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Preface

Polyamines are organic cations found in all eukaryotic cells and intimately
involved in, and required for, distinct biological functions. An increasing body
of evidence indicates that the regulation of cellular polyamines is a central
convergence point for the multiple signaling pathways driving various cellular
functions. Over thelast decade, considerable progress has been made in under-
standing the molecular functions of cellular polyamines. These significant
findings provide a fundamental basis to not only define the exact role of
polyamines in physiology, but also to develop new therapeutic approaches for
cancers and other diseases.

The major objective of this book is to provide a timely and long lasting
guidefor investigatorsin the fields of polyamines, physiology, pharmacology,
and cancer research. It will provide afoundation based on research and address
the potential for subsequent applications in clinical practice. Polyamine Cell
Sgnaling: Physiology, Pharmacology, and Cancer Research is divided into
four main parts:

Part I: Polyaminesin Signal Transduction of Cell Proliferation

Part II: Polyaminesin Cellular Signaling of Apoptosis, Carcinogenesis,
and Cancer Therapy

Part 111: Polyaminesin Cell Motility and Cell-Cell Interactions

Part 1V: Polyamine Homeostasis and Transport

This book not only covers the current state-of-the-art findings relevant to
cellular and molecular functions of polyamines, but al so providesthe underlying
conceptual basis and knowledge regarding potential therapeutic targeting of
polyamines and polyamine metabolism. These points are addressed by inter-
nationally recognized expertsin their contributionsto this book.

Wewould like to take this opportunity to thank Humana Press, especially
Mr. Harvey Kane and Ms. Erika Wasenda, who have made a great effort to
make this book possible. We are indebted to all the contributors who have
shared and contributed their inval uable research experiences and knowledge
with us and to the medical community at large. And last but not least, we
express our sincerethanksto our familiesfor their generous support through-
out the years.

Jian-Ying Wang
Robert A. Casero, Jr.
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Polyamine Structure and Synthetic Analogs

Patrick M. Woster

1. Introduction

The polyamines putrescine (1,4-diaminobutane), spermidine (1,8-diamino-4-aza-
octane, 2), and spermine (1,12-diamino-4,9-diazadodecane, 3) (Fig. 1) are ubiquitous
polycationic compounds that are found in significant amounts in nearly every prokary-
otic and eukaryotic cell type. Spermidine and spermine primarily exist in agueous solu-
tion at pH 7.4 as fully protonated polycations and possess the pKa values indicated in
Fig. 1 (1). This high degree of positive charge is an important factor in the biological
functions of these molecules, and, as will be discussed later in this chapter, alterations
in the pKa of polyamine nitrogens can affect and disrupt their cellular function.
Polyamines are widely distributed in nature and are known to be required in micro-
molar to millimolar concentrations to support a wide variety of cellular functions.
However, data that establish the precise role of the polyamines and their analogsin cel-
lular processes are incomplete. The ongoing identification of new functions for the
polyamines ensures that new avenues for research are arising continuously in an
extremely diverse set of disciplines. The human and mammalian pathways for
polyamine metabolism have been extensively studied, and analogous pathways have
been elucidated for a relatively small number of organisms. There are important inter-
species differencesin polyamine metabolism, especially among eukaryotic cells, plants,
and some bacteria and protozoa. In some prokaryotes, only putrescine and spermidine
are synthesized, whereas in other cases, such as certain thermophilic bacteria,
polyamines with chains longer than spermine are found. In some parasitic organisms,
there are additional enzymes that are not present in the host cell, and, as such, provide
atarget for the design of specific antiparasitic agents. The enzymes involved in human
and mammalian polyamine metabolism are reasonably similar, and inhibitors targeted
to these enzymes rely on the observation that polyamine metabolism is accelerated,
and polyamines are required in higher quantities, in target cell types. The diversity of
biological research in the polyaminefield is the subject of an excellent book (2). Keeping
in mind the diverse nature of polyamine distribution and function, it is reasonable

From: Polyamine Cell Signaling: Physiology, Pharmacology, and Cancer Research
Edited by: J.-Y. Wang and R. A. Casero, Jr. © Humana Press Inc., Totowa, NJ
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NH
HZN/\/\/ 2

putrescine

HoN /\/\H/\/\/NHZ
pKa 10.9 8.4 9.9

spermidine
H
H,N /\/\N /\/\/N \/\/NH2
H

pKa 10.9 8.4 7.9 10.1
spermine

Fig. 1. Structures of putrescine, spermidine, and spermine, and pKa values for spermidine
and spermine.

to assume that carefully designed polyamine analogs could have the potential to
disrupt polyamine metabolism, and thus such agents have been investigated as poten-
tial therapeutic agents in vitro and in vivo. The polyamine pathway represents an
important target for chemotherapeutic intervention because depletion of polyamines
results in the disruption of a variety of cellular functions and may, in specific cases,
result in cytotoxicity (3,4). This chapter will summarize the development of syn-
thetic derivatives of the polyamines, and describe their use as potential chemothera-
peutic agents. A comprehensive review of polyamine biosynthesis inhibitors (4) and
areview of the role of polyamines in normal and tumor cell metabolism (5) have
recently been published.

2. Polyamine Biochemistry

The biosynthesis and catabolism of the polyamines putrescine, spermidine, and
spermine are carefully controlled processes in all eukaryotic cell types. The mam-
malian polyamine biosynthetic pathway is shown in Fig. 2. Although definitive mech-
anisms for the various functions of the polyamines have not been fully ducidated, it is
known that they are absolutely required for normal cell homeostasis. Inhibition of the
polyamine pathway, therefore, is viewed as avalid target for the design of antitumor or
antiparasitic agents. Available compounds that specifically inhibit individual enzymes
in the pathway are extremely useful as research tools to elucidate the cellular functions
of the naturally occurring polyamines. Specific inhibitors have now been developed for
the enzymes in the forward polyamine biosynthetic pathway, ornithine decarboxylase
(ODC), S-adenosylmethionine decarboxylase (AdoMet-DC), and for the aminopropyl-
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Fig. 2. The mammalian polyamine metabolic pathway.

transferases spermidine synthase and spermine synthase. These inhibitors produce a
variety of responses ranging from cessation of cell growth to overt cytotoxicity (6,7).
The range of these activities appears to be both agent- and cell type-specific.
Polyamine metabolism can be viewed as having forward and reverse component
pathways, although careful cellular control of these enzymes and the polyamine trans-
porter act in concert to maintain appropriate levels of the individual polyamines.
Ornithine is converted to putrescine by ODC, a typica pyridoxal phosphate-requiring
amino acid decarboxylase. ODC is one of the control points in the pathway, producing
a product that is committed to polyamine biosynthesis. ODC levels are modulated by
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HZNWNHZ
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Fig. 3. The structure of a-difluoromethylornithine (DFMO).

synthesis and degradation of ODC protein, with a half-life of about 10 min. In mam-
malian cells, the degradation of ODC is facilitated by a specific ODC-antizyme (8), a
protein that also appears to downregulate polyamine transport. Competitive inhibitors
of ODC have proven to be of limited value, and most useful inhibitor of ODC to date,
a-difluoromethylornithine (DFMO;Fig. 3) (9), is an irreversible inactivator of the
enzyme. The discovery of DFMO provided an enormous stimulus to the field of mam-
malian polyamine biology, and led to marketing of the drug as a treatment for
Pneumocystis carinii secondary infections. DFMO is also quite effective for the treat-
ment of late-stage West African trypanosomiasis.

Putrescine is next converted to spermidine by the aminopropyltransferase spermi-
dine synthase. A second closely related but distinct aminopropyltransferase, spermine
synthase, then adds an additional aminopropy! group to spermidine to yield spermine,
the longest mammalian polyamine. The byproduct for the spermidine and spermine
synthase reactions is 5'-methylthioadenosine, generated from the cosubstrate, decar-
boxylated S-adenosylmethionine (dc-AdoMet). 5'-Methylthioadenosine is a potent
product inhibitor for the aminopropyl transfer process, and must be rapidly hydrolyzed
by 5'-methylthioadenosine-phosphorylase to maintain the forward pathway. Selective
inhibition of the individual aminopropyltransferases has proven to be a significant
problem because of the similarity of the reactions catalyzed by the two enzymes. The
transition state analogs S-adenosyl-1,8-diamino-3-thiooctane (10) and S-adenosy!-
1,12-diamino-3-thio-9-azadodecane (11) remain the only known specific inhibitors of
the individual aminopropyltransferases.

The aminopropyl donor for both aminopropyltransferases is dc-AdoMet, produced
from AdoMet by the action of AdoMet-DC. AdoMet-DC, like ODC, is a highly regu-
lated enzyme in mammalian cells and belongs to a small class of proteins known as
pyruvoyl enzymes. All of the known forms of AdoMet-DC contain a covalently bound
pyruvate prosthetic group that is required for activity (12), and formation of a Schiff’s
base between AdoMet and this pyruvate is a prerequisite for the reaction to occur. The
antileukemic agent methylglyoxal bis(guanylhydrazone) (Fig. 4) is a potent competi-
tive inhibitor of the putrescine-activated mammalian enzyme, with aK; value of less
than 1 uM (6), but is of limited use as a chemotherapeutic agent because of
excessive toxicity. The AdoMet analog 5'-{[(2)-4-amino-2-butenyl]methylamino} -5'-
deoxyadenosine (AbeAdo;Fig. 4), is a potent enzyme-activated inhibitor of AdoMet-
DC from Escherichia coli, and produces a long-lasting, dose-dependent decrease in
AdoMet-DC activity in vivo (13). Several additional inactivators of AdoMet-DC have
been described (4).

The so-called reverse polyamine metabolic pathway provides further control of
cellular polyamine levels through acetylation and subsequent oxidative deamination
processes. In the cell nucleus, spermidine is acetylated on the four carbon end by sper-
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Fig. 4. Structures of the AdoMet-DC inhibitors of MGBG and AbeAdo.

midine-N8-acetyltransferase, possibly altering the compound's binding affinity for
DNA. A specific deacetylase can then reverse this enzymatic acetylation (14). Neither
of these enzymes affects the level of histone acetylation. Cytoplasmic spermidine and
spermine are acetylated on the three carbon end by spermidine/spermine-N!-acetyl-
transferase (SSAT;Fig. 2) (4,15). This enzyme is the first and rate-limiting step in the
catabolic interconversion of putrescine, spermidine, and spermine; its kinetics and sub-
strate specificity have been described elsewhere (4). Acetylated spermidine or sper-
mine can be exported from the cell or oxidized by acetylpolyamine oxidase (PAO) to
form 3-acetamidopropionaldehyde and either putrescine or spermidine, respectively
(Fig. 2). SSAT and PAO together serve to reverse polyamine biosynthesis, facilitating
the interconversion of cellular polyamines. It isimportant to note that the combination
of the highly regulated catabolic enzyme SSAT, coupled with the finely controlled syn-
thetic enzymes ODC and AdoMetDC, alow the cell considerable control of intracellu-
lar polyamine concentrations.

A final method of controlling intracellular polyamine levels is afforded by one or
more specific polyamine transport mechanisms (16,17). To date, the polyamine trans-
port system in E. coli has been the most completely studied, resulting in the isolation
of atransporter gene and a series of protein gene products designated PotA—PotF (18).
Specific polyamine transporters have been detected in yeast, Trypanosoma cruz epi-
mastigotes, Crithidia fasciculata, and Leishmania donovani. The process of polyamine
transport in mammalian cells is poorly understood, and, to date, none of the proteins
involved has been isolated and sequenced. Numerous groups are working to elucidate
the mechanism(s) of transport, and the effects of regulation of transport, in normal and
tumor cell lines. Severa factors have been shown to ater the polyamine transport sys-
tem, and, as aresult, cellular homeostasis. It isworth noting that the polyamine system
is significantly upregulated in a variety of tumor cells; thus, this system is regarded as
a potential target for cancer chemotherapy (19). Efforts to synthesize specific
polyamine transport inhibitors have recently begun in several laboratories; a complete
discussion of these efforts is beyond the scope of this chapter and has been previously
reviewed (17,19).

2.1. Symmetrical, Terminally Alkylated Polyamine Analogs

The development of analogs of spermidine and spermine as potential antitumor
agents was initiated in the mid-1980s. Initially, these analogs were structurally similar
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Fig. 5. The earliest known polyamine analogs with antitumor effects.

to the natural polyamines in that they had terminal primary amine groups, with varia-
tions in the length of the intermediate carbon chains. Edwards and coworkers synthe-
sized a series of diamines and triamines related to spermidine and a series of
tetraamines derived from 1,8-diaminooctane; these analogs were evaluated for antitu-
mor activity in cultured L1210 cells (20). In the series of diamines and triamines, sub-
stitution of alkyl groups at the terminal nitrogens, or replacing the central nitrogens
with other heteroatoms, failed to produce spermidine analogs with antitumor effects
superior to norspermidine. However, compounds with eight carbons between the
central nitrogens, such as tetraamine A (Fig. 5), generally showed significant antitumor
activity. Tetraamine A increased survival time in male mice inoculated with L1210
leukemiafrom 7.7 to 16.2 d. Coadministration of spermidine was shown to reverse the
antitumor activity of this compound, presumably because of a competition for the
polyamine transport system, whereas coadministration of a polyamine oxidase inhibitor
potentiated the observed antitumor activity, suggesting that these analogs may be
metabolized by polyamine oxidase. Tetraamines B and C (R = CH; or R = CH,CHj,
respectively) were also active in the L1210 model, but substitution of larger alkyl groups
resulted in areduction of activity. In arelated study, a series of bisbenzyl analogs rel ated
to MDL 27695 and an additional series of substituted tetraamines were evaluated for the
ability to inhibit proliferation of Hel a cells (21). The bis(benzyl)polyamine analog
MDL 27695 (Fig. 5) and tetraamine A were active antiproliferative compounds,
exhibiting ICg, values of 5 and 50 uM, respectively. Interestingly, no correlation
between the DNA binding properties and antitumor activity of these analogs was
detected.

Subsequent attempts to develop polyamine analogs as potential modulators of
polyamine function focused on the synthesis of symmetrical, terminally substituted
bis(alkyl)polyamines. These analogs were designed in response to the finding that nat-
ural polyamines use several feedback mechanisms that autoregulate their synthesis
(22) and that they can be taken into cells by the energy-dependent transport systems
described previously. Several symmetrically substituted polyamine analogs have been
synthesized that enter the cell using the polyamine transport system. These analogs
specifically slow the synthesis of polyamines by downregulation of the biosynthetic
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Fig. 6. Structures of bis(ethyl)polyamine analogs BENSpm, BESpm, BEHSpm, BIPSpm,
BE-4444, and 3,12-dihydroxy-BEHSpm.

enzymes ODC and AdoMet-DC, but cannot substitute for the natural polyaminesin
terms of their cell growth and survival functions (4,23). Aswill be discussed, some but
not all alkylpolyamine analogs are potent inducers of SSAT in cultured tumor cells, an
effect that leads to the induction of apoptosis. The most successful of the symmetri-
cally substituted polyamine analogs to date are the N,N’-bis(ethyl)polyamines shown in
Fig. 6: bis(ethyl)norspermine (BENSpm), bis(ethyl)spermine (BESpm), bis(ethyl)homo-
spermine (BEHSpm), and 1,20-(ethylamino)-5,10,15-triazanonadecane (BE-4444).
These compounds have been shown to possess awide variety of therapeutic effects and
illustrate that small structural changes in alkylpolyamine analogs can result in surpris-
ingly significant changes in biological activity.

A major advantage of the bis(ethyl)polyamines liesin the fact that their synthesisis
extremely straightforward and depends only on the availability of the appropriate parent
polyamine backbone. Functionalization of the terminal nitrogens can be readily
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accomplished by protecting all of the nitrogens in the parent chain with a tosyl or
mesityl protecting group, producing an intermediate that possesses acidic hydrogens at
the terminal nitrogen moieties, and unreactive central nitrogens. Alkylation of the ter-
minal nitrogens is then accomplished by a sodium hydride-catalyzed reaction with
ethyl bromide followed by deprotection of the nitrogens and recrystallization from
ethanol/water (23-25). The N,N’-bis(ethyl)polyamines are readily transported into
mammalian cells by the same transport mechanism as the natural polyamines (26).
Treatment of mammalian cells with these analogs leads to a reduction of putrescine,
spermidine, and spermine, downregulation of ODC and AdoMetDC, and, depending
on the cell lines used, cytostasis or cytotoxicity (23,26). These effects are accompanied
by a tremendous induction of SSAT activity, in some cases as much as 1000-fold.
Preliminary structure/activity correlations, based only on data from the symmetrically
alkylated polyamine anal ogs, suggested that monoalkylation at both terminal nitrogens
of spermidine or spermine was important for optimal antiproliferative activity, and that
alkylation at an internal nitrogen reduced in vitro activity (23). It was further deter-
mined that the greatest induction of SSAT was dependent on the presence of
“protected” aminopropy! or aminobutyl moieties (27-29). Adding terminal nitrogen
bis(alkyl) substituents larger than ethyl resulted in a dramatic reduction in antitumor
activity (23,30,31). Compounds with a 3-3-3 carbon skeleton were more effective than
the corresponding 3-4-3 analogs, and spermine-like compounds (3-3-3 or 3-4-3) are
more effective that spermidine-like analogs (3-3 or 3-4). However, these data were col-
lected using only symmetrically substituted bis-alkylpolyamines, and as a result, only
bis(ethyl)-substituted analogs were advanced to clinical trials. Among these analogs,
the most promising were N*,N1-bis(ethyl)norspermine (BENSpm;Fig. 6), which has a
3-3-3 backbone; N*,N*-bis(ethyl)norspermine (BEHSpm;Fig. 6), which has a 4-4-4
carbon skeleton; and 1,20-bis(ethylamino)-5,10,15-triazanonadecane (BE-4444;Fig. 6),
which has a 4-4-4-4 architecture. Interestingly, BEHSpm proved to be useful as an
antidiarrheal agent (32) and was advanced to clinical trials for this indication.
BENSpm has shown exceptional promise as an antitumor agent in both in vitro and
in vivo studies. Early studies indicated that BENSpm was an effective antitumor agent
in cultured human pancrestic adenocarcinoma cells and xenografts, human MALME-3
melanoma xenografts, melanocytes, human bladder cancer cells, and ovarian carci-
noma tumor cells (4). In CaCO, colon cancer cells, the analog causes induction of
SSAT, downregulation of ODC, and depletion of cellular polyamines, resulting in cyto-
toxicity (33). In addition, SSAT induction appears to be the common event leading to
cytotoxicity in non-small-cell lung (SCLC) tumor explants (34). Presumably because
of the proprietary nature of data concerning BENSpm, no human clinical trials involv-
ing the compound have been published, although it is known anecdotally that these tri-
als were initiated. The closely related analog BEHSpm (Fig. 6) does not show similar
promise as an antitumor agent (35), but is being devel oped as an effective treatment for
AlIDS-related diarrhea (32,35,36). The potent antidiarrheal activity of BEHSpm has
been demonstrated in several animal models, and in human clinical trials involving
patients with AIDS-related diarrhea. A limited structure/activity study was conducted,
and the closely related analog N*,N*2-bis(isopropyl)spermine (BIPSpm;Fig. 6) proved
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to be the most active antidiarrheal in the series (32). The pharmacokinetics of BENSpm
(37) and BEHSpm (38) for in vivo metabolism have been described. BENSpm is
metabolized by N-de-ethylation and stepwise removal of aminopropy! equivalents by
SSAT and PAO, with a half-life of 73 min. BEHSpm was metabolized almost exclu-
sively to homospermine, which cannot serve as a substrate for SSAT and thus persists
intissuesfor aperiod of weeks (liver T, , = 15.4 d). Chronic administration of BEHSpm
results in tissue accumulation of the analog and homospermine, resulting in disruption
of normal polyamine metabolism. The metabolically programmed alkylpolyamine
3,12-dihydroxyBEHSpm (Fig. 6) retained the antidiarrheal activity of the parent
BEHSpm, and exhibited a significantly diminished tissue half-life, presumably from
the metabolic “handles’ provided by the hydroxyl groups (39). The alkylpolyamine
BE-4444 (Fig. 6) was originally designed based on the hypothesis that analogs with
chain lengths different from spermine could exhibit enhanced binding to DNA and thus
exert antiproliferative effects (40). BE-4444 has been shown to be effective in cultured
U-251, MG, SF-126, and SF-188 brain tumor cells at a concentration of 5 uM (40,41)
and against DU-145, LNCaP, and PC-3 prostate cancer cellsin vitro and in vivo (42).
Specific alterations to the polyamine backbone structure of BESpm, BEHSpm, and
BE-4444 has resulted in a series of “second-generation” bis(ethyl)polyamines with
impressive antitumor and antiparasitic activity. Restriction of rotation in the central
region of the polyamine chain in BESpm by including a cis- and trans-cyclopropyl or
cyclobutyl ring, a cis- and trans-double bond, a triple bond, and a 1,2-disubstituted aro-
matic ring produced analogs (Fig. 7) with varying antitumor activity in a panel of
human tumor cell lines (A549, HT-29, U251M G, DU145, PC-3, and MCF7) (43).
There was little difference between the cis and trans isomers in the cyclopropyl,
cyclobutyl, and double bond-containing analogs, and the triple bond and aromatic sub-
stituents rendered the resulting analogs inactive. All of the analogs were imported by
the polyamine transport system, suggesting that the lack of activity was because of
diminished DNA binding &ffinity. In like fashion, insertion of a central dimethylsilane
group resulted in a significant decrease in growth inhibition when compared with the
bis(ethyl)polyamine analogs (44). It was later found that the bis(ethyl)spermine analog
NZ,N2-bis(ethyl)-cis-6,7-dehydrospermine (SL-11047;Fig. 8) was an effective treat-
ment for Cryptosporidium parvum infections, producing cures in a murine model (45).
By contrast, the 4-4-4 (homospermine) analog SL-11093 (Fig. 8), which contains a
trans cyclopropyl moiety in the central region, was an effective antitumor agent in
vitro, and in vivo against DU-145 nude mouse xenografts (46). Compounds with a 4-4-4
or 4-4-4-4-4 backbone that featured trans-cyclopropyl or a trans-cyclobutyl moietiesin
noncentral regions of the chain were more active in vitro against prostate tumor cell
lines (LnCap, DU145, DUPRO, and PC-3), and inclusion of a cis unsaturation in one
of the terminal aminobutyl groups also enhanced activity, presumably by enhancing
DNA binding (47). The trans-bis-cyclopropyl analogs bis(cyclopropane)tetramine A
and bis(cyclopropyl)hexamine B (Fig. 8) were effective antitumor agents against Du-
Pro and DU-145 prostate tumor cells in vitro (48). In general, structural modifications
to homospermine-like backbones that are anal ogous to those made to the BESpm back-
bone (i.e., cis- and trans-cyclopropyl, cyclobutyl, and double-bond moieties) afforded
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Fig. 8. Conformationally restricted bis(ethyl)polyamine analogs with enhanced antitumor
activity against prostate tumor cellsin culture.

analogs with enhanced antitumor activity and diminished systemic toxicity. In addi-
tion, insertion of a cis double bond into the terminal aminobutyl moieties of BE-4444
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Fig. 9. Structures of oligamines and macrocyclic polyamines with antitumor activity.

(i.e., SL-11121 and SL-11128, Fig. 8) also affords analogs that are equipotent to
BE-4444 with respect to ID, values, but that are an order of magnitude more cytotoxic
in a dose-response study (49).

Recently, a series of big(ethyl)oligamine analogs have been described that show prom-
ise as potential chemotherapeutic agents. In the limited series of oligamines that were
evaluated, the decamine SL-11144 and the octamine SL-11158 (Fig. 9) proved to be most
growth inhibitory against apanel of prostate tumor cellsin vitro (LnCap, DU-145, DuPro,
and PC-3). Not surprisingly, their activity roughly correlated with their ability to aggregate
DNA (50). It has been shown that macrocyclic polyamines known as budmunchiamines
act as potent antitumor agents by virtue of their ability to selectively deplete adenosine
triphosphate. Based on this observation, a series of five macrocyclic polyamines with the
representative structure shown in Fig. 9 were synthesized and evaluated as antitumor
agents in the DuPro and PC-3 prostate cell lines (51). All five of these anal ogs were read-
ily imported by cells and caused a dramatic depletion of cellular polyamines. These com-
pounds &l so proved to be cytotoxic in the tumor lines tested, and the degree of cytotoxicity
roughly correlated to their ability to deplete adenosine triphosphate.

One unusual characteristic of the bis(ethyl)polyamines is their ability to produce cell
type-specific cytotoxicity in two representative lung cancer cell types, NCI H157 non-
SCLC and H82 SCLC. Soon after the first alkylpolkyamines were described, it was
shown that the bis(ethyl)polyamines were cytotoxic to DFMO-resistant H157 cells (29)
that are clinically characterized as being refractory to all treatment modalities. By con-
trast, the bis(ethyl)polyamines are relatively ineffective against DFM O-sensitive SCLC
lines. The mechanisms underlying the observed differential sensitivities are still being
elucidated, but it was noted that unusually high induction of SSAT (in some cases
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>1000 fold) in cell types that respond to bis(ethyl)polyamine analogs, but not in the
refractory cell lines, and a lack of SSAT induction in the refractory SCLC line H82
(15,29). In H157 cellsin culture, the induction of SSAT correlated with a time- and
dose-dependent increase in SSAT steady-state messenger RNA levels, suggesting a
transcriptional level of control over SSAT synthesis. The correlation between high
induction of the SSAT activity and cytotoxicity was subsequently demonstrated for
other examples of human malignancies, including human melanomas.

2.2. Unsymmetrically Substituted Alkylpolyamine Analogs

Structure activity studies involving the bis(ethyl)polyamines revealed much about
the role of charge and flexibility in the polyamine backbone structure. However, the
most useful compounds were symmetrically substituted with ethyl groups at the termi-
nal nitrogens, and it was concluded that substituents of greater size than ethyl would
render amoleculeinactive. It was clear that unsymmetrically substituted alkylpolyamines
needed to be synthesized to determine the optimal substituent pattern for the terminal
nitrogens, and to explore the chemical space surrounding the terminal alkyl groups.
Compounds that possessed unsymmetrically substituted terminal nitrogens were first
described in 1993 (52), the first of which being N*-propargyl-N*!-ethylnorspermine
(PENSpm) and N-cyclopropylmethyl-N*-ethylnorspermine (CPENSpm), which are
shown in Fig. 10. In general, the synthesis of these and other unsymmetrically substi-
tuted analogs is more difficult because it requires selective protection and deprotection
of the internal and external nitrogens. Preliminary results indicated that both PENSpm
(1Cg, = 1.1 uM) and CPENSpm (IC,, = 1.1 uM) were as active or more active than
BESpm, both with respect to SSAT induction and cytotoxicity in H157 cellsin culture.
These analogs also retained the cell type-specific cytotoxic activity observed after
treatment with BESpm, and their activity was directly correlated to their ability to
induce SSAT. This increase in SSAT activity was accompanied by a cell-specific
increase in steady-state SSAT messenger RNA that was similar in magnitude to that
observed after treatment of the H157 cells with BESpm or BENSpm. These data sug-
gest a similar mechanism of induction of SSAT for these compounds, and supported
the hypothesis that there may be a functional relationship between cytotoxicity and
SSAT induction in the non-SCLC and SCLC cell lines. A third compound in this series,
NZ-cycloheptylmethyl-N*1-ethylnorspermine (CHENSpm, Fig. 10), was subsequently
synthesized and evaluated (4) and was found to retain antitumor activity (IC,,= 0.25 uM
against non-SCL C cells) while producing a less-pronounced cell type—specificity.
However, when the induction of SSAT and polyamine levels in the H157 cell line were
measured, the analog showed striking differences from the parent analog BESpm.
Treatment of H157 cells with 10 uM BESpm depleted the natural polyamines to un-
detectable levels and produced a 2849-fold increase in SSAT activity. Under these con-
ditions, the only polyamine that was present in the cell in significant amounts was the
analog itself, a response that is typical among SSAT-inducing alkylpolyamines.
Surprisingly, treatment with 10 uM CHENSpm had almost no effect on the levels of
putrescine, spermidine, and spermine, and caused only a 15-fold induction of SSAT
activity (4). These data suggested that the cytotoxic effects produced by BENSpm,
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Fig. 10. The unsymmetrically substituted alkylpolyamines PENSpm, CPENSpm, CBENSpm,
CPENTSpm, CHEXENSpm, CHENSpm, and IPENSpm.

PENSpm, and CPENSpm in H157 cells could be mediated by different cellular mecha-
nisms than the effects produced by CHENSpm. In response to these findings, three
additional compounds were synthesized that possessed substituents containing the inter-
vening ring sizes (CBENSpm, CPENTSpm, and CHEXENSpm), as shown in Fig. 10.
All three analogs were generally cytotoxic in both the H157 and H82 cell lines, but
there was no correlation between the induction of SSAT and the IC., value in the H157
line, as shown in Fig. 11. In this cycloalkyl series, the induction of SSAT decreased
dramatically as a function of ring size, whereas the 1C,, values were remarkably con-
stant (0.4-0.7 uM). These data clearly support the contention that there are at least two
mechanisms by which unsymmetrically substituted alkylpolyamines produce cytotoxi-
city in H157 non-SCLC cells.

Based on data obtained for unsymmetrically substituted alkylpolyamine analogs, it
is evident that the structure/activity relationships (SAR) of these polyamine analogs is
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Fig. 11. 96 h SSAT induction and IC,, values in the NCI H157 cell line for selected
akylpolyamine analogs.

more complex than originally postulated. Optimal activity is obtained from molecules
that possess secondary terminal nitrogens, but only one of the two terminal nitrogens
of the backbone need be substituted with a small alkyl group. Structurally similar com-
pounds, like CPENSpm and CHENSpm, which differ only in the number of carbonsin
the cycloalkyl substituents, appear to inhibit cell growth by completely different mech-
anisms. It has also been noted that compounds that significantly induce SSAT tend to
be more cell type-specific in their activity than those that do not (4).

In addition to the lung cancer model, unsymmetrically substituted polyamine
analogs have been evaluated in prostate cancer model systems (53). CPENSpm and
CHENSpm were cytotoxic to the DU145 cell line at concentrations =1 uM with signif-
icant accumulation of each analog, and CHENSpm was found to be cytotoxic to the
DU145, PC-3, and LnCap cell lines at 30 uM. Although the effects of these analogs on
the polyamine metabolic pathway appear to be modest in the prostate lines, the cyto-
toxicity produced in these cells at low concentrations encourages further study.

The data outlined here suggest that unsymmetrically substituted alkylpolyamines
can exhibit varying degrees of SSAT induction based on the size of their terminal alkyl
substituents. The SAR model for unsymmetrically substituted alkylpolyamines that
superinduce SSAT is shown in Fig. 12A (4). Analogs in this subclass generally possess
a 3-3-3 or 3-4-3 carbon skeleton and a bis(alkyl) substitution pattern on the terminal
nitrogens. Unsymmetrically substituted analogs induce as well or better than the parent
analogs BESpm and BENSpm. When R, is ethyl, R, can vary in size from small (e.g.,
ethyl, cyclopropylmethyl) to medium size; however, the size of only one of the sub-
stituents can be increased beyond ethyl. The central nitrogens are separated by 5.0-5.8 A,
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Fig. 12. SAR models for alkylpolyamine analogs. (A) SSAT induction-dependent antitumor
agents. (B) SSAT induction-dependent alkylpolyamine antitumor agents and antiparasitic agents.

and each terminal nitrogen is 5.0 A from the adjacent central nitrogen. The binding
pocket for R, will accept only a small alkyl group, whereas the R, binding pocket can
accommodate medium sized groups up to the size of cyclopentylmethyl. Both sper-
mine and spermidine analogs can bind to this site, because both types of analogs are
capable of superinducing SSAT. The cytotoxicity of agents that fit these criteria can be
directly related to the superinduction of SSAT.

