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Numerous studies have correlated elevated polyamine levels with abnormal or rapid cell
growth. One therapeutic strategy to treat diseases with increased cellular proliferation
rates, most obviously cancer, has been to identify compounds which lower cellular
polyamine levels. An ideal target for this strategy is the protein antizyme—a negative
regulator of polyamine biosynthesis and import, and a positive regulator of polyamine
export. In this study, we have optimized two tissue-culture assays in 96-well format, to
allow the rapid screening of a 750-member polyamine analog library for compounds
which induce antizyme frameshifting and fail to substitute for the natural polyamines
in growth. Five analogs (MQTPA1–5) containing xylene (1,4-dimethyl benzene) were
found to be equal to or better than spermidine at stimulating antizyme frameshifting
and were inefficient at rescuing cell growth following polyamine depletion. These
compounds were further characterized for effects on natural polyamine levels and
enzymes involved in polyamine metabolism. Finally, direct measurements of antizyme
induction in cells treated with two of the lead compounds revealed an 8- to 15-fold
increase in antizyme protein over untreated cells. The impact of the xylene moiety
and the distance between the positively charged amino groups on antizyme frameshift-
ing and cell growth are discussed.

Key words: antizyme, drug screen, frameshift, ornithine decarboxylase, polyamine
analog.

Abbreviations: AG, aminoguanidine; DENSPM, N1,N11-diethylnorspermine; DFMO, Difluoromethylornithine;
FBS, fetal bovine serum; GRR, growth rescue ratio; ODC, ornithine decarboxylase; %FS, percent frameshifting;
%RF, percent relative frameshifting; SAMDC, S-adenosylmethionine decarboxylase; SSAT, spermidine/
spermine N1-acetyltransferase.

Polyamines (putrescine, spermidine, and spermine) are
essential for cell growth and cell cycle progression
(reviewed in Ref. 1), and intracellular levels are highly
regulated through complex feedback mechanisms invol-
ving synthesis, catabolism/interconversion, import, and
export (Fig. 1) (reviewed in Refs. 2 and 3). Based on the
observation that increased polyamine levels are correlated
with neoplastic growth (reviewed in Refs. 4 and 5), it has
been proposed that reducing or depleting intracellular
polyamine levels would be an appropriate therapy, or
preventative, for diseases involving undesired cell prolif-
eration such as cancer.

Early efforts at modulating polyamine levels focused on
reducing synthesis through inhibition of the major polya-
mine metabolic enzymes, ODC and SAMDC. DFMO is an
irreversible inhibitor of ODC (6) that induces growth arrest
and decreases the intracellular content of putrescine and

spermidine in normal and malignant cells (7). Despite its
early promise, DFMO had slow uptake and rapid excretion
from the body (8), lacked the ability to reduce spermine
levels, and led to an up-regulation of polyamine import (9).
Since extracellular polyamines are readily available from
our diet and gut flora, inhibition of polyamine synthesis
with DFMO alone has shown limited chemoprevent-
ive (10, 11) and therapeutic success (12, 13). Likewise,
SAM486A (CGP48664), a potent inhibitor of SAMDC
(14, 15), showed mixed results in phase II clinical trials
(16, 17). As with DFMO, growth inhibition by SAM486A
can be prevented by exogenous spermidine or spermine
(14). Clinical success with these and other polyamine bio-
synthetic enzyme inhibitors is likely to be compromised by
the up regulation in polyamine transport and the compen-
satory responses by enzymes involved in the homeostatic
control of cellular polyamine levels.

Combination therapies with more than one target have
been developed to affect multiple polyamine maintenance
pathways. For example, polyamine transport inhibitors
used in conjunction with DFMO have shown promise in
cell culture studies (18, 19) and in tumor inhibition studies
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in nude mice (20). Similarly, polyamine analogs have been
designed with the intent of affecting multiple targets in
the polyamine pathway. The polyamine analog DENSPM
induces the catabolic enzyme SSAT, down regulates ODC
and SAMDC, suppresses polyamine uptake, and inhibits
cell growth (reviewed in Ref. 21). While preclinical trials
showed promise for DENSPM as an anticancer drug (22,
23), clinical trials uncovered gastrointestinal toxicities
that compromised the dosing and selectivity (24, 25).

Another strategy to productively alter polyamine home-
ostasis has been to enhance the cell’s innate ability to
reduce polyamine levels through induction of antizyme.
Antizyme serves as the cell’s sensor and regulator of poly-
amine levels, maintaining homeostasis and preventing
toxicity from excess polyamines. Antizyme binds ODC and
targets it for proteasomal degradation (26–28), inhibits
polyamine import (29–31), and enhances polyamine export
(32). A number of studies have looked at both transient
and inducible over-expression of antizyme in cell lines
and animal tumor models (33–36). The results demon-
strate that deliberate antizyme induction can effectively
inhibit cell growth and reduce tumor formation in mice.

A family of three human antizyme genes has been iden-
tified. Antizyme 1 (37) and 2 (38, 39) show nearly ubiquitous
tissue expression, whereas antizyme 3 (40, 41) is only
expressed in developing male germ cells. All three anti-
zymes use the same unique method of protein expression
that requires +1 translational frameshifting (42, 43). mRNA
sequences 50 and 30 of the frameshift site (UCC UGA) have
been identified as important stimulators of the frameshift
event in both antizyme 1 and 2 (42, 43). In addition to these
cis-acting mRNA sequences, frameshifting is stimulated by
polyamines, thus creating an autoregulatory circuit for con-
trolling intracellular polyamine pools. The mechanism by
which polyamines stimulate frameshifting is unknown,
although the regulatory 50 sequence and the ORF1 stop
codon, but not the 30 sequence, are required (44, 45).

