wanted to determine whether the effects of SAMDC inhibition on 

intracellular polyamine levels in LNCaP ODC/Tet-Ind cells occurred in other 

mammalian cell lines.  The H35 cells were treated with 10 μM SAM486A, DFMO, 

or 5 mM PUT for 24 hours (Figure 3.5).  Intracellular putrescine levels increased 

to 14-fold over the control following the SAM486A treatment.  Spermidine and 

spermine levels decreased to 44% and 48%, respectively, of the control.  

Following the co-administration of SAM486A and PUT, we observed that the 

intracellular putrescine and acetylspermidine levels increased to 1.5-fold and 1.3-

fold above the markedly elevated intracellular putrescine levels seen with PUT 

treatment. Spermidine and spermine levels decreased to 25% and 73%, 

respectively.  These results demonstrated that the altered intracellular polyamine 

levels in the H35 cells caused by the SAMDC inhibition with or without putrescine 

mimicked the alterations observed with the LNCaP ODC/Tet-Ind cell line.   

DFMO treatment in all cell lines resulted in losses of putrescine and 

spermidine and no change in spermine levels as expected. 

 

Effect of SAMDC inhibitor, SAM486A, upon SAMDC activities in mammalian cells 
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Previous studies have shown that the administration of exogenous 

putrescine can lead to elevated SAMDC activity [10].  In order to determine 

whether SAM486A would prevent putrescine-mediated induction of SAMDC, we 

treated all cell lines with 10 μM SAM486A, 5 mM DFMO, 15 mM PUT (LNCaP 

ODC/Tet-Ind and LNCaP parental), or 5 mM PUT (H35) for 24 hours (Figure 3.6).  

DFMO, which has been previously reported as a strong inducer of SAMDC 

activity [14], was used as a control.  The SAMDC activity following treatment with 

SAM486A in all the cell lines resulted in a decrease  16% of control in LNCaP 

ODC/Tet-Ind cells (Figure 3.6A)  or no change (Figures 3.6B and 3.6C).  The 

SAMDC activity in all cell lines increased 3.5-, 2.8-, 3.6-fold over the control in 

LNCaP ODC/Tet-Ind (Figure 3.6A), LNCaP parental (Figure 3.6B), and H35 cells 

(Figure 3.6C), respectively, following the PUT alone treatment.  Following the co-

treatment with SAM486A and PUT, the SAMDC activity in all cell lines decreased 

to control levels. These results demonstrated that SAM486A effectively inhibited 

putrescine-mediated increase in SAMDC activity in all mammalian cell lines 

tested (Figure 3.6C) and independently of the stable ODC construct (Figure 

3.6B).   

 

Effect of SAMDC inhibitor, SAM486A, upon SSAT activities in mammalian cells 

It was conceivable that the observed putrescine-induced increase in SSAT 

activity may be the result of increased SAMDC activity.  We observed that 

SAM486A was effective in preventing putrescine-mediated increase in SAMDC 
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activity in multiple cell lines and also independently from our stable ODC 

construct (Figure 3.6).  We also observed that spermidine and spermine levels 

were decreased following treatment with SAM486A (Figure 3.3-3.5).  We wanted 

to determine whether treatment with SAM486A would abrogate the observed 

increase of SSAT activity following treatment with exogenous putrescine (Figures 

3.1 and 3.2).  Under the same experimental conditions as previously described 

(Figure 3.6), we observed that the SSAT activities of all cell lines following 

treatment with SAM486A alone showed no change from the control values 

(Figure 3.7).  Following the co-administration of SAM486A and PUT, the SSAT 

activities in all cell lines were essentially the same (Figures 3.7A & 3.7B) or 

increased 1.6-fold (Figure 3.7C) from the values following the PUT treatment.  

These results demonstrated that the putrescine-associated increase in SSAT 

activity was not mediated through the SAMDC activation in mammalian cells. 

 

Effect of SMO/APAO inhibitor, MDL-72,527 upon intracellular polyamine levels 

and SSAT activities of LNCaP ODC/Tet-Ind cells 

It was conceivable that the observed putrescine-associated increases in 

SSAT activity could be mediated through the SMO/APAO enzymes.  BENSpm, a 

polyamine analog, was reported to differentially induce SSAT and SMO mRNA 

and activity in several breast cancer cell lines [26].  Increased SSAT expression 

and subsequent increase in putrescine levels was also associated with increased 

SMO expression in murine kidneys following LPS administration [20]. Since 
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previous studies associated increases in SSAT expression with increases in 

SMO expression, it was plausible that SSAT and SMO activity may also be 

associated, and that inhibiting SMO/APAO may cause a concomitant decrease in 

SSAT activity.  We employed the SMO/APAO inhibitor, MDL-72,527, to 

determine the effects up on intracellular polyamine levels and putrescine-

associated increases of SSAT activity.  We treated the LNCaP ODC/Tet-Ind cells 

with 100 μM MDL-72,527 (MDL), 5 mM DFMO, or 15 mM PUT for 24 hours 

(Figure 3.8).  All intracellular polyamine levels were marginally increased over 

control (Figure 3.8A).  Intracellular acetylspermidine and acetylspermine levels 

increased to 2.8- and 1.8-fold, respectively, over the control.  Following the co-

administration of MDL and PUT, we observed no significant change in 

intracellular putrescine and acetylspermidine levels from the PUT treatment 

values.  Intracellular spermidine and spermine levels showed no change.  

Intracellular acetylspermine increased to 3.5 fold.  The SSAT activity showed no 

change following the MDL treatment (Figure 3.8B) alone.  Following the co-

administration of MDL and PUT, we observed that the SSAT activity was 

essentially the same as the values observed following the PUT treatment.  These 

results demonstrated that the putrescine-mediated increase in SSAT activity 

does not appear to be dependent on SMO/APAO activation in these cells. 
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Effect of polyamine metabolic enzyme inhibitors cocktail upon intracellular 

polyamine levels and SSAT activities of LNCaP ODC/Tet-Ind cells  

We previously observed that the putrescine-mediated increase in SSAT 

activity does not appear to be dependent on SAMDC or SMO/APAO (Figures 3.7 

and 3.8B). We wanted to determine whether an undetermined polyamine-

dependent event mediated the observed putrescine-associated increase in SSAT 

activity. To address this possible mechanism, we treated our cultures with a 

polyamine metabolic enzyme inhibitors cocktail (PIC) consisting of DFMO, 

SAM486A, and MDL-72,527 which would result in inhibiting all polyamine 

metabolism and the lowering of intracellular polyamine levels. This reduction in 

polyamine levels would inhibit the undetermined polyamine-dependent event and 

prevent the putrescine-associated increase in SSAT activity.  We treated our 

cells with the PIC consisting of 10 µM SAM486A, 100 µM MDL-72,527 (MDL), 5 

mM DFMO, or 15 mM PUT for 24 hours (Figure 3.9).  All intracellular polyamine 

levels decreased from the control following the PIC treatment (Figure 3.9A).  

Following the co-administration of PIC and PUT, we observed that intracellular 

putrescine levels marginally increased from the PUT treatment alone.  

Intracellular spermidine, acetylspermidine, and spermine decreased to 23%, 

46%, and 74% of the PUT treatment values.  The SSAT activity showed no 

change following the PIC treatment (Figure 3.9B).  Following the co-

administration of PIC and PUT, we observed that the SSAT activity decreased 

60% from the PUT treatment value and increased to 9-fold over control and PIC 
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treatment values.  These results demonstrated that the possibility of an 

undetermined polyamine-dependent event inducing SSAT following putrescine 

administration is unlikely.  Putrescine appears to be directly mediating the 

increases in SSAT activity.   
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DISCUSSION 

 

The aims of this study were to determine whether the observed increase 

in intracellular polyamine levels, SSAT mRNA and SSAT activity following stable 

ODC overexpression could be achieved through treatment with exogenous 

putrescine.  We wanted to determine if these events could be achieved in other 

mammalian cell lines and independent from the stable ODC construct.  We also 

wanted to determine whether putrescine directly mediated the observed 

increases in SSAT activity.  We observed here that exogenous putrescine 

applied to the cells in culture can raise intracellular putrescine levels, increase 

SSAT activity, and elevate the steady-state mRNA levels of SSAT (Figures 3.1 

and 3.2).   