The model for the design of SSAT induction-independent alkylpolyamine analogsis
shown in Fig. 12B (4). The requirement for bis(alkyl) substitution remains, but the
binding pockets for R, and R, seem to be less restrictive. The most active analogs have
asmall (ethyl) or medium sized R, and alarge R, (e.g., cycloheptylmethyl or cyclo-
hexylmethyl). It is required that one of the alkyl groups must be small (e.g., ethyl)
whereas the other must be larger than cyclopentylmethyl. Agents with two large termi-
nal alkyl substituents may possess activity, but are not likely to superinduce SSAT.
Active analogs with a 3-3-3 and with a 3-7-3 carbon skeleton have been identified,
indicating that active compounds may be synthesized with n varying between 1 and 5.
Thus the requirement for the intermediate chain seems to be less restrictive than in the
SSAT inducer series. However, steric bulk on the intermediate chain is not well toler-
ated. These data suggest an effector site which has internal anionic sites between 5 and
10 A apart, and terminal anionic sites that are roughly 5 A away from the respective
internal anionic sites. The data suggest that agents that fit these criteria produce cyto-
toxicity through an as yet undetermined pathway. It has also been noted that analogs
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with a 3-7-3 architecture can act as antiparasitic agents, atopic that is beyond the scope
of this chapter.

3. Mechanisms for Alkylpolyamine-Induced Cytoxicity

It is clear that alkylpolyamines are capable of producing rapid cytotoxicity in lung
and prostate tumor cell lines, but the mechanistic aspects of these effects must still be
fully elucidated. However, the induction of programmed cell death (PCD) appears to
be a common result after treatment with alkylpolyamines from both structura classes
mentioned previously. This effect was first observed in the MCF-7 and MDA-MB-468
breast cancer lines, and later in the H-157 non-SCLC human lung tumor cell line after
treatment with CPENSpm (54). In the case of the breast cancer lines, greater than 90%
growth inhibition was observed after prolonged treatment with CPENSpm in each of
six cell lines tested. The IC,, values for inhibition by CPENSpm in these six breast
tumor lines ranged from 0.2 to 1.3 uM. In the breast cancer lines MCF-7 and MDA -
468, high molecular weight DNA fragmentation and formation of oligonucleosomal-
sized fragments were observed as early as 72 h at a 10 uM concentration and after 96 h
with aslittleas 1 uM. Similar results were observed in other breast cancer linesinclud-
ing: T47D, Zr-75-1, MDA 231, and Hs578t. In the case of the NCI H157 lung cancer
model, PCD was found to occur at earlier exposure times than observed in the breast
tumor lines (53). High molecular weight (=50 kbp) DNA fragmentation was observed
after 24 h exposure to 10 uM CPENSpm. Similar results were observed with 10 uM
BENSpm, but only after 48 h, although the initiation of PCD in Chinese hamster ovary
(CHO) cellsis quite rapid at high concentrations of the analog (4). Although these
results clearly indicate that the unsymmetrically substituted analogs induce PCD, the
underlying cellular mechanism(s) had not been elucidated.

Acetylation and subseguent oxidation of polyamines by the SSAT/ PAO pathway is
known to produce H,O, as a byproduct. During superinduction of SSAT, PCD pro-
duced by CPENSpm in H157 cells may result from oxidative stress resulting from
H,O, overproduction. When catalase is added in combination with CPENSpm, high
molecular weight DNA fragmentation and early fragmentation of the nuclel are greatly
reduced (55). Inhibition of PAO by the specific inhibitor N,N'-bis(2,3-butadienyl)-1,4-
butane-diamine (MDL 72527) resulted in a significant reduction in the formation of
high molecular weight DNA, and similarly reduced the number of apoptotic nuclei
formed after CPENSpm treatment. These results strongly suggest that H,O, production
by PAO has a role in compound CPENSpm-induced cytotoxicity in H157 cells.
Catalase or MDL 72527 had no effect on the formation of high molecular weight DNA
fragments or apoptotic bodies when coadministered with CHENSpm, supporting the
contention that CPENSpm and CHENSpm produce apoptosis by different mecha-
nisms. Treatment of wild-type H157 cells with both CPENSpm and CHENSpm leads
to the activation of caspase-3 and cleavage of poly (adenosine 5'-diphosphate-ribose)
polymerase (4). In H157 cells that overexpress Bcl-2, many of the known steps of the
cell death program, including caspase-3 activation, poly (adenosine 5'-diphosphate-
ribose) polymerase cleavage, and the release of cytochrome c from the mitochondria,
were blocked in analog-treated H157 cells. However, the overexpression of Bcl-2 was
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only able to alter the kinetics of PCD, not completely block it. Thus, both CPENSpm
and CHENSpm are capable of inducing PCD in a caspase-3-independent manner.

Several groups have demonstrated that some polyamine analogs (e.g., BE-4444,
CHENSpm) that do not superinduce SSAT can till produce PCD. Consistent with this
hypothesis is the observation that CPENSpm and CHENSpm have dramatically differ-
ent effects on the cell cycle (56). After 24 h treatment of H157 non-SCLC with 10 uM
CPENSpm, no significant effects on cell cycle are observed by flow cytometric analy-
sis. However, under the same conditions, 10 uM CHENSpm produces a dramatic G,/M
cell cycle block in normal and Bcl-2-overexpressing H157 cells (4). The analog S-1-
{N-[(2-methyl)-1-butyl]amino}-11-[N-(ethyl)amino]-4,8-diazaundecane
(IPENSpm;Fig. 10) was subsequently found to produce asimilar G,/M cell-cycle arrest
(57). All three analogs demonstrated similar cytotoxic effects in the human non-SCLC
line, NCI H157, where they were found to be cytotoxic at concentrations greater than
0.1 uM, but significant induction of SSAT activity was only observed in cells treated
with CPENSpm. The effects of all three compounds on the cell cycle progress were
analyzed by flow cytometry after a 24-h exposure to 10 uM of each compound. As pre-
viously observed, CPENSpm treatment had no significant effect on the cell cycle.
However, both CPENSpm and IPENSpm produced a significant G,/M cell-cycle arrest
and a concurrent decrease in the G, fraction. All three analogs, as well as the natural
tetraamine, spermine, stimulate tubulin polymerization in the absence of microtubule-
associated proteins and other polymerization stimulants, and the rate of polymerization
was greatest in the case of CHENSpm (4.9 times faster than spermine). In the presence
of microtubule-associated protein-rich tubulin, CHENSpm remained the most effective
promoter of tubulin polymerization, whereas CPENSpm and spermine showed signifi-
cant decreases in their ability to effect tubulin polymerization. These data suggest that
CPENSpm, but not CHENSpm, are possibly competing for binding at the site normally
occupied by microtubule-associated proteins.

The symmetrically and unsymmetrically substituted alkylpolyamines described have
been of great value in determining the mechanisms of analog-induced cytotoxicity.
However, the alkyl substituents in these molecules are representative of only a minute
portion of the available chemical diversity for the terminal alkyl substituents. Recently,
more than 200 alkylpolyamines have been synthesized and evaluated as antitumor
agents in an effort to refine the SAR model described in Fig. 12. Preliminary biological
evaluation of these analogs was conducted using a high-throughput screen based on
3-(4,5-dimethylthiazol-2-y1)2,5-diphenyltetrazolium bromide (MTT cell) viability
determination in NCI H157 lung tumor cells. The structures of several of these analogs
that demonstrate new structural directions to exploit are shown in Fig. 13, along with
their IC, valuesin the MTT high-throughput screen. The compounds designated 39-
TDW-47C, 39-TDW-12C, and 46-TDW-34C were selected for in vivo studies in an
A549 lung tumor xenograft model. Preliminary studies indicate that all three of these
analogs are effective in limiting tumor growth in the xenograft model. It isimportant to
note that the compounds shown in Fig. 13 contain structural features that have not pre-
vioudly been included in polyamine anal ogs described. The data indicate thet it is possi-
ble to synthesize active alkylpolyamines that contain aralkyl substituents, heteroatoms,
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Fig. 13. Novel, structurally diverse alkylpolyamine analogs.

and unsaturations in the terminal alkyl substituents. Additional analogs in this series
are being synthesized and used to determine the structural requirements for binding at
the various akylpolyamine effector sites.

4. Future Directions for Polyamine Drug Discovery

As recently as 20 yr ago, the polyamine biosynthetic pathway was still being eluci-
dated and the enzymes were being characterized. Drug discovery efforts were focused
on finding specific inhibitors for these enzymes and at determining the cellular conse-
guences of selective depletion of individual polyamines. The polyamine metabolic path-
way is now well defined, the enzymes have been characterized, cloned, and expressed in
bacteria vectors, and, in the case of AdoMet-DC, the crystal structure of the enzyme is
known (58). These research advances have resulted in one marketed agent (i.e.,, DFMO),
two agents that were not devel oped because of the economic status of the target population
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(AbeAdo, MDL 27695), and two or three agents that have the potential will be mar-
keted, and have been or will be studied in human clinical trials as antitumor or antidiar-
rheal agents (BENSpm, bis(ethyl)-4444 and BEHSpm). More recent data suggest that
some of the antitumor effects attributed to alkylpolyamines are mediated at sites that are
independent of the metabolic enzymes. In terms of drug discovery and development, there
are multiple avenues through which polyamine analogs may prove to be useful therapeu-
tic agents. Inhibition of the transport system, which mediates both influx and efflux of
polyamines from the cell, may prove to be a more reliable way to disrupt polyamine
metabolism than selective inhibition of the individual metabolic enzymes. There are a
variety of new polyamine—protein binding interactions (e.g., nuclear factor kB, p53 gene
expression, the c-myc pathway, expression of caspase-3) that could be validated as targets
for novel polyamine-based antitumor agents. Such interactions could be viewed as targets
for polyamine analogs that are either chemotherapeutic or chemopreventative. As these
targets are refined and validated, second-generation agents that target the functions of the
natural polyamines can be rationally designed to bind to these nonenzymatic polyamine
binding sites. During the next few years, many research groups will be working toward
defining these targets and developing agents that specifically bind to these sites and mod-
ulate their function. Although this chapter focuses on the use of polyamine analogs as anti-
tumor agents, there are a number of groups developing analogs that target other known
polyamine functions (e.g., analog binding to the N-methyl-p-aspartate (NMDA) receptor,
polyamine anal ogs as antiparasitic agents, polyamines as vectors for gene and drug deliv-
ery). The ubiquitous nature of the polyamines, and the wide variety of effects they pro-
duce, virtually guarantees that new polyamine effector sites will be discovered, and that
these sites will provide new avenues for drug design and devel opment.
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Acute Increases in Intracellular Putrescine Lead to the
Increase in Steady-State Levels of c-fos, c-jun, RING3,
and Id-1 mRNAs

Allan A. Ancheta, Leo Hawel, 11, and Craig V. Byus

1. Introduction

For a number of years, researchers have noted that cancer cells have higher levels of
ornithine decarboxylase (ODC) activity than do the corresponding noncancerous tissues
(1-5). Because increases in ODC activity (and subsequently, the polyamines) occur regu-
larly in the cell cycle and are necessary before successful cell division can occur, the exact
role of these increased polyamine levelsin tumorigenesis was not completely understood.
It was unclear whether the increasesin 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 (1-4).

This“chicken or egg” conundrum was clearly resolved by the production of atrans-
genic mouse that overexpressed ODC only in keratinocytes (5,6). By itself, the over-
expression of ODC in these animals was unable 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, an initiator of v-Ha-ras, papillomas were readily
formed (7). This observation indicated that elevated ODC and the resulting increasesin
intracellular polyamines could act as a tumor promoter (taking the place of phorbol
esters) in this two-stage model of tumorigenesis (8-10). There have been many other
studies (many reviewed in this monograph) that have further implicated ODC over-
expression and increased polyamines as a causative factor in other experimental models
of cancer development and in the etiology of human cancer.

Although the precise mechanisms by which increasesin ODC activity (and intracel-
lular 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 ele-
vated polyamines to promote tumor growth. This was aso demonstrated when a trans-
genic mouse that expressed the mutant form of v-Ha-ras (that normally results from
7,12-dimethylbenz[a]anthracene exposure) was crossed with the ODC overexpressing
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mouse line. Although neither of these two transgenic mouse linesindividually bore any
tumors, when bred to each other the resulting offspring spontaneously produced papil -
lomas without the need for any further input (11). Additionally, once formed, these
tumors could be regressed by the administration of the ODC inhibitor a-difluoromethyl-
ornithine (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
before the DFMO-mediated regression (12). These observations underscore the
reversible role that ODC activity and increased polyamine levels play in the promotion
and maintenance of these papillomas.

Our hypothesiswasthat ODC overexpression and sustained elevated polyamine accu-
mulation led to an alteration in net gene expression of a specific subset of genesinvolved
in tumor promotion. Although a number of genes have been shown to be differentialy
expressed in various tumor tissues, only spermidine/spermine-N*-acetyltransferase
(SSAT) has been definitively shown to have a polyamine responsive element in its
upstream regulatory region (13). 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 geneswhose levels
of expression are affected in the short term by acute changes (either up or down) in intra-
cellular 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 complimen-
tary DNA. The resulting cell lines were named 293 ODC/Tet-Ind (derived from the 293
human embryonic kidney cell ling); MCF-7 ODC/Tet-Ind (derived from the M CF-7 human
breast cancer cell ling); and LNCaP ODC/Tet-Ind (derived from the LNCaP human
prostate cancer cell ling). In the absence of tetracycline (TET), al 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 levelsin a dose-dependent manner (14).

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 TET aone, or in concert with exogenous sub-
strate ornithine (ORN) or inhibitor DFMO. After 12 h (293) or 18 h (MCF-7), the cells
were harvested and their polyamine contents determined. Total RNA from these cellswere
aso 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
(untrested) 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.

On careful analysis of the resulting data from all treatments and cell types (data not
shown), we identified a small number of messenger RNA (MRNA) whose expression
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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 1D-1 (inhibitor of
differentiation-1) (15-19) and RING3 (which reportedly interacts with E2F and modu-
lates E2F-mediated transcription) (20,21) 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 mMRNA,
identified via genome-wide expression analysis in another ODC inducible cell line the
LNCaP ODC/Tet-Ind cells. Our hypothesis was that the ability of elevated polyamines
to increase the net accumulation of specific MRNA should not be cell type-specific.

1.1. A Stably Transfected TET-Inducible ODC System Effectively Increases
Intracellular Polyamine Concentrations

To determine the extent of which TET dlters intracellular polyamine levels after the
induction of ODC in the cultured LNCaP ODC/Tet-Ind cdlls, the cell culture media was
treated for up to 9 h with either 1 pg/mL exogenous TET, 1 ug/mL TET along with
1 mM DFMO, TET, and 1 mM ORN, 1 mM ORN only, or untreated (control). At 3-h inter-
vals, cells were harvested, and their intracellular polyamine concentrations determined.

Figure 1A shows changes in intracellular putrescine. In the untreated cells, the intra-
cellular putrescine levels were essentialy unchanged at 6 nmol/mg protein over the 9-h
time course. In contrast, the addition of TET caused a marked and steady increase in
intracellular putrescinelevelsfor thefirst 6 h to 160 nmol/mg protein followed by aslight
decrease to 100 nmol/mg protein after 9 h. The addition of the ODC inhibitor, DFMO,
effectively blocked the TET-mediated accumulation of intracellular putrescine. The addi-
tion of 1 mM ORN aong with TET produced levels of intracellular putrescine similar to
those seen inthe TET only cellsat 3 and 6 h. However, at 9 h, the TET + ORN célls had
continued to accumulate intracellular putrescine concentrations to 250 nmol/mg protein.
The addition of substrate ornithine alone in the absence of TET resulted in intracellular
putrescine levels that were essentially unchanged from control concentrations.

Figure 1B illustrates the levels of intracellular spermidine over the 9-h time course.
In the control, TET + DFMO and ORN-only treated cells exhibited intracellular sper-
midine levels that remained unchanged. However, in the cells receiving TET or TET +
ORN, intracellular spermidine levels continued to decrease throughout the time course.
At 9 h, the cellstreated with TET + ORN had lost half of their intracellular spermidine,
whereas 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-h time course, with one notable exception being the TET-only cells, which lost 50%
of the intracellular spermine between 6 and 9 h.

1.2. Similar Changes in Gene Expression Patterns Seen in Multiple Cell
Types After Increases in ODC Activity

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 trestments
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Fig. 1. Intracellular polyamine profile of LNCaP ornithine decarboxylase (ODC)/Tet-Ind cells
after ODC induction by tetracycline for 3, 6, and 9 h. The cells were either untreated (control) or
given 1 ng/mL tetracycline (TET), 1 pg/mL tetracycline and 1 mM o-difluoromethylornithine
(DFMO) (TET/DFMO), 1 mM ornithine (ORN), or 1 pg/mL tetracycline and 1 mM ornithine
(TET/ORN). The cell culture media was changed at time zero and contained the treatments indi-
cated. To completely block the activity of ODC, the TET/DFMO cells were preincubated with
1 mM DFMO 1 h before the change of media. Values are means + SEM of data repeated in triplicate.
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Fig. 2. Northern analysis of LNCaP ornithine decarboxylase (ODC)/Tet-Ind cells after ODC
induction by tetracycline (TET) for 3, 6, and 9 h. The cells were either untreated (control) or
given 1 ug/mL TET, 1 ng/mL tetracycline and 1 mM difluoromethylornithine (DFMO) (TET/
DFMO), 1 mM ornithine (ORN), or 1 ug/mL tetracycline and 1 mM ornithine (TET/ORN). The
cell culture media was changed at time zero and contained the treatments indicated. To com-
pletely block the activity of ODC, the TET/DFMO cells were preincubated with 1 mM DFMO 1 h
before the change of media. Total RNA was isolated and subjected to Northern blot analysis with
probes for RING3, c-jun, Id-1, and c-fos. Filters were then stripped and reprobed for GAPDH.

used previoudly, the LNCaP ODC/Tet-Ind cells were harvested at 3-h intervals and their
steady-state MRNA levels of RING3, c-jun, 1d-1, c-fos, and GAPDH determined. In the
Northern blot pictured in Fig. 2, the control cells revealed no change in steady-state
MRNA levels during the 9-h time course, whereas the TET-treated cells revealed
increased steady-state mRNA levels of RING3, c-jun, and 1d-1 after 6 h and continued to
remain elevated for the duration of the time course. The TET-mediated mMRNA 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
Id-1 genes than in the treatment with TET aone. The ORN + TET-treated cells a so pro-
duced increased mMRNA levels of the c-fos gene after 6 and 9 h. The cells treated with
ORN alone resulted in no change from the control lanes.

1.3. Exogenous Administration of Putrescine Had No Effect of Cell Viability

To determine whether cell viability was affected by exogenous putrescine, we
treated the LNCaP ODC/Tet-Ind cells with increasing exogenous putrescine concentra-
tions for up to 72 h (Fig. 3). Even the cells treated with 30 mM exogenous putrescine
had similar doubling times as control untreated LNCaP ODC/Tet-Ind cells for theinitial
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Fig. 3. Growth curve profile of LNCaP ornithine decarboxylase/Tet-Ind cells after the addi-
tion of 0, 10, 20, and 30 mM exogenous putrescine for a duration of 72 h. Trypan blue dye was
added to afinal concentration of 10%, and the viability of the cells was determined by counting
blue stained (dead or dying) vs unstained (alive) cells on a hemacytometer. Results are a repre-
sentative experiment that has been repeated in triplicate.

24 h. A dose-dependent reduction in the growth rate of the cells occurred after 72 h of
incubation. However, cell viability remained at 100% after the initial doubling time of
24 h. The TET-mediated cells remained 100% viable throughout the 9-h time course.

1.4. Exogenous Putrescine Administration Capable of Inducing the Same
Genes as Increased ODC Activity in a Time- and Dose-Dependent Manner

We wished to determine whether the addition of exogenous putrescine to the cul-
tured media would alter intracellular polyamine concentrations in a similar manner as
the TET-mediated ODC overexpression. Figure 4 shows that exogenous putrescine
could alter intracellular polyamine concentrations in a dose-dependent manner when
cultured LNCaP ODC/Tet-Ind cells were incubated with increasing concentrations of
exogenous putrescine for 24 and 36 h. Similar changes in intracellular polyamine con-
centration occurred during the 24 and 36 h. Intracellular putrescine concentration
increased eightfold because of increasing doses of exogenous putrescine (Fig. 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 (Fig. 4B,C). 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, Id-1, and c-junin
response to increasing concentrations of exogenous putrescine after 24 and 36 h are
shown in Fig. 5. At the times indicated, the cells were harvested and their total RNA
isolated and subjected to Northern blot analysis. 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 h of exposure, with the possible exception of the 30 mM
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Fig. 4. Intracellular polyamine profile of LNCaP ornithine decarboxylase/Tet-Ind cells after
the addition of either 1, 5, 10, 15, 20, 25, or 30 mM exogenous putrescine concentrations for 24
and 36 h. Putrescine was added directly to the media. After 24 or 36 h 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.

putrescine-exposed c-jun, which had 36-h mRNA levels that were slightly higher than
those seen after 24 h. There was no significant increase over control levels in observed
MRNA levels in the cells receiving 1 mM exogenous putrescine. However, incubation
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Fig. 5. Northern analysis of LNCaP ornithine decarboxylase/Tet-Ind cells after the addition
of putrescine for 24 and 36 h. Putrescine was added directly to the media. After 24 or 36 h of
incubation in putrescine at the indicated concentrations, total RNA was isolated and subjected to
Northern blot analysis with probes for RING3, c-jun, Id-1, and c-fos. Filters were then stripped
and reprobed for GAPDH.

with 5 mM exogenous putrescine did result in modest increases in the levels of RINGS,
Id-1, and c-jun mRNA. Thisindicates that the low end of the induction of these mMRNAs
was reached when exogenous putrescine levels were 5 mM or higher. This exogenous
putrescine concentration resulted in intracellular putrescine levels of 50 nmol/mg pro-
tein, intracellular spermidine levels of 18 nmol/mg protein, and intracellular spermine
levels of 10 nmol/mg protein (Fig. 4).

To ascertain the time-dependent changes in intracellular polyamine concentrations,
the cells were treated with 30 mM exogenous putrescine for 24 h and harvested for
polyamine analysis at 3, 6, 9, 12, and 24 h (Fig. 6). The intracellular putrescine con-
centration increased in a linear fashion for the initial 12 h, reaching a level approx 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 h incubation
period. Intracellular spermidine and spermine concentrations decreased 88 and 70%
after adelay of 3 and 9 h, respectively. Our cumulative data would indicate that intra-
cellular spermidine and spermine levels do not decrease until intracellular putrescine
concentrations reach approx 50 nmol/mg protein.

Cells treated with 30 mM exogenous putrescine were harvested for Northern blot
analysisat 3, 6, 9, 12, and 24 h (Fig. 7). After 3 h of treatment, 1d-1 steady-state mMRNA
levels increased twofold from the control levels. The Id-1 mRNA levels continued to
increase throughout the 24-h time course, reaching a level of 15-fold higher than in
control cells. RING3 and c-jun mRNA levels also increased during the time course,
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Fig. 6. Intracellular polyamine profile of LNCaP ornithine decarboxylase/Tet-Ind cells after the
addition of 30 mM exogenous putrescine for 3, 6, 9, 12, and 24 h. 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.

although not to the same degree as observed with Id-1. In contrast, c-fos (unlike with
TET-mediated ODC overexpression treatments) yielded no consistent change of mRNA
levels with exogenous putrescine treatments. These results showed that the 1d-1,
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Fig. 7. Northern analysis of LNCaP ornithine decarboxylase/Tet-Ind cells after the addition
of 30 mM exogenous putrescine for 3, 6, 9, 12, and 24 h. 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, Id-1, and c-fos. Filters were then stripped
and reprobed for GAPDH.

RING3, and c-jun genes increased in a time- and dose-dependent manner with exo-
genous putrescine. 1d-1 showed the most dramatic increases in steady-state mRNA lev-
els, while RING3 and c-jun were less affected. The c-fos mMRNA levels were not visible
after treatment with exogenous putrescine, but again ODC overexpression did lead to
increases in c-fos (Fig. 2).

1.5. Increased SSAT Activity is Not Responsible for Induction of These Genes

The observed reduction in intracellular spermidine and spermine after treatment
with exogenous putrescine or TET-mediated ODC overexpression might have been a
result of increased SSAT activity. To determine the extent to which putrescine induces
SSAT activity, the LNCaP ODC/Tet-Ind cells were grown for 24 h in media containing
either 15 mM exogenous putrescine or 10 uM DENSPM (N?, N''-diethylnorspermine,
a spermine analog that induces high levels of SSAT activity) (30) (Table 1) before
being harvested and assayed for SSAT activity. The cells receiving exogenous
putrescine displayed an eightfold higher SSAT activity than the control cells (Table 1).
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).

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 theincrease in intracellular putrescine
or the reduction in intracellular spermidine or sperminethat led to theincreasein RING3,
Id-1, and c-jun mRNA levels. Because DENSPM caused an increase in SSAT coupled
with areduction of intracellular putrescine (as well as spermidine and spermine), yet did
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Table 1

SSAT Activity, Intracellular Polyamine Profile, and Relative Expression Levels

of the Genes in LNCaP ODC/Tet-Ind Cells After Treatment of 15 mM Exogenous
Putrescine or 10 uM DENSPM for 24 h

Control Exogenous putrescine DENSPM

SSAT activity 162.6 + 3.2 1301.5 + 142.7 2718.2 £ 218.6

(pmol [*C]-acetylspermidine

formed/mg protein x hour)
Putrescine (nmol/mg protein) 152+0.8 1221+ 85 119+ 0.9
Spermidine (nmol/mg protein) 231+09 7.7+09 21101
Spermine (nmol/mg protein) 147+04 99+11 49+04
RING3 (relative expression) 1 35 11
Id-1 (relative expression) 1 5.8 0.8
c-jun (relative expression) 1 22 1
c-fos (relative expression) 1 09 0.9

not alter the specific mRNA levels (Table 1), we concluded that increased intracellular
putrescine was mediating the alteration of the mRNA levels.

To study the early changes in patterns of gene expression after acute increases in
intracellular putrescine concentration, we performed Affymetrix gene chip analysis on
MRNASs from human 293 and MCF-7 cell lines containing a stably transfected TET-
inducible ODC construct. Among the genes identified as upregul ated after induction of
ODC in the presence of substrate ORN were c-fos, c-jun, RING3, and 1d-1. 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 after aterations in intracellular polyamine pools mediated either by over-
expression of ODC or administration of exogenous putrescine. Large increasesin intra-
cellular putrescine, in addition to inducing these genes, were accompanied by decreases
inintracellular spermidine and spermine. Studies with the inducer of SSAT, DENSPM,
mirrored the decreasesin intracellular spermidine and spermine without the increase in
intracellular putrescine or induction of the genes. Our data indicate that the threshold
of induction for these mMRNAs is time- and dose-dependent and that, in the short term,
intracellular putrescine levels of at least 50 nmol/mg proteins for a period longer than
3 h were capable of significantly increasing the steady-state levels of the mRNASs
coding for these growth or cancer-related genes.

2. Possible Mechanisms and Conclusion

Several mechanisms of polyamine-mediated induction of gene expression have been
proposed. Some studies have suggested a mechanism involving changesin DNA struc-
ture and conformation either through histone acetylation or by enhancing the inter-
action between nuclear transcription factors and steroid hormone receptors (22—25).

A polyamine-responsive element (PRE) upstream of the transcription start site of
SSAT has been identified as another mechanism of how polyamines may modulate
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transcription (13). NF-E2-related transcription factor 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 homolog of the Arabidopsis COP 9 signalosome subunit 7a and the
polyamine modulated factor 1 (26—28). The exact mechanisms by which these ligands
modul ate the transcription of SSAT have yet to be determined.

Data from other investigators demonstrating changes in specific gene expression
after polyamine depletion with DFMO suggest that intracellular polyamines regulate
the expression of specific genes (29-37). 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, mMRNA, and the resulting protein
product of the polyamine-responsive genes. Additionally, this DFM O effect was ablated
by the simultaneous administration of exogenous polyamines (30-37,38). This deple-
tion model has revealed decreases in steady-state expression levels of the RNA coding
for c-myc, c-fos, c-jun, 4E-BP1, SSAT, and IxBa in a number of different cell lines
(30-37,39).

Our data show that increases in intracellular putrescine lead to net changesin 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, Id-1, c-jun, and c-fos mRNAS. Either TET-mediated ODC overexpression or
the administration of exogenous putrescine were capable of producing sustained
increases in intracellular putrescine and elevated steady-state mRNA levels. Although
we have yet to identify the mechanisms by which these mRNAs are induced by
polyamines, we are 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 cellswith 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 estab-
lished in their involvement in tumorigenesis (40). In addition to transcriptional and
tranglational regulation appearing to stem from the ras signaling pathway (40), other
investigators have demonstrated that exogenous polyamines are capable of causing
increases in c-fos and c-myc gene expression (37).

RING3 (redlly interesting new gene 3) (recently renamed BRD2), is a serine-threo-
nine kinase that participates in nuclear protein complexes associated with E2F (20).
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 cdlls. It has a so been speculated that activated ras may mediate the phospho-
rylation of inactive RING3 (21).

Id-1 (inhibition of differentiation) belongs to the Id family of proteins, which are
known to bind with basic helix-oop-helix transcription factors and prevent them from
binding DNA. The net effect of Id-1 binding is a dominant negative regulation of the
bound transcription factor and the silencing of the associated genes. These target genes
are generally associated with lineage-specific expression and differentiation (41). 1d-1
gene expression has been shown to be elevated in a number of primary tumors vs
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normal control tissue specimens (40). In areview by Norton and colleagues (41), 1d-1
regulation was found to be regulated by the expression of immediate early gene EGR-
1; however, 1d-1 protein isinvolved in a negative feedback loop that downregul ates 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 1d-1 was highest.

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 over-
expression of ODC or the concomitant decreases in the other polyamines. The datain
Table 1 strongly suggest that the decreases in intracellular spermine and spermidine
observed after ODC induction did not play a substantial role in the inductions of
RINGS3, 1d-1, c-jun, or c-fos.

Our data indicate that only when intracellular putrescine levels were significantly
increased could elevated steady-state mRNA levels of RING3, 1d-1, 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 three or
more hours. A further refinement of the putrescine levels and times of exposure that are
necessary for the induction of these genes is under way in our laboratory.
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Polyamine-Dependent Early Cellular Signals
and Cell Proliferation

Stina M. Oredsson

1. Introduction

When a resting cell is awakened to enter the cell cycle by mitogenic stimulation, a
complex molecular machinery involving positive and negative regulation of cell-cycle
progression is initiated. Part of the machinery is quite well-known. It involves recep-
tors of various kinds, protein interactions, phosphorylation reactions, and molecular
cascades carrying the signal to enter the cell cycle from the cell surface to the nucleus.
In the nucleus, transcriptional activation resultsin an increased involvement of genesin
the process. In the cytoplasm, translational and posttransational mechanisms also have
apart in the process. In this complex partly known molecular machinery, there are also
molecules that not yet have been assigned a specific role; however, there are enough
data to state that their role in normal cell-cycle progression is ubiquitous. The level of
the polyamines—putrescine, spermidine, and spermine—are low in nonproliferating
cells, but their levels increase early after mitogenic stimulation and these increases are
necessary for normal rates of cell-cycle progression (1,2). In this chapter, the focus will
be on the role of polyamines in early signaling processes that are required for normal
cell-cycle progression.