In the first published assessment of antizyme induction
using polyamine analogs, a class of oligoamines was

identified that could induce antizyme up to two-fold better
than spermine (46). Four classes of analogs structurally
similar to spermine and spermidine (total of 24 analogs)
were characterized for their ability to induce antizyme and
inhibit cell growth. Despite wide variation in cell growth
inhibition after 3 days with the analogs, there was a gen-
eral correlation with the highest antizyme inducers show-
ing potent and rapid growth inhibition.

High throughput screens have proven to be a valuable
and essential tool identifying potential hits among chemi-
cal libraries. We have developed two 96-well assays as a
primary screening strategy to identify antizyme-inducing
molecules in a 750-member polyamine analog library. A
quantitative cellular antizyme frameshifting reporter
assay (44, 47) was adapted to a 96-well format providing
a method to screen for antizyme frameshift-inducers. A
growth-rescue assay, also in a 96-well format, was used
to identify those molecules that have limited ability to
function like natural polyamines in cell growth. Com-
pounds were identified that were more potent antizyme
frameshift inducers than spermidine, with little ability
to substitute for polyamines in maintaining cell growth.
Cells treated with five of the lead compounds, each contain-
ing xylene (1,4-dimethyl benzene), showed reduced polya-
mine levels, reduced ODC activity, were growth inhibited
without induction of SSAT or inhibition of SAMDC, sig-
nifying that endogenous antizyme was being induced. As
predicted, antizyme induction was confirmed for two of
the lead compounds.

MATERIAL AND METHODS

Cell Culture and Reagents—The human embryonic kid-
ney HEK293 and the Chinese hamster ovary CHO cell lines
were obtained from American Type Culture Collection
(Manassas, VA) and cultured in DMEM media (Mediatech,
Inc.; Herndon, WA), 10% FBS (Gibco BRL; Gaithersburg,
MD), 50 U/ml penicillin, 50 mg/ml streptomycin and 2 mM
l-glutamine (Cambrex Bio Science, Walkersville, MD) at

Fig. 1. The polyamine meta-
bolic pathway. AZ = antizyme,
PAO = polyamine oxidase, and
SMO = spermine oxidase.
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37�C in an atmosphere of 5% CO2. When cells were cul-
tured with polyamines or polyamine analogs, 1 mM AG
(Sigma) was included to inhibit serum amine oxidase
activity. DFMO was obtained from Advanced ChemTech
(Louisville, Kentucky). DENSPM was obtained from Pfizer
Pharmaceuticals (Ann Arbor, MI). Agmatine was obtained
from Aldrich (Milwaukee, WI).

In Vitro Frameshifting Assay—Compounds were scree-
ned for their ability to induce frameshifting using a dual
luciferase reporter assay (p2luc) (47). HEK 293 cells were
plated in white sided, clear-bottomed 96-well assay plates
at 15,000 cells per well in 100 ml of medium (DMEM sup-
plemented with 10% FBS, 1% penicillin, streptomycin and
L-glutamine) containing 2.5 mM DFMO. The cells were
incubated for two days at 37�C in an atmosphere of 5%
CO2. Cells were transfected overnight with 100 ng of
plasmid DNA and 0.3 ml lipofectAMINE reagent (Life-
Technologies) in 50 ml of serum-free DMEM containing
2.5 mM DFMO. After transfections, compounds (diluted
in either water or medium) were added at a concentration
of 25 mM. The positive control contained 25 mM spermidine,
and for the negative control no spermidine or compound
was added. The cells were incubated overnight at 37�C
in an atmosphere of 5% CO2, washed once with 1· PBS,
lysed with 50 ml of passive lysis buffer (Promega) and
assayed for Renilla and firefly luciferase activity using
the Dual-Luciferase Reporter Assay System (Promega)
(47). Plates were read using a Thermo Labsystems lumi-
nescence plate reader.

The %FS was determined by dividing the ratio of the
firefly luciferase to Renilla luciferase activity in cells
transfected with the inducible p2Lucaz1 construct by the
ratio of the firefly luciferase to Renilla luciferase activity
in cells transfected with the control, in frame vector
p2Lucaz1-IF.

The %RF compares the induced frameshifting of the test
compound to 25 mM spermidine. The %RF was calculated
by the following method. The background percent frame-
shifting activity determined from the 2.5 mM DFMO nega-
tive control was subtracted from the percent frameshifting
activity for all compounds, including the spermidine con-
trol. The background-corrected frameshifting activity of
each compound was then divided by the background-
corrected frameshifting activity induced by 25 mM spermi-
dine and multiplied by 100. Averages were determined
from two to four experiments (n = 6–12).

Growth Rescue Screens—To determine the IC50 value for
DFMO and the growth rescue ability of spermidine, cells
were plated in 96-well plates such that they would be in log
growth for the duration of the assay. Twenty four hours
after plating, DFMO or spermidine was titrated onto the
cells, and growth, if any, was permitted to continue for
three days in the presence of 1 mM AG. At the end of
the three days, cell growth was measured by MTS/PMS
dye assay (Cell Titer 96 Aqueous Non-Radioactive Cell
Proliferation Assay; Promega, Madison, WI). OD values
are an average of one to two experiments (n = 3–6). The
IC50 is the concentration of DFMO that results in 50% of
maximum cell growth inhibition.