 To further investigate the possible role of putrescine on elevated SSAT 

activity, we focused on another enzyme of the polyamine biosynthetic pathway, 

SAMDC.  Previous research has shown that putrescine is a strong inducer of 

SAMDC activity [15].  Since there has been an established association with 

putrescine and SAMDC in other cell lines [10], we investigated whether elevated 

SAMDC following exogenous putrescine administration is responsible for the 

increase in SSAT activity in our cells rather than putrescine alone.  We 

demonstrated that both SAMDC and SSAT activities were elevated when treated 

with high exogenous putrescine (Figure 3.6 and 3.7).  Inhibition of SAMDC would 

result in decreased spermidine and spermine levels and subsequent decrease in 
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SSAT activity.  Previous studies have shown that use of antisense of AdoMetDC 

has resulted in lower polyamines in colorectal cancer cells in 72 hours [27].  

Previous research has also shown that treatment with SAM486A resulted in 

lower polyamine levels and DNA damage [28]. Co-administration of DFMO and 

SAM486A resulted in a reduction of all main polyamines and no effect on cell 

viability [29].  We demonstrated that inhibition of SAMDC increased putrescine 

with losses in spermidine and spermine in all cell lines.  SAM486A prevented the 

putrescine-mediated SAMDC induction, but was ineffective in preventing 

putrescine-mediated SSAT induction (Figure 3.7).  SAMDC inhibition bears no 

effect on the induction of SSAT activity in response to increased intracellular 

putrescine.  Previous research has shown that treatment with SAM486A resulted 

in decreased SSAT activity in MCF-10A cell line as well as a marked increase in 

putrescine and reduced spermidine and spermine levels [30].  SAM486A has 

been shown to be an apoptosis inducing agent in other cell lines [31] but seem to 

be well tolerated in LNCaP prostate cells. 

  We also wanted to determine whether SMO/APAO played a role in 

stimulating SSAT activity in response to high putrescine.  SMO causes the direct 

conversion of spermine to spermidine.  APAO converts acetylspermine to 

spermidine and acetylspermidine to putrescine. It was conceivable that 

SMO/APAO could mediate the increase in SSAT activity since accumulating 

studies report that increases in SSAT expression have been associated with 

increases in SMO expression. Previous studies have shown that polyamine 
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catabolism through increased SSAT expression and subsequent increase in 

putrescine levels was also associated with increased SMO expression in murine 

kidneys following LPS administration [20].  When SMO/APAO is blocked with 

MDL-72,527, intracellular putrescine and spermidine levels are depressed with 

an increase in N1 acetyl spermidine [32].  MDL-72,527 has also been shown to 

prevent ROS production and oxidative DNA damage [33].  We demonstrated that 

treatment with MDL-72,527 led to only marginal increases in polyamine levels 

(Figure 3.8).  SSAT activity remained unchanged following treatment with MDL-

72,527 with or without putrescine.  The putrescine-mediated increase in SSAT 

activity does not appear to be dependent on SMO/APAO activation.  Previous 

research has shown that MDL-72527 has only marginal effects on the induction 

of pancreatic SSAT activity of metallothionein-SSAT rats [34].  Over activity of 

SMO has been shown to lead to sub-lethal chronic DNA damage and repair 

without affecting transcriptional and enzymatic levels of ODC and SSAT [35].  

 Lastly, we wanted to determine whether putrescine directly induces the 

increase in SSAT activity or whether some undetermined polyamine-dependent 

event mediates the observed increase in SSAT activity.  To address this possible 

mechanism, we treated our cultures with an inhibitor cocktail consisting of 

DFMO, SAM486A, and MDL-72,527 which would result in inhibiting all polyamine 

metabolism and subsequent decrease in polyamine levels.  Previous research 

has shown that combining the inhibitors resulted in lowering all polyamines in 

normal fibroblasts cells [36].  This reduction in polyamine levels would inhibit the 
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undetermined polyamine-dependent event and prevent the putrescine-associated 

increase in SSAT activity.  Our results showed that all polyamine levels were 

decreased following treatment with polyamine inhibitor cocktail (Figure 3.9).  

SSAT activity was increased following the co-treatment with the inhibitor cocktail 

and putrescine.  The polyamine inhibitor cocktail was ineffective in preventing 

putrescine-associated SSAT induction suggesting that putrescine directly 

mediates the increase in SSAT activity.  

 The changes in intracellular polyamine pools following treatment with the 

SAM486A closely resemble the increased intracellular putrescine levels with 

concomitant decrease in spermidine and spermine levels that leads to increased 

SSAT activity [7, 8].  However, treatment with SAM486A alone did not elicit any 

change in SSAT activity even though putrescine levels were increased.  The 

possible explanation may be that a “threshold” amount of intracellular putrescine 

is required to induce SSAT activity.  The concentration of intracellular putrescine 

required to elicit SSAT induction appears to be above 25-30 nmol/mg protein with 

the cell lines we have used.  Also above this threshold value, we see the 

decrease of intracellular spermidine and spermine levels initiate.  Other 

researchers have shown polyamine dependent thresholds do exist.  Sowa et al 

have determined a threshold concentration of polyamine needed to bundle actin 

[37].  Ahern et al. have determined a threshold concentration for activation of 

capsaicin receptor TRPV1 by spermine [38].  
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 Another possible explanation regarding the drop in intracellular spermidine 

and spermine levels response to elevated putrescine may be related to the 

induction of SAMDC.  The resulting molecule from the transfer of the 

aminopropyl group of dcSAM is 5’-methylthioadenosine (MTA).  MTA is known to 

be a strong inhibitor of spermine synthase [39].   High amounts of putrescine 

could result in the induction of SAMDC activity which could then cause  

increased dcSAM [15].  dcSAM is further processed into aminopropyl group 

donors and increased MTA.  MTA could lead to increased inhibition of spermine 

synthase resulting in lowering of spermine pools.   

Exogenous sources of polyamine should not be overlooked as potential 

candidates to alter intracellular polyamine levels and polyamine metabolic 

enzymes.  Several reports have detailed that significant amounts of polyamine s 

are present in dietary foods [40-42].  Zoumas-Morse et al. [40] list a top 10 

example of foods with high putrescine, spermidine, and spermine contents.  

Depending upon diet and amount of consumption, high polyamine content foods 

should not be overlooked as sources of exogenous polyamines contributory to 

the effects of polyamines within the body.  Previous studies have shown that in 

rats only 10% of dietary putrescine, 40% of dietary spermidine, and 8% of dietary 

spermine are retained in body tissue [41].  Previous reports have shown that 

mice that were given polyamine deficient diet combined with gastrointestinal tract 

decontamination and polyamine oxidase inhibition greatly enhanced the effects 
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of DFMO [43].  Total decontamination of the GI tract of L1210-bearing mice 

markedly potentiates the moderate tumor inhibition by DFMO alone [43, 44]. 

 Recent reviews have complied a thorough list of known inducers of SSAT 

gene expression [11, 12].  Among the list are conventional inducers such as 

spermidine and spermine as well as various polyamine analogs that induce 

SSAT with concomitant losses of putrescine, spermidine, and spermine.  