2. Mitogenically Activated Signal Transduction Pathways

Signal transduction is the process by which information from an extracellular signal
is transmitted from the plasma membrane into the cell and aong an intracellular chain
of signaling molecules to stimulate a cellular response. Mitogenic stimulation, when a
growth factor binds to its receptor on the cell surface, is such a process. This stimula-
tion initiates a number of parallel signal transduction pathways, the combined role of
which is to achieve a balanced regulation of the initiated signal.

Mitogenic stimuli initiate cell proliferation viadifferent classes of cell surface recep-
tors, which include growth factor receptor tyrosine kinases and G protein-coupled
receptors. This results in tyrosine phosphorylation of Shc and the sequential activation
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Fig. 1. Schematic representation of Ras-activated signal transduction pathways. The three-
tiered MAPK pathways INK/SAPK, p38, and Erk 1/2 are shown where MAPKKK, MAPKK,
and MAPK show the first, second, and third phosphorylation levels, respectively. Ras also acti-
vates phosphatidylinositol 3-kinase (PI3K)-mediated and Ral guanine-nucleotide-exchange
factor (GDS)-mediated signals (Ral-GDS). Ras denotes a superfamily of small GTPases.

of Grb2, SOS, and then Ras (3,4) (Fig. 1). Ras activity is controlled by a regulated
guanosine 5'-diphosphate/guanosine 5'-triphosphate cycle where only guanosine 5'-
triphosphate-bound Ras is active. The Shc/Grb2/SOS complex stimulates the formation
of active guanosine 5'-triphosphate-Ras from inactive guanosine 5'-diphosphate-Ras.
Here Ras denotes a superfamily of small guanosine 5'-triphosphatases of more than 80
mammalian members. The prototypic Ras proteins are H-Ras, K-Ras, and N-Ras. Ras
activation then results in the activation of the ERK1/2 (p42/44) mitogen-activated pro-
tein kinase (MAPK pathway) through Raf. Ras-mediated activation of Raf is a com-
plex, multistep process (3). Phosphorylated ERK1 (p44) and 2 (p42) then enter the cell
nucleus and activate a variety of substrates that include the Elk-1, Egr-1, ¢-Jun, and
c-Myc transcription factors. One of the transcriptional targets of c-Myc is ornithine
decarboxylase (ODC), the initial enzymatic step in polyamine biosynthesis (5). Thus
the major role of the ERK1/2 pathway is transcriptional activation. The ERK1/2 path-
way is the classical three-tiered MAPK pathway where kinase phosphorylation takes
place at three levels (Fig. 1).

In addition to activation of the ERK1/2 MAPK pathway, Ras activation also initiates
a number of other Raf-independent signal transduction pathways (3,6). Such pathways
are phosphatidylinositol 3-kinase (PI3K)-mediated and Ral guanine-nucleotide-
exchange factor (GDS)-mediated signals. Ras binds to and activates the catalytic sub-
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unit of PI3K, alipid kinase. This results in the formation of phosphatidylinositol 3,4,5-
triphosphate, a second messenger, that, via the phosphoinositide-dependent kinase 1,
results in the activation of the protein kinase B/Akt pathway. Protein kinase B/Akt
phosphorylates many proteins involved in cell-cycle progression (7,8). One of the mas-
ter regulators of translational control is the target of rapamycin (TOR) protein, which
controls the tranglational apparatus through protein phosphorylation (6). The key regu-
lators of trandlation that are controlled by TOR include the p70 ribosomal S6 kinases
(S6K1 and S6K2) and 4E-BP1. The TOR-S6K pathway is regulated by signals that are
transmitted in response to mitogenic stimulation through PI3K. Phosphatidylinositol
3,4,5-triphosphate also contributes to the activation of the ERK1/2 pathway (6). Ral-
GDS activates Ral, which has arole in both transcriptional and trandational activation
of cell-cycle regulatory proteins (6).

Besides the classic ERK1/2 MAPK cascade, there are two other three-tiered MAPK
pathways, the C-Jun N-terminal Kinase/stress-activated protein kinase (JNK/SAPK)
MAPK and the p38 MAPK pathways (Fig. 1). These are also not only activated by
growth factors, but also by other kinds of stimuli such as ultraviolet-, heat shock-, and
high osmosis-induced stress (3,9). Ras activation is also important for the INK/SAPK
and p38 MAPK pathways; however, they are Raf-independent pathways as are the
PI3K and Ral-DGS pathways mentioned previously. The p38 MAPK pathway has been
implicated as an important negative regulator of cell-cycle progression (10). Activation
of the p38 MAPK pathway results in regulation of both transcription and translation of
anumber of genesinvolved in the negative control of cell-cycle progression, but also in
the stimulation of proteasome-dependent degradation of proteins that stimulate cell-
cycle progression. A major target of the INK/SAPK signaling pathway is the activation
of the AP-1 transcription factor that in part is mediated by the phosphorylation of ¢c-Jun
(11). The three-tiered kinase ladders of the INK/SAPK and p38 MAPK pathways
involve more kinases than the ERK1/2 MAPK pathway (9).

In view of its very central role in signal transduction, it is not surprising that Ras
family proteins are oncogenes belonging to a family of structurally similar oncogenic
proteins (6,12). Closely related to the Ras family proteins are the Rho family proteins
(12). The Rho family proteins are regulators of actin organization, gene expression,
and cell-cycle progression and have been implicated to have a role in Ras-mediated
transformation in the INK/SAPK and p38 MAPK pathways. Ras initiates the cell cycle
through MAPK pathways and other pathways, but subseguent action of the Rho family
is required for completion of the process.

Characterigtic for these pathways is that they do not function on their own. Thereis
extensive cross talk making it difficult to study the role of a single pathway in cell-
cycle regulation. In addition, there are other signal transduction pathways, such as the
cytokine-stimulated pathways and the transforming growth factor (TGF)-f pathway
(13,14). The specific cellular response is the sum of the total contribution of the indi-
vidual pathways. Is there a place for the polyamines in this complex pattern making it
even more complex? There are several studies of the role of polyaminesin signa trans-
duction that implicate that they have a function. The studies are of two major kinds. In
many of the early studies, cells were depleted of their polyamines and the downstream
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appearance of transcription factors was studied. The transcription factors studied were
c-Jun, c-Fos, Egr-1, and c-Myc, all dependent on the described pathways. In later stud-
ies, the specific activation of the MAPK pathways and other pathways has been studied
in relation to activation of polyamine biosynthesis.

3. Polyamine Depletion and the Expression of Transcription Factors

In many of the early articles pointing to arole of polyaminesin signal transduction,
the cells were depleted of their polyamines by treatment with a-difluoromethyl-
ornithine (DFMO) (15). DFMO is an enzyme-activated irreversible inhibitor of ODC.
DFMO treatment results in the depletion of putrescine and spermidine, whereas sper-
mine essentially remains unchanged.

A significant decrease in the steady-state levels of one or more of the transcription
factors c-myc, c-fos, and c-jun messenger RNA (mMRNA) was found in the human
colon carcinoma cell line COLO320 (16) and in the rat intestinal epithelial cell line
IEC-6 (17,18) after DFMO treatment. There was not a decrease in general mRNA
expression pointing to a specific role for polyamines regarding c-myc and c-jun mRNA
expression. Nuclear run-on assays showed that the basal rates of transcription of c-fos
and c-myc were decreased in polyamine-depleted nuclei from IEC-6 cells (18,19).
However, there was no difference in the stability (t,,,) of the c-myc and c-jun mes-
sages in control and polyamine-depleted cells (18). When DFMO-treated cells were
stimulated with serum, there was no increase in the mRNA levels of the observed
transcription factors (17,18). Spermidine supplementation to DFMO-treated 1EC-6
cells restored c-myc and c-jun mRNA levels. It was suggested that regulation of tran-
scription factor expression may be one of the mechanisms by which polyamines mod-
ulate cell growth.

In amodel using rat kidney cells infected with a temperature-sensitive mutant of
Kirsten sarcoma virus, it was shown that polyamines stimulate transcription of c-myc
and c-fos and the expression was blocked by DFMO treatment (20). In another study, it
was shown that DFMO-induced depletion of putrescine and spermidine in SV40-trans-
formed 3T3 cells prevented c-jun mRNA induction by insulin; however, it did not
affect c-jun mRNA induction by vanadate (21). Insulin and vanadate function through
different signal transduction pathways: insulin requires G protein, whereas vanadate
does not. Spermidine addition to the DFM O-treated cells restored the stimulating effect
of insulin. Thus polyamines appeared to be required for the G protein-mediated insulin-
stimulated signal but not for the vanadate-stimulated signal.

Schulze-Lohoff and colleagues (22) grew rat renal mesangia cells in the presence
of DFMO for 4 d and then deprived the cells of fetal calf serum (FCS) for 2 d. The
cells were then stimulated with FCS, and the mRNA levels of c-fos, c-jun, and Egr-1
were investigated. The researchers found that the expression of the genes did not
increase to the same extent in polyamine-depleted cells as in control cells.

All these studies implicate a role for the polyamines in the efficient expression of
the transcription factors c-fos, c-jun, c-myc, and Egr-1—all being effector molecul es of
MAPK signal transduction activation. In contrast to the studies mentioned, Charollais
and Mester (23) found that the c-myc expression was not inhibited by polyamine deple-
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tion and serum starvation in BALB/c-3T3 fibroblasts. In fact, both c-myc and ODC
were expressed at relatively high levels in the serum-starved, polyamine-depleted cells.
These cells could be stimulated to grow with nondialyzed FCS but not with dialyzed
FCSthat did not contain polyamines. However, a combination of epidermal growth fac-
tor, insulin, and putrescine resulted in immediate stimulation. These results imply that
during 3 d of DFMO treatment and 3 d of serum starvation, the polyamine levels were
depleted to such low levels that serum stimulation without putrescine had no effect
(i.e., the growth-stimulating signals through various receptors were not functional
despite the increased c-myc and ODC mRNA levels). In similarity with Charollais and
Mester (23), we found that c-fos, c-jun, ODC, and AdoMetDC mRNA levels were
higher in polyamine-depleted and serum-starved Chinese hamster ovary cells than in
control cells (unpublished results, K. Alm and S. Oredsson). That polyamine depletion
resulted in different effects on mRNA levels of transcription factors and polyamine
biosynthetic enzymes may be a result of the different genetic lesions in the cell lines,
with the tumor suppressor p53 being a possible candidate. It has been shown that cells
with wild-type p53 appear to be blocked in G, by polyamine depletion, whereas cells
with mutated p53 do not show any specific cell-cycle block (24,25).

Bauer and colleagues (26) showed that inhibition of ODC and putrescine produc-
tion by DFMO in rat aortic smooth muscle cells resulted in activation of the ERK1/2
MAPK pathway to promote induction of p21 and consequently inhibition of cell pro-
liferation. Activation of ERK1/2 MAPK and induction of p2lwas inhibited by
putrescine addition.

4. Signal Transduction Pathways and Activation of Polyamine Biosynthesis

It was noted early that ODC activity was rapidly and dramatically elevated by a
variety of exogenous stimuli that were coupled to severa signal transduction pathways
(27-29).

The involvement of the Raf/MEK/ERK and PI3K pathways in ODC induction was
shown in DFMO-resistant HL-60 cells that were stimulated to grow from quiescence
(30,31). When ERK 1/2 phosphorylation was inhibited, there was a reduction in the
accumulation of ODC mRNA and protein; however, ODC protein turnover was hardly
affected (31). Also, the involvement of Src, Ras, PI3K, and G-coupled proteinsin ODC
induction was shown using different inhibitors. When serum-starved human ECV 304
cellswere treated with histamine or adenosine triphosphate, there was atransient induc-
tion of ODC (32). The agents also provoked an increase in active phosphorylated
ERK1/2 and p38 MAPKS. Specific inhibition of ERK1/2 MAPK prevented the induc-
tion of ODC, whereas specific inhibitors of p38 MAPK enhanced induction of ODC in
away that appeared dependent on ERK1/2 MAPK. It has been reported that PD98059-
mediated inhibition of ERK1/2 MAPK phosphorylation prevented the expression of
c-myc and c-fos (33) and the ODC activity (31). Addition of polyaminesto NIH 3T3
cells reversed PD98059-mediated inhibition on MAPK phosphorylation and expres-
sion of c-myc and c-fos (33). In serum-starved NIH 3T3 fibroblasts, spermidine prefer-
entially stimulated transcription and translation of c-myc, whereas putrescine
stimulated transcription and translation of c-fos (34,35).
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Several studies have shown that the ODC gene is deregulated in ras-transformed
cells (36—40). ODC overproducing transfectants showed enhanced MAPK (31) and
tyrosine kinase activities (41). MAPK activation has also been found in response to
polyamine excess (42,43).

NIH 3T3 cellstransfected with c-Ha-ras showed markedly enhanced ODC activity and
ODC protein level (36). Anincreased ODC mRNA level asaresult of an increased rate of
transcription could account for this observation. The turnover rate of ODC mRNA was
also decreased in transformed cells and the ODC protein was stabilized. The results sug-
gested ODC deregulation at multiple levels in ras-oncogene-transformed cells. Similar
results have been found for AdoMetDC and for ODC in H-Ras-transformed mouse 10T1/2
cells (44). Experiments using NIH 3T3 cdlls transfected with plasmids encoding activated
mutants for H-Ras or RhoA suggested that the increase in ODC activity at least partly was
through a Raf/M EK/ERK-independent pathway (39). To further delineate the role of
different Ras effector pathways in ODC activation following stable ras transfection, NIH
3T3 cdlswere transfected with partial 1oss-of-function Ras mutants to selectively activate
pathways downstream of Ras (40). Mutants that selectively activate signal transduction
through the Raf/MEK/ERK, PI3K, and Ral-GDS pathways were used, as were selective
pathway inhibitors. The results show that ODC transcription was controlled through a
pathway dependent on Raf/MEK/ERK activation, whereas activation of the PI3K,
Raf/MEK/ERK and p38 MAPK pathways were necessary for trandationa regulation of
ODC. Thep38 MAPK pathway had a negative rolein trandational regulation, wheressthe
other two stimulated trandation. The importance of the Raf/MEK/ERK pathway in ODC
activation was aso shown in atransgenic mouse line overexpressing a congtitutively active
mutant of MEK1 driven by the keratin 14 promoter (45).

MAPK involvement in polyamine catabolism through the induction of spermine/sper-
midine-N!-acetyltransferase has also been investigated (46). An activated Ki-ras was
expressed in CaCo2 cells and ODC activity was increased, as has been shown by others.
The cells showed decreased expression of spermine/spermidine-N'-acetyltransferase via
amechanism involving Raf/M EK/ERK -dependent downregulation of PPARY.

5. Conclusion

It isclear that stimulation of polyamine biosynthesis followed by increased polyamine
levels are required for efficient cell-cycle progression after mitogenic stimulation
(2,47-49). Asreviewed previoudly, it is aso clear that polyamines are required for normal
expression of a number of transcription factors after mitogenic stimulation, one of which
is c-Myc. Importantly, c-Myc is a transcription factor for ODC (5). It is aso evident that
several signal transduction pathways are involved in induction of balanced polyamine
biosynthesis. Altogether, the data indicate that polyamines are required for efficient signal
transduction and that ODC induction by c-Myc provides a feedback pathway to ensure
that the polyamine levels are sufficiently high for efficient signal transduction (Fig. 2).
Such a positive loop involving ODC/polyamines and MAPK pathways has been suggested
(31,35). Thus polyamines appear to be important both in and downstream of signal trans-
duction pathways. However, a necessary god for polyamine research isto find the specific
molecular targets for polyamine function in signal transduction asafinal proof of concept.
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Cellular Signals Mediating Growth Arrest
After Polyamine Depletion

Jian-Ying Wang

1. Introduction

The natural polyamines spermidine and spermine and their precursor putrescine are
ubiquitous organic cations of low molecular weight in eukaryotic cells and are intimately
involved in distinct cellular functions (1,2). For many years, regulation of cellular
polyamines has been recognized to be the central convergence point for multiple signal-
ing pathways driving different cellular functions. It has been shown that increased levels
of cellular polyamines, either synthesized endogenously or supplied exogenously, are
esential for the stimulation of cell proliferation, and that depletion of cellular polyamines
inhibits cell proliferation and causes G, phase growth arrest in a variety of cell types
(1-3). To define the exact role of polyaminesin cell proliferation at the molecular level,
an increasing body of evidence indicates that polyamines regulate cell proliferation by
virtue of their ability to modulate expression of various growth-related genes.

Polyamines are shown to positively regulate the transcription of growth-promoting
genes, such as c-fos, c-jun, and c-nyc (4,5) and negatively affect expression of growth-
inhibiting genesincluding p53 (6,7), junD (8,9), and TGFb/TGF b receptor (10,11) through
modulations at the posttranscriptional level. Increased polyamines not only stimulate
expresson of c-fos, c-jun, and c-myc genes by enhancing their messenger RNA (mMRNA)
synthesis, but also inhibit expression of p53,junD, and TGFb/TGFb receptor genes by
increasing their mRNA degradation, resulting in the stimulation of cell proliferation. In
contrast, decreased levels of polyamines lead to a reduction of the levels of growth-
promoating proteins through inhibition of their gene transcription, and to increased levels
of growth-inhibiting factors through stabilization of their mMRNAs and proteins, which are
associated with an increase in G; phase growth arredt. In the other words, growth inhibi-
tion after polyamine depletion is an active process that results primarily from the activa-
tion of specific cellular sgnals rather than a simple decrease in growth-promoting gene
expression. In this chapter, we will present overview changes in cellular signals that are
activated after polyamine depletion, and then analyze in some detail the mechanisms by
which polyamine depletion induces the activity of these Sgnaing pathways.

From: Polyamine Cell Signaling: Physiology, Pharmacology, and Cancer Research
Edited by: J.-Y. Wang and R. A. Casero, Jr. © Humana Press Inc., Totowa, NJ
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2. Polyamines and Growth-Promoting Gene Expression

Over the past decade, four scientific devel opments have provided the opportunity to
more exactly determine the polyamine requirement in cell cycle progression and, at the
sametime, to gain insight into their functions: (1) the availability of polyamine analogs
with close structural and functional similarities to the natural polyamines; (2) the dis-
covery of well-characterized inhibitors that are highly specific for key enzymes of
polyamine biosynthesis; (3) the significant achievement of understanding complex reg-
ulatory pathways that control the cell cycle; and, more recently, (4) the availability of
various transgenic or knockout animal models in which specific key enzymes for
polyamine synthesis are either deleted or forced to overexpress in specific tissues. So
far, these advances have been extended to help elucidate the polyamine requirement in
cell growth and their effects on expression of cell cycle regulatory factors, including
growth-promoting and growth-inhibiting genes.

A series of observations from our previous studies (5,12,13) and others (4) demon+
strates that polyamines are reguired for the stimulation of cell proliferation at least partly
through their ability to regulate proto-oncogene expression. In a gastric mucosal stress
ulcer model, the repair process is associated with significant increases in the expresson
of proto-oncogenes c-fos and c-myc after increased polyamine synthesis (14). This change
in the expression of c-fos and c-myc precedesthe induction of DNA synthesis after stress.
Inhibition of polyamine synthesis by a-difluoromethylornithine (DFMO) decreases both
proto-oncogene expression and cell division. In cultured normal intestinal epithelia cells
(IECs) (IEC-6 line), depletion of cellular polyamines by exposure to DFMO completely
prevents the expression of c-fos, c-myc, c-jun, and polyamine replacement by exo-
genously adding spermidine, which reverses the inhibitory effects of DFMO on the
expression of proto-oncogenes (5). These dataindicate that increased expresson of proto-
oncogenes is involved in early modulation of mucosal growth and may be part of the
mechanism responsible for polyamine-stimulated cell division. In support of this possi-
bility, we (12,13) and others (4) have further demonstrated that polyamines are necessary
for stimulation of transcription of the proto-oncogenes c-myc, c-fos and c-jun and that
polyamine depletion-mediated decreases in mMRNAS levels of these genes are primarily
caused by decreased levels of gene transcription.

Cdlls, however, till maintain a high basal level of proto-oncogene expression after
inhibition of polyamine synthesis in different types of cells (4,5).Al, the rate of cell
proliferation in polyamine-deficient cellsis dramatically lower than that of control cells
(5,14,15). These results suggest that growth inhibition after polyamine depletion must
result from a mechanism other than a simple decrease in proto-oncogene expression.

3. Polyamine Depletion Activates p53 Signaling Pathway

3.1. Polyamine Depletion Associated With Increased p53 Gene Expression
Considerable interest over the past several years has been devoted to the mecha-

nisms of negative growth control. In the small intestinal mucosa, for example, mitotic

activity is confined to the crypt region and must be finely tuned to the rapid rate of loss
of mature enterocytes from the villous tip. Theoretically, mucosal epithelial cell
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turnover is controlled by both positive and negative control mechanisms, with stimula-
tion or suppression of cell renewal mediated through growth-promoting or growth-
inhibiting genes. Although growth-promoting genes have been extensively studied in
vivo and in vitro, studies to elucidate the role and significance of negative growth
control in the regulation of cell growth have recently started.

The p53 gene encodes for a nuclear phosphoprotein, which was originaly discov-
ered as a cellular protein bound to the SV40 T antigen in transformed cells. p53 is pres-
ent in low concentrations in normal cells and has a half-life of 620 min (16,17).
Expression of the p53 gene is highly regulated by the cell according to its state of
growth. Steady-state levels of p53 mRNA are significantly increased in certain growth
conditions and in cells transformed by a variety of means, including viral infection,
chemical treatment, and transfection of oncogenes (18,19). Inactivation of the p53
gene occurs in more than half of all human tumors, implying that expression of the p53
gene has an important physiological rolein the control of the cell cycle and that loss of
this gene represents a fundamental step in the pathogenesis of cancer (16,17). This
action of p53 has been ascribed to its ability to induce expression of a cellular gene
WAF1/CIP1 that encodes a 21-kDa inhibitor of G, cyclin-dependent kinases (17,19).
In addition, there is increasing evidence that the p53 protein aso induces apoptosis
(16). Activation of the p53 gene expression induces growth arrest, apoptosis, or both.

The observation that p53 protein can suppress cell growth suggests that p53 may
play an important role in the control of the cell cycle, which regulates the orderly flow
of the cell in and out of the G, phase during normal cell proliferation (16-20). pS3
functions as a transcriptional factor and is a cell-cycle control protein because progression
from the G, to S phase is often blocked in cells expressing high pS3 protein levels (17).
Mercer and colleagues (21) demonstrated that induction of p53 expression by trans-
fecting a conditional p53 expression plasmid inhibits cell-cycle progression and that,
when growth-arrested cells are stimulated to proliferate, induction of p53 expression
inhibits G,/G, progression into the S phase. p53 also is required for the G, arrest caused
by g-ray exposure (16,17).

The first evidence showing the role of the p53 gene expression in growth inhibition
after polyamine depletion is from our observations (6,20) and others (22,23) in normal
IECs. Using cultured IEC-6 cells, we have made the unique observation that inhibition
of polyamine synthesis with DFMO significantly increases p53 gene expression, which
is associated with an increase in G, phase growth arrest but not apoptosis (6). Increases
in p53 after polyamine depletion were associated with increases in other cell-cycle
inhibitors, including p21Wef/Ciel and p27KiPL, |n control cells, steady-state levels of p53
MRNA were present at 4 d and then almost completely disappeared at 6 d, with minimal
expression at 12 d after plating. Depletion of cellular polyamine through DFMO treat-
ment significantly increased expression of the p53 gene (Fg. 1). Thisincrease in mRNA
levelsfor the p53 gene was noted at 4 d and remained elevated at 12 d after exposure to
DFMO. Maximum increases in p53 mRNA levels occurred between 6 and 12 d after
addition of DFMO and were more than 10 times that of control values. The increased
levels of p53 mRNA in polyamine-deficient cells were paralleled by increases in p53
protein. Spermidine given together with DFMO completely prevented the increased
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Fig. 1. Expression of p53in control IEC-6 cells and cells exposed to 5 mM a-difluoromethyl-
ornithine (DFMO) or DFMO plus spermidine (SPD). (A) Representative autoradiograms from
control cells and cells exposed to DFMO or DFMO + SPD for 4, 6 and 12 d. Total cellular RNA
was isolated and mRNA levels were examined by Northern blot analysis using p53 and Rb gene
complimentary DNA prabes. (B) Representative immunoblots for p53 protein as measured by
Western blot analysis. p53 protein was identified by probing nitrocellulose with a specific anti-p53
antibody. Three experiments were performed that showed similar results.

expression of the p53 gene. The concentrations of p53 MRNA and proteinin cellstreated
with DFMO plus spermidine were indistinguishable from those in cells grown in con-
trol cultures. The effect of polyamines on p53 gene expression is specific because
polyamine depletion did not induce expression of the Rb gene in IEC-6 cells. These
results suggest that p53 is involved in the regulation of intestinal mucosal growth by
polyamines.

Consistent with our findings, Kramer and colleagues (17,22) have reported that
exposure of human melanoma cells (MALME-3M cell) to a polyamine analog, N,N1-
diethylnorspermdine (DENSPM), not only decreases cellular polyamines but also
increases p53 and p21 gene expression. DENSPM is known to deplete polyamine pools
by both inhibiting biosynthetic enzymes and potently inducing the polyamine catabolic
enzyme spermidine/spermine N-acetyltransferase. Treatment with DENSPM increases
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wild-type p53 (approx 10-fold at maximum), which is concomitant with an increase in
p21 in MALME-3M cells. Another cyclin-dependent kinase inhibitor, p27, and cyclin
D1 increase dlightly, whereas proliferating cell nuclear antigen and p130 remain
unchanged. Induction of p21 protein is paralleled by an increase in its mMRNA but
induction of p53 protein is not, suggesting that cellular polyamines dictate transcrip-
tional activation of the p21 gene and posttranscriptional regulation of the p53 gene.
Inconsistent with observations in IEC-6 cells, polyamine depletion by DENSPM in
MALME cells aso causes an increase in hypophosphorylated Rb protein.

In addition, polyamines also regulate extracellular Sgnal-regulated kinase (ERK) activ-
ity in IEC-6 cells (23). Polyamine depletion results in an approx 50% increase in ERK-1
activity, and supplementation with putrescine restores the basal level of ERK-1 activity.
Polyamine depletion has only a marginal effect on the level of ERK-1 protein. On the
other hand, polyamine depletion increases ERK-2 activity 150% compared with control in
IEC-6 cells. Thisincrease in ERK-2 is largely prevented by addition of putrescine to
DFMO-treated cells. Interestingly, polyamine depletion significantly reduced the level of
ERK-2 protein. Similarly, the activity of the c-Jun NH,-terminal kinase is elevated on
polyamine depletion and remains elevated in the presence of putrescine. The level of INK
protein is low in polyamine-depleted cells and returns to normal with the addition of
putrescine. Inhibition of polyamine synthes's also induces STAT3 tyrosine phosphoryla
tion in IEC-6 cells(24). However, the exact roles of polyamine depletion-modulated ERK
and ¢-Jun NH,-termina kinase activities and STAT3 phosphorylation in regulation of p53
and p21 expression remain to be elucidated.

3.2. Polyamine Depletion Stabilizes p53 mRNA

In response to polyamine depletion, cellular levels of p53 protein are greatly
increased, and the ability of p53 to bind specific DNA sequences is significantly acti-
vated (16,17,25,26). Because expression of the p53 gene is rapid and transient, it acts
as amediator, linking short-term stress signals to growth arrest or apoptosis by regulat-
ing the activation of specific genes. p53 is an ephemeral protein, and its half-life is
approx 2540 minin variety of cell types (17). In addition to transcriptional regulation,
expression of the p53 gene is primarily regulated at the posttranscriptional level.
Increasing evidence suggests that phosphorylation plays a major role in the regulation
of both the stability of p53 protein and its DNA-binding activity. It has been shown
that phosphorylation of human p53 at Ser-15 and Ser-20 induces conformational
changes in the NH,, terminus that disrupt Mdm2 binding and lead to its stabilization
(16,17).

We have recently investigated the mechanisms of p53 gene expression by cellular
polyamines in normal 1ECs (6,20). Polyamine depletion by treatment with DFMO
dramatically increases the stability of p53 mRNA as measured by the mRNA half-life,
but has no effect on p53 gene transcription in I[EC-6 cells. As can be seen in Fig. 2,
p53 mRNA levelsin control cells declined rapidly after inhibition of gene transcrip-
tion by addition of actinomycin D. The half-life of p53 mRNA in control cells was
approx 45 min. However, the stability of p53 mRNA was dramatically increased by
polyamine depletion with a half-life of longer than 18 h. Increased half-life of p53
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Fig. 2. Cytoplasmic half-life studies of p53 mMRNA from IEC-6 cells in the presence or
absence of cellular polyamines. (A) Representative autoradiograms of Northern blots. Cells were
untreated (a) or treated with DFMO aone (b) or DFMO plus SPD (c) for 6 d and then incubated
with 5 mM actinomycin D/mL for indicated times. Total cellular RNA was isolated and p53
mMRNA levels were assayed by Northern blot analysis using a p53 complimentary DNA probe.
Loading of RNA was monitored by hybridization to labeled GAPDH probe. (B) Percent of p53
mMRNA remaining in IEC-6 cells described in A. Values are means + SE of data from three sepa-
rate experiments, and relative levels of p53 mRNA were corrected for RNA loading as measured
by densitometry of GAPDH.
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MRNA was prevented when spermidine was given together with DFMO. The half-life
of p53 mRNA in cells treated with DFMO plus spermidine was approx 48 min, similar
to that of controls (without DFMO). In contrast, inhibition of polyamine synthesis did
not increase p53 gene transcription as measured by using nuclear run-on transcription
assays (20). There were no significant differences in the rate of p53 gene transcription
between control cells and cells exposed to DFMO in the presence or absence of sper-
midine for 6 d. These findings clearly indicate that polyamines regulate the p53 gene
expression posttranscriptionally in IECs, and that depletion of cellular polyamines
induces p53 mMRNA levels primarily through the increase in its stability.

Posttranscriptional regulation, especially modulation of mRNA stability, has been
shown to play an important role in gene expression (18,19). The turnover rate of a
given mRNA can be determined by interactions of transacting factors with specific
cis-element(s) located within 3¢-untranslated regions (3¢ UTR) (27-29). Many labile
mMRNAs including those that encode transcription factors contain AU-rich elementsin
their 3¢ UTR. The presence of a reiterated pentamer (5¢-AUUUA-3¢) in many AU-
rich elementsis associated with rapid mRNA turnover and translation attenuation (27).
Deletion of the AU-rich element region enhances mRNA stability and insertion of the
region into the 3¢ UTR of a normally stable globin mRNA significantly destabilizesit
(27-29). Several AUUUA-binding proteins have been identified in different cell types,
although the mechanisms of how these proteins affect mMRNA turnover are unclear. It is
unclear at present that an AU-rich element region in the p53 3¢ UTR is critical for the
stabilization of p53 mMRNA after polyamine depletion in IECs.

3.3. Polyamine Depletion Stabilizes p53 Protein Through the Interaction
With Nucleophosmin

Our previous studies show that polyamine depletion also stabilizes p53 protein in
normal |ECs (20). The levels of p53 protein in control cells declined rapidly after
inhibition of protein synthesis by administration of cycloheximide. The half-life of
p53 protein in control IEC-6 cells was approx 15 min and increased to approx 38 min
in cells exposed to DFMO for 6 d. When DFMO was given together with spermi-
dine, p53 protein levels decreased at the rate similar to that observed in controls,
with a half-life of approx 18 min. These data indicate that cellular polyamines are
essential for the degradation of p53 protein in normal 1ECs and that induced accumu-
lation of p53 protein in polyamine-deficient cells results, at least partially, from the
protein stabilization.