For the growth rescue assays, HEK293 cells were plated
in 96-well assay plates at 1,000 cells per well in 100 ml
of medium (DMEM supplemented with 10% FBS, 1%
penicillin, streptomycin and L-glutamine). The cells were

incubated overnight at 37�C in an atmosphere of 5% CO2.
Compounds were added along with 1 mM AG and 2.5 mM
DFMO in a final volume of 200 ml medium. The positive
control contained 25 mM spermidine. The cells were
allowed to incubate for six days before cell growth was
measured by MTS/PMS dye assay. The rescue values
were expressed as the GRR [(absorbance at 490 nm of
cells treated with compound and DFMO)/(absorbance at
490 nm of cells treated only with DFMO)].

Intracellular Polyamine Levels and Enzyme Activities—
Intracellular levels of putrescine, spermidine, spermine,
N1-acetylspermidine, and MQTPA1–5 were quantified
using reverse phase high-performance liquid chromatogra-
phy (48) with modifications as previously described (49).
Following exposure to 10 mM of each analog for 24 h, cell
pellets were extracted with 0.6 N perchloric acid, followed
by dansylation, and peaks of interest were identified and
quantified using purified standards. The results were
expressed as pmol/106 cells. Results are an average of
two experiments (n = 6), except spermidine which is
from one experiment (n = 3). Cells were also collected to
assay for ODC, SSAT, and SAMDC activities as previously
described (50, 51). Polyamine enzyme activities were
expressed as pmol of N1-acetylspermidine generated
per min/mg of protein for SSAT and as nmol CO2/h/mg
protein for ODC and SAMDC. ODC activity is the average
of two experiments (n = 6). SSAT and SAMDC activities are
from one experiment (n = 3).

Western Blot Analysis—Chinese Hamster Ovary (CHO)
cells were chosen to demonstrate AZ induction in vivo since
their low steady state levels of AZ provide a clean system
for quantifying fold increases. Cells were treated for 24 h
with 10 mM of either putrescine, spermine, MQTPA3, or
MQTPA5. Cells were harvested and total lysates (60 mg
per lane) were run on a 10% Bis-Tris Criterion XT precast
gel system (Bio-Rad Laboratories, Hercules, CA) using XT
MES running buffer. Gels were transferred to a nylon
membrane and immunoblotted with affinity-purified poly-
clonal rabbit antibody specific for antizyme (AZ; 24 kDa)
generously provided by Dr. John Mitchell at Northern
Illinois University, DeKalb, IL (29, 46, 64). Detection
was performed with enhanced chemiluminescence from
Amersham Pharmacia Biotechnology (Arlington Heights,
IL). Protein was determined by the standard Bio-Rad
assay, and b-actin (Sigma) was used to equalize for varia-
tions in loading. Fold increase values are the ratio of
treated to untreated cells using ImageQuant volumes for
AZ relative to b-actin.

Analog Synthesis—The synthesis of the xylene-
polyamine analogs followed a solid-phase route involving
the exhaustive reduction of resin-bound bisamides. Syn-
thesis of the bisamides followed standard peptide coupling
methodology on trityl-chloride substituted polystyrene.
The borane-mediated reduction technique was slightly
modified from previously described methods (52, 53). The
analogs, MQTPA1 N-(4-amino-1-butane-N-(4-aminobutyl-))-
xylylenediamine; MQTPA2 N-(4-amino-1-butane-N-
(5-aminopentyl-))-xylylenediamine; MQTPA3 N-(4-amino-
1-butane-N-(6-aminohexyl-))-xylylenediamine; MQTPA4
N-(3-aminopropyl)-N’-(6-aminohexyl-)-xylylenediamine;
MQTPA5 N-(3-aminopropyl)-N’-(6-amino-1-hexane-N-(6-
aminohexyl-))-xylylenediamine, showed greater than
95% purity by a combination of 1H NMR, TLC, LC/MS

Polyamine Analog Screens 659

Vol. 140, No. 5, 2006



and elemental analyses. A manuscript describing the
full experimental procedures and characterization is in
preparation. The proprietary polyamine library is owned
by MediQuest Therapeutics, Inc., Bothell, WA USA.
Questions about its nature and availability can be directed
to MRB.

RESULTS

Screening for Frameshift Stimulators—Compounds in a
750-member polyamine analog library were screened for
their ability to induce antizyme frameshifting using a
96-well plate format dual luciferase reporter assay in
cultured mammalian cells (44, 47). Cells were transiently
transfected with p2Luc reporter plasmids. This reporter
contains the Renilla luciferase gene separated from the
firefly luciferase gene by a multiple cloning site. The
Renilla luciferase protein acts as an internal control for
transfection efficiencies, translation initiation, and mRNA
stability (47). The portion of the human antizyme 1 gene
known to be important for frameshifting was cloned
between the two reporter genes such that the firefly
gene is in the +1 frame (to monitor frameshifting) relative
to the Renilla luciferase gene (44). The amount of frame-
shifting is then determined by comparing the ratio of

firefly to Renilla luciferase activity in the test (+1)
construct normalized to a control construct in which the
firefly gene is in the zero frame relative to the Renilla
luciferase gene. In order to reduce baseline levels of
endogenous antizyme, HEK293 cells were incubated
with 2.5 mM DFMO for two days prior to transfection of
reporter plasmids and addition of polyamine analogs.