Putrescine is not among the list of inducers.  Previous research reports that 

conditional SSAT overexpression in mammalian cultures [18, 19] or induced 

SSAT overexpression through various insults [45] leads to the compensatory 

activation of polyamine biosynthetic enzymes, ODC and SAMDC, and increased 

putrescine pools.  This compensatory increase in polyamine biosynthesis may be 

causing the observed accumulation in putrescine levels following the 

overexpression of SSAT.  Our previous and current studies, however, have 

shown that direct application of putrescine or stable ODC overexpression leads 

to the accumulation of intracellular putrescine levels beyond a threshold level 

sufficient to increase SSAT activity [7].  In this study we report that inhibiting 

SAMDC and SMO/APAO following treatment with putrescine does not alter the 

observed putrescine-mediated increase of SSAT activity.  The observed 

increases in SSAT activity following the accumulation of putrescine do not 

appear to be mediated through the compensatory activation of polyamine 

biosynthesis but through another mechanism.  There has been some suggestion 

that increased acetylation by SSAT may influence a small, unbound population of 
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polyamines leading to the derepression of the polyamine biosynthesis enzymes 

[19].  The accumulation of putrescine through stable ODC overexpression or 

direct application of putrescine leads to increased SSAT, the accumulation of 

putrescine may also influence these small, unbound pools of polyamines and/or 

lead to the displacement of bound polyamines.  This study finds that 

accumulating intracellular putrescine levels above a threshold level should be 

considered as an additional inducing agent of SSAT gene expression.  
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Figure 3.1:  Effect of exogenous putrescine upon intracellular polyamine levels, 

SSAT activity, and steady-state SSAT mRNA levels in LNCaP ODC/Tet-Ind cells.  

Cells were treated with increasing doses of exogenous putrescine for 24 hours. 

Post 24-hour treatment, cells were washed with 1X PBS, harvested, and their 

intracellular polyamine levels (A), SSAT activity (B), and steady-state SSAT 

mRNA levels determined as described in Materials and Methods.  The data 

shown are the means +/- SEM of triplicate samples. 
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Figure 3.2: Effect of exogenous putrescine upon intracellular polyamine levels, 

SSAT activity, and steady-state SSAT mRNA levels in H35 cells. Cells were 

treated with increasing doses of exogenous putrescine for 24 hours.  Post 24-

hour treatment, cells were washed with 1X PBS, harvested and their intracellular 

polyamine levels (A), SSAT activity (B), and steady-state SSAT mRNA levels 

determined as described in Materials and Methods.  The data shown are the 

means +/- SEM of triplicate samples. 
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Figure 3.3: Effect of SAMDC inhibitor, SAM486A, upon intracellular polyamine 

levels in LNCaP ODC/Tet-Ind cells.  Cells were treated with 10 µM SAM486A, 5 

mM α-difluoromethylornithine (DFMO), or 15 mM exogenous putrescine (PUT) 

for 24 hours.  Post 24-hour treatment, cells washed with 1X PBS, harvested, and 

their intracellular polyamine levels determined as described in Materials and 

Methods. The data shown are the means +/- SEM of triplicate samples. 
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Figure 3.4: Effect of SAMDC inhibitor, SAM486A, upon intracellular polyamine 

levels of LNCaP parental cells.  Cells were treated with 10 µM SAM486A, 5 mM 

α-difluoromethylornithine (DFMO), or 15 mM exogenous putrescine (PUT) for 24 

hours.  Post 24-hour treatment, cells washed with 1X PBS, harvested, and their 

intracellular polyamine levels determined as described in Materials and Methods. 

The data shown are the means +/- SEM of triplicate samples. 
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Figure 3.5: Effect of SAMDC inhibitor, SAM486A, upon intracellular polyamine 

levels of H35 cells.  Cells were treated with 10 µM SAM486A, 5 mM α-

difluoromethylornithine (DFMO), or 5 mM exogenous putrescine (PUT) for 24 

hours.  Post 24-hour treatment, cells washed with 1X PBS, harvested, and their 

intracellular polyamine levels determined as described in Materials and Methods. 

The data shown are the means +/- SEM of triplicate samples. 
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Figure 3.6:  Effect of SAMDC inhibitor, SAM486A, upon SAMDC activities of 

mammalian cell lines.  LNCaP ODC/Tet-Ind (A), LNCaP parental (B), and H35 

(C) cell lines were treated with 10 µM SAM486A, 5 mM α-difluoromethylornithine 

(DFMO), or exogenous putrescine (PUT) for 24 hours.  LNCaP ODC/Tet-Ind and 

LNCaP parental cells were treated with 15 mM exogenous putrescine.  H35 cells 

were treated with 5 mM exogenous putrescine. Post 24-hour treatment, cells 

were washed with 1X PBS, harvested, and their SAMDC activities determined as 

described in Materials and Methods.  The data shown are the means +/- SEM of 

triplicate samples.   

 

 

 

 

 

 

 

 

 



 

 112 

 



 

 113 

 

Figure 3.7: Effect of SAMDC inhibitor, SAM486A, upon SSAT activities in 

mammalian cell lines.  LNCaP ODC/Tet-Ind (A), LNCaP parental (B), and H35 

(C) cell lines were treated with 10 µM SAM486A, 5 mM α-difluoromethylornithine 

(DFMO), or exogenous putrescine (PUT) for 24 hours.  LNCaP ODC/Tet-Ind and 

LNCaP parental cells were treated with 15 mM exogenous putrescine.  H35 cells 

were treated with 5 mM exogenous putrescine. Post 24-hour treatment, cells 

were washed with 1X PBS, harvested, and their SSAT activities determined as 

described in Materials and Methods.  The data shown are the means +/- SEM of 

triplicate samples.     
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Figure 3.8:  Effect of SMO/APAO inhibitor, MDL-72,527, upon intracellular 

polyamine levels and SSAT activity in LNCaP ODC/Tet-Ind cells.  Cells were 

treated with 100 µM MDL-72,527 (MDL), 5 mM α-difluoromethylornithine 

(DFMO), or 15 mM exogenous putrescine (PUT) for 24 hours.  Post 24-hour 

treatment, cells were washed with 1X PBS, harvested, and their intracellular 

polyamine levels (A) and SSAT activities (B) determined as described in 

Materials and Methods.  The data shown are the means +/- SEM of triplicate 

samples.   

 

 

 

 

 

 

 

 

 



 

 116 

 



 

 117 

 

Figure 3.9:  Effect of polyamine metabolic enzyme inhibitors cocktail upon 

intracellular polyamine levels and SSAT activity in LNCaP ODC/Tet-Ind cells.  

Cells were treated with 10 µM SAM486A, 100 µM MDL-72,527 (MDL), 5 mM α-

difluoromethylornithine (DFMO), or 15 mM exogenous putrescine (PUT) for 24 

hours.  Post 24-hour treatment, cells were washed with 1X PBS, harvested, and 

their intracellular polyamine levels (A) and SSAT activities (B) determined as 

described in Materials and Methods.  The data shown are the means +/- SEM of 

triplicate samples.  
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ABSTRACT 

 

Polyamines are aliphatic cations which are involved in various cellular 

processes including cell growth and proliferation.  Putrescine, spermidine and 

spermine constitute the major polyamines generated from the polyamine 

metabolic pathway.  Ornithine decarboxylase (ODC) and spermidine/spermine-

N1-acetyltransferase (SSAT) are rate-limiting enzymes of the polyamine 

biosynthetic and polyamine catabolic pathways, respectively.  Our previous 

research has shown that increasing intracellular putrescine levels through the 

induction of stable ODC overexpression or administration of exogenous 

putrescine result in elevated steady-state mRNA levels of ID1, c-Jun, and c-Fos 

in human cell lines.  We wanted to determine whether the accumulation of 

intracellular putrescine following treatment with exogenous putrescine leads to 

increases in their steady-state protein levels.  The ID1, c-Jun, and c-Fos steady-

state protein levels were increased to 6-, 4-, and 6-fold, respectively, in a time- 

and dose-dependent manner following treatment with exogenous putrescine for 

up to 24 hours.  Previous studies suggested that the observed increases in the 

protein levels of these genes may be mediated by other key enzymes in the 

polyamine metabolic pathway, i.e. s-adenosylmethionine (SAMDC), spermine 

oxidase (SMO), and N1-acetylpolyamine oxidase (APAO).  We used the SAMDC 

inhibitor, SAM486A, and/or the SMO/APAO inhibitor, MDL-72,527, to determine 
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whether the increases in ID1, c-Jun, and c-Fos steady-state protein levels 

following treatment with exogenous putrescine would be abrogated.  We 

observed that these protein levels were only marginally affected following 

treatment with the inhibitors.  Our results demonstrate that neither SAMDC nor 

SMO/APAO activities were required for the putrescine-mediated increase in ID1, 

c-Jun, and c-Fos steady-state protein levels. 
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INTRODUCTION 