Nucleophosmin (NPM) is a multifunctional protein that was originally identified as
a nucleolar protein involved in ribosome biogenesis and has been recently shown to
regulate p53 activity (30,31). We have demonstrated that polyamines modulate NPM
activity in IEC-6 cells (32). Depletion of cellular polyamines by DFMO stimulates
expression of the NPM gene and induces nuclear translocation of NPM protein.
Polyamine depletion stimulates NPM expression primarily by increasing NPM gene
transcription and its MRNA stability, and induced NPM nuclear translocation through
activation of phosphorylation of mitogen-activated protein kinase. Increased NPM
physically interacts with p53 and forms a NPM/p53 complex in polyamine-deficient
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cells. Inhibition of NPM expression by small interfering RNA (siRNA) targeting of a
specific site on the NPM mRNA coding region not only destabilizes p53, as indicated
by a decrease in its protein half-life, but also prevents the increased p53-dependent
transactivation as indicated by a decrease in p21-promoter activity.

As shown in Fig. 3, transfection with NPM siRNA prevented increased NPM in
polyamine-deficient IEC-6 cells. Levels of NPM protein were decreased by approx
75% when polyamine-deficient cells were exposed to NPM siRNA for 48 h.
Transfection with control SSIRNA (C-siRNA) at the same concentrations for 48 h
showed no inhibitory effects. Inhibition of NPM expression by NPM siRNA also pre-
vented the increased levels of nuclear p53 protein in polyamine-deficient cells. Nuclear
p53 protein was decreased by approx 70% after inhibition of NPM by treatment with
NPM siRNA for 48 h. Consistently, decreased p53 by NPM siRNA was associated
with an inhibition of p53-dependent transcriptional activity as indicated by a decrease
in p21 promoter activity. The level of p21-promoter activity in DFMO-treated cells
transfected with NPM siRNA was identical with that obtained from controls. Treatment
with C-siRNA had no effect on levels of nuclear p53 protein and p53 transcriptional
activity in polyamine-deficient cells. These findings strongly suggest that induced
NPM after polyamine depletion stabilizes p53 protein and regul ates p53 transcriptional
activity in normal 1ECs.

3.4. Increased p53 Causes Growth Inhibition in Polyamine-Deficient Cells

The following three studies provide evidence showing that increased accumulation
of p53 protein plays a critical role in the process of growth inhibition after polyamine
depletion in normal 1ECs. In the first study, the time course of p53 gene expression and
cell growth were examined after polyamine-deficient cells were exposed to exogenous
spermidine (6,20). IEC-6 cells were initialy treated with DFMO for 4 d and then
exposed to spermidine. The changes in both p53 gene expression and cellular DNA
synthesis were measured at various times after spermidine was added to the medium
containing DFMO. Depletion of cellular polyamines by administration of DFMO for 4 d
increased the steady-state levels of p53 mRNA and protein. When these polyamine-
deficient cells were exposed to exogenous spermidine, prevention of increased p53
MRNA and protein preceded the beginning of cellular DNA synthesis as measured by
[3H]-thymidine incorporation. The significant decreases in p53 mRNA and protein levels
were observed 12 h after exposure to exogenous spermidine, whereas the increased
rate of DNA synthesis occurred at 24 h after administration of spermidine. These find-
ings indicate that the restoration of cell growth by exogenous spermidine in polyamine-
deficient cellsis preceded by a decrease in p53 gene expression.

In the second study, the effect of inhibition of p53 expression by using p53 anti-
sense oligodeoxyribonucleotides on cell growth was examined in polyamine-deficient
IEC-6 cells (20). Cells were grown in the presence of DFMO for 4 d and DNA synthe-
sis was assayed by [3H]-thymidine incorporation 48 h after administration of different
concentrations of p53 antisense or sense oligomers. Exposure of polyamine-deficient
cells to p53 antisense oligomers significantly increased DNA synthesis in the presence
of DFMO. Treatment with p53 antisense oligomers also inhibited p53 protein expres-
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Fig. 3. Effects of inhibition of nucleophosmin (NPM) expression by treatment with the
sIRNA-targeting NPM mRNA-coding region (SSNPM) on levels of p53 protein and its transcrip-
tional activity in polyamine-deficient cells. (A) Representative immunoblots for NPM and p53
proteins. Cells were grown in the culture containing DFMO for 4 d and transfected with either
control SIRNA (C-siRNA) or sINPM by lipofectamine technique. Cells were harvested 48 h after
transfection in the presence of DFMO, and levels of NPM and p53 proteins were measured by
Western blot analysis. Equal loading of proteins was monitored by actin immunoblotting.
(B) Changes in p53 transcriptional activity as measured by p21 promoter activity in cells
described in (A). Cells were exposed to DFMO for 4 d and then transfected with p21-promoter
luciferase reporter plasmid and either SNPM or C-siRNA. After 48 h of incubation in the pre-
sence of DFMO, transfected cells were harvested and assayed for luciferase activity. Data of p21
promoter activity were normalized by b-galactosidase activity from cotransfection plasmid
PRSV b-galactosidase. Values are means = SE of data from six dishes. *, + p < 0.05 compared
with controls and DFM O-treated cells transfected with C-siRNA, respectively.

sion in DFMO-treated cells. When DFM O-treated cells were exposed to 2 mM anti-
sense oligomers for 48 h, increased p53 protein levels were prevented as measured by
Western blot analysis and immunohistochemical staining. Treatment with sense p53
oligomers at the same concentrations, however, showed no significant effects on DNA
synthesis and p53 protein expression. These results provide direct evidence that
increased expression of the p53 gene plays a critical role in growth inhibition of normal
intestinal epithelial cells after polyamine depletion.

In the third study, the influence of decreased p53 stability and transcriptional activ-
ity by inhibiting NPM expression on cell proliferation was examined in polyamine-
deficient IEC-6 cells. Increased NPM in DFMO-treated cells was associated with a
significant decrease in cell growth, which was completely prevented by exogenous
putrescine (32). In studies using NPM siRNA, cells wereinitially grown in the medium
containing DFMO for 4 d, and then transfected with NPM siRNA or C-siRNA. Cell
numbers were assayed 48 h after transfection in the presence of DFMO and minimal
putrescine (0.5 mM). Decreased levels of p53 through inhibition of NPM by transfec-
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tion with NPM siRNA significantly promoted cell proliferation in polyamine-deficient
cells. The results suggest, for the first time, that NPM/p53 signaling is involved in
negative control of normal IEC growth after polyamine depletion.

3.5. A Novel Model Delineating the Negative Control of Gut Mucosal
Growth After Polyamine Depletion

Based on our previous studies (6,15,20,32—-34) and others (2,23,24,35,36), we
propose a model delineating the regulation of expression of the p53 gene by cellular
polyamines and the involvement of p53 in the process of growth inhibition of normal
small intestinal mucosa after polyamine depletion (Fig. 4). In this model, polyamines
negatively regulate posttranscriptional regulation of the p53 gene, and the activation
of p53 expression plays a critical role in the negative control of the small intestinal
mucosal growth. Depletion of cellular polyamines, either by inhibition of their syn-
thesis, stimulation of catabolism, or suppression of polyamine uptake, enhances
expression of the p53 gene via both the stabilization of p53 mMRNA and the decrease
in p53 protein degradation. Although the exact mechanism by which polyamine
depletion stabilizes p53 mMRNA remains unclear, our previous studies have demon-
strated that induced NPM interacts with and stabilizes p53 protein in polyamine-
deficient cells. The resultant accumulation of p53 after polyamine depletion activates
the transcription of cell-cycle arrest genes such as p21, which then blocks the G,-S
phase transition, decreases proliferation, and inhibits mucosal growth of the small
intestine.

4. Activation of JunD/AP-1 Activity After Polyamine Depletion
4.1. Polyamine Depletion Associated With Increase in JunD/AP-1 Activity

JunD is a member of the jun family proto-oncogenes, which are primary compo-
nents of the activator protein-1 (AP-1) transcription factor (37,38). The Jun proteins
(c-Jun, JunB, and JunD) are basic leucine transcription factors that can form either AP-
1 homodimers (Jun/Jun) or AP-1 heterodimers with members of related the Fos family
(c-Fos, FosB, Fra-1, and Fra-2) or the ATF family (ATF2, ATF3, and ATF4) (38).
Jun/Jun and Jun/Fos dimers bind to the TPA responsive element TGACTCA present in
many gene promoters, whereas Jun/ATF dimers bind preferentially to the cyclic AMP
responsive element TGACGTCA (39). The three Jun proteins are similar in their DNA-
binding affinity that is determined by the C-terminal leucine zipper dimerization
domain (40). The N-terminal transactivation domain is less conserved and may account
for the different transactivation characteristics of the Jun proteins. There is increasing
evidence that individual AP-1 dimers play distinct functions in different cellular con-
texts, including cell proliferation, growth arrest, differentiation, and apoptosis (37-40).
For example, c-jun and junB function as immediate early response genes and activa-
tion of these two genes enhances the transition from a quiescent state to a proliferating
state, indicating that c-Jun and JunB are positive AP-1 factors for cell proliferation. In
contrast, the activation of junD gene expression slows cell proliferation in some cell
types and increases the percentage of population of cells arrested in the G /G, phase of
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Fig. 4. Schematic diagram depicting the regulation in expression of the p53 gene by cellular
polyamines and the proposed role of p53 in growth inhibition of the small intestinal mucosa after
polyamine depletion. Cellular polyamine levels are decreased by either inhibition of their biosyn-
thesis by blocking ornithine decarboxylase activity, stimulation of the catabolism through the
activation of spermidine/spermine-N-acetyltransferase activity, or suppression of polyamine
uptake. Decreased cellular polyamines stabilize p53 messenger RNA and result in the accumula-
tion of p53 through the induction of newly synthesized p53 protein. Polyamine depletion also
increases nucleophosmin that interacts with and stabilizes p53 protein. The resultant increasesin
p53initiate or enhance transcription of cell-cycle arrest genes such as p21, inhibits cell prolifer-
ation, and suppresses mucosal growth of the small intestine. SPD, spermidine; SPM, spermine;
Put, putrescine; DFMO, a-difluoromethylornithine; ODC, ornithine decarboxylase; SSTA, sper-
midine/spermine-N-acetyltransferase; NPM, nucleophosmin.

the cell cycle (37,41), suggesting that JunD is a negative AP-1 factor and downregu-
lates the G, to S phase transition.

Patel and Wang (9) have demonstrated that depletion of cellular polyaminesis asso-
ciated with an increase in JunD/AP-1 activity in IECs. It has been shown that exposure
of IEC-6 cells or Caco-2 (a human colon carcinoma cell line) to DFMO for 4 and 6 d
significantly increases AP-1-binding activity as measured by electrophoretic mobility
shift assays. Spermidine, when given with DFMO, restores AP-1-binding activity toward
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Fig. 5. Effect of addition of the antibody against JunD protein on AP-1 composition in cells
exposed to DFMO alone or DFMO plus SPD. Gel supershift assays were performed by initially
incubating nuclear protein with 32p end-l1abeled oligonucl eotides containing a single AP-1-bind-
ing site. The antibody against JunD protein was then added to the binding reaction mixture. The
positions of supershifted AP-1 components, the total AP-1-binding activity, and freely migrating
probes are indicated. No antibody: the lane with nuclear extract and no antibody. Control anti-
body: the reaction mixture with nuclear extracts and the control antibody (anti-Myc antibody).
Three experiments were performed that showed consistent results.

normal. As can be seen in Fig. 5, the anti-JunD antibody, when added to the binding
reaction mixture, dramatically supershifted the AP-1 complexes present in the IEC-6
cell exposed to DFMO for 4 and 6 d. The AP-1 activity attributed to JunD in the DFM O-
treated cells was approximately one-third of the total AP-1-binding activity on d 4,
and about half on d 6, respectively. In control cells and cells exposed to DFMO and
spermidine, the AP-1-binding activity was slightly supershifted by the anti-JunD anti-
body. On the other hand, addition of antibodies against c-Jun or JunB to the binding
reaction mixture had an effect on the AP-1-binding activity in all three treatment groups.
There was no stimulation of the AP-1-activity attributed to c-Jun or JunB by DFMO
(5,9). Although the anti-Fos antibody also partially supershifted the AP-1 complexes,
there were no significant differencesin the AP-1 activity attributed to Fos between con-
trol cells and cells exposed to DFMO or DFMO plus spermidine. The increassd A P-1-
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binding activities in polyamine-deficient cells were not supershifted by the anti-Myc
antibody. These results indicate that the increase in AP-1 activity in polyamine-deficient
cells is primarily contributed by an increase in JunD/AP-1, whereas c-Jun/AP-1 and
JunB/AP-1 activity remains essentially unchanged or decreased.

4.2. Polyamine Depletion Fails to Induce junD Gene Transcription
but Stabilizes JunD mRNA

The increased JunD/AP-1 activity after polyamine depletion is primarily the result
of activation of junD gene expression in IECs (8). There are significant increases in
JunD mRNA and protein in polyamine-deficient IEC-6 cells (9), although expression
of the c-fos, c-jun, and junB genes are decreased (5,12). Increased JunD mRNA levels
were approx 6.6 times the control levels on d 4 and approximately nine times on d 6
after treatment with DFMO. Increased levels of JunD mRNA were paralleled by asig-
nificant increase in JunD protein, which was clearly located in the nucleus. These
increases in both JunD MRNA and protein in DFMO-treated cells were completely
prevented by addition of exogenous spermidine.

To test the possibility that the increase in JunD mRNA level in polyamine-deficient
cells results from an increase in the mMRNA synthesis, we have examined changes in
the rate of junD gene transcription by using nuclear run-on transcription assay (8). Our
results showed that inhibition of polyamine synthesis by DFMO did not increase junD
gene transcription in IEC-6 cells. There were no significant differences in the rate of
junD gene transcription between control cells and cells exposed to DFMO in the pres-
ence or absence of spermidine for 4 and 6 d. We also examined the rapid effect of
addition of exogenous spermidine on junD gene transcription in control cells and
demonstrated that exposure of normal |EC-6 cells (without DFMO) to 5 mM spermi-
dinefor 2 and 4 h did not alter the rate of junD gene transcription. On the other hand,
rates of c-myc and c-jun gene transcription were significantly decreased after
polyamine depletion (12). These results clearly indicate that cellular polyamines play
only aminor role in regulation of the junD gene transcription and that the increase in
steady-state levels of JunD mRNA after polyamine depletion is related to a mechanism
other than the stimulation of junD gene transcription in normal IECs.

To determine the involvement of posttranscriptional regulation in this process, JunD
MRNA stahility was examined by measurement of the mRNA half-life. Depletion of
cellular polyamines by DFMO increased the stability of JunD mMRNA in |EC-6 cells(8).
In control cells, JunD MRNA levels declined rapidly after inhibition of gene transcrip-
tion by addition of actinomycin D. The half-life of JunD mRNA in control cells was
approx 50 min. However, the stability of JunD mRNA was significantly increased by
polyamine depletion with a half-life of more than 4 h. The natural polyamine spermi-
dine, hen given together with DFMO, aimost completely prevented the increased half-
life of JunD mMRNA in polyamine-deficient cells. The half-life of JunD mRNA in cells
exposed to DFMO plus spermidine was approx 60 min, similar to that of controls
(without DFMO). These findings indicate that polyamines regulate the junD expres-
sion posttranscriptionally in IECs and that depletion of cellular polyamines induces
JunD mRNA levels primarily by increasing its stability.
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4.3. Increased JunD/AP-1 Inhibits Cell Proliferation Through p21

The following three logically linked studies show that increased JunD/AP-1 inhibits
IEC proliferation at least partially through the activation of the p21 promoter after
polyamine depletion (8,32). The first study examined the association of increased
JunD/AP-1 activity with p21 gene expression after polyamine depletion. Consistent on
its stimulatory effect on JunD/AP-1 activity, depletion of cellular polyamines by
DFMO also activated the p21 promoter, induced its mMRNA expression, and increased
levels of p21 protein in IEC-6 cells. The activity of p21 promoter luciferase reporter
was greater than four times the control values on d 6, and increased p21 mRNA levels
in the DFMO-treated cells were approximately six times the control levels. In the pres-
ence of DFMO, addition of exogenous spermidine not only blocked the induction of
JunD/AP-1 activity, but also completely prevented increases in p21 gene expression.
These results indicate that induced JunD/AP-1 activity after polyamine depletion is
associated with a significant increase in p21 gene expression.

The second study tested the possibility that increased expression of p21 gene expres-
sion is because of the activation of JunD/AP-1 activity after polyamine depletion. The
effects of blocking JunD expression by JunD antisense oligomers on p21 mRNA and
promoter activity were examined in polyamine-deficient cells. Cells were grown in
the presence of DFMO for 4 d and then transfected using the human p21 promoter
luciferase reporter construct. JunD antisense or sense oligomers were given immedi-
ately after the transfection. p21 promoter activity was measured 48 h after incubation
with JunD antisense or sense oligomers. It has been shown that decreasing JunD/AP-1
activity by treatment with JunD antisense oligomers significantly decreased p21
expression. When the polyamine-deficient cells were exposed to JunD antisense
oligomers for 48 h, the p21 promoter activity was decreased, which was associated
with a decrease in p21 protein. These findings suggest p21 to be a downstream target
of JunD and that increased JunD/AP-1 activity after polyamine depletion inhibits IEC
proliferation through a process involving p21.

The third study determined the effect of overexpression of the junD gene on p21 pro-
moter activity and cell proliferation in Caco-2 cells. When cdls were transfected with the
expression vector containing the human junD complimentary DNA under the control of
human cytomegalovirus immediate-early promoter (PMCV), levels of JunD protein were
increased by approximately sixfold at 24 h and by approx 14-fold at 48 h after the tran-
sient transfection, respectively. The vector that lacked exogenous junD complimentary
DNA (null) was used asanegative control and did not induce JunD levels. Overexpression
of the junD gene sgnificantly activated the p21 promoter. The activity of p21 promoter
luciferase reporter was increased by approximately eightfold 48 h after the transfection.
The increased JunD by the transfection also inhibited Caco-2 cell proliferation. Cell num-
bers were decreased by approx 25% at 48 h and approx 38% at 72 h after the transfection.
These results indicate that increased JunD expression activates p21 promoter and plays a
critical role in the negative regulation of gut mucosal epithelial cell growth.

Taken together, these studies indicate that increased JunD/AP-1 activity after
polyamine depletion is implicated in the negative regulation of IEC proliferation.
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Depletion of cellular polyamines stabilizes JunD mRNA, induces JunD expression,
and causes the accumulation of nuclear JunD protein. Increased JunD protein leadsto
formation of JunD—JunD homodimers and stimulates expression of the p21 gene
through the activation of p21 promoter. The resultant increase in p21 protein sup-
presses activity of cyclin dependent kinases, resulting in inhibition of normal 1EC
proliferation in polyamine-deficient cells. In contrast, increased polyamines destabi-
lize JunD mMRNA and decrease levels of JunD protein, thus resulting in the stimula-
tion of cell proliferation. These findings suggest that JunD/AP-1 is a natural inhibitor
for normal intestinal mucosal growth and plays a critical role in negative control of
epithelial cell renewal under physiological and pathological conditions. Polyamines
are required for stimulation of 1EC proliferation in association with their ability to
enhance JunD mMRNA degradation.

5. Activation of Transforming Growth Factor-b/Smad Signaling Pathway
After Polyamine Depletion

5.1. Expression of the Transforming Growth Factor-b Gene
in Polyamine-Deficient Cells

The transforming growth factor-b (TGF-b) family is a group of multifunctional
peptides involved in regulation of epithelial cell growth and phenotype (42,43). There
are three distinct but highly related mammalian isoforms of TGFbs, named b1, -b2,
and -b3. TGF-bs exert their multiple actions through heteromeric complexes of two
types (type | and type Il) of transmembrane receptors with a serine/threonine kinase
domain in their cytoplasmic region (44—46). The receptors for TGF-bs are found on
nearly all cell types, but the nature of the biological response to TGF-bs varies with
cell type. Exposure of epithelial cells to TGF-bs leads to inhibition of growth, induc-
tion of extracellular matrix protein formation, modulation of proteolysis, and stimula-
tion of cell migration (42,43). To initiate the signaling of these responses, TGF-b binds
directly to the TGF-b type I receptor (TGFbRII) that is a contitutive active kinase,
after which the TGF-b type I receptor (TGFbRI) is recruited into the complex (47).
The TGFbRII in the complex phosphorylates the GS domain of TGFbRI and then
leads to propagation of further downstream signals. Mutational analyses altering serine
and threonine residuesin the TGFbRI GS domain have indicated that the phosphoryla
tion by TGFbRII is indispensable for TGF-b signaing, although its signaling activity
does not appear to depend on the phosphorylation of any particular serine or threonine
residue in the TTSGSGSG sequence of the GS domain (47,48).

Patel and colleagues (10) have first reported that polyamine depletion activates
expression of the TGF-b gene in IECs. Administration of DFMO not only depletes
intracellular polyamines, but also significantly increases the mRNA levels of TGF-b in
IEC-6 cells. Increased TGF-b mRNA in DFMO-treated cells is paralleled by an
increase in TGF-b content. To determine the mechanisms by which polyamine deple-
tion induces the TGF-b gene expression, it has been shown that depletion of cellular
polyamines by DFM O has no effect on the rate of TGF-b gene transcription as measured
by anuclear run-on assay, but dramatically increases half-life of mRNA for TGF-b. In
control cells, the mRNA levels for TGF-b decline rapidly after inhibition of RNA syn-
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thesis, with a half-life of 65 min. In polyamine-deficient cells, however, the stability of
TGF-b mRNA is dramatically increased. TGF-b mRNA from cells exposed to DFMO
for 6 d decreases at a slower rate, with a half-life of longer than 16 h. The increased
stability of TGF-b mRNA in DFMO-treated cells is prevented when spermidine is
given with DFMO. These results clearly indicate that polyamines affect the TGF-b
gene posttranscriptionally, not transcriptionally, and that polyamine depletion induces
the activation of TGF-b gene by increasing TGF-b mRNA stability.

5.2. Increased Expression of the TGF-b Gene Contributes to Growth
Inhibition in Polyamine-Deficient Cells

Activation of TGF-b gene expression is involved in the process of growth inhibi-
tion after polyamine depletion (10). In normal IECs, increased synthesis of TGF-b in
polyamine-deficient cellsis associated with a decrease in cell proliferation. Exogenous
spermidine given with DFMO prevents the increased expression of the TGF-b gene
and returns cell growth to near normal. TGF-b added to the culture medium also
decreases the rate of total cellular DNA synthesis and final cellular number in normal
and polyamine-deficient IEC-6 cells. Interestingly, polyamine-deficient cells are much
more sensitive to exogenous TGF-b than normal 1EC-6 cells (without DFMO).
Furthermore, growth inhibition caused by polyamine depletion is partially but signifi-
cantly blocked by addition on immunoneutralizing anti-TGF-b antibody.

In this immunoneutralizing study, cells were grown in the presence of DFMO for 4
d, and then the specific antibody against TGF-b at different concentrations was added
to the medium containing DFMO. DNA synthesis and cell number were measured
after incubation with the antibody for 48 h. Administration of anti-TGF-b antibody
resulted in a significant induction of DNA synthesis and final cell number in
p o] I y a m i n e -
deficient cells. The rate of [3H]-thymidine incorporation and cell number in the DFMO-
treated cells were increased by approx 70 and 60%, respectively, when the antibody at
the concentration of 20 mg/mL was given for 48 h. This antibody also has the ability
to immunoneutralize exogenous TGF-b added to the culture medium in control or
polyamine-deficient cells. On the other hand, heat-inactivated anti-TGF-b antibody
has no additional effects on cell growth, regardless of the presence or absence of exoge-
nous TGF-b. These results strongly suggest that increased expression of the TGF-b
gene plays an important role in growth inhibition after polyamine depletion.

5.3. Expression of the TGF-b Receptor Gene and Sensitivity
to Exogenous TGF-b

Polyamine-deficient cells are more sensitive to growth inhibition when they are
exposed to exogenous TGF-b (10). Because |ECs produce both TGF-b receptors and
ligands (49,50), it is possible that the regulation of cellular responsiveness relies on
the production of active TGF-b and its presentation to signaling receptors. Rao and
colleagues (11) have further reported that depletion of cellular polyamines increases
levels of the TGF-bRI mRNA and protein, but has no effect on the TGF-bRI| receptor
expression in |IEC-6 cells. The induced TGF-bRI expression after polyamine depletion
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is associated with an increased sensitivity to growth inhibition induced by exogenous
TGF-b, but not by somatostatin. The increased TGF-bRI expression and induced sen-
sitivity to TGF-b-mediated growth inhibition appear to be specific to polyamine deple-
tion, because laminin-induced growth inhibition does not increase TGF-bRI expression
and thus fails to affect cellular responsiveness to exogenous TGF-b. Furthermore,
decreasing TGF-bRI expression by treatment with retinoic acid not only decreases
TGF-b-mediated growth inhibition in normal cells, but aso prevents the increased sen-
sitivity to exogenous TGF-b in polyamine-deficient cells. These findings indicate that
expression of the TGF-bRI gene is highly regulated by cellular polyamines, and that
increased TGF-bRI expression following polyamine depletion plays an important role
in the increased sensitivity to TGF-b-mediated growth inhibition.

5.4. Smads are the Downstream Intracellular Effectors of Activated
TGF-b/TGF-b Receptors After Polyamine Depletion

The Smad proteins are a family of transcriptional activators that are critical for
transmitting the TGF-b superfamily signals from the cell surface to the nucleus (51,52).
Based on distinct functions, Smads are grouped into three classes: the receptor-
regulated Smads (R-Smads), Smad2, and Smad3; the common Smad (co-Smad),
Smad4; and the inhibitory Smads (I-Smads), Smad6, and Smad7 (53-55). All TGF-b
family members, including TGF-bs, activins, and bone morphogenetic proteins, use
TGF-bRI and TGF-bRII receptorsin avariety of cell types (53,56). After ligand bind-
ing, the activated TGF-bRII kinase phosphorylates the TGF-bRI receptor, which sub-
sequently phosphorylates the R-Smads on a C-terminal SSXS motif. This induces
dissociation of the R-Smad from the receptor, stimulates the assembly of a heteromeric
complex between the phosphorylated R-Smads and Smad4, and results in the nuclear
accumulation of this heteromeric Smad3/Smad4 complex (55-57). In the nucleus,
Smads bind to a specific DNA site (GTCTAGAC) and cooperate with various tran-
scription factors in regulating target gene expression (58,59).

We have recently demonstrated that Smad proteins are involved in the process medi-
ating functions of cellular polyaminesin IECs (60). Exposure of IEC-6 cellsto DFMO
for 4, 6, and 8 d significantly increased levels of both Smad3 and Smad4 proteins and
induced their nuclear translocation. Smad3 is shown to be highly expressed in IECs
and activation of this R-Smad is ligand-specific. It is not surprising that polyamine
depletion increases Smad3 protein and enhances its nuclear translocation because
decreased levels of cellular polyamines are known to stimulate expression of TGF-b/
TGF-b receptors in IEC-6 cells (10,11). Activated Smad3 results primarily from the
increase in expression of TGF-b/TGF-b receptors in polyamine-deficient cells because
inhibition of TGF-b by treatment with either immunoneutralizing anti-TGF-b antibody
or TGF-b antisense oligomers prevents the increased Smad activation in the absence of
cellular polyamines.

Polyamine depletion also induces Smad4 nuclear translocation in |EC-6 cells. Smad4
functions as a common mediator for all R-Smads, and forms heteromeric complexes
with Smad3 after ligand activation (52,53). The observed change in Smad4 in
polyamine-deficient cells, however, seems to be a secondary response to the activation



68 Wang

of Smad3. In support of this possihility, treatment with exogenous TGF-b did not alter
levels of Smad4 protein in normal 1EC-6 cells (without DFMO), although it signifi-
cantly increased Smad3 expression. Furthermore, exposure to immunoneutralizing anti-
TGF-b antibody or TGF-b antisense oligomers did not prevent the increased levels of
Smad4 protein in polyamine-deficient cells. The other possibility also exists that
polyamine depletion induces Smad4 expression through a mechanism independent from
the activated Smad3 in IECs. In addition, this increased Smad expression and nuclear
translocation in the DFMO-treated cells are specifically related to polyamine depletion
rather than to a nonspecific effect of DFMO, because the stimulatory effect of this com-
pound on Smads was completely prevented by the addition of exogenous spermidine.

Importantly, polyamine depletion-induced Smad activity is associated with a signif-
icant increase in transcriptional activation of Smad-driven promoters. Using the
electrophoretic mobility shift method and luciferase reporter assays, we have demon-
strated that polyamine depletion significantly increases Smad sequence-specific DNA
binding and induces luciferase reporter activity of Smad-dependent promoters (60).
Our results are consistent with others that indicated that induced nuclear Smad proteins
mediate transcription of Smad target genesin a variety of cell types (56,57). Our stud-
ies also show that increased transcriptional activation after polyamine depletion is pri-
marily owing to the function of Smad3/Smad4 heteromeric complexes because ectopic
expression of a dominant negative mutant, Smad4, prevented the increased Smad tran-
scriptional activation in polyamine-deficient cells. Recently, Smad DNA-binding sites
have been identified in various gene promoters, including PAI-1, JunB, c-Jun, and p21
by different approaches. In general, these sequences reported by different groups are
essentially identical; regardless of whether one defines a Smad-binding site as the
palindrome AGACGTCT, as the CAGA box, or as repeats of GACA, all identified
sites contain the Smad box, 5¢-GTCT-3¢, or its reverse complement, 5¢-AGAC-3¢.
Our results clearly indicate that induced Smad3/Smad4 heteromeric complexes in
p o] I y a m i n e -
deficient cells are able to bind to this specific DNA site, suggesting that Smads medi-
ate transcriptional activation, probably through a direct interaction with Smad-binding
element (SBE) sitesin target promoters.

Combining these findings with our previous studies (10,11,60),it has been shown
that activation of the TGF-b/Smad signaling pathway plays arole in the inhibition of
IEC proliferation after polyamine depletion (Fig. 6). Polyamines negatively regulate
posttranscription of the TGF-b gene. Decreased cellular polyamines stabilize TGF-b
mRNAs, increase TGF-b synthesis, and cause the activation of TGF-b receptors.
Smads are the downstream intracellular effectors of activated TGF-b receptors after
polyamine depletion. The resultant activation of TGF-b receptors induces
Smad3/Smad4 levels and stimulates Smad nuclear translocation, resulting in the accu-
mulation of nuclear Smad3/Smad4 complexes. In the nucleus, Smads bind to the spe-
cific DNA site and cooperate with their DNA-binding partners, such as JunD/AP-1, to
activate or repress transcription of specific target genes, thus leading to the inhibition
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Fig. 6. Schematic diagram depicting the proposed role of the TGF-b/Smad signaling pathway
in the inhibition of cell proliferation after polyamine depletion. In this model, polyamines are the
negative regulators for expression of the TGF-b gene, whereas Smad proteins are the down-
stream intracellular effectors of activated TGF-b receptors. Decreased levels of cellular
polyamines increase expression of TGF-b through stabilization of TGF-b mRNA, enhance the
release of TGF-b, and subsequently phosphorylate TGF-b type Il receptor (R-11). The phospho-
rylated R-1l activates TGF-b type | receptor (R-1), induces the formation of Smad3/Smad4
heteromeric complexes, and stimulates their nuclear transl ocation. The activated Smads in the
nucleus bind to the specific DNA site and cooperate with Smad DNA-binding partners, such as
some AP-1 proteins, to activate or repress transcription of specific target genes, thus leading to

of I1EC proliferation. In contrast, increased polyamines downregulate the TGF-b/Smad
signaling pathway and enhance |EC proliferation.