Previous studies on antizyme induction have shown that
the natural polyamines putrescine, spermidine, and sper-
mine have the ability to induce antizyme frameshifting
in cultured cells (44). Using this assay, spermine and
spermidine showed a similar result inducing frameshif-
ting to 34% and 29%, respectively (Fig. 2). Spermidine
was chosen as the internal control for all screening experi-
ments. Initial screening of compounds was done at 25 mM,
and the percent frameshifting relative to 25 mM spermi-
dine, %RF, was calculated. The well characterized mole-
cules agmatine and DENSPM were also tested in our
screening assays. While agmatine is known to stimulate
antizyme frameshifting (54), relative to spermidine it is
a poor antizyme frameshifter (29% RF) when tested at
the same concentration (Fig. 2). The polyamine analog
DENSPM is recognized as a potent SSAT inducer as
well as an inhibitor of ODC and SAMDC (reviewed in
Ref. 21). As has been demonstrated previously (46),

Fig. 2. Structure, frameshifting, and growth rescue of the
natural polyamines and select analogs. %FS is the percent
frameshifting, %RF is the percent relative frameshifting to 25 mM

spermidine, and GRR is the growth rescue ratio of a six day assay in
HEK293 cells with 2.5 mM DFMO. GRR of 1.0 equals cell growth
with DFMO alone. ND is not done.
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DENSPM also induces antizyme frameshifting (119% RF,
Fig. 2). Out of the 750 compounds screened for antizyme
frameshifting, 104 (14%) showed >80% RF (data
not shown). Within this group, MQTPA1–5 had relative
frameshifting values of 107–145% (Fig. 2). These analogs
were chosen for further analysis based on their inability
to rescue growth, as described below.

Screening for Growth Rescue—The structural features of
the natural polyamines that are essential for antizyme
frameshift induction are unknown, but are likely different
from those required for growth. The target of polyamines in
antizyme induction could be the mRNA, the ribosome, or
other molecules. Polyamines most likely play a role in
growth regulation through multiple targets, affecting
transcription, translation, mRNA splicing, chromatin
condensation, and apoptosis (4, 55, 56). To be therapeuti-
cally useful, a polyamine analog must activate antizyme
induction without functionally replacing the natural
polyamines in growth regulation.

Compounds were screened for the inability to rescue
HEK293 cells that were growth inhibited by the polyamine
synthesis inhibitor, DFMO. DFMO shows a growth inhibi-
tion IC50 of 150 mM in a three day assay on HEK293 cells
(Fig. 3A). With 1 mM spermidine included in the media,
growth inhibition due to polyamine reduction was comple-
tely prevented because of uptake of exogenous spermidine
(Fig. 3B).

To screen compounds for their inability to substitute
for the natural polyamines in growth, HEK293 cells
were incubated with 2.5 mM DFMO and 25 mM compound
for six days. A GRR, the number of living cells with a given
compound and DFMO normalized to the number of living

cells with DFMO alone, was determined. Growth with
DFMO alone was given a GRR of 1.0. Cell growth with
DFMO plus 25 mM spermidine gave a GRR of approxi-
mately 3.4 (Fig. 2). If the drug had the desired effect of
no rescue, then it had a value close to DFMO alone (1.0).
If the value was less than one, then the compound was
growth inhibitory. If the value was zero, the compound
was cytotoxic. Compounds that rescued cells from
DFMO-induced growth inhibition had a GRR greater
than 1.0 and were less desirable. Of the 104 compounds
that had shown the desired >80% RF, only 18 (17%) had
acceptable GRRs of 0.5–1.5 (data not shown). This screen-
ing step was critical in identifying compounds that were
not simply mimics of natural polyamines. Out of these
18 lead compounds, five structurally similar compounds
(MQTPA1–5) were selected for further characterization.
MQTPA1, MQTPA2, and MQTPA3 had GRR values of
about 1.3 (Fig. 2). In contrast, MQTPA4 and MQTPA5
had GRR values less than 1.0, suggesting not only are
these compounds unable to substitute for the natural
polyamines, but they also further inhibit cell growth.
Both agmatine and DENSPM could minimally
growth-rescue DFMO-treated HEK293 cells (GRRs of
1.68 and 1.61, respectively). These GRRs are greater
than those of MQTPA1–5, but much less than the GRR
of spermidine.

Frameshifting Potency and Growth Rescue Profile—
MQTPA1–5 were tested at lower concentrations to deter-
mine frameshifting potency. Figure 4A compares the %RF
of the five lead compounds and spermidine at 0.1–25 mM.
Two of the five compounds (MQTPA1–2) showed greater
frameshifting than spermidine at low concentrations
(0.3–1 mM). The other three of the compounds (MQTPA3–5)
showed a concentration-dependent frameshifting pattern
very similar to spermidine. All compounds were more
potent frameshift inducers than spermidine at high con-
centrations (10–25 mM).

At the same concentrations (0.1–25 mM) at which frame-
shifting was tested, the ability of compounds to rescue
cells from DFMO-induced growth inhibition was deter-
mined (Fig. 4B). The HEK293 cells were treated for
6 days with spermidine or one of the five lead compounds.
MQTPA1–5 showed a minor amount of growth rescue
(GRR maximums of 1.2–1.7). When compared to spermi-
dine, these compounds showed less ability to support
cell growth at all concentrations tested. In contrast to
spermidine, the maximum GRR was seen at the lowest
compound concentrations, suggesting that as frameshift-
ing increased with concentration, antizyme function
(inhibition of ODC activity and polyamine transport)
could negate contributions to growth due to polyamine
substitution.