 

 Putrescine, spermidine, and spermine are the main constituents of the 

family of molecules known as polyamines.  Although the exact function of these 

molecules remains unresolved, polyamines have been implicated as essential for 

cellular growth and proliferation [1].  Putrescine is the initial and terminal 

polyamine of the biosynthetic and catabolic pathways, respectively, of polyamine 

metabolism.  Putrescine is formed from decarboxylation of ornithine by ornithine 

decarboxylase (ODC) and is further processed into spermidine then spermine by 

spermidine synthase (SpdS) and spermine synthase (SpmS).  s-

Adenosylmethionine decarboxylase (SAMDC) process s-adenosylmethionine 

(SAM) into decarboxylated SAM (dcSAM) which provides to aminopropyl group 

for spermidine and spermine production.  Putrescine is also generated through 

the breakdown of spermine then spermidine through the transfer of acetyl groups 

to their terminal ends forming acetylpolyamines.  These acetylpolyamines are 

catabolized by the acetylpolyamine oxidase (APAO) to eventually produce 

putrescine.  Spermine oxidase (SMO) can convert spermine directly in 

spermidine bypassing APAO.  Putrescine may also be imported from exogenous 

sources through uptake system Pot-FGHI [2] and PuuP [3] in Escherichia coli or 

through a K-RAS regulated caveolar-dependent endocytic mechanism [4] in 

animal cells. 
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Accumulating research continues to support the individual roles of 

putrescine, spermidine, and spermine that extend beyond biosynthetic precursor 

relationships of polyamine metabolism.  Spermine has been reported to bind to 

the intracellular regions inward rectifying K+ channel and regulate the stabilization 

of the resting conformation of the channel [5].  Spermidine has an independent 

and specific function in eukaryotic organisms as a source of the 4-aminobutyl 

moiety of hypusine [Nε-(4-amino-2-hydroxybutyl)-lysine] in the essential cellular 

protein eIF5A [6].  Typically, the fate of putrescine in polyamine biosynthetic 

pathway is to become spermidine then spermine.  We previously reported that 

putrescine accumulation mediated by an inducible, stable ornithine 

decarboxylase construct resulted in decreased intracellular spermidine and 

spermine levels [7, 8].  Using LNCaP ODC/Tet-Ind cells, tetracycline-mediated 

ODC overexpression resulted in high amounts of intracellular putrescine with 

losses of spermidine and spermine [7].  This intracellular putrescine profile led to 

increased mRNA steady-state accumulation of various genes and to increased 

SSAT activity [8].  Previous studies have also implicated putrescine to be 

involved in changes in gene expression including 4E-BP1 [9] and also increasing 

enzyme activity including SAMDC [10].   

ID1 is a member of the helix-loop-helix (HLH) family of transcriptional 

regulatory proteins which consist of four members, ID1 through ID4 [11].  ID1 

contains a helix-loop-helix motif yet lacks the DNA binding domain.  The ID 

proteins function as dominant negative regulators of helix-loop-helix transcription 
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factors and forming heterodimers with the transcription factors inactivating them. 

The Id proteins have a high affinity for the E class of bHLH transcription factors 

[12] and for class B proteins [13].  Id1 has been most closely linked to 

tumorigenesis since it has been shown to regulate cellular proliferation, cell 

survival, and cellular senescence, as well as have increased expression in 

several human cancers [14].  Prior research regarding Id1 and polyamines are 

very limited.  Previous studies has identified via microarray analysis and verified 

through RT-PCR and Northern or Western that Id1 and polyamine oxidase 

isoform 1 were among the 11 all-trans-retnoic acid target genes linked to growth 

suppression in BEAS-2B human bronchial epithelial cells [15]. 

Unlike ID1, research regarding protooncogenes, c-Jun and c-Fos, and 

polyamines has been investigated extensively.  Accumulating research has 

established that polyamine depletion or polyamine accumulation can lead to the 

induction of these genes based upon different cell types [16].   Previous research 

has shown that polyamines have a predominant role in the regulation of 

transcription of c-fos in human colon carcinoma cells [17].   Polyamine depletion 

induced in IEC-6 rat intestinal epithelial crypt cells by DFMO is associated with 

decreases in cell proliferation and in the expression of c-fos, c-jun, and c-myc 

[18].  

In this study, we wanted to determine whether (1) treatment with 

exogenous putrescine leads to increased steady-state protein levels of ID1, c-

Jun, and c-Fos in a time-and dose-dependant manner and (2) the increase in 
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protein levels occurs independently of the other polyamine metabolic enzymes.  

Accumulating research supports that activation of polyamine catabolism at the 

level of SSAT leads to compensatory increases in ODC and SAMDC activities as 

well as a large increase in intracellular putrescine [19, 20].  Additionally, 

spermine oxidase/acetylpolyamine oxidase (SMO/APAO) activity may also play a 

role in putrescine-induced SSAT activity since intracellular acetylspermidine 

pools were observed to increase following stable ODC overexpression [7].  We 

employed the SAMDC and SMO/APAO inhibitors SAM486A and MDL-72,527, 

respectively, to assess the whether SAMDC and SMO/APAO mediate the 

observed increase of steady-state protein levels following the accumulation of 

intracellular putrescine.  We report that elevated intracellular putrescine levels 

following exogenous putrescine treatments led to the increase in steady-state 

protein levels of ID1, c-Jun, and c-Fos in the LNCaP ODC/Tet-Ind cell line in 

time- and dose-dependent fashion.  This accumulation of intracellular putrescine 

increased these protein levels independently from the other rate-determining 

polyamine metabolic enzymes.  
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MATERIALS AND METHODS 

 

Chemicals and Supplies 

 All reagents and materials used for the following experiments were 

purchased through Fischer Scientific unless stated otherwise.  SAM486A was 

generously given as gift from Novartis Pharma AG.  MDL-72,527 was generously 

given as a gift from Dr. Debora L. Kramer and Dr. Carl W. Porter from Roswell 

Park Cancer Institute and from Dr. Patrick M. Woster from Wayne State 

University. α-difluoromethylornithine (DFMO) was generously given as a gift from 

ILEX Pharmaceuticals.  Primary antibodies were purchased from Santa Cruz 

Biotechnology.  Secondary antibody was purchased from Vector Laboratories. 

 

Cell Cultures 

LNCaP ODC/Tet-Ind cells were designed and maintained as described in 

Wilson et al. [7].  LNCaP cell lines were purchased from American Type Culture 

Collection (Manassas, VA).  LNCaP cells were cultured in RPMI 1640 medium 

(Mediatech, Inc.) supplemented with 2 mM glutamine, 100 units/ml penicillin, 100 

units/ml streptomycin, 1 mM sodium pyruvate (Mediatech, Inc.), and 10% fetal 

bovine serum in 37 oC, 5% CO2 , 100% humidity.  Cell lines were maintained in 

culture for a maximum of 10 passages. 