6. Summary and Conclusions

The experimental data summarized in this chapter provide evidence supporting the
hypothesis that polyamine depletion causes inhibition of cell proliferation primarily
through the activation of specific cellular signaling pathways, especially increased
expression of growth-inhibiting genes. To date, three cellular signaling pathways that
have been well characterized and greatly contribute to growth arrest after polyamine
depletion are: (1) p53/p21 signaling; (2) JunD/AP-1 signaling; and (3) TGF-b/Smad
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signaling. All three of these signals belong to the category of growth-inhibiting factors
that are encoded by growth-inhibiting genes. The activation of these genes resultsin
growth inhibition through different downstream targets in a variety of cell types.
Because negative growth control, including growth arrest and apoptosis, is critical
for the control of appropriate cell numbers in normal tissues, alterations in any part
of the eguation affect tissue homeostasis, leading to, for example, mucosal atrophy
or loss of epithelial integrity. Therefore, studies to define the exact roles and mecha-
nisms of cellular polyamines in expression of these growth-inhibiting genes are impor-
tant and have potential clinical application.

Interestingly, polyamines modulate expression of growth-inhibiting genes such as
p53,junD,and TFG-b at the posttranscriptional, but not transcriptional, level. Increased
levels of cellular polyamines inhibit expression of these growth-inhibiting genes by
increasing degradation of their mMRNAs and proteins, whereas polyamine depletion
increases levels of these growth-inhibiting factors by stabilizing their mRNAs and pro-
teins. Although the exact mechanisms by which polyamines regulate stability of these
growth-inhibiting proteins remain unclear, it has been shown that induced expression of
p53 junD, and TFG-b genes results in G, phase growth arrest after polyamine deple-
tion. However, many critical issuesregarding growth arrest induced by polyamine deple-
tion remain to be demonstrated. Studies to define the molecular process responsible for
posttranscriptional regulation of growth-inhibiting genes by polyamines and how
polyamine depletion-induced growth-inhibiting proteins interact with their downstream
signaling targets are needed and will lead to a better understanding of biological func-
tions of cellular polyamines and the mechanism of polyamine depletion-induced growth
arrest under various physiological and pathological conditions.
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Role of Polyamines in the Regulation of Chromatin
Acetylation

Cheryl A. Hobbs and Susan K. Gilmour

1. Introduction

Changes in chromatin structure can affect gene transcription, cell proliferation, and
differentiation (1). The structural remodeling of chromatin associated with gene
expression is mediated in part by the coordinated targeting of various chromatin mod-
ifying enzymes to gene regulatory regions via recruitment by transcription factors and
accessory proteins (2). The dynamic interplay between various classes of enzymes
that acetylate/deacetylate, phosphorylate/dephosphorylate, and methylate/demethylate
proteins determines the pattern of chemically modified amino acid residues in the
N-terminal tail domains of the core histones that comprise nucleosomes. The specific
pattern of histone modification, or “histone code,” is then interpreted by proteins that
selectively bind to modified residues, providing a platform for the protein machinery
responsible for establishing the chromatin into a transcriptionally silent or activated
state (3,4).

Interestingly, correlating increases in histone acetylation and polyamines have been
associated with cellular proliferation (5), suggesting that the small cationic polyamines
may be involved in chromatin remodeling and transcriptional regulation. In fact,
changes in intracellular levels of polyamines do lead to altered gene expression in
cells. For example, the transcriptional activity of a variety of mammalian and viral
gene promoters, as measured by reporter gene activity, is enhanced in transfected
epidermal cells having elevated levels of ornithine decarboxylase (ODC) and polyamines
(6). Furthermore, depletion of polyamines by treatment with the specific inhibitor of
ODC enzymatic activity, a-difluoromethylornithine (DFMO), was shown to result in
downregulation of c-fos, c-myc, and c-jun expression in colon cells, which could be
reversed by the addition of spermidine (7,8). However, although spermidine addition to
nuclel from colorecta cells increased the transcription of c-fos and c-myc, not all genes
examined were affected (7). Moreover, expression profiling studies indicate that
polyamines upregul ate some genes, whereas they downregulate others (9). These studies
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suggest that polyamines probably do not induce global effects on transcription, but
may stimulate or repress different subsets of genes relying on common transcription
factors or regulatory mechanisms. This chapter will focus on possible mechanisms by
which polyamines may influence nucleosome acetylation status and chromatin
structure, thus affecting transcriptional regulation.

1.1. Effects of Polyamines on Chromatin Structure

Because of their cationic nature and strong affinity for DNA, it has long been
thought that polyamines contribute to overall chromosome conformation, potentially
influencing gene transcription. Indeed, biophysical and biochemical studies have shown
that the highly positively charged polyamines bind strongly to DNA and affect its con-
formational state (10,11). Use of photoaffinity polyamine analogs has revealed that
polyamines bind to specific locations and change the helical twist of DNA in nucleo-
somes (11). Spermidine and spermine facilitate the condensation of chromatin frag-
ments in vitro (12), and studies using polyamine-depleted cells have suggested a role
for polyamines in chromatin condensation (13-15). However, results of these early
cell-based studies need to be reinterpreted in light of subsequent experiments demon-
strating that polyamine depletion in Chinese hamster ovary cells deficient in ODC
activity leads to accumulation of cellsin the S phase of the cell cycle, when the chro-
matin exists in a noncompacted state (16). This latter study also suggested that,
although polyamines may have some stabilizing effect on chromatin structure, they do
not play a critical role in the control of chromatin condensation throughout the cell
cycle, as evaluated by general susceptibility to micrococcal nuclease. However, assays
based on overall nuclease digestion of total chromatin may not be sufficiently sensitive
to detect the subtle changes in nucleosome structure promoted by nonglobal acetyl-
ation or deacetylation of nucleosomal histones, which may be highly localized to one
or two nucleosomes within specific gene promoters (17).

Spermidine has been shown to efficiently induce the intermolecular association of
nucleosomal arrays in vitro; interestingly, acetylation of histones decreases the effec-
tiveness of spermidine to promote these fiber—fiber interactions (18). Depletion of
cellular polyamines in gcn5 mutant strains of Saccharomyces cerevisiae partially
restored expression of genes dependent on the transcriptional coactivator/histone
acetyltransferase (HAT) protein, GCN5 (18). Together, these results suggest the inter-
esting possibility that histone acetylation and polyamines have opposing effects on
chromatin fiber condensation in vivo, and that polyamines might be more likely to
interact with domains of deacetylated chromatin to form a higher order chromatin
structure that is incompatible with transcription. However, polyamine depletion in the
Spe” mutant yeast strains used in these genetic studies resulted in impaired growth and
eventual arrest in the G, stage of the cell cycle (18). Thus the partial restoration of
defects in GCN5-dependent transcription resulting from prolonged deprivation of cel-
lular polyamines may be specifically related to an accumulation of cellsin G,. Studies
involving mammalian cells frequently rely on the ODC inhibitor, DFMO, to deplete
cells of polyamines. Whether achieved through genetic manipulation or chemical inhi-
bition, it is important to note that polyamine depletion may not necessarily produce
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opposite effects on chromatin structure than those resulting from increased levels of
intracellular polyamines. In any case, that polyamine depletion partially alleviated
defects in GCN5-dependent gene expression, yet didn’'t lead to global effects on tran-
scription (18), is further evidence that polyamines influence the expression of only a
subset of genes.

Although valuable information can be gleaned from cellsin culture, very often, bio-
logical effects differ in animal or human tissue. An excellent animal model system that
can be used to evaluate the effects of increased polyamine biosynthesis in an epithelial
tissue type is the K6/ODC transgenic mouse. Overexpression of ODC enzyme activity
is targeted to the outer root sheath cells of hair follicles in the skin of K6/ODC mice
(29). Celular proliferation is increased in epithelial cells that overexpress ODC, caus-
ing the loss of hair and the formation of follicular cysts in the dermis. Although over-
expression of ODC in the skin of K6/ODC mice does not lead to tumor formation,
ODC overexpression cooperates with a mutated H-ras to produce spontaneous skin
tumors in ODC/Ras double transgenic mice (20). We have capitalized on the ODC trans-
genic mouse models to provide in vivo evidence of polyamine effects on chromatin
structure.

Dissociation of histones from chromatin from ODC transgenic mouse skin and
tumors was found to be dramatically reduced relative to normal littermate skin; this
phenomenon is reversible on treatment with the specific inhibitor of ODC enzymatic
activity, DFMO (21). One possible explanation for this observation is that polyamines
bind directly to chromosomal DNA to alter its conformation into a more compacted
structure that leads to entrapment of nucleosomes. Another possible scenario is that
polyamines either directly or indirectly affect the histones themselves, or protein com-
plexes that interact with histones, thus strengthening the tethering of nucleosomes to
DNA. This might occur as aresult of polyamine modulation of the enzymatic activities
or the amount available of chromatin remodeling proteins. Indeed, studies reviewed
later in this chapter demonstrate that polyamines can exert both positive and negative
influence on histone acetylation and modulate the intrinsic activities of HAT and his-
tone deacetylase (HDAC) enzymes, which likely have localized conseguences for chro-
matin structure. Additionally, polyamines may influence the phosphorylation or
methylation status of histones and other chromatin proteins, resulting in an altered
affinity for DNA or other components of chromatin protein complexes. Interestingly,
there appears to be selective effects of polyamines on specific chromatin protein com-
plexes because heterochromatin protein 13 (HP-1B) and nucleophosmin/B23 are also
more tightly associated with chromatin from K6/ODC skin, whereas the release of
other nonhistone chromatin proteins, such as Lamin B, HDAC-1, HMGB, HMGN2,
and HMGA1, is not affected by high levels of cellular polyamines (21). Global acetyl-
ation and methylation of histones is not significantly affected in transgenic skin over-
expressing ODC compared with normal littermate skin (21). Thusthe atered chromatin
structure in K6/ODC transgenic mouse skin does not appear to generally restrict
recruitment of histone acetylating, deacetylating, or methylating enzymes. Combined,
these results suggest that the constraints imposed on chromatin by polyamines are
more complex than can be attributed simply to DNA compaction.



78 Hobbs and Gilmour

Polyamine-induced chromatin alterations may have interesting long-term effects that
promote carcinogenesis. It has been proposed that chromatin structure and covalent
modifications of histones may imprint an epigenetic code on transcription (3,22,23).
Results of our studies suggest that HP-1f is somehow hindered from dissociating from
chromatin in ODC transgenic mouse skin. The HP-1 protein has been implicated in the
formation of heterochromatin, gene silencing, and in the stable inheritance of heterochro-
meatin assembly (24). Moreover, anovel role for HP-1 in the transcriptional repression of
euchromatic genes by the retinoblastoma protein (Rb) has been described (25). It is pos-
sible that the tighter association of HP-1 in chromatin resulting from the elevated levels
of polyaminesin ODC mouse skin may lead to the transfer of epigenetic “marks’ and the
subsequent propagation of an inappropriately silenced state to newly synthesized strands
of DNA. Elevated levels of polyamines are an essential component of the promotional
stage of tumorigenesis (26). Conceivably, the development of tumors in tissues that
harbor dormant mutations may be promoted via polyamine-induced changes in chro-
meatin structure that continue to be propagated through many cell mitoses.

1.2. Effects of Elevated Levels of ODC and Polyamines
on Chromatin-Modifying Enzymes

Histones function as transcriptional modulators as a result of sophisticated molecu-
lar mechanisms that regulate their modification (1-4,22). The transcriptional status of
agene hinges largely on the acetylation status of the nucleosomal histones bound to the
gene. Addition of acetyl groups to lysines in the N-terminal tail domains of the core
histones, catalyzed by HAT enzymes, destabilizes nucleosomes, allowing regulatory
factors access to recognition elements (27). Conversely, deacetylation of histones by
HDAC enzymes typically stabilizes the repressed state.

Early experiments suggested that polyamines may directly influence HAT or HDAC
enzyme activity. Both spermidine and spermine were shown to stimulate HAT activity
(28,29) and to inhibit HDAC activity in cell-free systems (30,31). Moreover, an
increase in polyamines was correlated with enhanced RNA synthesis, tissue growth,
and histone acetylation during the early stages of rabbit myocardial hypertrophy (5).
However, the observation that low levels of exogenous polyamines release chromatin-
bound deacetylase enzyme (30) indicates that polyamines may also modulate inter-
actions between HAT/HDAC proteins and associating cofactors, DNA binding proteins,
or components of the RNA polymerase II machinery. Unfortunately, technical prob-
lems inherent to cell-free assays and cell culture studies complicate their interpretation.
For example, it is difficult to form conclusions about the natural interaction of
polyamines with chromatin components after a chromatin fiber has lost its normal
compact morphology as occurs on its isolation from the nucleus. Detergent permeabi-
lization of cell membranes to permit use of molecules to monitor chromatin structure
or to isolate nuclei also damages the fibers (32). Moreover, uptake of exogenous
polyamines does not necessarily simulate the normal distribution of naturally synthe-
sized polyamines. By using cultured cells and mice genetically engineered to over-
express ODC, the role of polyamines in modulating the function of HAT and HDAC
enzymes can be assessed within the natural context of a proliferating cell or
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mammalian tissue. Furthermore, the ODC/Ras double transgenic mouse serves as a
valuable model for correlating processes that regulate histone acetylation with real-
time tumor formation and regression. As discussed later in this chapter, we used such
tools to show that elevated levels of polyamines alter histone acetylation and HAT and
HDAC activities in proliferating cells, and in murine skin and tumors (33,34). These
studies provide the first evidence of polyamine-mediated effects on chromatin structure
in mammals and, furthermore, suggest a mechanism by which aberrant polyamine
biosynthesis contributes to cellular transformation.

2. Effects of Elevated Intracellular Levels of Polyamines
on Cultured Mammalian Cells

Experiments relying on exogenous addition of polyamines to assay buffers or on the
cellular uptake of polyamines added to cell culture medium do not always mimic the
normal compartmentalization of polyamines synthesized naturally in the cell, or neces-
sarily lead to the same biological outcome (6,35). For this reason, we have used strate-
gies relying on the manipulation of the natural polyamine biosynthetic pathway to
examine the consequences of elevated intracellular polyamines on histone acetylation
in proliferating cells. Mammalian cells were retrovirally engineered to overexpress
ODC, labeled with [3H] acetate, and acetylated histones examined by fluorography and
Western analyses. Given the early work suggesting stimulatory effects of polyamines
on HAT enzymes in crude extracts (28,29), we were not surprised to find that elevated
levels of ODC promote acetylation of histones in the several immortalized epidermal
and fibroblast cell lines tested (33). The ODC-mediated increase in acetylated histones
was abrogated when cells were treated with DFMO, indicating that polyamines were
specifically responsible for the observed effect on histone acetylation. Similar
polyamine effects on histone acetylation were observed in G,/M-synchronized and
asynchronously growing cell populations. Because deacetylation of lysine residuesin
histone tails by HDAC enzymestypically occurs very rapidly, cellswere always labeled
in the presence of 10 mM sodium butyrate, an effective HDAC inhibitor. Given that
deacetylase activity was efficiently blocked in these experiments, the increased acetyl-
ation observed in the ODC-overexpressing cells reflects a direct or indirect effect of
polyamines specifically on HAT enzyme activity. Definitive assessment of the effects of
polyamines on HDAC activity must await the development of specific, cell-permeable
inhibitors of HAT enzymes.

Theincrease in acetylated histone H4 detected in cells congtitutively overexpressing
ODC was determined to be owing to an increase in hyperacetylated histone isoforms,
rather than simply a greater overall level of monoacetylated histones (33).
Hyperacetylated histones are found in nucleosomes associated with transcriptionally
active chromatin. Therefore, our observation that ODC overexpression cooperates with
histone deacetylase inhibitors to further enhance reporter gene expression beyond that
promoted by ODC or inhibitor treatment alone (33) might be explained by the propor-
tionally greater amounts of the more highly acetylated histone isoforms in these cells.
The increased abundance of mono- and hyperacetylated histones in ODC-overexpress-
ing cells necessitates that some proportion of nucleosomes comprise histones having a
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different combination of nonacetylated and acetylated lysine residues as compared
with normal circumstances. These changes in the pattern of lysine acetylation may
result in an altered binding affinity of nucleosomes for DNA, or altered interactions
between neighboring nucleosomes, perhaps affecting nucleosomal positioning or
access by factors critical for transcription and other cellular processes. In fact, highly
specific patterns of acetylated lysine residues occur in histones that act as signals for
the recruitment of proteins that facilitate the reconfiguration of chromatin associated
with gene expression, DNA replication, repair, recombination, and differentiation.
Thus the altered patterns of histone acetylation promoted by high intracellular concen-
trations of polyamines might be expected to cause aberrant function of one or more of
these cellular programs. Indeed, inappropriate histone acetylation has been linked to
both the loss of the differentiated phenotype and cell transformation (36,37).

2.1. Effects of Increased Polyamine Biosynthesis in Mouse Skin

To examine the effects of elevated ODC and polyamines on histone acetylation in a
more relevant physiological system in which epithelial cells can till both proliferate
and differentiate, unlike the immortalized cell lines studied in the earlier experiments,
primary keratinocytes were isolated and cultured from K6/ODC transgenic and normal
littermate skin (34). After labeling the keratinocytes with [3H]acetic acid in the pre-
sence of sodium butyrate, histones were isolated and examined by fluorography and by
immunoblot analyses. In contrast to what was observed in immortalized cell lines, there
was reduced overall acetylation of histonesin K6/ODC keratinocytes as compared with
control keratinocytes. This might be attributed to intrinsic differences between normal
primary keratinocytes, which are programmed to terminally differentiate, and immortal-
ized epidermal cell lines, which have undergone genetic changes that circumvent their
ability to undergo differentiation, thus permitting continuous proliferation.

Elevated levels of ODC and polyamines at least partially block terminal differentia-
tionin primary keratinocytes (38). However, culturing under conditions normally suffi-
cient to induce differentiation (24 h in 0.12 mM calcium medium) had no effect on the
reduced level of acetylation mediated by elevated levels of ODC. Moreover, DFMO
treatment restored both the normal level of acetylated histones and the induction of the
differentiation marker keratin 1 in K6/ODC transgenic keratinocytes triggered to
differentiate by the addition of calcium. Our labeling experiments were done in the
presence of sodium butyrate, effectively inhibiting HDAC enzymes, implying that
polyamines must directly or indirectly inhibit the enzymatic activity of HAT enzymes
in normal diploid keratinocytes.

The extent of histone acetylation is the net result of the action of multiple enzymes
with acetyltransferase and deacetylase activity. Therefore, we assayed the HAT activity
present in homogenates of skin from K6/ODC transgenic mice and their normal litter-
mates, as well as spontaneous skin tumors from ODC/Ras double transgenic mice.
Interestingly, increased HAT activity was observed in both the epidermis and dermis, as
well asin intact skin of both K6/ODC and ODC/Ras mice (34). Significant, dramati-
cally higher levelsof HAT activity were measured in spontaneous tumorsfrom ODC/Ras
bigenic mice as compared with normal and K6/ODC skin, as well as non-tumor-bearing
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skin from the same ODC/Ras mice. Furthermore, as aresult of DFMO treatment, HAT
activity in ODC/Ras skin was reduced, and the aberrantly high HAT activity in the
tumors was reduced to a level comparable to that detected in nontreated skin. Thus
elevated HAT activity in both the skin and tumors of ODC transgenic mice is dependent
on polyamine levels.

Similar to the situation for HAT enzymatic activity, HDAC activity was generally
found to be increased in the skin of K6/ODC mice relative to normal littermate con-
trols (34). Although there was no obvious change in the level of the predominant
HDAC-1 protein in ODC transgenic mouse skin, the possibility that an altered level of
one or more of the many other known HDAC enzymes is responsible for the elevated
deacetylase activity in ODC skin cannot be ruled out. Interestingly, in contrast to HAT
activity, HDAC activity in ODC/Ras tumors was typically lower than that of adjacent
non-tumor-bearing skin. Treatment of ODC transgenic mice with DFMO led to
decreased intrinsic HDAC activity in non-tumor-bearing skin. Thus, like HAT activity,
HDAC activity is also susceptible to regulation by polyamines. However, HDAC activity
in tumors was not found to be responsive to DFMO treatment.

The transcriptional coactivator proteins, CBP and p300, play a pivotal rolein facili-
tating synergistic crosstalk between different signaling pathways. They interact with a
multitude of nuclear proteins, bridging transcription factors with the basal transcription
meachinery (39). Moreover, they possess (and recruit proteins with) intrinsic HAT activity
(39), atering the local chromatin structure to ultimately influence transcription at indi-
vidual promoters. It is conceivable that polyamine-mediated modulation of CBP or
p300 function could account for many of the diverse and broad effects that polyamines
exert on cell growth and differentiation. Indeed, we found that there is increased HAT
activity associated with immunoprecipitated CBP/p300 in extracts of K6/ODC trans-
genic mouse skin relative to normal littermate skin (34). Interestingly, there is no appar-
ent increase in CBP/p300-associated HAT activity in tumors compared with K6/ODC
skin or non-tumor-bearing ODC/Ras skin. Furthermore, DFMO treatment has little
effect on the CBP/p300-associated HAT activity in the tumors. Thus the high level of
HAT activity found in tumors from ODC/Ras transgenic mice does not appear to be
primarily contributed by CBP/p300 (or CBP/p300-associated PCAF), but by other
HAT enzymes.

As afirst step in characterizing the enzyme(s) responsible for the high level of HAT
activity in ODC/Ras tumor lysates, in vitro HAT assays were done revealing a striking
specificity of lysine acetylation. Using a panel of peptides preacetylated at various
lysine residues, it was determined that Lys-12 is a preferred site of acetylation in histone
H4 by the HAT activity present in the tumor extracts (34). In thisregard, it isinteresting
that Lys-12 is consistently underused in monoacetylated histone H4 in several mam-
malian cell types, yet is frequently used in the more highly acetylated H4 isoforms typ-
ically associated with actively transcribed DNA (40). Thus the increased HAT activity
in ODC transgenic mouse skin and tumors may be associated with hyperacetylation of
histones and enhanced transcription at localized regions of the genome. Alternatively,
the distinct preference for Lys-12 exhibited by the HAT activity in ODC transgenic
tissue may reflect localized remodeling of chromatin into a more heterochromatin-like
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structure, perhaps mediated by HAT1. Nuclear HAT1 enzyme has been found to be
required for telomeric silencing, mediated solely through Lys-12 acetylation (41). It is
thought that acetylation of Lys-12 in histone H4 facilitates binding of silencing pro-
teins that propagate formation of a specialized transcriptionally repressive chromatin
structure (41,42). Thus the distinct preference for Lys-12 that is characteristic of ODC
transgenic skin and tumors may be indicative of remodeling of localized regions of
chromatin into a conformation that is prohibitive to gene transcription.

It is not likely a coincidence that polyamine-mediated enhancement of HAT func-
tion occurs in both perpetually growing immortalized cells (33) and in the highly pro-
liferative cells in ODC/Ras tumors (34). In contrast to immortalized cells, normal
keratinocytes undergo terminal differentiation after only a few cell divisions. This
intrinsic difference in cellular programming probably underlies the opposite effects on
histone acetylation observed in radiolabeled primary K6/ODC keratinocytes (34) as
compared with cell lines overexpressing ODC (33). In any case, these varied observa-
tions indicate that polyamines can both promote and inhibit the acetylation of histones
in epidermal cells, presumably via different molecular mechanisms. This fact, coupled
with the demonstration that polyamines modulate both HAT and HDAC enzymes, sup-
port the notion that polyamines exert influence on multiple mechanisms controlling
histone acetylation (Fig. 1). Neither purified p300 nor PCAF, representatives of two of
several distinct classes of nuclear HAT enzymes, were found to be directly stimulated
by putrescine or spermidine in cell-free assays (34). Therefore, if the situation with
p300 and PCAF is reflective of other HAT enzymesin general, then polyamines likely
modulate intrinsic HAT catalytic activity by indirect mechanisms. For instance,
polyamines might indirectly regulate enzymatic activity by influencing signaling path-
ways responsible for the posttransiational modification of HAT or HDAC enzymes.
Notably, ODC overexpression leads to greater overall protein phosphorylation in epi-
dermal cells (43), suggesting a magjor impact on signaling pathways. In this regard, it is
intriguing to note that the enzymatic activity and nuclear trand ocation of casein kinase 2,
that includes transcription factors among its substrates, has been found to be stimulated
by increased polyamine levelsin epidermal cells (43). In addition to potentially affect-
ing posttranslational modification of HAT/HDAC enzymes, polyamines might posi-
tively or negatively interfere with interactions between the various components of HAT
or HDAC protein complexes. In addition, by modulating subcellular localization or
rates of synthesis or turnover of HAT and HDAC proteins, polyamines could effec-
tively manipulate the delicate balance between these enzymes.

Presumably, the abnormally high HAT enzymatic activity characteristic of ODC
transgenic mouse skin and tumors is able to target histones in vivo, facilitating
enhanced gene expression. However, just as histone deacetylase inhibitors do not pro-
mote global changes in gene transcription (44,45), the positive and negative regulation
of nucleosomal acetylation exerted by polyamines might be expected to have func-
tional consequences only at localized gene promoters, affecting only a subset of genes.
Given that HAT enzymes acetylate non-histone proteins including transactivating fac-
tors and components of the basal transcriptional machinery (37,39), aberrantly high
HAT activity resulting from ODC overexpression may exert additional major influence
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Fig. 1. Potential modes by which polyamines may modulate chromatin remodeling.
Transcriptionally competent DNA (vertical bars) comprises a very small amount of the total
eukaryotic genome. Whether a gene is transcriptionally silent (white bars) or activated (gray
bars) depends largely on the composition of multicomponent histone acetyltransferase/histone
deacetylase (HAT/HDAC) protein complexes bound to its regulatory region. Polyamines may
influence the function of these protein complexes through direct interaction with HAT or HDAC
enzymes. Alternatively, they may indirectly affect enzymatic function by modulating posttrans-
lational modifications, interaction, or the availability of components of the HAT/HDAC com-
plexes. Thus, whether polyamines exert a positive or negative influence on histone acetylation
at alocalized promoter is likely to be dependent on the specific composition of the regulatory
protein complexes governing expression of the gene.

on transcription-related processes. Indeed, we have preliminary evidence suggesting
that elevated levels of polyamines affect the acetylation status of multiple non-histone
proteins (data not shown). One example is the tumor suppressor protein, p53-over-
expression of ODC in skin tissue leadsto higher levels of acetylated p53 with concomitant
increased binding of p53 to promoters, and associated increases in transcription, of p53
target genes (manuscript in preparation). The future challenge will be to dissect the vari-
ous regulatory mechanisms modulated by changes in intracellular concentrations of
polyamines within the context of individually affected genes. Identification of specific
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HAT and HDAC enzymes and gene promoters that are targets of polyamine modulation
will provide grester insight into the complex manner by which polyamines regulate his-
tone acetylation and gene expression, and promote tumor devel opment.

Itislogical to speculate that the high intrinsic HAT and HDAC activities detected in
ODC-overexpressing skin might influence the overall level of acetylated histones in
the tissue chromatin. Western analyses using antibodies specific for acetylated histones
revealed some modest differences in the acetylation of histones isolated from K6/ODC
transgenic skin as compared with normal littermate skin (34). Although noticeable dif-
ferences in acetylation were not always detected, whenever observed, the differences
were consistent between independent preparations of isolated histones. In those cases,
fewer acetylated histones H3 and H4 were detected in K6/ODC epidermis, whereas
acetylation of histones H3 and H4 was increased in K6/ODC dermis and total skin as
compared with histonesin normal skin. Moreover, changes in the extent of acetylation
of Lys-12 in histone H4 paralleled those observed for hyperacetylated histone H4.
These modest changesin overall acetylation suggest that elevated intracellular levels of
polyamines do not have a major effect on the acetylation of nucleosomal histones in
bulk chromatin. That ODC overexpression induces effects on a small proportion of
total histones is consistent with the notion that polyamines promote only very localized
changes in the acetylation status of histones in chromatin, perhaps potentiating altered
transcription of a small fraction of genes. Moreover, transcriptionally active chromatin
actually comprises a very small proportion of the total genome. Thus, any localized
effects of polyamines on the acetylation of histones in nucleosomes bound to gene pro-
moters may not be detected within the context of bulk chromatin. This problem is com-
pounded by the fact that recruitment of histone-modifying activities resulting in
perturbation of chromatin structure is selectively targeted to specific regions of DNA
that may span only one or two nucleosomes (17). Ultimately, the effect of polyamines
on histone acetylation will be determined by the composition of the specific regulatory
complexes that are recruited (2), as well as the subnuclear compartment in which the
gene resides (46,47). Because polyamines apparently influence histone acetylation by
multiple mechanisms, changes in cellular polyamine levels can potentially mediate
decreased acetylation of nucleosomal histones at one gene promoter, while stimulating
increased acetylation at another promoter, resulting in different transcriptional out-
comes for those genes (Fig. 1). The ramification for tumor development is that
increased polyamine biosynthesis might lead to transcriptional repression of one or
more genes controlling cellular proliferation, while simultaneously activating tran-
scription of genes involved in sustaining tumor growth and invasiveness.

Other transgenic mouse models have been developed that feature perturbations of
polyamine levels. These include a mouse in which expression of the enzyme spermi-
dine/spermine N'-acetyltransferase (SSAT) is under control of the natural SSAT
promoter (48) and another in which the keratin 6 promoter is used to target SSAT over-
expression to hair follicles (49). SSAT regulates the catabolism and export of intracel-
[ular polyamines. Activation of polyamine catabolism by overexpression of SSAT leads
to the production of extremely high levels of acetylated spermidine in both of these
models, whereas acetylated spermine remains undetectable. Huge amounts of
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putrescine also accumulate in relevant tissues in these mice, presumably because of the
back conversion of spermidine as a consequence of SSAT overexpression, combined
with the forward conversion of ornithine resulting from a compensatory increase in ODC
enzyme activity. Because of this compensatory activation of polyamine biosynthesis, the
pools of spermidine and spermine remain relatively unaffected in these SSAT mice,
despite the production of large quantities of acetylated spermidine. Significantly, in
SSAT mouse prostate, the heightened metabolic flux through the polyamine pathway
leads to depletion of pools of acetyl-CoA, which isnot only a cofactor for SSAT, but is
also critically required for both fatty acid metabolism and the acetylation of histones
and other nonhistone proteins. As such, SSAT transgenic mice might be useful for
investigating the effects of competition for rate-limiting quantities of acetyl-CoA
between enzymes that acetylate proteins and those that acetylate polyamines.
Furthermore, given the similarities and differences between ODC and SSAT transgenic
mice, comparison of the effect of their respective polyamine pathways on HAT and
HDAC enzyme function in tissue might help elucidate the contribution of individual
polyamines and their acetylated isoforms to regulating histone acetylation.