Intracellular Polyamines and Analog Concentrations—
Increased frameshifting is predicted to lower polyamine
levels due to increased expression of antizyme protein.
Intracellular polyamines were measured in HEK293
cells that were treated for 24 h with 10 mM of each
MQTPA compound. In all cases, there was a reduc-
tion in putrescine and spermidine (Table 1, compare
MQTPA1–5 to control). Putrescine was reduced to less
than 12% of the control cells, and spermidine reduction
ranged from 7–55% of the control cells. The measurable
levels of spermine were unchanged or increased. This

Fig. 3. Three day growth assays on HEK293 cells. (A) HEK293
cells were incubated for three days with 1 mM spermidine (SPD),
1 mM AG, and a titration of DFMO. (B) HEK293 cells were incu-
bated for three days with 2.5 mM DFMO, 1 mM AG, and a titration
of SPD. Cell growth was determined by colormetric MTS assays.
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pattern of decreased putrescine and spermidine and
increased spermine is often seen with the inhibition of
ODC by DFMO (57). It should be noted that treating
cells with 10 mM spermidine or DENSPM does not give
the same polyamine reduction pattern, suggesting that
the pattern of polyamine reduction seen with
MQTPA1–5 is specific to their mechanism of action.
MQTPA1–5 entered and accumulated within the cells to
various levels: 540–1346 pmoles/106 cells. There is no
direct correlation of analog abundance with frameshifting
potency at 10 mM (compare Fig. 4A and Table 1).

Polyamine Metabolism—Increased levels of antizyme
should decrease cellular ODC abundance and activity
due to antizyme’s ability to bind and enhance the
proteasome degradation of ODC (26–28). ODC activity
was measured in HEK293 cells after 24 h of treatment
with the MQTPA compounds at 10 mM. ODC activity

Fig. 4. Percent relative frameshifting (%RF) and growth
rescue ratios (GRR) of lead compounds and spermidine
(SPD). (A) Frameshifting was determined using the dual luciferase
reporter assay in HEK293 cells that had been treated with 2.5 mM
DFMO for 48 h before transfection of reporter plasmids. Cells
were incubated with 0.1–25 mM of each compound for 24 h before

luminescence was measured. Frameshifting relative to 25 mM SPD
was determined for each concentration of compound. (B) HEK293
cells were grown for six days in the presence of 2.5 mM DFMO, 1 mM
AG, and 0.1–25 mM of the MQTPA compounds. Cell growth was
determined by colorimetric MTS assays. GRR of 1.0 equals cell
growth with DFMO alone.

Table 1. Polyamine reduction after treatment with MQTPA
compounds. HEK293 cells were treated with DENSPM,
spermidine (SPD), or MQTPA1–5 at 10 lM for 24 h. Cells
were counted and harvested. Proteins were acid precipitated, and
the soluble polyamines (putrescine = PUT, spermine = SPM,
N1-acetylspermidine = N1 AC-SPD) and analogs were derivatized
and analyzed by HPLC.

N1 AC-SPD PUT SPD SPM Analog

pmol/106 cells
Control <20 345 1,259 3,935 N/A

SPD 248 232 1,436 3,950 N/A

DENSPM 743 184 143 690 7,716

MQTPA1 <20 <20 510 4,751 540

MQTPA2 <20 <20 211 4,506 918

MQTPA3 <20 <20 83 3,673 1,224

MQTPA4 <20 <20 216 4,810 1,346

MQTPA5 <20 <20 112 3,910 586
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was decreased 63–77% by all five of the compounds
(Table 2).

It has been shown that the polyamine analog DENSPM
upregulates SSAT (reviewed in Ref. 21). Since SSAT
is responsible for the first step in the interconversion
pathway for spermine to spermidine and spermidine
to putrescine, treatment with an SSAT-inducer, like
DENSPM, greatly reduces spermidine and spermine
levels compared to untreated cells (Table 1). SSAT activity
was measured in HEK 293 cells after 24 hr of treatment
with 10 mM of compound. In contrast to DENSPM, the
MQTPA compounds reduced SSAT activity to 20–84% of
untreated cells (Table 2).

SAMDC activity was measured in HEK293 cells after
24 h of treatment with 10 mM of the MQTPA compounds.
MQTPA1–5 did not inhibit SAMDC, in fact, the cells
showed an increase of 126–250% of control SAMDC activity
(Table 2). Previous studies have shown an increase in
SAMDC activity when both putrescine and spermidine
levels are decreased by inhibition of ODC (58, 59). In
contrast, DENSPM and spermidine treatment inhibit
SAMDC activity.