 

Intracellular Polyamine Determination 
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Intracellular polyamine levels were measured by the method described by 

Gilbert et al. [21] involving HPLC analysis of dansylated polyamines. 

Polyamine levels were determined by comparing with appropriate 

standards.  The samples were normalized by resuspending the precipitated 

proteins in 0.2 N sodium hydroxide and total protein content was measured using 

the Bradford method [[22].  Polyamine levels were expressed as nmol per mg of 

total cellular protein present in the culture dish. 

 

Western Blot Analysis 

 Cells were washed with 1X PBS then lysed in RIPA lysis buffer (150 mM 

sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS (sodium 

dodecyl sulphate, 50 mM Tris, ph 8.0) plus protease inhibitor cocktail (Sigma).  

100 micrograms of protein was separated by SDS-PAGE and transferred onto 

polyvinylidene difluoride membrane.  Membranes were blocked with 5% nonfat 

milk in 1X TBS with 0.1% Tween 20 for 1 hour at room temperature.  Membranes 

were exposed to primary antibodies overnight, washed, and exposed to 

secondary antibody for 1 hour at room temperature.  Membranes were analyzed 

using enhanced chemiluminescence detection kit (Pierce). 
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RESULTS 

Effect of exogenous putrescine upon steady-state protein levels of ID1, c-Jun, 

and c-Fos in LNCaP ODC/Tet-Ind cells. 

In our previous studies, we observed that the steady-state mRNA levels of 

ID1, c-Jun, and c-Fos increased following stable ODC overexpression or 

administration of exogenous putrescine in LNCaP ODC/Tet-Ind cells [7, 8].  In 

order to determine the effects of exogenous putrescine on protein levels of ID1, 

c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells, we treated the cells with 

increasing doses of exogenous putrescine for 24 hours (Figure 4.1A).  Steady-

state protein levels of ID1, c-Jun, and c-Fos were observed to increase in a dose-

dependent manner to values up to 6, 4, and 6 fold, respectively, over the control.  

We also treated the cells with 15 mM exogenous putrescine up to 24 hours to 

determine the effects of a high single dose of exogenous putrescine on protein 

levels of ID1, c-Jun, and c-Fos (Figure 4.1B).  Steady-state protein levels of ID1, 

c-Jun and c-Fos increased in a time-dependent manner to values up to 6, 3, and 

3 fold, respectively, over the control.   The steady-state protein levels of ID1, c-

Jun, and c-Fos following exogenous putrescine treatments increased in time and 

dose-dependent manner.  

 

Effect of the SAMDC inhibitor, SAM486A, upon the steady-state protein levels of 

ID1, c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells.  
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In our previous studies we observed increases in the activities of 

polyamine biosynthetic enzyme, SAMDC, and polyamine catabolic enzyme, 

SSAT, following the treatment of exogenous putrescine.  We determined that 

putrescine-mediated increase in SSAT activity was not dependent on SAMDC 

activation.  In order to determine whether the increases in protein levels of ID1, c-

Jun, and c-Fos following treatment with putrescine were dependent on SAMDC 

activity, we treated the cells with 10 µM SAM486A, a SAMDC inhibitor, and 15 

mM exogenous putrescine for 24 hours. Intracellular putrescine levels were 

increased to ~5 fold higher than control levels following treatment of SAM486A 

alone (Table 1).  Following the co-administration of SAM486A and exogenous 

putrescine, intracellular putrescine levels increased ~15 fold higher than the 

control (Table 1).  Steady-state protein levels of ID1, c-Jun, and c-Fos showed no 

change from the control following treatment with SAM486A (Figure 4.2).  The 

putrescine alone treatment resulted in 3 fold increase in ID1, 2 fold increase in c-

Jun, and 2 fold increase in c-Fos.  Following the co-treatment of SAM486A and 

putrescine, steady-state protein levels of ID1 and c-Fos also showed no change 

while c-Jun protein levels decreased marginally from the values observed post 

treatment with putrescine.  The putrescine-mediated increase in the steady-state 

protein levels of these genes is not dependent on the polyamine biosynthetic 

enzyme SAMDC and the biosynthesis of the downstream polyamines of 

spermidine and spermine. 
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Effect of the SMO/APAO inhibitor, MDL-72,527, upon the steady-state protein 

levels of ID1, c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells. 

We wanted to determine whether the polyamine catabolic enzymes 

SMO/APAO may mediate the putrescine-mediated increases in the steady-state 

protein levels of ID1, c-Jun, and c-Fos. Previous studies have shown that 

polyamine catabolism through increased SSAT expression and subsequent 

increase in putrescine levels was also associated with increased SMO 

expression in murine kidneys following LPS administration [23].  Our previous 

studies showed that putrescine-mediated increase in SSAT activity occurred 

independently of SMO/APAO activity.  To determine the effects of SMO/APAO 

inhibitor, MDL-72,527, on the intracellular polyamine levels of LNCaP ODC/Tet-

Ind cells, we treated the cells with 100 µM MDL-72,527 and 15 mM exogenous 

putrescine for 24 hours (Table 1).  Intracellular putrescine levels increased ~2 

fold higher than control levels following treatment with MDL-72,527.  Following 

the co-administration of MDL-72,527 and exogenous putrescine, intracellular 

putrescine levels increased ~16 fold higher than controls.   To determine the 

effects of MDL-72,527 on the protein levels of ID1, c-Jun, and c-Fos in LNCaP 

ODC/Tet-Ind cells, we treated the cells with 100 µM MDL-72,527, 5 mM DFMO, 

or 15 mM exogenous putrescine for 24 hours (Figure 4.3).  Steady-state protein 

levels of ID1, c-Jun, or c-Fos showed no change from the control following 

treatment with MDL-72,527.  The putrescine alone treatment resulted in 3 fold 

increase in ID1, 2 fold increase in c-Jun, and 2 fold increase in c-Fos.  Following 
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the co-administration of MDL-72,527 and putrescine, protein levels of ID1 and c-

Jun showed no change while c-Fos levels decreased marginally from the values 

observed post treatment with putrescine.  These results suggest that putrescine-

mediated increase in the steady-state protein levels of these genes is not 

dependent on polyamine catabolic enzymes SMO/APAO and the catabolism of 

spermine, spermidine, and the acetylpolyamines.   

 

Effect of the polyamine metabolic enzyme inhibitors cocktail upon the steady-

state protein levels of ID1, c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells. 

We observed that the increase in steady-state protein levels of ID1, c-Jun, 

and c-Fos following treatment with exogenous putrescine was not dependent on 

polyamine biosynthetic enzyme, SAMDC, or polyamine catabolic enzymes, 

SMO/APAO, singularly (Figures 4.2 and 4.3).  We combined all inhibitors used in 

this study together to form a polyamine metabolic enzyme inhibitors cocktail to 

determine if inhibiting key polyamine metabolic enzymes conjointly would reverse 

the observed increases in protein levels following treatment with putrescine.  To 

address the effects of inhibitor cocktail on the intracellular polyamine levels of 

LNCaP ODC/Tet-Ind cells, we treated the cells with 10 µM SAM486A, 5 mM 

DFMO, and 100 µM MDL-72,527 and 15 mM exogenous putrescine for 24 hours 

(Table 1).  Intracellular putrescine, spermidine, spermine and acetylspermidine 

levels decreased to 45%, 56%, 56%, and 9%, respectively, of the control levels 
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following treatment of the inhibitor cocktail.  Following the co-administration of the 

inhibitor cocktail and exogenous putrescine, increased intracellular putrescine, 

spermidine, spermine, and acetylspermidine levels decreased to 93%, 25%, 

74%, and 46%, respectively, of the polyamine levels following treatment with 

putrescine alone.   To determine the effects of the inhibitor cocktail on the protein 

levels of Id1, c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells, we treated the cells 

with 10 µM SAM486A, 100 µM MDL72527, and 5 mM DFMO and 15 mM 

exogenous putrescine for 24 hours (Figure 4.3).  Steady-state protein levels of 

ID1, c-Jun, or c-Fos showed no change from the control levels following 

treatment with the inhibitor cocktail.  The putrescine alone treatment resulted in a 

3 fold increase in ID1, 2 increase in c-Jun, and 2 fold increase in c-Fos.  