Early studies using crude tissue extracts or several “purified” acetyltransferases
have reported overlapping specificities of these enzymes for histone and polyamine
substrates (50,51). However, in addition to SSAT, the subsequent identification of
several different classes of nuclear HAT enzymes, each comprising multiple distinct
family members, calls the interpretation of these early studies into question. Notably,
the existence of overlapping specificity could conceivably have implications for prolifer-
ative diseases that feature revved up production of polyamines, should the excess
polyamines successfully compete with protein substrates for rate-limiting HAT enzyme.
Likewise, the altered expression of HAT enzymes often observed in tumors (36,37) could
potentialy disrupt the normal balance between nonacetylated and acetylated polyamines.
The cloning and expression of individual acetyltransferases should now permit the
unequivocal determination of substrate specificities of the various acetylating enzymes.

3. Future Challenges

The evidence points to there being multiple means by which polyamines can both
positively and negatively influence the activity of histone acetylating and deacetylating
enzymes. Such influence appears to lead to changes in the acetylation status of both
histone and non-histone proteins. Fluctuating intracellular concentrations of polyamines
do not result in global effects on histone acetylation and gene expression. Therefore, elu-
cidation of the various regulatory mechanisms by which polyamines exert their influence
on chromatin-modifying enzymes to modulate gene expression will probably best be
accomplished by focusing within the context of individual polyamine-regulated genes.
Moreover, it is now possible to individually evaluate the many known HAT and HDAC
enzymes for their susceptibility to polyamines and to elucidate the direct or indirect action
of polyamines on their function. It will be interesting to determine just how discriminating
the polyamines are for the different classes of both HAT and HDAC enzymes. Use of
modern molecular biology techniques facilitating the overexpression and isolation of the
different protein acetylating enzymes should clarify whether overlapping specificities
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exist for histone and polyamine substrates; if so, the relevance for disease should be eval-
uated. Similarly, models featuring the overexpression of SSAT might be valuable for
investigating the effects of competition between enzymes that acetylate proteins and
those that acetylate polyamines for rate-limiting quantities of acetyl-CoA.

It has been postulated that normal histone acetylation, probably in conjunction with
histone and DNA methylation, serves to imprint the appropriate chromosomal func-
tional status on successive cell generations, thereby contributing to long-term regulation
of gene expression (3,22,23). Progeny cells carry an imprint of the histone acetylation
pattern present on parental chromosomes before cell division. In this way, acetylation
status may act as a marker by which the state of gene activity is carried through from
one cell generation to the next. Indeed, histone hyperacetylation has been implicated in
the propagation of chromosomal structures during cell division over 80-100 generations
(52). Thus, our finding that ODC overexpression can cause altered patterns of histone
acetylation may have intriguing implications for ODC-promoted neoplastic growth. It is
possible that heightened intracellular levels of polyamines could transiently cooperate
with genetic defects to malignantly transform a cell, and then function to sustain the
accompanying changes in histone acetylation that may serve to imprint the tumorigenic
phenotype such that it is passed along through succeeding cell generations.

Experiments using ODC-overexpressing cell lines and transgenic mice have demon-
strated for the first time that polyamines modulate enzymes that manage chromatin struc-
ture in mammalian cells and tissue. To date, relatively few chemica classes of inhibitors
of histone deacetylases (i.e., sodium butyrate, Trichostatin A, Trapoxin, suberoylanilide
hydroxamic acid), and even fewer nonprotein organic modulators of histone acetyltrans-
ferases have been identified. Thus the finding that the naturally occurring polyamines can
function to modulate HAT and HDAC enzymes is quite significant. Moreover, taken
together, the results of studies reviewed here also define a specific mechanism by which
aberrant polyamine biosynthesis may lead to inappropriate expression of genes involved
in tumorigenesis. As such, this may have important implications for drug development.
There is activity for developing inhibitors of histone deacetylases with the intent of pro-
moting histone acetylation and inducing cell-cycle arrest or differentiation in transformed
cells. Toward that same end, it isintriguing to consider the possibility of designing com-
pounds that mimic the effect of polyamines in modulating HAT enzymes. On the other
hand, these studies also raise a cautionary note with respect to the potential negative
ramifications of inappropriate histone acetylation induced by drug trestment. Elucidation
of the various ways in which polyamines influence chromatin-modifying enzymes and
chromatin structure may provide some insight into the mechanism of action of some anti-
cancer drugsin clinica trias, including some polyamine analogs. Thus, a better under-
standing of polyamine-mediated modulation of transcription-associated chromatin
remodeling might greatly benefit future drug development efforts.
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Role of Polyamines in Regulation of Sequence-Specific DNA
Binding Activity

Sripriya Venkiteswaran, Thresia Thomas, and T. J. Thomas

1. Overview

Polyamines are positively charged under physiological ionic and pH conditions.
Therefore, the negatively charged macromolecules in the cell, DNA, RNA, and certain
proteins are natural targets for their interaction. Polyamine interaction with DNA was
considered to be electrostatic in nature and was theoretically interpreted in terms of the
counterion condensation theory. Early studies suggested stabilization of duplex DNA by
natural and synthetic polyamines, independent of the chemical structure of the polyamine
or the sequence of the DNA. More recent studies have revealed polyamine structural
specificity, aswell as DNA sequence specificity, in addition to the overriding el ectrostatic
interaction. Studies using photoaffinity probesindicate preferential binding of polyamines
to bent adenine tracts and TATA elements, suggesting their involvement in the regulation
of gene expression. Molecular modeling and experimenta studies a so indicate sequence-
specific binding to GC-rich major grooves. DNA sequence-specific binding of
polyamines might also be important in polyamine-induced facilitation of DNA—protein
interactions, observed with several transcription factors. The unique contact sites in the
interactions between DNA and polyamines are attested by polyamine structural speci-
ficity evident in DNA conformational transitions, DNA nanoparticle formation, triplex
DNA stahilization, and DNA-RNA hybrid stability. Both polyamine structural specificity
and DNA sequence specificity may find applications in polyamine-based drug design,
bionanotechnology, and in understanding the mechanism of gene regulation.

2. Introduction

Polyamines are flexible, positively charged, linear molecules present abundantly in
the cellular environment (1,2). The predominant natural polyamines—putrescine
[H,N(CH,),NH,], spermidine [H,N(CH,),NH(CH,),NH,], and spermine [H,N(CH,),
NH(CH,) ,NH(CH,),;NH, ]—are involved in cell growth and differentiation. Intracellular
polyamine concentration is thought to be in the millimolar range. It is estimated that in
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eukaryotes, spermine and spermidine concentrations may be as high as 5 mM in the
nucleus (1,2). The pK, values of putrescine (10.8 and 9.4), spermidine (10.8, 9.8, and
8.4), and spermine (10.9, 10.1, 8.8, and 7.9) indicate that al primary and secondary
amino groups are protonated under physiological ionic and pH conditions. Because of
this polycationic nature of the natural polyamines, negatively charged molecules such
as protein, DNA, and RNA are prime targets of their interaction. The distribution of
polyamines among the different negatively charged cellular macromolecules in bovine
lymphocytes, rat liver, and Escherichia coli has been determined (3). Polyamine distri-
bution was calculated by estimating the binding constant of polyamine to DNA, RNA,
phospholipid, and nucleotide triphosphates (Table 1). It was found that in bovine
lymphocytes and rat liver, the major polyamines were spermine and spermidine, and a
major fraction of these were bound to RNA. Free polyamines were estimated to be
between 2 and 15% in bovine lymphocytes and rat liver tissue. Putrescine and spermi-
dine were the only polyamines present in E. coli, and a majority of these molecules
were also associated with nucleic acids. Accurate estimates of free polyamines in dif-
ferent cell types and their fluctuations during cell growth and signaling processes are
not available. Free polyamine levels are likely to have an important regulatory role in
the modulation of cellular functions. Figure 1 shows the chemical structures of natural
polyamines and their commonly used synthetic analogs.

Polyamines are known to facilitate protein-DNA interactions, although it is not
clear whether the role of polyamines is driven by site-specific interactions with DNA
or the protein (4-6). This function of polyamines results in the regulation of gene
expression, as interactions between transcription factors and their response elements
are involved. Polyamine-induced conformational alterations in both the DNA compo-
nent and in the protein are conceivable. Polyamines are also required for catenation of
supercoiled DNA by topoisomerases, ensuring fidelity in translation and activation of
several enzymes, including kinases, restriction nucleases, and enzymes that are part
of the polyamine biosynthetic pathway (7-9).

Polyamines have been shown to stabilize and protect DNA from heat and akaline
denaturation, degradation by enzymes, shear breakage, radiation, and from intercala-
tion of aromatic dyes (7-9). Polyamine-mediated stabilization of DNA helices has
been studied for several years (8,9). Polyamines also have a remarkable stabilizing
effect on DNA-RNA hybrids, triplex DNA, and other helical structures, such as loops
and stems in rRNA, mRNA, and tRNA (8-12). Polyamines have also been shown to
induce DNA condensation, aggregation, and resolubilization (13). Polyamine-mediated
condensation of chromatin and subsequent protection from nucleases have also been
well documented (14). All of these interactions exemplify polyamine binding to nucleic
acids by multiple site-specific interactions, some dominated by interactions with phos-
phate groups, others dominated by base-specific interactions or by a combination of
hydrophobic and electrostatic interactions.

3. Interactions of Polyamines With B-DNA and Transition of B-DNA to A-DNA

Early studies on polyamines were interpreted in terms of their binding to the
negatively charged phosphate groups. Thus polyamine-induced duplex stabilization,



£6

Table 1
Polyamine Distribution in Bovine Lymphocytes, Rat Liver, and Escherichia coli

Bovine lymphocyte Rat liver Escherichia coli

pH (7.5, 2 mM Mg?, 150 mM K*) (pH 7.5, 10 mM Mg?*, 150 mM K*)
Polyamine Spermidine Spermine Spermidine Spermine Putrescine Spermidine
Distribution (mM) % (mM) % (mM) % (mM) % (mM) % (mM) %
(Total) 1.33(100) 1.58 (100) 1.15 (100) 0.88 (100) 32.2 (100) 6.88 (100)
Free 0.20 (15.0) 0.08 (5.1) 0.08 (7.0) 0.02 (2.3 12.5(38.8) 0.26 (3.8)
DNA 0.17 (12.8) 0.29 (18.3) 0.05 (4.3) 0.05 (5.7) 3.0(9.3 0.35(5.1)
RNA 0.76 (57.2) 1.03 (65.2) 0.90 (78.3) 0.75 (85.2) 15.4 (47.9) 6.17 (89.7)
Phospholipid 0.04 (3.0 0.04 (2.5) 0.07 (6.1) 0.04 (4.5) 0.46 (1.4) 0.05 (0.7)
ATP 0.16 (12.0) 0.14 (8.9) 0.05 (4.3 0.02 (2.3 0.84 (2.6) 0.05 (0.7)

Reprinted with permission from ref. 3.
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Fig. 1. Chemical structures of polyamines and their analogs.

DNA condensation, and aggregation were thought to be the direct result of inter-
actions of polyamines with DNA phosphate groups involving interstrand and
intrastrand binding. However, as it became clear that double-stranded DNA existsin
different conformations, depending on the relative water content, nature of counter-
ions, and the nucleotide sequences involved, the differential interaction of polyamines
to different forms of DNA became evident (15). The most prevalent form of DNA is
the right-handed B-DNA, but the right-handed A-DNA and the left-handed Z-DNA
are also observed in X-ray crystallography and solution studies (16). The preferential
binding of spermine and spermidine to A-DNA and conversion of B-DNA to the
A-form in the presence of these polyamines was reported as early as 1979 (17).
Conversion to A-form was detected by circular dichroism spectroscopy and the effects
were observed in water—ethanol mixtures. Interestingly, putrescine, cadaverine, and



Sequence-Specific DNA Binding Activity 95

hexamethylene diamine did not follow the pattern of spermidine and spermine, but
stabilized B-DNA.

Molecular modeling studies by Zakrezewska and Pullman (18) indicated that sper-
mine binding depended on DNA conformation and base sequence. A model for the
interactions of polyamines with B-DNA simulated by theoretical calculations indicated
binding to the minor groove of DNA (18,19). In molecular models of Suwalsky et al.
(20) spermine was modeled to bridge two backbone strands across the B-DNA minor
groove. However, molecular dynamics modeling by Feuerstein et al. (21) found the
major groove of alternating purine/pyrimidine sequence to be the most favorable sites
for spermine binding and the association of spermine binding with DNA bending.
Binding of spermine along the phosphate backbone was the least favorable interaction.
Comparison of d(GC).-d(GC), heteropolymer with the homopolymers (d(G),,-d(C),,
showed continuous interaction with heteropolymer but not homopolymer.

X-ray crystallography of the d(GTGTACAC) octamer duplex showed a unique posi-
tioning of spermineinitsA-DNA conformation (22). Spermine bound to the floor of the
major groove by hydrogen bonding to GTG of one strand, assumed an S shape, and
bound to the corresponding bases on the opposite strand. The methylene groups of sper-
mine formed a hydrophobic cluster with the methyl group of thymine and the O6 atoms
of the guanine of the TGT sequence. The A-DNA dodecamer, d(CCGGGCCCCGG),
crystallized in the presence of sperminein three polymorphic forms, illustrating the dif-
ferent modes of spermine binding (23). These different polymorphic forms represent
differencesin hydration states, widths of major grooves, and the extent of DNA bending.
Multiple spermine molecules shield areas of highest phosphate density, allowing crystal-
packing forces to condense, bend, and twist duplex DNA. Binding of spermine with
A-DNA was classified as backbone/groove, major groove, minor groove, and backbone-
only interactions (15). Two amine/imine functionalities of spermine can interact with
bases in the deep groove, whereas the remaining two bind to two phosphate groups of the
reference duplex and a neighboring duplex in the crystal structure of the dodecamer.

Figure 2 illustrates electron density maps of three different modes of spermine bind-
ing to DNA. Although spermine has been found in several A-DNA crystal structures
and in a structure of a DNA-RNA hybrid, spermine has been found only rarely in the
B-DNA crystal structure.

Spermine binding to the GTG site of a B-DNA hexamer d(CGGTGG)/d(CCACCG)
suggests an opening of the base pair T/A resulting in a novel non-Watson—Crick hydrogen
bonding scheme between adenine and thymine in the region (24). Figure 3 shows a
model of spermine interaction with the hexameric DNA as derived from the crystal
structure. Spermine stabilizes the sheared base pair by “pinching together” the minor
groove across the G5 and C10 phosphates. Because GTG base triplet appears five times
more frequently in regulatory regions, it is suggested that crystallography in the pres-
ence of spermine might have captured a general mechanism for protein—-DNA recogni-
tion, marked by the opening of a base pair.

Although a number of crystallographic and molecular modeling studies indicate site-
specific binding of spermine to G/C rich sequences, studies using photoaffinity probes
indicate a preferentia binding to A-tracts in double-stranded DNA sequences. Lindemose
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Fig. 2. Electron density maps of spermine moleculesfound in the crystd lattice of the Ortho 1 (top)
and Ortho 2 (middle and bottom) forms of d(CCGGGCCm°CGG). Broken lines indicate possible
hydrogen bonding between spermine amino and imino groups with DNA acceptor atoms. In Orthol,
the single spermine is bound to the termina guanine, interacting with O-6 and N-7 atoms through the
central imino atoms N-5 and N-10. In the second orthorhombic form, Ortho2, one spermine molecule
is bound at the opposite end of the hdlix to G10 and interacts through its termina amino group nitro-
gen atom, N-1. Interactions of the central imino group nitrogen atom, N-5, with the adjacent phosphate
are ambiguous. The second spermine molecule in Ortho 2 interacts with phosphate groups on opposite
sides of the mgjor groove. (Reprinted from ref. 23 with permission from Elsevier.)

et a. (25) conducted uranyl photocleavage and DNAse | cleavage of E. coli tyr T pro-
moter, cytomegalovirus (CMV) promoter, and other double-stranded DNA containing A/T
tracts. In these studies, putrescine, spermidine, and spermine showed preferential binding
to A/T sequences, although spermine was 100-fold more efficient than putrescine in
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Fig. 3. Symmetry related spermine A molecules (dark bonds) span the minor groove in the
vicinity of the o phosphates and stabilize the sheared T/A base pair. Thin lines indicate close
contacts (<4, after subtracting the van der Waals radii of the phosphates and the amino groups)
between anionic phosphates and cationic amino groups. (Reprinted from ref. 24 with permission
from Oxford University Press.)

protecting the A/T tract DNA from cleavage. Studies using a photoaffinity polyamine
(azidonitrobenzoyl)spermine (ANB-spermine) that could be activated by light indicated
preferential binding to the TATA sequence (26). Other studies using imino proton exchange
rates and ethidium displacement have also indicated preferential binding to A/T sequences
(27-29). Preferential binding of polyaminesto the TATA sequenceis particularly significant
because of the importance of the TATA element in the recognition by RNA polymerasein
transcription. Binding of polyaminesto the TATA element may act as amechanism to sup-
press transcription and this repression might be removed when polyamines are acetylated.

4. B-DNA to Z-DNA Transition and Stabilization

Molecular structure of left-handed Z-DNA was established 25 yr ago by single crystal
X-ray crystallography of alternating purine/pyrimidine sequences (16). Z-DNA has a
zig-zag arrangement of the sugar phosphate backbone with only deep minor grooves
and no discernible magjor groove (Fig. 4). In contrast, the phosphate groups lie on a
smooth helical line in B-DNA with minor and major grooves. Initially, Z-DNA was
thought to be a nonphysiological structure, because 3 to 4 M NaCl was required to
induce Z-DNA in solution. However, later studies revealed that uM concentrations of
polyamines could convert B-DNA to Z-DNA in alternating purine/pyrimidine
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Fig. 4. The “information-rich” residues that allow sequence-specific recognition of the major
groove of the B-DNA lie on the convex surface of |eft-handed Z-DNA helix. The two DNA strands
of each duplex are highlighted by a solid black line. The “zigzag” nature of the Z-DNA backbone is
clearly seen (Reprinted from ref. 16; permission conveyed through Copyright Clearance Center, Inc.).

sequences (30). The fluctuating concentrations of polyamines and supercoiling of
transcriptional domains might work together with DNA sequence-specificity in induc-
ing and propagating Z-DNA.. Indeed, the intrinsic affinity of spermine for Z-DNA was
found to be 10-fold higher for d(CA/TG) than for d(CG) dinucleotide, and both greater
than that of B-DNA (31).

The packing of spermine-DNA complexesin a pure-spermine form of Z-DNA crys-
tals suggested that the molecular basis for the tendency of spermine to stabilize com-
pact DNA structures derived from the capacity of spermine to interact simultaneously
with several duplexes. This capacity is maximized by the flexibility of the methylene-
bridging regions of spermine. The length and flexibility of spermine and the dispersion
of charge—charge, hydrogen-bonding, and hydrophobic-bonding potential throughout
the molecule maximize the ability of spermine to interact simultaneously with different
DNA molecules. Although major and minor groove binding of spermine to DNA have
been demonstrated in various studies, recent modeling studies emphasize the mobility
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Fig. 5. Views into the mgjor groove of d(G-C)5/d(G-C)5 with spermine in place before (A)
and after (B) energy minimization. Note the decrease in distance across the major groove (m) and
the increase across the minor groove (®) after energy minimizations was performed. Squares and
circles represent the same points on the helix, and are included for comparison between (A) and
(B). (Reprinted with permission from ref. 33.)

of the spermine molecule between major and minor grooves and phosphate backbone
binding sites (32). The competition of polyamines with monovalent and divalent
cations, the width and other spatial parameters of major and minor grooves, and the
functional groups of base sequence are all involved in “fixing” the polyamine binding
sites. For example, the conformational energy calculations of Feuerstein et al. (33)
indicate maximal interactions between proton acceptors on the oligomer and proton
donors on spermine (Fig. 5). When spermine was docked into the major groove of
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B-DNA, dynamic changes in DNA structural parameters, such as DNA bending over
the major groove containing spermine, alterations in oligomer sugar puckering, and
interstrand phosphate distances, occurred. Although the sequence used has the capacity
to form Z-DNA, the experimental parameters were set for B-DNA. In contrast, struc-
tures of Z-DNA in which the crystals are produced in the presence of spermine, shows
that the high prevalence of minor grooves and the rigidity of the Z-DNA backbone
structure provides opportunity for minor groove binding of the spermine in d(CGCGCG),
hexamer crystals (34). Thus, crystal structure analysis and molecular modeling studies
provide data for the specific contexts revealing the preferential binding of spermine to
major or minor grooves of DNA.

Behe and Felsenfeld (30) first showed that physiologically compatible concentrations
of spermidine and spermine could induce and stabilize the Z-DNA. Thomas and Messner
(35) further investigated the structural specificity effects of spermidine homologs in the
induction and stabilization of the Z-DNA for poly(dG-m?dC)/poly(dG-m°dC). They found
that spermidine was fourfold more efficient than a homolog with two additional —CH.—
groups in the methylene chain, in inducing and stabilizing the Z-DNA (Fig. 6). In addition
to conventional spectroscopic techniques, a monoclonal anti-Z-DNA antibody-based
enzyme-linked immunosorbent assay was developed to detect Z-DNA formation. Using
the enzyme-linked immunosorbent assay technique, Z-DNA formation was also detected
in (dG-dC),, sequencesinserted in aplasmid DNA (36). In contrast, there was no Z-DNA
formation in the control plasmid, thereby showing sequence-specific interaction of
polyamines with the (GC),, insert. Structural specificity effect was also evident in the effi-
cacy of three spermidine homologs to induce the Z-DNA conformation in the plasmid
with insert sequences. These resultsindicate that spermidine and spermine are capable of
provoking the left-handed Z-DNA conformation in small blocks of (dG-dC),, sequences
embedded in a right-handed B-DNA matrix. Because blocks of (dG-dC),, sequences are
found in genomic DNA, conformational aterations of these regions to the Z-DNA form
may have important gene regulatory effects in the presence of polyamines.

5. Sequence-Specific Effects of Polyamines on Protein—-DNA Interaction

The consequences of polyamine binding to DNA can be manifested in DNA repli-
cation and transcription. In 1980, Geiger and Morris (37) demonstrated the require-
ment of polyamines for DNA synthesisin E. coli. They found that DNA synthesis was
reduced in polyamine-starved E. coli, and that cells could be rescued by the addition of
spermidine. This result suggested that polyamines functioned as cofactors in the DNA
replication machinery in E. coli, and probably facilitated the interaction of trans-factors
involved in DNA replication. Porter and Bergeron (38) showed structural specificity
effects of polyamines in supporting the growth of L1210 leukemia cells treated with
a-difluoromethylornithine, a specific inhibitor of putrescine biosynthesis. They found
that three of six spermidine homologs supported cell growth during a 48-h incubation
in the presence of o-difluoromethylornithine, indicating that a two-carbon extension of
the spermidine structure was tolerated for biological function.

Panagiotidis et al. (39) studied the effect of polyamines on complex formation of
sequence-specific DNA binding proteins with DNA. They found that spermidine
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Fig. 6. Immunologica and ultraviolet spectroscopic detection of the B-DNA to Z-DNA tran-
sition of poly(dG-m>dC)-poly(dG-m°dC) in the presence of polyaminesin 50 mM NaCl, 1 mM
Na cacodylate, and 0.15 mM EDTA (pH 7.4). The polynuclectide was incubated with different
concentrations of polyamines for 30 min and added to the microtiter plates. Enzyme immuno-
assay was conducted by subsequent addition of monoclonal Z-DNA antibody Z22, alkaline con-
jugated immunoglobulins, and the enzyme substrate as described by ref. 35. Optical density was
read at 405 nm (A, ) with amicroplate autoreader. A . - is plotted against the concentration
of AP2 (@), AP3 (A), AP4 (spermidine) (), and AP5 (m) added to the polynuclectide. In ultra-
violet spectroscopy, the absorbance ratio of poly(dG-m°dC)-poly(dG-m°dC) (A ,s/A ) Was
monitored at different concentrations of AP2 (0), AP3 (A), AP4 (v) and AP5 (O). (Reprinted
with permission from ref. 35.)

increased the effectiveness of binding of the ICP-4, a herpes simplex virus gene regu-
lator to its specific binding sequence on the DNA. They also found that the association
constants of the transcription factor to its specific site on the DNA were increased in
the presence of polyamines. The authors concluded that this increase in complex for-
mation occurred as polyamines increased the affinity of the protein for its cognate
DNA site by increasing the initial binding step. A study by Thomas and Kiang (5)
demonstrated a 22-fold increase in the binding of the estrogen receptor (ER) to poly(dA-
dC)/poly(dG-dT) in the presence of spermidine. In the same study, they compared the
affinity of the same ER with poly(dA-dT)-poly(dA-dT) and found only a threefold
increase in the presence of polyamines, suggesting a sequence-specific effect of
polyamines on protein-DNA binding. The authors reasoned that this specific preference
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Fig. 7. Effect of spermine on estrogen receptor (ERa) and nuclear factor kB (NF-xB) bind-
ing to their response elements. (A) Electrophoretic mobility shift assay (EM SA) was conducted
using human recombinant ERo and 32P-label ed ERE (estrogen response el ement) oligonucleotide
in the presence of increasing concentrations of spermine. The last lane was loaded with free
probe (labeled ERE without extract). The reaction mixture was then loaded on a 6% polyacryl-
amide gel, electrophoresed and autoradiographed. (B) EMSA was conducted using cellular
extract from MCF-7 cells and 32P-labelled NRE (nuclear factor response element) in the pre-
sence of increasing concentrations of spermine. (Reprinted with permission from ref. 6.)

of the ER to the polynucleotide might be the result of polyamine-induced conform-
ational change in the structure of the polynucleotide to the Z-DNA form. Thisis parti-
cularly important in the context that potential Z-forming sequences have been detected
in enhancer elements of many genes.

The ability of polyamines to modulate the affinity of sequence-specific effects of
protein—DNA interaction was also reported using ER, progesterone receptor, and the
vitamin D receptor (2,6,8). Shah et al. (5) showed the ability of spermine to increase
the association of the CBP/p300 coactivator protein with ER and nuclear factor-«B
(NF-xB) in MCF-7 breast cancer cells in a concentration-dependent manner. The
same authors also found that ER and NF-xB binding to its consensus sequence on
DNA increased in the presence of polyamines (Fig. 7). The increased DNA—protein
and protein—protein interactions observed because of increased polyamine levels
resulted in increased transcription of estrogen responsive reporter genes (Fig. 8).
Thus polyamines might be important in the formation of multiprotein complexes on
promoter DNA as part of the transcriptional initiation process. A recent study (25)
using uranyl photocleavage experiments shows that spermine binds specifically to
bent A-tracts in DNA and that A-tracts are present near the binding site of NF-xB
(Fig. 9). The authors specul ate that this binding of the polyamine to the bent A-tracts
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Fig. 8. Effect of spermine on ERa-mediated transcription of a luciferase reporter gene.
Plasmids pGL3-4(EREc38) and pRL-TK control vector were co-transfected in MCF-7 cells.
After 24 h, cells were treated with increasing concentrations of spermine in the absence or pres-
ence of 4 nM estradiol. Cells were harvested 6 h after treatment and assayed for luciferase activ-
ity. Relative light units were normalized for each sample by dividing the firefly luciferase activity
by the renalia luciferase activity. Data represent average + SE from three separate experiments.
Statistical significance was determined by analysis of variance followed by Tukey’'s test for signi-
ficance for spermine and estradiol trestment groups compared to combinations. * Statistically sig-
nificant from control group (p < 0.001). FStatistically significant compared to estradiol treatment
group (p < 0.05). RLU, relative light units. (Reprinted with permission from ref. 6.)

facilitate the “sliding” of the transcription factor to its specific site on DNA from its
nonspecific site.

Kuramoto et a. (40) reported that DNA binding of nuclear transcription factors with
the leucine-zipper motif is modulated by polyamines. Addition of spermidine and sper-
mine increased the DNA-binding activity of the AP-1 transcription factorsin whole brain
extractsin a concentration-dependent manner. A similar but less potent increasein binding
is observed with cyclic adenosine monophosphate response e ement-binding protein. In
contrast, binding of c-MY C protein to a cognate sequence was not atered by polyamines.
Lewis et a. (41) found that the binding of activating transcription factor-2 to its binding
sitein cyclin D1 promoter was enhanced by spermine by a mechanism involving both a
call signaling pathway, as well as direct effects on DNA—protein interactions. Very littleis
known about polyamine-induced changes in protein conformation, although spermine has
been reported to change the conformation of a peptide (42). Thus polyamine-induced
changes in DNA—protein interactions and conformational transitions are likely to have a
range of consequences in DNA—protein recognition and regulation of gene expression.
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Fig. 9. Effect of spermine on DNAse | cleavage of the human CMV promoter DNA. (A) A typ-
ica autoradiogram is shown in the absence and in the presence of 8 mM spermine (lanes 1 and 2,
respectively). The autoradiogram covers from —60 to —160 bp upstream from the transcription start
site. Boldface numerals on the left-hand side indicate base positions with respect to transcription
start site. The position of AT-rich sequences and NF-«xB binding site are also shown. Black boxes
indicate the position of A-tracts. (B) Differential cleavage plot comparing the susceptibility of the
human CMV promoter to DNAse | in the absence and presence of 8 mM spermine. The analysis
covers from —70 to —120 bp upstream from the transcription start site. Black boxes indicate the
position of A-tracts. (Reprinted from ref. 25 with permission from Oxford University Press.)

6. Double Helix Stabilization: DNA-DNA, DNA-RNA, and RNA-RNA

One of the earliest discoveries about polyamine-DNA interactions was the observa-
tion that polyamines could stabilize the DNA double helix. In 1962, Tabor (43)
described the ability of spermine and other polyamines to protect DNA from heat-
induced helix — coil transition. Subsequently, several studies confirmed that natural
and synthetic polyamines were capable of increasing the helix — coil transition or
melting temperature (T ) of DNA. Thomas and Bloomfield (44) conducted a detailed
study of the ionic and structural effects of polyamines on the T, of calf thymus DNA.
Using a series of spermidine homologs of the structure, NH,(CH,),NH,(CH,) NH_3",
where “n” varied from 2 to 8, they found modest but significant structural effects of
polyamines on stabilizing duplex DNA. (See Fig. 1 for chemical structures of some of the
polyamine homologs and analogs mentioned in this chapter.) A monovalent ion, Nar,
competed with polyamines in interacting with DNA. Braunlin et a. (45) quantified this
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ion competition effect of monovalent ions and multivalent polyamines by measuring
binding constants using equilibrium dialysis experiments.

Venkiteswaran et al. (12) recently studied the effects of natural and synthetic
polyamines on the thermal stability of DNA-DNA, DNA-RNA, and RNA-RNA
duplexes comprising a therapeutic antisense oligonucleotide targeted toward the initia-
tion codon of the human epidermal growth factor-2 (HER-2) mRNA. The antisense
oligonucleotide had the following sequence: 5-CTCCATGGTGCTCAC-3'. A major
goal of this study was to examine how polyamines interacted with DNA-RNA hybrids
during the use of antisense oligonucleotides for therapeutic purposes. The HER-2 gene
is overexpressed in several cancers, and breast cancer patients with HER-2 overexpres-
sion have poor prognosis. Efficiency of antisense technology (i.e., the ability of a small
oligonucleotide to block the trandlation of targeted genes) depends to a large extent on
the stability of DNA-RNA hybrid formed in vivo. In addition, the antisense oligo-
nucleotides have to be stable against nuclease digestion. A commonly used technique
to impart stability of the oligonucleotides is to substitute an oxygen atom for a sulfur
atom. The resulting phosphorothioate oligonucleotides are stable; however, DNA-RNA
hybrids formed with phosphorothioate oligonucleotides have lower thermal stability
compared with that formed with the parent phosphodiester oligonucleotides. Therefore,
the effects of polyamines were studied on hybrids formed with both phosphodiester
and phosphorothioate oligonucl eotides.