Antizyme Induction—The properties of the lead com-
pounds presented above (induction of antizyme frameshift-
ing, inhibition of ODC activity, reduction of putrescine
and spermidine levels, and inhibition of growth without
induction of SSAT or inhibition of SAMDC) are the hall-
marks of inducing antizyme protein expression. To directly
confirm that antizyme protein was being induced, CHO
cells were treated with 10 mM of either putrescine, sper-
mine, or the polyamine analogs MQTPA3 or MQTPA5 for
24 h and then analyzed by Western for detection of anti-
zyme (Fig. 5). CHO cells were chosen instead of HEK293
cells due to the high background of endogenous antizyme
protein expression found in HEK293 cells in the absence
of DFMO treatment (data not shown). Cells treated with
putrescine and spermine revealed a slight 2–4 fold increase
in antizyme expression. Whereas, treatment with MQTPA3
and MQTPA5 increased antizyme expression 8- and
15-fold, respectively. Although the relative frameshift
levels were shown to be similar between these two com-
pounds at 10 mM, at lower concentrations, MQTPA5 was a
more potent antizyme frameshift inducer than MQTPA3
(Fig. 4); consistent with its ability to induce higher levels
of antizyme protein in CHO cells. These Western results
demonstrate that, as predicted by the screening assay
results, endogenous antizyme expression is increased
upon treatment with MQTPA compounds.

DISCUSSION

Many analogs of polyamines have been synthesized with
the intention of finding one useful in the fight against
cancer (60, 61). As antizyme is a central regulator of
polyamine biosynthesis (26–28), import (29–31), and
export (32), analogs which are able to induce antizyme
expression by stimulating +1 frameshifting, and are unable
to mimic the cell growth functions of natural polyamines
are potential therapeutic drugs. In the absence of detai-
led knowledge about the key polyamine structural features
required for these functions, one way to identify such
compounds is to screen large polyamine analog libraries.
We have developed a sequential two assay approach to
screen a 750-member polyamine analog library. Both
assays have been optimized for a 96-well format. The
first screen tests for the ability of the analog to stimulate
the +1 frameshifting event required for antizyme expres-
sion. The second screen identifies compounds that are
unable to rescue cell growth following polyamine depletion
by DFMO.

Studies illustrating that over-expression of antizyme
results in ODC inhibition, reduction in putrescine and
spermidine levels, and suppression of tumor growth in
mice (33, 34, 36) indicate that antizyme is a good target
for cancer drug development. Cells treated with lead
compounds induced antizyme frameshifting, inhibited
ODC activity, reduced putrescine and spermidine levels,
and were growth inhibitory without induction of SSAT
or inhibition of SAMDC. These results are indicative of
increased antizyme expression by all five lead compounds.
Antizyme induction was subsequently directly confirmed
by Western analysis of antizyme protein levels in
cells treated with two of the compounds, MQTPA3 and
MQTPA5 (Fig. 5). As expected, the results revealed a
considerable (8 to 15 fold) increase in antizyme protein
levels.

All MQTPA compounds described here are imported into
the cell by the polyamine transporter based on the obser-
vation that they have higher IC50 values in the presence
of a polyamine transport inhibitor or spermidine in the
media (data not shown). The ability of the analogs to use
the polyamine transporter is useful, because polyamine
transport tends to be up-regulated in cancer cells (21,
62), and the analogs can displace the uptake of the natural
polyamines. However, because of antizyme’s ability to inhi-
bit polyamine import (29–31), the analogs which induce
antizyme will inhibit the very transport system they

Table 2. Polyamine metabolic enzyme activities in HEK293 cells. HEK293 cells were treated for 24 h with compounds at 10 mM.
SSAT activity is expressed as nmol of acetylspermidine synthesized/h/mg of protein. SPD = spermidine and SD = standard deviation.

Treatment
ODC

nmol/h/mg (SD)
ODC activity
% of control

SSAT
nmol/h/mg (SD)

SSAT activity
% of control

SAMDC
nmol/h/mg (SD)

SAMDC activity
% of control

Control 0.31 (0.04) 45 (2) 0.80 (0.06)

DENSPM <0.03 (<0.05) <10 9,584 (525) 21,300 <0.05 (<0.05) 6

SPD 0.10 (0.02) 32 0.43 (0.05) 54

MQTPA1 0.12 (0.03) 37 38 (2) 84 1.10 (0.07) 138

MQTPA2 0.07 (0.02) 23 22 (4) 49 1.05 (0.06) 131

MQTPA3 0.08 (0.02) 26 22 (2) 49 2.00 (0.11) 250

MQTPA4 0.09 (0.03) 27 25 (1) 56 1.01 (0.07) 126

MQTPA5 0.07 (0.02) 23 9 (1) 20 1.40 (0.09) 175
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need to enter the cell (63). Nevertheless, uptake of the
analogs in this study did occur (see Table 1), and enough
analog enters the cell to stimulate antizyme frameshifting,
inhibit ODC, and decrease cellular polyamines.

All the MQTPA compounds efficiently stimulated anti-
zyme frameshifting to levels at or above those seen with
spermidine. The para (1,4-dimethyl) position on a benzene
ring was found to be favorable for inducing frameshifting.
Comparison of MQTPA1–3 is informative as they differ
only by the number of carbons separating the two terminal
amines. At low concentrations (0.3 mM), the highest levels
of frameshifting (Table 3) were observed with MQTPA1
(4 carbons). When the number of carbon atoms separating
the terminal amines is increased to 6 (MQTPA3), although
still efficient, a significant reduction in frameshifting
is observed. Intermediate levels of frameshifting were
observed with MQTPA2 (5 carbons). This result is consis-
tent with a previous study indicating that 4 carbons
(or less) separating the amino groups in diamines have
the maximal effect on frameshift induction (64). One
compound with a 3 carbon spacer separating the terminal
amines was tested for RF and GRR (data not shown). This
compound gave lower levels of frameshifting than that
seen with MQTPA1 or MQTPA2 and was more efficient
at growth rescue than compounds with 5 or 6 carbon
spacing (see below). It should also be noted that the natural
polyamines have 3 or 4 carbons separating the amines.
These results suggest that the relative distance between
the positively charged amine groups is important for
stimulation of antizyme frameshifting.