Following the co-administration of the inhibitor cocktail and putrescine, protein 

levels of c-Jun and c-Fos showed no change while ID1 levels decreased 

marginally from the values observed post treatment with putrescine.  These 

results demonstrated that putrescine-mediated increase in the steady-state 

protein levels of these genes was not dependent upon the activation of 

polyamine biosynthetic and catabolic pathways. 
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DISCUSSION  

Previously, we observed that accumulation of intracellular putrescine 

through either stable ODC overexpression or administration of exogenous 

putrescine led to increased steady-state mRNAs of ID1, c-Jun, and c-Fos [8].  

Our focus of this study was to determine whether increased intracellular 

putrescine levels lead to increased steady-state protein levels of ID1, c-Jun, and 

c-Fos.  We determined that the accumulation of intracellular putrescine levels led 

to increased steady-state protein levels of ID1, c-Jun, and c-Fos in a time- and 

dose-dependent manner (Figure 4.1). Our previous research has shown that the 

accumulation of putrescine through the administration of exogenous putrescine 

results in increased mRNA and enzyme activity of SSAT.   

We additionally wanted to determine if the putrescine-induced changes in 

steady-state protein levels of these genes were mediated through the enzymes 

of the polyamine biosynthetic or catabolic branches of polyamine metabolism.  

We previously demonstrated that the accumulation of putrescine led to increased 

SAMDC activity.  SAMDC, AdoMetDC is responsible for catalyzing the reaction 

that converts s-adenosylmethionine into the aminopropyl donor, decarboxylated 

s-adenosylmethionine.  Previous research has shown that putrescine is a strong 

inducer of SAMDC activity [24].  Since there has been an established connection 

with putrescine and SAMDC in other cell lines [10], we investigated whether 

elevated SAMDC activity mediated the increase in steady-state protein levels of 
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ID1, c-Jun, and c-Fos.  Previous studies have shown that treatment of SAM486A 

can increase intracellular protein levels including p53 and Mdm2 in p53 wild-type 

neuroblastoma cells [25].  We report that the SAM486A treatments were 

ineffective in abrogating or reversing the putrescine-mediated increase in steady-

state protein levels of these genes (Figure 4.2).  We determined that the 

increased steady-state protein levels of ID1, c-Jun, and c-Fos following the 

administration of exogenous putrescine occurred independently of SAMDC 

activity. 

 We wanted to determine whether the increasing steady-state protein 

levels following the accumulation of intracellular putrescine levels were mediated 

through polyamine catabolism via SMO/APAO.  SMO causes the direct 

conversion of spermine to spermidine.  APAO converts acetylspermine to 

spermidine and acetylspermidine to putrescine.  Recent studies have 

corroborated that polyamine catabolism through SSAT expression and 

subsequent increase in putrescine levels was also associated with increased 

SMO expression in murine kidneys following LPS administration [23].  We 

employed the SMO/APAO inhibitor, MDL-72,527, to determine whether 

SMO/APAO activity mediated the increased protein levels following exogenous 

putrescine treatments.  The inhibition of SMO/APAO enzymes would prevent the 

catabolism of spermine, spermidine and acetylated polyamines of the polyamine 

catabolic pathway.  We report that the MDL-72,527 treatments were ineffective in 

preventing the putrescine-mediated increases in steady-state protein levels of 
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these genes (Figure 4.3).  The observed increases in protein levels following 

treatment with exogenous putrescine occurred independently from polyamine 

catabolism. 

 Lastly we wanted to determine if inhibiting all polyamine metabolism would 

abrogate the putrescine-mediated increases in protein levels of these genes.  

Previous research has shown that combining the inhibitors resulted in lowering of 

all polyamines in normal fibroblasts cells [26].  The combined treatment of DFMO 

and SAMDC inhibitor, MDL-73811, caused a reduction of polyamines up to ~60-

70% by 96 hours and led to potent activation of ERK1/2, JNK, and p38 [27].  We 

determined that the inhibitor cocktail treatments, while have marginally reduced 

ID1 protein levels during the co-treatment, were ineffective in completely 

reversing the putrescine-mediated increases in steady-state protein levels of this 

genes (Figure 4.4).  Our previous results showed that neither polyamine 

biosynthesis nor polyamine catabolism alone was implicated in putrescine-

mediated protein level increases.  Only when all inhibitors were combined do we 

see a marginal effect on protein levels meaning that polyamine metabolism is still 

necessary for the genes to be upregulated. 

This study is a representation of altered gene expression during high 

accumulation of intracellular putrescine in LNCaP ODC/Tet-Ind cells.  Based on 

our previous observations during a genome-wide expression analysis, we 

determined these genes – ID1, c-Jun, and c-Fos – to be upregulated following 
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the accumulation of putrescine.  The relationship between the upregulation of c-

fos, c-jun, and polyamines has been investigated in previous studies.  

Hexachlorobenzene in vivo treatment increased hepatic immunodetectable c-

Myc, c-Fos, and c-Jun levels after 6 hours, and ODC activity and spermine and 

putrescine content after 18 and 24 hours [28].   In a gastric mucosal stress ulcer 

model, the increase in cell renewal during mucosal repair is associated with 

increases in ODC activity, tissue polyamines, and expression of c-fos [29].  In 

cultured intestinal epithelial cells, increased polyamines induced expression of c-

fos, c-jun, and c-myc and promote cell proliferation [16]. c-Myc, although shown 

in numerous studies to be associated with c-Jun, c-Fos, and polyamines, was not 

determined to upregulated during our study since this study is a representation of 

a gene profile found during high accumulation of intracellular putrescine.  The 

effect of this high level of accumulated intracellular putrescine on c-Myc gene 

expression needs to be investigated as a possible mechanism for increased c-

Jun and c-Fos gene expression.  Another plausible mechanism concerning the 

relationship between increased c-Jun and c-Fos expression with polyamines has 

been suggested following treatment with Helicobacter pylori lysate on RAW264.7 

murine macrophage cells.  Researchers have found that H. pylori induced C-FOS 

and C-JUN expression leading to ODC expression is dependent on ERK 1/2 

activation [30].  Our study determined that c-Jun and c Fos expression was 

increased following accumulation of putrescine (Figure 4.1).  The effect of high 

accumulation of intracellular putrescine and the activation of ERK 1/2 in LNCaP 
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ODC/Tet-Ind cells may also be another possible mechanism that needs to be 

investigated.  

There have previously been no reports relating increased putrescine or 

polyamines with the induction of the ID1.  ID1 regulation occurs through at least 

two mechanisms in which polyamines may be involved.  Previous research 

showed that DNA-damage induced inhibition of ID1 was significantly diminished 

by p53-knockdown indicating that ID1 inhibition by DNA damage is dependent on 

p53 in HCT116 human colorectal carcinoma cells [31].   Polyamine depletion via 

DFMO has been observed to lead to the increase in p53 protein levels and 

activation in IEC-6 rat intestine cell line [32].  Spermidine and spermine depletion 

via SAM486A also led to the accumulation of p53 in human neuroblastoma cell 

lines [25]. We show that accumulation of putrescine led to increased ID1 protein 

expression in a time- and dose-dependent manner (Figure 4.1).  This relationship 

between DFMO-mediated increase of p53 and p53 mediated ID1 inhibition 

versus putrescine-mediated increases in ID1 gene expression needs to be 

further investigated.  Previous studies have shown that p53 accumulation was 

diminished following treatment with DFMO and exogenous putrescine [32].   