Polyamines increased the T, of DNA-DNA, DNA-RNA, and RNA-RNA in a con-
centration-dependent manner (Fig. 10). As the concentration of spermine increased, the
melting curve shifted to the right, indicating an increase in the T, of the hybrid. With
respect to the cationicity of polyamines, we found that putrescine was the least efficient
and spermine the most efficient in stabilizing hybrids (Table 2). For example, AT (T,
in the presence of polyamines —T in the absence of polyamines) of the DNA-RNA
hybrid was negligible (1°C) in the presence of 1 mM putrescine; however, AT of the
same hybrid increased to 10.5°C in the presence of 1 mM spermine. Another important
finding from this study was that the spermine effect on DNA-RNA hybrid was much
larger (AT, = 11°C) than that on DNA-DNA duplex (AT, = 3.5°C). RNA-RNA duplex
showed a slightly higher increase in T, with 1 mM spermine (AT, = 14.6°C). These
data indicate a preferential stabilization of DNA-RNA and RNA-RNA duplexes com-
pared with the DNA-DNA duplex. These studies demonstrate the differential effects of
polyamines in stabilizing nucleic acid helices, depending on the structure of the sugar
moiety, whether it is a deoxysugar or ribosugar. However, more research is needed to
confirm whether these differences are related to the relative affinity of polyamines to
different forms of duplex. Asin other studies, substitution of the primary amino group
of the polyamines by an ethyl group resulted in a reduction of the hybrid stabilizing
potential of the modified compound compared with its unmodified counterpart.

7. Triplex DNA Stabilization

Triplex DNA has assumed much attention during the past three decades because of
the potential gene regulatory effects of triple helix-forming oligonucleotides, and subse-
guently for their use as therapeutic agents (46). Triplex forming poly(purine)/poly
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Fig. 10. Melting profile of the PO-DNA-RNA, PS-DNA-RNA, PO-DNA-PO-DNA, PS-
DNA-PS-DNA, PS-DNA-PO-DNA, and RNA-RNA helices. The concentrations of spermine
used were O (@), 1 (O), 5 (¥), 10 (v), 25 (O), 50 (m), and 100 uM (). The melting temperature
measurements were carried out in 10 mM cacodylate buffer at a heating rate of 0.5°C/min for all
the hybrid helices. (Reprinted with permission from ref. 12. © 2005 American Chemical Society.)

(pyrimidine) sequences are found in the promoter elements of several genes, including
c-myc, HER-2, and Ets-2. A ribbon model representation of triplex DNA is shown in
Fig. 11. Triple helix formation involves the binding of a short oligonucleotide via
hydrogen bonding to the major groove of a double helix. The widely accepted struc-
tural mode! for polypurine/(polypyrimidine), triple helix is based on X-ray fiber dif-
fraction studies. In this structural model, an A-form polypurine/polypyrimidine duplex
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Table 2

Effects of Polyamines on the Stability of Various Hybrids in the Presence of 150 mM Na*
T, (°C)

Concentration PO-DNA- PS-DNA-: PS-DNA: PO-DNA: PS-DNA-: RNA-

polyamines (mM) RNA RNA PO-DNA PO-DNA PSDNA  RNA

Putrescine

0 62.0 534 52.8 61.4 45.8 72.8

0.5 62.5 54.0 533 62.9 45.8 744

1 63.0 54.4 53.8 62.9 45.8 75.8

AT, P 1.0 1.0 1.0 15 0 30

Spermidine

0 61.9 534 52.4 60.9 449 739

05 65.0 57.9 534 62.0 45.9 78.9

1 67.5 59.5 54.4 63.0 46.9 824

AT, 5.6 6.1 20 21 20 85

Spermine

0 61.5 54.2 52.4 61.4 449 72.8

0.5 69.9 63.7 54.3 63.5 46.4 85.3

1 720 65.2 55.9 64.9 47.4 874

AT 10.5 11 35 35 25 14.6

m

&The T, measurements were carried out in 150 mM Na cacodylate buffer (140 mM NaCl added to
10 mM Na cacodylate buffer). The reproducibility of the T values was + 1°C for three or four
measurements.

PAT, = Tm(1 mM) — Tm(0 ,where T, -\ isthe T of the various hybrids in the presence of 1 mM
polyamine and T, is the T of the hybrid in 150 mM Na cacodylate buffer, in the absence of
polyamine. Reprinted with permission from ref. 12.

Major <4 Pyrimidine-rich strand
groove L
Minor J <€ Purine-rich strand
g <— 3rd strand
- (TFO)
5! A 3-

Fig. 11. Representation of a triplex forming oligonucleotide binding in the major groove of
DNA. (Reprinted from ref. 46 with permission from Oxford University Press.)
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Parallel binding: Anti-parallel binding:
Pyrimidine motif Purine motif
IHI __RHI

2
_Inl® _IRH

5. L P o

Fig. 12. Recognition motifs for triplex forming oligonucleotide binding to DNA. Note the
requirement for protonation of cytosine (at N3) in the pyrimidine motif. W-C, Watson—Crick
hydrogen bonds; H, Hoogsteen hydrogen bonds; RH, reverse Hoogsteen hydrogen bonds.
(Reprinted from ref. 46 with permission from Oxford University Press.)

formed by Watson—Crick base pairing binds to a polypyrimidine strand in the major
groove. The second polypyrimidine strand binds to the duplex through Hoogsten base
pairing between thymine and A: T base pairs and between protonated cytosine and G:C
base pairs, giving riseto (T*A:T) and (C™ G:C) triplets, respectively. However, because
the protonation of cytosine in the third strand is an essential requirement, triplex for-
mation involving these triplet sequences can only occur at the acidic pH of 5.6-6.0.
The hydrogen bonding scheme for triplex formation is shown in Fig. 12.

The association of three strands of DNA increases the negative charge density, and
hence a higher level of positive charges is required to stabilize the triple helix. In gen-
eral, triplex DNA is stabilized by cation concentrations comparable to or higher than
their physiological level. For example, 150 mM NaCl or 25 mM MgCl, can stabilize
triplex structuresin poly(dA)/2poly(dT). Hampel et al. (47) demonstrated that triplexes
could be formed at the physiological pH of 7.0 in the presence of physiological con-
centrations (0.5—-1 mM) of spermine. This stabilizing effect of polyamines was attri-
buted to the changes in the overall charge density of the triplex DNA brought about by
polyamine-DNA interactions. Initially, the triplex may bind with polyamines more
strongly than the duplex because of a higher negative charge of the former, resulting in
a shift of the equilibrium in favor of triplex formation.

Thomas and Thomas (48) questioned whether polyamine structure played arole in
triplex DNA stabilization. To address this problem, they conducted T, measurements of
poly(dA)/2poly(dT) triplex in the presence of putrescine, spermidine, spermine, and
homologs of putrescine and spermidine (Figs. 13 and 14). In the presence of polyamines,
the absorbance vs temperature profile showed two transitions: T _;, corresponding to
triplex — duplex+single-stranded DNA, and T_,, corresponding to duplex melting.

m2’
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Fig. 13. Structural specificity effects of putrescine homologs on the melting temperature of
triplex (T,,,) and duplex (T ) forms of DNA. The number of methylene groups (n) in putrescine
homologs is plotted against the melting temperature at different diamine concentrations.

(Reprinted with permission from ref. 48. © 1993 American Chemical Society.)
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Fig. 14. Structural specificity effects of spermidine homologs on the melting temperature of
triplex (T,,,,) and duplex (T ,) forms of DNA. The number of methylene groups (n) in putrescine
homologs is plotted against the melting temperature at different diamine concentrations.

(Reprinted with permission from ref. 48. © 1993 American Chemical Society.)

Figures 13 and 14 show the structural specificity of the various analogs, which vary in
the number of methylene (-CH,-) groups, plotted against the T .. In the presence of 0.5
mM putrescine, T, and T, were 44.8° and 71°C, respectively, in 10 mM Na cacody-
late buffer. With 2.5 uM spermidine or 0.1 uM spermine, T, , values were 42.8°C and
54.4°C and T, values were 65 and 82°C, respectively. These results showed that the
ability of natural polyamines to stabilize the triplex DNA increased in the following
order: spermine > spermidine > putrescine. In a series of putrescine homologs,
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H,N(CH,) NH, (in which n = 2-6; n = 4 for putrescine), diaminopropane (n = 3) was
the most effective stabilizer of triplex DNA. Among a series of triamines H,N(CH,).-
NH(CH,) NH, (in which n = 2-8; n = 4 for spermidine), spermidine was the most effec-
tive triplex stabilizing agent. Similar structural specificity was found with spermine
homologs, H,N(CH,),;NH(CH,) NH(CH,),NH,, (in which n = 2-12; n = 4 for sper-
mine). Interestingly, effects of these homologs on the poly(dA)/poly(dT) duplex were
relatively insensitive to changes in the length of the methylene-bridging region.
Differential effects of polyamine analogsin stabilizing triplex vs duplex DNA suggested
their potential application in triplex DNA-based antigene therapeutics.

Effects of polyamines on the stabilization of triplex DNA formed from a purine
motif triplex-forming oligonucleotide, 5'-TG3TG4TG4TG3T-3', and its target duplex
probe, consisting of the oligonucleotides 5'-TCGAAG3AG4AGAAG3A-3 and 5'-
TCGATC3TCATCATC3T-3', were studied in the presence of natural and synthetic
polyamines (49). Electrophoretic mobility shift assay showed that bis(ethyl) analogs
of spermine and its higher analog, 4-4-4-4 were excellent stabilizers of triplex DNA
(Fig. 15). In contrast, the non-bis(ethyl) substituted parent polyamines aggregated the
oligonucleotides in preference to triplex DNA stabilization. Temperature-dependent
circular dichroism (CD) spectra of triplex DNA showed monophasic melting transition
in the absence and presence of polyamines, suggesting duplex/triplex single-stranded
DNA transition. These results indicate that structural modifications of polyamines are
an effective strategy to develop triplex DNA-stabilizing ligands, with potential applica-
tions in antigene therapeutics. For example, diaminopropane stabilized triplex DNA
and suppressed the c-myc oncogene expression in MCF-7 breast cancer cells at alevel
higher than that of controls in the absence of the diamine (50).

8. DNA Nanoparticle Formation, Aggregation, and Resolubilization

DNA condensation to nanoparticles is a process in which a significant decrease in
the total volume occupied by the DNA occurs, with an orderly collapse of DNA to
compact particles of finite size and orderly morphology (13). Condensation is gener-
ally provoked under conditions of low concentrations (low micromolar) of DNA
and multivalent cations, such as polyamines, inorganic cations (cobalt hexamine
(Co(NH,)>"), and polymers, athough the presence of dehydrating solvents can accel-
erate this process by a change in the dielectric constant of the medium (51-53).
Condensing agents usually work by reducing the repulsions between DNA segments
by neutralizing the negative phosphate charges or by reorienting water dipoles near
DNA surfaces. In the condensed DNA, just one or two layers of water may separate the
helices. DNA condensation is an example of polymer—globule transition, and under
appropriate conditions of polymer length and stiffness, it isareadily reversible process.
DNA condensation is biologically significant, as it appears to be the method by which
DNA is packaged into viral heads. Recent research indicates that DNA condensation is
a prerequisite for the transport of DNA through the cell membrane for gene therapy
applications.

Binding of polyamines to DNA resultsin the localized bending or distortion of DNA
and the facilitation of DNA collapse to rods, spheres, and toroids. In 1976, Gosule and
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A Spermine Bis(ethyl)spermine
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Fig. 15. Facilitation of purine-motif triplex formation by different polyamines. Shown are elec-
trophoretic mobility shift assays of triplex formation by the oligonucleotide ODN1 in the presence
of different polyamine concentrations. D, duplex DNA; S, single-stranded probe; T, triplex; W,
probe DNA retained in the polyacrylamide gel well. (A) Spermine and bis(ethyl)spermine. (B)
4444 and BE-4444. (Reprinted with permission from ref. 49. © 1997 American Chemical Society.)

Schellman (52) reported that the addition of spermidine to DNA resulted in the forma-
tion of small, roughly spherical particles. Electron microscopic examination showed the
presence of rods, toroids, and spheroids when DNA was condensed by polyamines.
Wilson and Bloomfield (53) applied the counterion condensation theory to calculate the
amount of charge neutralization necessary to collapse DNA to nanoparticles, and found
that 89-90% of the negative phosphate charges are neutralized by spermidine and sper-
mine in agqueous medium. They also found that at least a trivalent cation is required for
DNA condensation, and that mono and divalent ions effectively competed with multi-
valent ions to prevent DNA condensation or decondense compacted DNA.
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Iscattered
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Concentration of polyamines, uM

Fig. 16. Typica plots of the relative intensity of scattered light at 90° plotted against the con-
centrations of spermine (o), 3-10-3 (a), 3-11-3 (@), and 3-12-3 (O). The A-DNA solution had
a concentration of 1.5 uM DNA phosphate, dissolved in 10 mM sodium cacodylate buffer, pH
7.4. (Reprinted with permission from ref. 56. © 2001 American Chemica Society.)

Allison et al. (54) first reported structural specificity effects of polyamines on DNA
condensation. They investigated the ability of spermidine homologs to provoke DNA
condensation and found significant structural effects, in addition to the general electro-
static effects. For example, a higher homolog of spermidine, aminopropy! diaminohep-
tane, induced aggregation of DNA rather than monomolecular collapse. Thomas and
Bloomfield (55) further found that Co(NH,),3 was more effective than isovalent spermi-
dine* in causing DNA condensation at pH values between 5.1 and 10.2. In addition,
DNA nanoparticles produced by Co(NH,),* were smaller than those obtained with sper-
midine. Vijayanathan et al. (56) determined the structural effects of tetravalent spermine
homologs on DNA condensation and found that lower homologs of spermine were more
efficacious in condensing DNA than the higher homologs (Fig. 16). Hydrodynamic radii
(R;) of DNA condensates increased with the increase in the Iength of methylene bridging
in the series, H,NH(CH,) ,NH(CH,) NH(CH,),NH,, where n = 2-12 (see Fig. 1 for
chemical structures and abbreviations). Condensates formed in the presence of spermine
and its nearest homologs (3-3-3, 3-5-3, and 3-6-3) exhibited hydrodynamic radii (R;)
between 40 and 50 nm. The R, values, however, increased to 60-70 nm for 3-7-3, 3-8-3,
3-9-3, and 3-10-3, and greater than 100 nm for 3-11-3 and 3-12-3 (Table 3). Thus they
found that the relative order of spermine homologs in condensing DNA to be in the fol-
lowing order: 3-6-3 < 3-5-3~ 3-4-3< 3-7-3~ 3-8-3<3-9-3< 3-10-3~ 3-3-3<< 3-2-3»
3-11-3 << 3-12-3. Toroidal condensates were observed with atomic force microscopy in
agueous solution, when a plasmid DNA was treated with spermine and its higher analogs
(Fig. 17) (57). The structural effects of polyamines on R, values were also evident in the
temperature-dependent stabilization of nanoparticles (58). These results confirm that
there are specific ion effectsin DNA condensation by oligocations.

DNA condensation involves the collapse of one or afew molecules of DNA to mor-
phologically distinct nanoparticles. This process is different from aggregation, which
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Table 3
Hydrodynamic Properties of DNA Condensates Formed in the Presence
of Spermine and Its Homologs

Polyamine Diffusion Hydrodynamic
homolog coefficient (cm?/s) radius® (nm)
3-33 45x 108 50
3-4-3 (spermine) 55x 1078 41
353 4.7 x 108 50
3-6-3 48x 1078 48
3-7-3 4.0x 108 59
3-83 36x10°% 63
3-9-3 34x10% 67
3-10-3 33x10% 69
3-11-3 24 x 108 101
3-12-3 1.7x 108 132

Reprinted with permission from ref. 56.

Fig. 17. Scanning force microscopy images showing the toroid structures of pGL3 plasmid
DNA formed by incubation with 25 uM spermine (A), 5 uM 3-3-3-3 (B), 2 uM 3-4-3-4-3 (C),
and the partly formed toroids, observed in the presence of 2 uM 3-4-3-4-3 (D). Scale bar is 200 nm.
(Reprinted with permission from ref. 57.)
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involves several molecules of DNA to produce bundles or amorphous precipitates.
DNA condensation and aggregation are related phenomena and are governed by similar
structural specificity effects. Schellman and Parthasarathy (59) demonstrated that the
structural arrangement of DNA collapsed by spermidine homologs depended on
the chemical structure of the polyamines. They used the same series of spermidine
homologs, H,N(CH,),NH(CH,) NH,, that were used by Thomas and Bloomfield (44)
for T,, measurements and Allison et al. (54) for condensation experiments. The Bragg
spacing and the interhelical spacing for a hexagonal packing model for DNA varied
systematically with the length of the methylene bridge of the homologs. Pelta et al.
(60) showed that at high concentrations (~mM), aggregates of calf thymus DNA could
assume aliquid crystalline state in the presence of spermidine and spermine. Hexagonal
packaging of DNA was found in liquid crystalline textures formed by polyamine-DNA
interactions. Structural specificity effects of polyamines were also evident in the stabi-
lization of liquid crystalline textures of DNA (Fig. 18) (61).

Polyamine structural dependence on triplex DNA aggregation was studied by Musso
et a. (47). They found that bis(ethyl) substitution of polyamines decreased the ability of
the parent compound to aggregate DNA. Triplex DNA was more |abile to undergo aggre-
gation than double helical DNA. For example, the ability of spermine to provoke DNA
precipitation was in the following order: triplex DNA > duplex DNA > single-stranded
DNA.. The effective concentration of spermine to precipitate DNA increased with Na' in
the medium. An interesting observation related to the aggregation of DNA was the resolu-
bilization of the aggregates at millimolar concentrations of polyamines (Fig. 19). T data
indicated that polyamines stabilized DNA even in the resolubilization state. Chemical
structural specificity of spermidine and spermine analogs were observed in the resolubi-
lization of sonicated calf thymus DNA, with N*-methyl substitution of spermidine and a
heptamethylene separation of the imino groups of spermine exerting the maximal differ-
ence in the precipitating DNA compared with spermidine and spermine, respectively.

Pelta et al. (60) studied the precipitation of short DNA molecules by spermidine,
spermine, and cobalt hexamine, and found that the addition of these cations to a DNA
solution led first to the precipitation of the DNA, and further addition led to resolubi-
lization of the DNA pellet. The multivalent salt concentration required for resolubiliza-
tion is essentially independent of the DNA concentration (between 1 pg/mL and 1
mg/mL) and of the monovalent cation concentration (up to 100 mM) present in the DNA
solution. Saminathan et al. (62) further showed that the aggregation and resolubilization
of DNA by polyamines are essentially independent of the Iength of the DNA. CD
spectroscopy revealed a series of sequential conformational alterations of duplex and
triplex DNA, with the duplex form regaining the B-DNA conformation at high concen-
trations (approx 200 mM) of spermine (Fig. 20). The triplex DNA, however, remained
in aP-DNA conformation in the resolubilization state. The W-DNA form is believed to
be a tightly packaged, twisted liquid crystalline form of DNA. The CD spectrum of
Y-DNA arises from the interaction of circularly polarized light with the highly ordered
tertiary structure, which depends on adjacent superhelical turns. Although base sequence
specificity of polyamine-induced DNA condensation and aggregation has not been well-
characterized, CD studies and centrifugation studies of an oligonucleotide harboring
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Fig. 18. Effects of higher homologs of spermine on the liquid crystalline phase transitions of
calf thymus DNA. (A) DNA (25 mM in Na cacodylate buffer) was incubated with 1 mM 3-5-3
for 24 hat 37°C. A crystalline phase is observed (x100). (B) A myelin-like growth, which devel-
oped a striped appearance, is found after incubation of DNA with 1 mM 3-6-3 for 12 h at 37°C
(x360). (C) A crystalline phase was observed on further incubating the DNA in (B) for 24 h at
37°C (x90). (D) Fingerprint textures are obtained on incubating DNA with 1 mM 3-9-3 for 12 h
at 37°C (x200). (Reprinted with permission from ref. 61.)

estrogen response element (ERE) and control sequences indicated that the sequence
containing ERE is more prone to conformational transitions and aggregation (63,64).
Thus, the first step in DNA condensation and aggregation appears to be a high-affinity,
site-specific interaction between polyamines and DNA, followed by multisite inter-
action. Multiple sites of interaction can occur around a nucleation center in a single,
long DNA molecule, resulting in toroid formation at low concentrations of DNA or a
unique ordering of multiple moleculesin the case of oligonucleotides.

9. Theories of Polyamine—-DNA Binding

The exact mechanism of polyamine binding to DNA is a contentious issue. Some
researchers believe that polyamine-DNA interaction is primarily electrostatic in
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Fig. 19. Precipitation/resol ubilization of sonicated (A) and native (B) caf thymus DNA by sper-
minein the presence of 10 (e), 25 (O), 50 (a), 100 ('), 150 (), and 250 (o) MM Na'. A logarith-
mic scaleis used for spermine concentrations. Experiments were performed in 10 mM cacodylate
buffer (pH 7.4). Higher concentrations of Na" were achieved by adding small volumes of 4 M NaCl
solution. (C) Concentrations of spermine required for 50% DNA precipitation (open symbols) and
resolubilization (filled symbols) of sonicated (o,e) and native (O0,m) calf thymus DNA. Logarithmic
scaleisused for both x and y axes of (C). (Reprinted with permission from ref. 62. © 1999 American
Chemical Society.)
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Fig. 20. Circular dichroism (CD) spectra of sonicated calf thymus DNA in the presence of
spermine in a buffer containing 10 mM sodium cacodylate, 0.5 mM EDTA, pH 7.4. Concen-
trations of spermine are as follows. (A) 0 (o), 0.015 (e), 0.03 (A), 0.05 (4), and 0.10 (O0) mM;
(B) 25 (@), 75 (A), 90 (<), 100 (a), 110 (), 125 (O), and 200 (n) mM. Because the solutions
were not centrifuged, (B) shows the CD spectra of either aggregated DNA (®,A) or resolubilized
DNA (a,¢,0,m). (Reprinted with permission from ref. 62. © 1999 American Chemical Society.)

nature (53). However, other studies show that polyamine-DNA binding cannot be
solely explained by the electrolytic theory and that structural specificities have to be
considered to explain the true nature of polyamine-DNA binding (13).

The nonspecific electrostatic interaction theory of polyamine-DNA binding is sup-
ported by the polyelectrolyte and counterion condensation theories developed by
Manning (65). According to these, the positively charged polyamines are structureless
point charges that form an ionic cloud near the DNA surface from nonspecific electro-
static interactions with the negative phosphate groups of DNA. Site-specific inter-
actions between polyamines and DNA are not considered in these models. This line of
thought has been given credence by results from earlier solution studies that used equili-
brium dialysis, nuclear magnetic resonance measurements on 2Na, N, and *H nuclei,
and calorimetric methods to study polyamine-DNA binding (13,66). However, evidence
has been accumulating that suggest that the sequence and structure of DNA plays a
significant role in determining polyamine-DNA binding. Site-specific interaction of
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polyamines with DNA is exemplified by preferential binding of polyamineswith A-DNA
and Z-DNA.

Experimental and theoretical methods have been used to determine the binding posi-
tions of polyamines on DNA. Most of these studies have focused on spermine, asit is
often used to crystallize DNA from solution. Different and often contradictory ideas
concerning the binding sites of spermine and other polyamines to DNA have been pro-
posed. Energy minimization calculations using the (dG-dC)/(dG-dC), model suggest
the folding of the major groove of DNA around spermine with the widening of the
minor groove and compaction of the intrastrand phosphate distances (33). Recent
molecular modeling studies using a B-DNA model indicate that spermine binding is
highly mobile with binding sites across major and minor grooves and around the phos-
phates, and is capable of forming bridges between different helices (32). Rapid diffu-
sion of spermine along the DNA duplex with specific tight-binding sites or delocalized
binding with no discrete sites has been suggested. Infrared studies agree with the
modeling studies, demonstrating that there could be interstrand attachment at both the
major and minor grooves, although the major groove is the preferred binding site of
spermine (67). Raman spectroscopic studies by different investigators have indicated
base-specific, as well as electrostatic interactions, independent of base composition
(68,69). Thus, the binding positions of spermine and other polyamines appears to be
unresolved and it is possible that the extent of spermine binding and its exchange with
other cations and the hydration shell at any particular site depends on several para-
meters, including DNA sequence, geometry of grooves, and the nature of other cations
and anions in the medium. The requirement of polyamines in the function of normal
cellsand their increased biosynthesis in diseases, such as cancer, has led to the devel op-
ment of synthetic polyamine analogs (70). Therefore, it is important to know how nat-
ural polyamines and synthetic analogs interact with nucleic acids.

10. Future Directions

Therole of polyaminesin the function of DNA is multifaceted. As polyamines bind
to DNA, DNA conformation changes and therefore DNA binding affinity of gene regu-
latory proteins is modulated. Certain DNA conformational variations enhance protein
binding, whereas others inhibit protein—-DNA interactions. Certain protein-binding
sites might be masked by polyamines, which will be unmasked by acetylation of
polyamines, relieving polyamine interactions with DNA. Thus, the binding of
polyamines to DNA introduces a dynamic role in gene expression as polyamine levels
are exquisitely regulated by biosynthetic and catabolic enzymes and by uptake/efflux
pathways. These direct effects of polyamines on gene regulation will be in addition to
the effects of polyamines on cell signaling pathways and kinase activities. Thus there
are numerous opportunities that need to be explored in controlling gene expression,
cell-cycle regulation, and malignant cell growth by interfering with cellular regulation
of polyamines.
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Polyamine Metabolism and the Hypertrophic Heart

Lisa M. Shantz and Emanuele Giordano

1. Introduction

Cardiac muscle hypertrophy is one of the most important compensatory responses
of the heart to multiple stresses that may be placed on it. If the stress is not relieved,
sustained hypertrophy may progress to dysfunction and heart failure. The polyamines
putrescine, spermidine, and spermine increase within hours of various types of experi-
mentally induced cardiac hypertrophy, along with ornithine decarboxylase (ODC) gene
expression. Several animal models have implicated ODC induction as an important
factor in the development of hypertrophy, particularly in response to B-adrenergic stim-
ulation. Novel transgenic mouse lines that overexpress several enzymes of polyamine
metabolism in the heart have been generated in recent years, and crosses of these lines
have pointed to decarboxylated adenosylmethionine and its control by S-adenosyl-
methionine decarboxylase as another important element in maintaining cardiac
polyamine homeostasis. The activity of arginase is thought to play aregulatory rolein
the biosynthesis of both nitric oxide (NO) and polyamines, and NO deficiency has
been linked to the development of cardiac hypertrophy. Genetically altered mouse lines
with changes in arginine and NO metabolism in the heart are available, many of which
possess cardiac abnormalities. These models will provide a valuable means to address
the interdependence of arginine and ornithine metabolism in the development of
myocardial hypertrophy and failure. Use of these tools may lead to a better understand-
ing of the control of the signaling pathways that include the polyamines, arginine, and
NO, alowing future work to focus on the interactions between these pathways in the
development of heart disease.

2. Pathological Left Ventricular Hypertrophy

Cardiac hypertrophy and its transition to heart failure is a complex illness, and the
most life-threatening disease in Western societies. Cardiac hypertrophy is defined as an
increase in heart size mainly from an increased volume of muscle cells. Growth of the
cardiac mass may be a physiological response, as observed in increased exercise,
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pregnancy, or childhood, or as part of a pathological response associated with hemo-
dynamic overload, resulting in abnormal heart function. The hypertrophic response is
initiated and sustained by a complex interplay of physical (mechanical stress) and neuro-
humoral (catecholamines, endothelin-1, angiotensin 1) factors that in turn activate
specific signaling cascades. Although the growth of the muscular massis considered to
be a compensatory mechanism maintaining systolic performance, myocardial hyper-
trophy has been shown to represent an independent risk factor for cardiovascular
disease (1).

Pathological left ventricular hypertrophy (LVH) changes the properties of the
myocardial cells by decreasing contractile function, eventually leading to heart failure.
As pathological LVH progresses, the fraction of cell volume occupied by the mass of
myofilaments increases, causing cells to lose their plasticity. Synthetic activities of
nonmuscles cells, such as fibroblasts, lead to myofibrillar disarray and fibrosis.
Pathological LVH is characterized by increased production of contractile proteins and
reactivation of a program of embryonic gene expression, including atrial natriuretic
factor (ANF). ANF functions to reduce the load on the heart by increasing vasodilation
and decreasing fluid accumulation (reviewed in ref. 2).

Heart failure results when compensatory LVH progresses to dysfunction. Congestive
heart failure can be caused by a number of aterations in the heart, including excessive
pressure load from arterial hypertension, excessive volume overload, and hypertrophic or
dilated cardiomyopathy (2). The development of novel therapeutic strategies to prevent
this progression from hypertrophy to failure depends on understanding pathological
LVH at the molecular level.

The polyamines putrescine, spermidine, and spermine have been shown to be essen-
tial for cell growth and differentiation. It has been known for some time that intracellu-
lar polyaminesincrease within hours of various types of experimentally induced cardiac
hypertrophy (3). Most of this chapter will concentrate on the response of ODC, the first
and potentially rate-limiting enzyme of polyamine biosynthesis, in animal models of the
hypertrophic phenotype. Although the majority of the work on polyamine-metabolizing
enzymes and heart hypertrophy has centered around ODC, transgenic mouse models
with overexpression of S-adenosylmethionine decarboxylase (AdoMetDC) and sper-
mine synthase in the heart also have been developed recently (4). Extensive studies of
hypertrophy in these models have yet to be completed. However, they will undoubtedly
add to our knowledge of the regulation of polyamine metabolism in the hypertrophic
phenotype in the near future. Additional information will be gained through the study of
animals with altered regulation of the arginine-metabolizing enzymes, many of which
have cardiac abnormalities. This chapter will also examine these models and their rele-
vance to the study of polyamine metabolism in the heart.

3. Altered Polyamines in the Hypertrophic Phenotype

Initial observations pointing out the relationship between polyamines and cardiac
hypertrophy date back more than 30 yr. In these studies, increases in polyamines were
found in the ventricular myocardium of animals in which hypertrophy was induced by
ascending aortic stenosis (5), stress (6), intense muscular exercise (7), or the B-adrenergic
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receptor agonist isoproterenol (8). The rise in polyamine content was accompanied by
increased histone acetylation (9), and increased rates of both RNA synthesis (7,9) and
protein synthesis (10). Inhibition of polyamine synthesis decreased histone acetylation
and RNA transcription, and this effect was reversed by spermine (11). Later studies
also implicated increased spermidine and spermine in hypertension and cardiac hyper-
trophy in arat angiotensin Il infusion model (12).

A hallmark of the hypertrophic phenotype induced by either pressure overload or
agonist administration is immediate early gene expression, including c-fos, c-jun,
c-myc, and ODC (2,13). ODC gene expression is accompanied by induction of ODC
protein and activity. Increased ODC activity has been shown to occur quite rapidly in
both mouse and rat models in response to various agents that induce a pathological car-
diac hypertrophy, including thyroxine (14), the B-adrenergic agonists isoproterenol (1
and B2) and clenbuterol (B2) and the a,-adrenergic agonists phenylephrine and meth-
oxamine (15-17). Another study has reported that ODC induction in response to iso-
proterenol depends upon increased transforming growth factor-$ activity, both in
primary myocyte culture and in isolated, perfused mouse hearts (18).