The decrease in cellular polyamine pools caused by the
five analogs described in this study may induce or contri-
bute to cell death. For all compounds, putrescine and
spermidine levels are reduced to less than 12% and 55%
of untreated cells, respectively. Analogs which decrease
cellular polyamine pools must not substitute for the
natural polyamines in growth function if they are to be
effective anti-cancer drugs. DFMO treatment inhibits
cell growth by depleting polyamines, and spermidine
rescues cell growth from this treatment. GRR is a measure
of the ability of the analogs to rescue cells from DFMO
treatment, i.e. substitute for the natural polyamines in
growth. When comparing MQTPA1–3 (Table 3), the analog
with 4 carbons between the terminal amines (MQTPA1)
was observed to rescue cell growth better than those with
5 or 6 carbons (MQTPA2 and 3); although none of the
analogs rescued as efficiently as spermidine. These results
suggest that the analogs with amine groups separated by
the same distance as the natural polyamines are better
substitutes for the natural polyamines in antizyme frame-
shifting and in growth function. Identifying an optimal
drug candidate requires a separation of these polyamine
functions.

The effectiveness of an analog at low concentrations is
one important consideration for its potential as a drug
candidate. While all five analogs have favorable properties,
MQTPA2 is notable as it stimulates significant levels of
antizyme frameshifting at both high and low concentra-
tions (Table 3). In addition, MQTPA2 has little ability to
growth rescue cells at both high and low concentration.
The five carbons between the terminal amine groups of
MQTPA2 appears to be similar enough to the natural
polyamine structure to function in frameshifting, but dif-
ferent enough to prevent rescue of cell growth from poly-
amine depletion. MQTPA2 is also one of the best inhibitors
of ODC activity (Table 2), and it reduces both putrescine
and spermidine to less than 20% of the control (Table 1).
Further studies are needed to fully access whether the
properties identified here for MQTPA2 and the other ana-
logs result in inhibition of cancer growth in vivo.

Frameshifting and growth rescue were more effective
with MQTPA1–3 than with MQTPA4–5 (Table 3). It is
interesting to note that MQTPA4 and 5 have their xylene
rings in a different location than the other four analogs,
though other differences prevent a direct functional com-
parison between analogs with regard to this structural
feature. The ability of all five analogs to induce frameshift-
ing at levels equal to or greater than spermidine suggest
that the xylene moiety near the end is not detrimental to its
role in stimulating antizyme production. However, the
presence of the xylene ring does appear to interfere with
the ability of these analogs to substitute for the function of
natural polyamines in cell growth. These features may
explain why five of the eighteen favorable analogs identi-
fied by this screen contain xylene rings. The compounds
identified here are candidates of high interest for thera-
peutic development, and provide a rationale for future
polyamine analog structural design aimed at altering
intracellular polyamine levels.

We would like to thank John Mitchell for sending antizyme
antibodies, cell extracts, and for giving advice. Aspects of this

Table 3. Characterization and comparison of the lead
MQTPA compounds and spermidine (SPD). %RF is the
average percent relative frameshifting in HEK293 cells compared
to25mMspermidine.GRRis thegrowthrescueratioat10mMin asix
day assay with 2.5 mM DFMO. ODC inhibition was measured in
HEK293cells treatedwith10mMofanalogorspermidine for24h. (+)
indicates the relative degree of drug favorable properties for each
activity.

0.3 mM 10 mM
%RF GRR %RF GRR

SPD 36 (=) 2.1 (=) 100 (=) 3.4 (=)

MQTPA1 83 (+++) 1.7 (+) 119 (++) 1.4 (++)

MQTPA2 62 (++) 1.3 (++) 134 (+++) 1.1 (++)

MQTPA3 31 (=) 1.2 (++) 121 (++) 0.9 (+++)

MQTPA4 37 (=) 1.5 (++) 105 (=) 0.9 (+++)

MQTPA5 35 (=) 1.0 (+++) 112 (+) 0.7 (+++)

Fig. 5. Western immunoblot analysis of antizyme expression
in CHO cells. CHO cells were either untreated (Control) or trea-
ted with 10 mM of putrescine (PUT), spermine (SPM), MQTPA3, or
MQTPA5 for 24 h. Immunoblots of protein extracts (60 mg/lane)
were probed with antibodies to b-actin and antizyme. Fold induc-
tion was determined as the ratio of antizyme (AZ; 24 kDa), normal-
ized to b-actin, in extracts from treated versus untreated cells.

664 L.M. Petros et al.

J. Biochem.



work were supported by National Institutes of Health grants
CA22153, CA16056 (Dr. Carl W. Porter), GM71853 (RFG), and
NS051792 (MTH). JFA was supported by the Science Founda-
tion Ireland.