Additionally ID1 regulation and polyamines may be mediated through the 

TGF-β-Smad signaling pathway.  Previous research has shown that depletion of 

polyamines with DFMO in IEC-6 rat intestinal crypt cells induced the activation of 

TGF-β gene expression through posttranscriptional regulation [33] and 
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expressed the TGF-β type I receptor, which is associated with increased 

sensitivity to growth inhibition when exposed to exogenous TGF-β [34].  

Depletion of polyamines increased basal proteins levels, induced nuclear 

translocation, and stimulated Smad sequence-specific binding of Smad3 and 

Smad4 in IEC-6 cells and induced transcription activation of Smad-dependent 

promoters [35].  Levels of Id1 are downregulated in response to TGF-β in a 

number of epithelial cells [12].   Our results demonstrate that accumulation of 

putrescine leads to increased ID1 in a time and dose-dependent manner (Figure 

4.1).  This relationship between DFMO-mediated TGFβ-Smad signaling versus 

putrescine-mediated ID1 gene expression needs further investigation.  

Additionally ID1 is a direct target of bone morphogenic protein 4 (BMP4), a 

member of the TGF-β-Smad signaling superfamily, and application of BMP4 led 

to increases c-Jun and marginal increases in c-fos transcripts [36]. 

It is a standard methodology to use exogenous polyamines as a means to 

reverse DFMO-mediated changes in gene transcription and/or translation.  Co-

treatment with DFMO and putrescine effectively prevented DFMO-mediated 

decrease in c-Myc mRNA, protein, and translation [37].  The addition of 

putrescine after 48 hours DFMO-induced polyamine depletion reversed the 

effects DFMO and led to increased 4E-BP1 gene transcription and increased 

steady-state 4E-BP1 mRNA and protein [9].  Depletion of cellular polyamines 

increased the levels of both ATF-2 and JunD proteins, which was completely 
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prevented by exogenous putrescine given together with DFMO [38].  Although 

the use of exogenous polyamines has shown to be an invaluable tool, this study 

and previous studies [8] demonstrate that treatment with exogenous polyamines 

should not only be a means to rectify the alterations induced through polyamine 

depletion but can also be used in other applications including the study of altered 

gene expression of cell cycle related genes following exogenous putrescine 

treatments. 
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Figure 4.1:  Effect of exogenous putrescine upon steady-state protein levels of 

ID1, c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells.  Cells were treated with 

increasing doses of exogenous putrescine for 24 hours (A) or with 15 mM 

exogenous putrescine for time indicated (B).  Post 24-hour treatment, cells were 

washed with 1X PBS, harvested and their protein levels determined through 

Western Blotting techniques as described in Materials and Methods.  The data 

shown are representative blots of at least three experiments. 
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Figure 4.2: Effect of SAMDC inhibitor, SAM486A, upon the steady-state protein 

levels of ID1, c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells. Cells were treated 

with 10 µM SAM486A, 5 mM α-difluoromethylornithine (DFMO), or 5 mM 

exogenous putrescine (PUT) for 24 hours.  Post 24-hour treatment, cells washed 

with 1X PBS, harvested, and their protein levels determined through Western 

Blotting techniques as described in Materials and Methods.  The data shown are 

representative blots of at least three experiments. 
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Figure 4.3:  Effect of SMO/APAO inhibitor, MDL-72,527, upon the steady-state 

protein levels of ID1, c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells. Cells were 

treated with 100 µM MDL-72,527 (MDL), 5 mM α-difluoromethylornithine 

(DFMO), or 15 mM exogenous putrescine (PUT) for 24 hours.  Post 24-hour 

treatment, cells were washed with 1X PBS, harvested, and their protein levels 

determined through Western Blotting techniques as described in Materials and 

Methods.  The data shown are representative blots of at least three experiments. 
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Figure 4.4:  Effect of the polyamine metabolic enzyme inhibitors cocktail upon the 

steady-state protein levels of ID1, c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells. 

Cells were treated with 10 µM SAM486A, 100 µM MDL-72,527 (MDL), 5 mM α-

difluoromethylornithine (DFMO), or 15 mM exogenous putrescine (PUT) for 24 

hours.  Post 24-hour treatment, cells were washed with 1X PBS, harvested, and 

their protein levels determined through Western Blotting techniques as described 

in Materials and Methods.  The data shown are representative blots of at least 

three experiments. 
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Table 4.5: Effect of exogenous putrescine and polyamine metabolic enzyme 

inhibitors upon intracellular polyamine levels in LNCaP ODC/Tet-Ind cells.  Cells 

were treated with 10 µM SAM486A, 100 µM MDL-72,527 (MDL), 5 mM α-

difluoromethylornithine (DFMO), or 15 mM exogenous putrescine (PUT) for 24 

hours. Post 24-hour treatment, cells were washed with 1X PBS, harvested, and 

their intracellular polyamine levels determined as described in Materials and 

Methods.  The data shown are the means +/- SEM of triplicate samples. 
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 Intracellular Polyamine Levels (nmol/mg protein) 

Treatments Putrescine Spermidine Spermine Ac-
spermidine 

Control 7.5 +/- 0.8 14.3 +/- 2.1 9.4 +/- 1.2 0.31 +/- 0.05 

SAM486A 34.9 +/- 2.9 9.1 +/- 0.8 5.7 +/- 0.3 0.32 +/- 0.04 

MDL-72,527 12.3 +/- 1.6 22.6 +/- 1.7 18 +/- 1.2 0.88 +/- 0.09 

DFMO NM 6.1 +/- 0.7 14.6 +/- 1.6 NM 

Putrescine 83.3 +/- 2 5.6 +/- 0.9 7.0 +/- 1.2 1.8 +/- 0.13 

SAM486A & 
Putrescine 110.8 +/- 7 1.5 +/- 0.1 5.1 +/- 0.2 1.5 +/- 0.13 

MDL-72,527 & 
Putrescine 

117.1 +/- 
23 8.9 +/- 1.3 12.9 +/- 1.7 3.9 +/- 0.63 

SAM486A, 
MDL-72,527, & 

DFMO 
3.4 +/- 0.2 8.0 +/- 0.3 5.3 +/- 0.7 0.03 +/- 

0.005 

SAM486A, 
MDL-72,527, 

DFMO, & 
Putrescine 

77.9 +/- 12 1.4 +/- 0.1 5.2 +/- 0.3 0.82 +/- 0.12 

LNCaP ODC/Tet-Ind cells were treated either 10 μM SAM486A, 5 mM 
DFMO, 100 μM MDL-72,527, or 15 mM Exogenous Putrescine for 24 hours. 
NM (No measurable data attained) 
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GENERAL CONCLUSION 

The focus of Chapter 1 was to determine whether the alterations in 

intracellular polyamine levels and steady-state mRNA levels of RING3, ID1, c-

Jun, and c-Fos in LNCaP ODC/Tet-Ind cells following stable ODC 

overexpression could be achieved following treatment with exogenous 

putrescine.  We observed that increases in intracellular putrescine levels 

following treatment with high levels of exogenous putrescine closely matched the 

increases observed following stable ODC overexpression.  We also showed that 

steady-state mRNA levels of RING3, ID1, c-Jun, and c-Fos were increased in a 

time- and dose-dependent manner following treatment with exogenous 

putrescine.   

In Chapter 2, the aim of this study was to determine whether increased 

SSAT gene expression was achieved following the administration of exogenous 

putrescine.  We reported that supplementation of high amounts of exogenous 

putrescine raised intracellular putrescine levels beyond a threshold level and led 

to the increase in activity and steady-state mRNA levels of SSAT.  We report that 

the effects of exogenous putrescine on polyamine levels and SSAT activity were 

also observed in other mammalian cell lines as demonstrated by the H35 cell 

line.  We determined this threshold level of SSAT induction to be when 

intracellular putrescine levels reached or exceed 25-30 nmol/mg protein.  We 

further demonstrated that the induction of SSAT activity following the 
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accumulation of intracellular putrescine was independent of spermidine, 

spermine, and other rate-limiting polyamine metabolic enzymes. 