Administration of a-difluoromethylornithine (DFMO), a suicide inactivator of ODC,
reduced polyamine content and attenuated isoproterenol- and clenbuterol-induced
cardiac hypertrophy (15,16,18). Another inhibitor of ODC, a-methylornithine, also
inhibited both ODC induction and development of a hypertrophic phenotype in cardiac
myocytes with high transforming growth factor-f activity (18). Interestingly, DFMO did
not prevent thyroxine-induced hypertrophy (13,14), and o.-methylornithine did not atten-
uate phenylephrine-induced hypertrophy (18). These results suggest ODC-dependent and
ODC-independent processes leading to the hypertrophic state, depending on the inducer.

The induction of ODC activity in response to -adrenergic agonists has been exten-
sively studied in recent years. The B-adrenergic pathway is a critical point of hormonal
control of cardiac contractility in both normal and failing hearts. Although the mecha-
nism of induction of ODC during -agonist-induced hypertrophy is still unknown, the
promoter of the ODC gene contains a cyclic adenosine monophosphate (CAMP)-
response element, and the B-adrenergic receptor pathway activated by agonists such as
isoproterenol involves the stimulatory guanosine 5'-triphosphate regulatory protein
(Gs), activation of adenylyl cyclase, and accumulation of cAMP (19,20). ODC activity
can aso be induced in myocyte culture by dibutyryl-cAMP (18).

Several studies have suggested that the induction of ODC in response to 3-adrenergic
stimulation is primarily through 32-adrenergic receptors, which are a minor compo-
nent of the B-adrenergic receptors in the heart, but may become more important in the
failing heart (reviewed in ref. 19). Our studies using isoproterenol and the B1-receptor
specific antagonist atenolol suggest that both B1 and B2 receptors contribute to the
hypertrophy seen in the hearts of o.-myosin heavy chain (MHC)-ODC transgenic mice,
as discussed in the following section (21). In addition, it has been shown that cardiac
hypertrophy resulting from treatment with the 2-specific agonist clenbuterol resultsin
an accumulation of polyamines in the heart, which can be reversed by DFMO. ODC
induction by isoproterenol both in vivo and in primary myocyte culture could aso be
prevented by 2-receptor specific antagonists (15,18,22).
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4. Genetically Modified Mice

Transgenic and knockout mice represent powerful models for a deeper insight into
the pathophysiological state, and several engineered strains have improved the knowl-
edge of critical molecular steps responsible for development of the hypertrophic pheno-
type (23). The similarities in cardiac hypertrophy and heart failure between mice and
humans have shown that mice are avalid model for studying these disorders (reviewed
in ref. 24). Available mouse models with altered levels of polyamine-metabolizing
enzymes in the heart, as well as models with aterations in the arginine-metabolizing
enzymes (discussed later in this chapter) are listed in Table 1. These include transgenic
mice in which ODC, AdoMetDC, spermidine synthase, or spermidine spermine
N!-acetyltransferase were increased generally in multiple tissues by use of their own
promoters. This work has been reviewed elsewhere recently (25).

Interestingly, with the exception of ODC overexpression that produces a moderate
baseline hypertrophy, none of the transgenic lines expressing a single polyamine-
metabolizing enzyme in the heart exhibit a cardiac phenotype. However, when these
lines were crossed, severa produced lethal phenotypes, particularly when one of the
transgenes was AdoMetDC (Table 1). Homozygous del etion of either AdoMetDC (26)
or ODC (27) also produced a lethal phenotype (Table 1). Deletion of the spermine
synthase gene in a mouse line called Gy, which is the result of deletion of part of the
X chromosome, produces a complex phenotype with several physical and behaviora
alterations (28). These mice are also prone to sudden death, suggesting the possibility
of a cardiac abnormality such as arrhythmias, although these have not been reported
(Table 1).

We have reported that the targeted expression of ODC to the heart enhances
B-adrenergic agonist-induced cardiac hypertrophy (21). Transgenic mice were gener-
ated with cardiac-specific expression of a stable ODC protein using the a.-myosin
heavy chain promoter (MHC-ODC mice). Founder lines with a 30-fold overaccumula-
tion of putrescine, afourfold elevation in spermidine, a slight increase in spermine, and
accumulation of large amounts of cadaverine compared with littermate controls were
established. Despite the aterations in polyamines in the transgenic heart, early studies
detected no significant hypertrophy based on ratio of heart weight to body weight,
although ANF mRNA was elevated in transgenic ventricles (21). Subsequent studies
after multiple backcrosses have reveal ed a moderate baseline hypertrophy, as measured
by ratio of heart to body weight, myocyte cross-sectional area, and echocardiography
(29). Stimulation of B-adrenergic signaling by isoproterenol resulted in much more
severe hypertrophy in MHC-ODC mice compared with littermates, without further
alterations in the polyamines (21,29). This murine genotype is a'so more prone than
wild-type littermates to develop myocardial hypertrophy following pressure overload
by aortic stenosis induced through abdominal aortic banding (E. Giordano and L. M.
Shantz, unpublished observations).

Echocardiography of MHC-ODC mice revealed changes consistent with concentric
hypertrophy, which is a common pathological response to pressure overload character-
ized by increased width of individual cardiac myocytes (29). Despite the existing LVH,
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Table 1
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Genetically Engineered Mice With Cardiac Alterations in Polyamine-Metabolizing
Enzymes or Arginine-Metabolizing Enzymes

Baseline
Enzyme Genetic manipulation Target tissue cardiac phenotype
Polyamine-metabolizing enzymes
oDC Genomic transgene Multiple Phenotypically normal
(human ODC promoter)
Transgene (aMHC promoter) Heart Moderate LV hypertrophy
Knockout Multiple Lethal
AdoMetDC Genomic transgene Multiple Phenotypically normal
(rat AdoMetDC promoter)
Transgene (aMHC promoter) Heart Phenotypically normal
Knockout Multiple Lethal
AdoMetDC/ODC  Transgene/transgene Heart/heart Lethal
(eMHC/aMHC)
SSAT Genomic transgene Multiple Phenotypically normal
(mouse SSAT promoter)
Antizyme-1 Transgene (aMHC promoter) Heart Phenotypically normal
Spermine Transgene (CAG promoter)  Multiple Phenotypically normal
synthase
(SpmS)
Gene deletion (Gy mice) Multiple Sudden death
SpmS/ODC Transgene/transgene Multiple/ Moderate LV hypertrophy
(CAG/aMHC) heart
SpmS/ Transgene/transgene Multiple/  Lethal
AdoMetDC (CAG/aMHC) heart
Spermidine Genomic transgene Multiple Phenotypically normal
synthase (human spermidine
synthase promoter)
Arginine-metabolizing enzymes
Arginase | Knockout Multiple Lethal (postnatal day 10-14)
Arginase |1 Knockout Multiple Phenotypically normal
NOS1 Knockout Multiple  Age-related LV hypertrophy
NOS2 Knockout Multiple No cardiac abnormalities
Transgene (aMHC promoter) Heart No cardiac abnormalities
NOS3 Knockout Multiple Hypertension; decreased
heart rate; age-related LV
hypertrophy
Genomic transgene Multiple No cardiac abnormalities

(human NOS3 promoter)

Transgene (preproendothelin-1 Multiple

promoter)
Transgene (aMHC promoter)

Heart

Hypotension

Decreased LV pressure
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significant changes in fractional shortening and ejection fraction were not detected in
transgenic mice, suggesting that left ventricular function was well compensated (29).
However, staining of cardiac tissue with wheat germ agglutinin suggested an increase
ininterstitial collagen, which isindicative of fibrosis, in the hearts of MHC-ODC mice,
both in the basal state and even higher after treatment with isoproterenol (29).

It is unknown why the high ODC levels in the hearts of MHC-ODC mice leads to
the magnified response to isoproterenol. However, there is evidence for the involve-
ment of apoptotic pathways during the transition between cardiac hypertrophy and
heart failure in animal models (reviewed in ref. 23), and several in vitro studies have
indicated that loss of ODC regulation and overaccumulation of putrescine result in apop-
tosis (30,31). These studies raise the possibility that ODC-overexpressing hearts are
more susceptible to induction of apoptosis in response to stress than normal hearts
because of their extremely high levels of putrescine. However, other studies have shown
that polyamine accumulation leads to a protective effect in the presence of apoptotic
stimuli, and depletion induces apoptosis (reviewed in ref. 32).

Although the ODC levels in the hearts of MHC-ODC mice are substantially
increased when assayed in vitro, it islikely that the resulting increase in polyaminesin
the heart is limited by the availability of L-ornithine and of decarboxylated S-adenosyl-
methionine (dcAdoMet). It has been shown in several in vitro systems that high levels
of putrescine do not always lead to an increase in the higher polyamines (33,34), point-
ing to AdoMetDC and not ODC as the rate-limiting factor in spermidine and spermine
synthesis. Indeed, despite more than a 1000-fold overexpression of ODC and 30-fold
enlargement of putrescine pools reported in MHC-ODC mice, spermidine was elevated
only fourfold and spermine less than twofold (21). Although this represents a more
substantial increase in spermidine compared with other systems with ODC overaccu-
mulation, the inability to increase tissue spermine levels in the presence of high ODC
activity has been noted in other transgenic models (reviewed in ref. 25). In addition to
limited availability of dcAdoMet, another explanation for this phenomenon could be
sequestration of putrescine pools, such that putrescine becomes unavailable for further
metabolism to the higher polyamines.

Mice with constitutive overexpression of AdoMetDC in the heart have been gener-
ated recently using the cardiac-specific aMHC promoter and found to be phenotypically
normal (4). Crosses in which both AdoMetDC and ODC are expressed at high levelsin
the heart are lethal in utero (Neisenberg, O., Shantz, L. M., and Pegg, A. E., unpublished
observation). Similarly, when MHC-AdoMetDC mice were crossed with CAG/SpmS
mice, which have ageneral overexpression of spermine synthasein many organs, includ-
ing the heart, the combination was lethal at an early age (4). Although the cause of this
lethality is not known, it is possible that the overexpression of AdoMetDC is able to
shift all of the higher polyaminesin the heart toward the formation of spermine because
of the presence of excess dcAdoMet and high levels of spermine synthase. It has been
suggested that spermine is the most effective of the polyaminesin atering inward recti-
fication of potassium channels and in inducing apoptosis (35,36). Thus high levels of
spermine may cause lethal effects by disturbing the normal functions of these pathways
in the heart. It should be noted that CAG/SpmS mice, despite up to 1000-fold induction
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of spermine synthase in multiple organs, including the heart, are phenotypically normal
with only a modest rise in cardiac spermine levels. This agrees with the idea of
dcAdoMet levels being limiting unless AdoMetDC is a so overexpressed.

Breeding of MHC-ODC mice with CAG-SpmS mice produced offspring with more
than 1000-fold induction of both ODC and spermine synthase in the heart. This pro-
found change in two polyamine metabolizing enzymes produced a 44% decrease in
cardiac spermidine (a reduction almost to nontransgenic control levels) and only a20%
increase in cardiac spermine levels compared with MHC-ODC mice, again pointing to
the importance of dcAdoMet in polyamine homeostasis (4). CAG-SpmS/MHC-ODC
mice maintain the moderate LVH seenin MHC-ODC mice (4), suggesting the increased
spermidine in MHC-ODC mice is not related to the observed hypertrophy.

Definitive proof that high levels of ODC activity are necessary to induce a phenotype
of hypertrophy or failure in vivo would ideally require gene deletion studies. In the case
of ODC, which is a housekeeping gene essential for normal growth and development,
homozygous deletion has been shown to be lethal very early in embryonic develop-
ment (27). As an alternative approach to address this issue, a transgenic mouse line
expressing the protein antizyme (ATZ) under the control of the aMHC promoter was
generated (37). In addition to promoting the degradation of ODC, binding of ATZ also
inhibits ODC activity, and overexpression of ATZ can inhibit polyamine transport into
the cell, making it difficult for the cell to compensate for reduced ODC activity by
importing polyamines (38). This points to an advantage of ATZ-overexpressing mice
over both ODC knockout mice and treatment of normal mice with DFMO. In addition,
mice pretreated with DFMO are much less responsive to isoproterenol than mice that
received DFMO and isoproterenol simultaneously (13), suggesting prevention of the
initial rise in ODC activity is more effective in reducing the occurrence of subsegquent
hypertrophy.

Overexpression of ATZ driven by the aMHC promoter (MHC-ATZ mice) caused no
abnormal phenotype and very little change in polyamines in the hearts of untreated
mice. This observation can be explained by the continued presence of ODC activity in
the hearts of MHC-ATZ mice (37). When MHC-ATZ mice were treated with isopro-
terenol, ODC activity in the heart was depressed compared with control mice, but two
different lines of MHC-ATZ mice exhibited the same hypertrophic response as their lit-
termates (37). These results suggest that 3-agonist-induced hypertrophy is the result of
the concurrent activation of multiple, possibly independent, signaling pathways. Only
one marker of hypertrophy was evaluated in these studies (ratio of heart weight to body
weight), and it is not known whether other genetic or biochemical markers of hypertro-
phy were changed in MHC-ATZ mice. In addition, one of the MHC-ATZ lines showed
a slight hypertrophic phenotype in untreated mice. It is unknown whether the high
expression of ATZ in the hearts of these mice might affect other pathways involved in
the development of hypertrophy. Another question remaining to be answered is the
nature of the residual ODC activity in MHC-ATZ hearts mentioned earlier in this chap-
ter. Compartmentalization of some fraction of the ODC protein might allow a local
induction in response to the hypertrophic stimulus even in the presence of very high
levels of ATZ.
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5. Role of Arginine-Metabolizing Enzymes

The mgjority of work completed to date on ODC and cardiac hypertrophy has measured
the effects of atered ODC activity only on the polyamines, which are downstream products
of the ODC reaction. However, the ODC protein is part of a more complex signding cas-
cade (Fig. 1). The ODC substrate ornithine is produced in all cells by the activity of
arginase, which catalyzes the conversion of L-arginine to L-ornithine and urea (39).
Arginase exists as two isoforms, with arginase | targeted to the cytoplasm and arginase I
to the mitochondria (39). ODC is extramitochondrial, whereas ornithine may be located
in the mitochondria or cytoplasm (Fig. 1). L-arginine is also the substrate for NO syn-
thases (NOS). All three NOS isoforms catalyze the synthesis of NO and L-citrulline from
L-arginine (40). Thus the conversion of L-arginine into L-ornithine by arginase limits the
availability of L-arginine as a precursor of NO and shifts the equilibrium between NOS
and ODC toward polyamine biosynthesis (41). The activity of arginase is therefore
thought to play aregulatory role in the biosynthesis of both NO and polyamines (41).

NO production isinvolved in alarge number of physiological and pathophysiological
functions in animal tissues, and the cardiovascular system is dramatically affected by its
availability. Among its actions, NO is responsible for endothelium-mediated vasorelaxing
tone, prevents platelet aggregation and adhesion to the vessel wall, and is the mediator of
parasympathetic neurovegetative tone in the myocardium. In addition, several reports
have pointed out the antiproliferative effect of NO in smooth muscle cells in the patho-
genesis of atherosclerosis (42) and the antihypertrophic potential of NO in the heart (43).

In agreement with their opposing effects on cell proliferation, polyamines can inhibit
NOS activity and NO-mediated effects (44,45). In addition, NO and its intermediate
NG-hydroxy-L-arginine have been identified as inhibitors of ODC and polyamine-
mediated pathways (46). Other studies have shown that NG-hydroxy-L-arginine inhibits
arginase activity (47) and limits cell proliferation (48) in several biological systems.

As with ODC induction, NO deficiency has also been linked to the development of
cardiac hypertrophy using mouse models, as shown in Table 1 (43). NO has been shown
to diminish the B-adrenergic response in cardiomyocytes (49), and overexpression of
NOS 3 in the heart using the preproendothelin-1 promoter was found to attenuate
cardiac hypertrophy in response to isoproterenol, as measured by the decreased ratio of
heart weight to body weight and myocyte cross-sectional area (50). ANF-upregulation
in response to isoproterenol was also inhibited in NOS 3 transgenic mice. Another trans-
genic NOS 3 line that made use of the native NOS 3 promoter to produce moderate ele-
vations of protein and preserve transcriptional regulation showed a dramatic increase in
survival with reduction of pulmonary edema and improved cardiac function in
NOS 3-overexpressing mice subjected to infarct-induced congestive heart failure (51).

The findings described support strongly the differential regulation of NO and
polyamine biosynthesis through the availability of arginine. Consistent with thisideais
the observation that when cardiac hypertrophy was induced in MHC-ODC mice with
isoproterenol, arginase activity was induced dramatically, whereas activity in littermate
controls was below the limit of detection (29). The transgenic phenotype is aso char-
acterized by atwofold upregulation of NOS 3 protein in the heart (29). Changes in
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L-arginine availability may therefore contribute to differential regulation of NO and
polyamine biosynthesis in MHC-ODC mice. Little is known about the levels of the
polyamines or their enzymes in the hearts of NOS knockout mice or mice with cardiac-
specific NOS overexpression. However, the results obtained with MHC-ODC mice
indicate that these questions are worth pursuing.

The overproduction of polyamines, induction of arginine-metabolizing enzymes,
and activation of B-adrenergic pathways may interact through several possible mecha-
nisms. For example, activation of B-adrenergic receptors causes Ca?* mobilization
through phosphorylation of the L-type calcium channel by the cAMP-dependent
protein kinase A, and also through direct coupling of stimulatory guanosine 5'-
triphosphate regulatory protein to calcium channel activation (19). It has been sug-
gested that polyamines may play arolein stimulation of Ca2* influx in rat myocytesin
the presence of isoproterenol (52). Thus the positively charged polyamines, particu-
larly the diamine putrescine, may affect Ca?+ mobilization in response to B-adrenergic
receptor activation. It is also known that NO inhibits L-type Ca?* channels (53), and it
has been shown that NOS 3 localizes to caveolae, where it is compartmentalized with
B-adrenergic receptors and L-type Ca?* channels (54). Therefore, the increase in NOS
3 in the hearts of MHC-ODC mice may represent an attempt to supply an adaptive
counterresponse to the hypertrophic stimulus. Thisis also suggested by evidence in the
literature pointing to the ability of NO to downregulate ODC activity (46) and to blunt
the hypertrophic potential of a variety of myocardial stressors (43).

6. Future Directions

The ability to maintain polyamine homeostasis in the heart despite substantial,
simultaneous induction of ODC and spermine synthase points to dcAdoMet and its
control by AdoMetDC as an important area of future study. The MHC-AdoMetDC
mice have no baseline hypertrophy, however, crosses of these mice with others pos-
sessing altered polyamine regulation have proven to be lethal. Studies of these mice
with inducers of a hypertrophic phenotype have not yet been reported. However, use of
newer transgenic technology, such as inducible promoters and conditional knockouts,
may be necessary to address the role of spermine and the ratio of spermine to spermi-
dine in the development of the hypertrophic phenotype.

Although many studies have established that increases in polyamines are an early
event in the development of cardiac hypertrophy, little is known of the regulation of
polyamine levels in the progression from hypertrophy to heart failure. Mice have also
been used as amodel for congestive heart failure by induction of myocardial infarction
using descending coronary artery occlusion, in which animals may be monitored for an
extended period after infarction (see ref. 51). This model may be useful in studying
polyamine regulation in both transgenic and nontransgenic mice. Of particular interest
would be the potential protective effect of ATZ overexpression in this model, perhaps
implicating ODC as a target of therapy for patients with congestive heart failure.

There are a variety of genetically altered mouse strains available that are promising
candidates for cross-breeding with mice that have altered cardiac polyamines. These
include mice deficient in all three isoforms of NOS (54), transgenic NOS mice
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(50,51,55,56), and mice containing a targeted disruption of the arginase Il gene (57)
(see Table 1). These models can be used to increase understanding of the association
between polyamine regulation and arginine regulation in both the normal and hyper-
trophic heart. Arginase 11 (#-) mice showed a trend toward increased plasma ornithine,
although the difference was not statistically significant (57). A homozygous arginase |
deletion has been shown to be lethal early in life (58). However, arginase | () mice
areviable, and may also be useful, particularly in crossing with mice containing altered
ODC in the heart. The oral supplementation of L-arginine has been suggested as a tool
to increase the activity of the NO/NOS biochemica pathway. This intervention could
also be relevant in understanding the mechanism of the hypertrophic phenotype
obtained in ODC-overexpressing mice.

In addressing the relationship between polyamine regulation and B-adrenergic acti-
vation, transgenic lines overexpressing both 1- and f2-adrenergic receptors under
control of the aMHC promoter have been described (59,60), as well as mice over-
expressing proteins downstream of these receptors, such as the Gas protein (61) and
adenylyl cyclase (62). These models can be used to address whether pathways down-
stream of the B-adrenergic receptors are directly connected to alterations in the
polyamines, or act in parallel with increased polyamines in the development of a patho-
logical cardiac phenotype.

Several of the lines mentioned here devel op age-related hypertrophy (e.g., NOS1(~)
mice, NOS3(7-) mice, aMHC-B2-AR mice). Because hypertrophy and its transition to
heart failure is often a disease of aging, these models are physiologically relevant.
Breeding of these mice with MHC-ATZ mice would address the importance of ODC
induction in long-term studies, rather than the more acute phenotype generated by p-
adrenergic agonist stimulation. Other available models show improved function in
cardiomyopathy (a«MHC-AC mice), making them an interesting choice for breeding
not only with MHC-ODC mice, but also with either CAG-SpmS mice or MHC-
AdoMetDC mice. Experiments such as these would address the importance of sper-
mine itself, as well as the ratio of spermidine to spermine in the diseased heart. Thus
these examples provide interesting possibilities for creating strains that have modifica-
tions in a variety of signal transduction pathways along with deregulated polyamine
metabolism, providing a powerful technique to determine important interactions that
mediate or antagonize the effects of altered polyamine levelsin the heart.
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Influence of Polyamines on Breast Cancer Biology

Andrea Manni

1. Introduction

More than 200,000 women are diagnosed yearly with breast cancer in the United
States. Despite the significant improvement in survival introduced by both adjuvant
hormonal therapy (restricted to estrogen receptor-positive tumors) and chemotherapy,
approx 40,000 American women still die yearly from this malignancy. Therefore,
improved understanding of the steps involved in carcinogenesis, cancer cell prolifera-
tion, and tumor progression is of critical importance to develop specifically targeted
preventive and therapeutic regimens. The appreciation of the major role played by
estrogens in human breast cancer biology has led to the development of effective treat-
ments aimed at blocking either estrogen action with antiestrogens (1) or estrogen
biosynthesis with aromatase inhibitors (2). Both classes of compounds represent class-
ical examples of biologically based therapies and have been found to be highly effec-
tive in the treatment of advanced disease, in the adjuvant setting and, at least with
antiestrogens, in breast cancer prevention (1,2). Unfortunately, these compounds are
ineffective in the treatment of tumors that are either already hormone independent at
diagnosis (approximately two-thirds of breast cancers) or which have progressed to
hormone independence after an initial period of hormone responsiveness. Therefore,
considerable effort is being placed in targeting multiple growth factor and other onco-
genic signaling pathways whose activation may be responsible for the development of
hormone resistance. It is hoped that these treatments may either prevent progression to
hormone independence or may induce regression of tumors that have already become
hormone resistant.

Over the years, our laboratory has been interested in exploring the polyamine path-
way as a therapeutic target in breast cancer. Our interest in this approach stems from
the evidence (to be reviewed here) that polyamines are involved in the hormonal control
of breast cancer growth, and play a critical role in the expression of the invasive and
metastatic properties of hormone-independent tumors. Activation of the polyamine
metabolic pathway, typically leading to accumulation of intracellular polyamines, plays
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amajor role in cancer biology, including breast cancer (3,4). Most of the research has
focused on ornithine decarboxylase (ODC), the first and rate-limiting enzyme in
polyamine biosynthesis. Elevated levels of ODC activity have been demonstrated in a
large variety of cancers compared with the surrounding normal tissues. Less is known
about the role played in cancer by S-adenosylmethionine decarboxylase (AdoMetDC),
the other highly inducible polyamine biosynthetic enzyme that promotes the formation
of spermidine and spermine. We will provide a brief overview on the influence of
polyamines on mammary carcinogenesis, breast cancer cell proliferation, and tumor
progression, with particular focus on the devel opment of metastasis. We will also dis-
cuss the possible cellular mechanisms mediating polyamine effects on breast cancer
phenotype, mostly focusing on ongoing research in our laboratory. In the aggregate,
the data point to the polyamine pathway as an attractive target for breast cancer preven-
tion and treatment.

2. Mammary Carcinogenesis

Considerable evidence indicates that increased ODC activity and cellular polyamine
levels are involved in carcinogenesis. Increased ODC activity is frequently detected in
transformed cell lines (5), animal tumors (6), and some preneoplastic lesions (7). In
addition, activation of the polyamine pathway has been found to be essential in several
experimental systems of carcinogenesis (8,9). The observation that levels of polyamines
and ODC activity are higher in human breast cancer specimens than in normal and
benign breast tissue (10,11) provides support for arole of the polyamine pathway in
breast cancer development. Using an immunohistochemical method that can be applied
to formalin-fixed, paraffin-embedded tissue sections, we have found that ODC expres-
sion is significantly higher in the malignant epithelial component than in normal-
appearing epithelial cells and stroma admixed with the tumor (12), thus supporting the
concept that ODC is upregulated during mammary carcinogenesis.

To test directly the role of ODC in mammary carcinogenesis, we induced over-
expression of this enzyme in the spontaneously immortalized MCF-10A human mam-
mary epithelial cell line (13). We observed that induction of ODC overexpression
markedly potentiated the transforming effect of HER-2neu and epidermal growth fac-
tor (EGF) receptor activation in our system (13). Our data also suggested that activa-
tion of the mitogen-activated protein kinase (MAPK) cascade may mediate the
cooperativity between the polyamine pathway and HER-2neu/EGF signaling in pro-
moting clonogenicity (as an indicator of transformation) of MCF-10A cells (13). Of
note, in the absence of EGF and HER-2neu activation, ODC overexpression failed to
induce both clonogenicity and MAPK activation (13). This observation is in agreement
with several lines of evidence indicating that ODC overexpression aone is not suffi-
cient for the acquisition of afully transformed phenotype (14). The significance of the
observed activation of the MAPK pathway in the presence of ODC overexpression and
enhanced HER-2neuw/EGF signaling is strengthened by the report of Sivaraman et al.
(15). These investigators detected a 5- to 10-fold increase in MAPK activity and expres-
sion in human breast cancer specimens over benign conditions, thus implicating this
signal transduction pathway in breast cancer development. In studies performed in
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murine fibroblast, Kubota et al. (16) observed enhanced MAPK activity in transformed
ODC-overproducing transfectants. Therefore, ODC-induced activation of MAPK
signaling is not restricted to our experimental system, but more likely is a central medi-
ator of ODC-mediated transformation.

Additional evidence implicating polyamines in breast cancer development is pro-
vided by the finding that inhibition of ODC activity with a-difluoromethylornithine
(DFMO) inhibits the development of chemically induced rat mammary tumors (17).
This protection is associated with suppressed ODC activity and polyamine levels, and
is blocked by the addition of putrescine to the diet (17). DFMO administration has also
been shown to suppress the development of hormone-independent breast cancersin a
transgenic model system (18). This is a particularly important observation because, at
the moment, there are no known regimens able to reduce the incidence of hormone-
independent breast cancers, which are the most aggressive and whose development is
not inhibited by antiestrogen treatment with tamoxifen.

Based on the recognized importance of ODC in carcinogenesis, DFMO treatment is
being tested in several phase | and Il chemopreventive trials (19). Of particular rele-
vance to breast cancer is a double-blind, randomized, phase Il study conducted in a
group of women at high risk (20). The subjects were required to have pretreatment
periareolar fine-needle aspiration cytology showing hyperplasia or hyperplasia with
atypia. In this study, DFMO at the dose of 0.5 gm/M?/d for 6 mo did not result in any
cytological improvement and did not affect any of the secondary biomarkers tested,
such as proliferating cell nuclear antigen expression (an index of cell proliferation),
mammographic breast density, or serum insulin-like growth factor (IGF)-I and IGF-1/
IGFBP-3 ratio. As recognized by the authors, however, these negative results may be
explained by an insufficient dose of DFMO that, although able to modestly reduce
average total urine polyamines, did not affect the spermidine/spermine ratio. The mean
plasma level of DFMO was, indeed, found to be well below the level associated with
decreased spermidine/spermine ratio and suppression of proliferation. Therefore, the
merit of targeting the polyamine pathway in breast cancer chemoprevention remains to
be tested using a more effective regimen.

3. Breast Cancer Cell Proliferation

Considerable evidence from our and other laboratories has shown that polyamines
are critically involved in breast cancer cell proliferation (21). In hormone-responsive
tumors, ODC activity is stimulated by estrogen leading to an increased cellular
polyamine content (22). Administration of DFMO has been shown to consistently
inhibit estradiol-stimulated ODC activity and estrogen-stimulated growth in numerous
experimental systems (23-25). It is important to emphasize, however, that polyamines
are selectively involved in hormone action because other estrogen-regulated events
(assessed concomitantly with tumor growth) have not been found to be affected by
DFMO administration (25). Polyamines are likely to influence hormone action in breast
cancer cells at multiple steps. They include the association kinetics of the estrogen
receptor with specific DNA seguences (26), the synthesis of estradiol-regulated, cell-
cycle specific genes (27) and the synthesis or action of hormonally regulated growth
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factors (24,28). Because ODC activity and cellular polyamine levels are increased in
breast cancer compared with normal breast tissue (10,11), we hypothesized that consti-
tutive activation of the polyamine pathway could provide breast cancer cells with a
growth advantage, possibly bypassing the need for estrogen stimulation and contribut-
ing to the acquisition of hormone independence. To directly test the influence of
increased polyamine biosynthetic activity on phenotypical features of breast cancer
cells, we induced ODC overexpression in the hormone-responsive, MCF-7 human
breast cancer cell line. Although ODC-overexpressing clones exhibited a statistically
significant increase in basal growth and a decreased sensitivity to the proliferative
effects of estradiol (by approx 35%), these phenotypical changes were relatively mod-
est and of dubious biological significance (29). Analysis of cellular polyamine pools
showed that ODC overexpression led to a marked and selective accumulation of
putrescine, whereas levels of spermidine and spermine were not affected (29). This
profile is quite different from that found in human breast cancer specimens, in which
all three polyamines are increased (10,11).

In the attempt to increase the cellular levels of the more distal polyamines, we
have transfected MCF-7 cells with an AdoMetDC-complimentary DNA (30,31).
AdoMetDC-overexpressing MCF-7 cells did not manifest any significant change in
basal growth or in hormone responsiveness (30,31). Their polyamine profiles, however,
were also quite different from that of naturally occurring tumors and consisted of a
selective increase in spermine, whereas putrescine and spermidine levels were both
suppressed as aresult of the compensatory decrease in ODC (30,31).

In the aggregate, these results emphasize the difficulty in investigating the role of
activation of polyamine biosynthesis in breast cancer biology by inducing overexpres-
sion of individual polyamine biosynthetic enzymes. As a consequence of the multiple
compensatory events taking place when either ODC or AdoMetDC activity are artifi-
cially enhanced, the resulting polyamine profiles are quite different from those of actual
human breast cancer specimens in which, evidently, these homeostatic mechanisms are
lost, thus allowing accumulation of all three polyamines.

Despite abundant data in the literature supporting the antitumor action of DFMO in
numerous experimental breast cancer systems, evidence indicating clinical efficacy in
women with metastatic breast cancer is lacking. We participated in a phase I/11 toler-
ability, pharmacokinetic, and efficacy study of high-dose DFMO (4800 mg po three times
per day for 14 d, followed by a 2-wk drug holiday on a 28-d cycle) in 21 pretreated
women with metastatic breast