Chapter 3 investigated the effects of exogenous putrescine beyond the 

polyamine metabolic pathway.  We previously demonstrated through a genome-

wide gene expression analysis that stable ODC overexpression led to induction 

of ID1, c-Jun, and c-Fos, and these increased inductions were verified through 

Northern Blot analysis.  Our focus was to determine the steady-state protein 

levels of ID1, c-Jun, and c-Fos in LNCaP ODC/Tet-Ind cells were increased 

following treatment with exogenous putrescine.  We determined that the 

accumulation of intracellular putrescine levels through treatment with exogenous 

putrescine led to increased steady-state protein levels of ID1, c-Jun, and c-Fos in 

a time- and dose-dependent manner.  We determined that the increased gene 

expressions of these genes were mediated through the accumulation of 

putrescine independent of the other rate-limiting polyamine metabolic enzymes. 

The cumulative result of these studies demonstrated that administration of 

exogenous putrescine can led to similar alterations in polyamine levels, 

polyamine metabolism, and gene expression of cell cycle-related genes to those 

observed following stable ODC overexpression.   We showed that putrescine can 

induce SSAT activity only when intracellular putrescine levels meet and/or 

exceed the threshold levels.  We also introduced ID1 as a gene that can be 

induced by putrescine in a time- and dose-dependent manner. 
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 Accumulating research continues to support the individual roles of 

putrescine, spermidine, and spermine that extend beyond biosynthetic precursor 

relationships of polyamine metabolism.  Spermine has been reported to bind to 

the intracellular regions inward rectifying K+ channel and regulate the stabilization 

of the resting conformation of the channel [1].  Spermidine has an independent 

and specific function in eukaryotic organisms as a source of the 4-aminobutyl 

moiety of hypusine [Nε-(4-amino-2-hydroxybutyl)-lysine] in the essential cellular 

protein eIF5A [2].  Previous studies have also implicated putrescine to be 

involved in changes in gene expression including 4E-BP1 [3] and also increasing 

enzyme activity including SAMDC [4].  Additional roles that are specific for each 

polyamine will continue to be discovered.   

Exogenous sources of polyamine should not be overlooked as potential 

candidates to alter intracellular polyamine levels and polyamine metabolic 

enzymes.  Several reports have detailed known polyamine amounts from 

measured amounts of dietary foods [5-7].  Zoumas-Morse et al. [5] list a top 10 

example of foods with high putrescine, spermidine, and spermine contents.  

Depending upon diet and amount of consumption, high polyamine content foods 

should not be overlooked as sources of exogenous polyamines contributory to 

the effects of polyamines within the body.  Previous studies have shown that in 

rats only 10% of dietary putrescine, 40% of dietary spermidine, and 8% of dietary 

spermine are retained in body tissue [6].  Mice that were given a polyamine 

deficient diet combined with gastrointestinal tract decontamination and polyamine 
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oxidase inhibition greatly enhanced the effects of DFMO [8].  Total 

decontamination of the GI tract of L1210-bearing mice markedly potentiates the 

moderate tumor inhibition by DFMO alone [8, 9].  Newer technologies that 

attempt to stymie the influx of exogenous polyamines like polyamine uptake 

inhibitors seem to be popular fields of study in polyamines (Personal 

Communication). 

Polyamines have been implicated in several diseases.  Human African 

trypanosomiasis also known as sleeping sickness is caused by Trypanosoma 

brucei.  Polyamine depletion in T. brucei via inhibition of polyamine metabolic 

enzymes or through gene knockdown leads to decreased trypanothione and to 

cell death [10]. Snyder-Robinson syndrome, an X-linked recessive condition 

resulting in drastically reduced spermine synthase activity and mild-to-moderate 

mental retardation, is among the first spermine deficiency syndromes [11].  A 

recent study has shown that children suffering from type 1 diabetes had 

significantly higher polyamine oxidase activity in plasma compared to the healthy 

controls, and that increased polyamine oxidase activity is partly responsible for 

increased lipid peroxidation and glycation of hemoglobin found in insulin-

dependent diabetes mellitus group of children [12].  Researcher have suggested 

that polyamines are “privileged” structures with several key attributes such as the 

polyamine backbone, the abundance of naturally occurring polyamines, the 

cationic nature at physiological pH, and the multiple transports systems that allow 

polyamines to be distributed throughout the organism [13].   Accumulating 
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studies of polyamines in diseases other than neoplastic growth are yielding 

newer associations with polyamines as well as increased design of polyamine-

based therapeutics. 

Accumulating research has shown resurgence in the study of polyamine 

depletion as a form chemotherapeutic.  In recent work, a landmark study has 

shown that a low dose of DFMO and co-administration of cyclooxygenase-2-

specific nonsteroidal anti-inflammatory drug inhibitor sulindac produced a 70% 

reduction in recurrent adenomas and 91.5% reduction in advanced adenomas in 

a randomized double-blind, placebo-controlled phase III trial for colorectal 

adenoma prevention [14].  Another polyamine metabolic enzyme inhibitor 

SAM486A that inhibits SAM46A and results in the reduction of spermidine and 

spermine has shown good clinical activity in patients with poor prognosis non-

Hodgkin’s lymphoma in a Phase IIa study [15].  The combination of polyamine 

depletion and prevention of polyamine uptake from exogenous sources appears 

to be where the field of polyamines may continue to make contributing advances 

in cancer chemoprevention. 

 Stem cell research has gained much popularity within the last decade of 

research, however, polyamine research in stem cells is still lacking.  Polyamines 

are associated with both regulated and unregulated growth and differentiation as 

well as cell death.  It is conceivable that manipulation of polyamine metabolism 

via polyamine metabolic enzymes and/or transport of polyamines may play roles 
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in growth, differentiation, and regulation of stem cells.  In the landmark study of 

that introduced induced pluripotent stem cells from mouse embryonic and adult 

fibroblast cultures, c-Myc was one of the four factors identified as defined factor 

of IPS cells [16].  c-Myc, among its myriad of gene expression connections, is an 

inducer of ODC and polyamines.  Based upon the last Gordon Research 

Conference in 2009, basal polyamine metabolism has yet to be investigated.  

 Figure 5.1 serves as a summary of how we believe accumulation of 

intracellular putrescine mediates changes in polyamine levels and gene 

expression. Intracellular putrescine is increased through various sources 

including tumors, ODC overexpression, and exogenous sources like diet and 

bacteria.  When intracellular putrescine accumulates beyond a threshold 

concentration, putrescine-mediated effects occur.  Spermidine and spermine 

levels are decreased and excreted.  Putrescine and acetylpolyamine levels are 

increased and excreted.  SSAT activity is increased which can lead to the 

following fates of SSAT overexpression.  Tumor promotion is also increased 

following increased putrescine levels.  ID1, c-Jun, and c-Fos mRNA and protein 

levels are also increased following the accumulation of putrescine.   
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Figure 5.1:  Putrescine-mediated induction of gene expression.  Intracellular 

putrescine is increased through various sources including tumors, ODC 

overexpression, and exogenous sources like diet and bacteria.  When 

intracellular putrescine accumulates beyond a threshold concentration, 

putrescine-mediated effects occur.  Spermidine and spermine levels are 

decreased and excreted.  Putrescine and acetylpolyamine levels are increased 

and excreted.  SSAT activity is increased which can lead to the following fates of 

SSAT overexpression.  Tumor promotion is also increased following increased 

putrescine levels.  ID1, c-Jun, and c-Fos mRNA and protein levels are also 

increased following the accumulation of putrescine.  
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