REFERENCES

1. Oredsson, S.M. (2003) Polyamine dependence of normal cell-
cycle progression. Biochem. Soc. Trans. 31, 366–370

2. Thomas, T. and Thomas, T.J. (2003) Polyamine metabolism
and cancer. J. Cell. Mol. Med. 7, 113–126

3. Wallace, H.M., Fraser, A.V., and Hughes, A. (2003) A perspec-
tive of polyamine metabolism. Biochem. J. 376, 1–14

4. Cohen, S.S. (1998) A Guide to the Polyamines. Oxford Univer-
sity Press, New York

5. Pegg, A.E. (1988) Polyamine metabolism and its importance in
neoplastic growth and a target for chemotherapy. Cancer Res.
48, 759–774

6. Metcalf, B.W., Bey, P., Danzin, C., Jung, M.J., Casara, P., and
Vevert, J.P. (1978) Catalytic irreversible inhibition of mamma-
lian ornithine decarboxylase (E.C. 4.1.1.17) by substrate and
product analogues. J. Am. Chem. Soc. 100, 2551–2553

7. Marton, L.J. and Pegg, A.E. (1995) Polyamines as targets for
therapeutic intervention. Annu. Rev. Pharmacol. Toxicol. 35,
55–91

8. Grove, J., Fozard, J.R., and Mamont, P.S. (1981) Assay of
alpha-difluoromethylornithine in body fluids and tissues by
automatic amino-acid analysis. J. Chromatogr. 223, 409–416

9. Seiler, N., Delcros, J.G., and Moulinoux, J.P. (1996) Polyamine
transport in mammalian cells. An update. Int. J. Biochem.
Cell Biol. 28, 843–861

10. Alberts, D.S., Dorr, R.T., Einspahr, J.G., Aickin, M., Saboda,
K., Xu, M.J., Peng, Y.M., Goldman, R., Foote, J.A., Warneke,
J.A., Salasche, S., Roe, D.J., and Bowden, G.T. (2000) Chemo-
prevention of human actinic keratoses by topical 2-(difluoro-
methyl)-dl-ornithine. Cancer Epidemiol. Biomarkers Prev. 9,
1281–1286

11. Fabian, C.J., Kimler, B.F., Brady, D.A., Mayo, M.S., Chang,
C.H., Ferraro, J.A., Zalles, C.M., Stanton, A.L., Masood, S.,
Grizzle, W.E., Boyd, N.F., Arneson, D.W., and Johnson, K.A.
(2002) A phase II breast cancer chemoprevention trial of
oral alpha-difluoromethylornithine: breast tissue, imaging,
and serum and urine biomarkers. Clin. Cancer Res. 8,
3105–3117

12. Abeloff, M.D., Rosen, S.T., Luk, G.D., Baylin, S.B., Zeltzman,
M., and Sjoerdsma, A. (1986) Phase II trials of alpha-
difluoromethylornithine, an inhibitor of polyamine synthesis,
in advanced small cell lung cancer and colon cancer. Cancer
Treat. Rep. 70, 843–845

13. Pegg, A.E., Shantz, L.M., and Coleman, C.S. (1995) Ornithine
decarboxylase as a target for chemoprevention. J. Cell. Bio-
chem. Suppl. 22, 132–138

14. Regenass, U., Mett, H., Stanek, J., Mueller, M., Kramer, D.,
and Porter, C.W. (1994) CGP 48664, a new
S-adenosylmethionine decarboxylase inhibitor with broad
spectrum antiproliferative and antitumor activity.
Cancer Res. 54, 3210–3217

15. Stanek, J., Caravatti, G., Frei, J., Furet, P., Mett, H., Schnei-
der, P., and Regenass, U. (1993) 4-Amidinoindan-1-one 20-ami-
dinohydrazone: a new potent and selective inhibitor of
S-Adenosylmethionine decarboxylase. J. Med. Chem. 36,
2168–2171

16. Millward, M.J., Joshua, A., Kefford, R., Aamdal, S., Thomson,
D., Hersey, P., Toner, G., and Lynch, K. (2005) Multi-centre
Phase II trial of the polyamine synthesis inhibitor SAM486A
(CGP48664) in patients with metastatic melanoma. Invest.
New Drugs 23, 253–256

17. Pless, M., Belhadj, K., Menssen, H.D., Kern, W., Coiffier, B.,
Wolf, J., Herrmann, R., Thiel, E., Bootle, D., Sklenar, I.,

Muller, C., Choi, L., Porter, C., and Capdeville, R. (2004)
Clinical efficacy, tolerability, and safety of SAM486A, a
novel polyamine biosynthesis inhibitor, in patients with
relapsed or refractory non-Hodgkin’s lymphoma: results
from a phase II multicenter study. Clin. Cancer Res. 10,
1299–1305

18. Burns, M.R., Carlson, C.L., Vanderwerf, S.M., Ziemer, J.R.,
Weeks, R.S., Cai, F., Webb, H.K., and Graminski, G.F. (2001)
Amino acid/spermine conjugates: polyamine amides as
potent spermidine uptake inhibitors. J. Med. Chem. 44,
3632–3644

19. Weeks, R.S., Vanderwerf, S.M., Carlson, C.L., Burns, M.R.,
O’Day, C.L., Cai, F., Devens, B.H., and Webb, H.K. (2000)
Novel lysine-spermine conjugate inhibits polyamine transport
and inhibits cell growth when given with DFMO. Exp. Cell Res.
261, 293–302

20. Devens, B.H., Weeks, R.S., Burns, M.R., Carlson, C.L., and
Brawer, M.K. (2000) Polyamine depletion therapy in prostate
cancer. Prostate Cancer Prostatic Dis. 3, 275–279

21. Casero, R.A., Jr. and Woster, P.M. (2001) Terminally alkylated
polyamine analogues as chemotherapeutic agents. J. Med.
Chem. 44, 1–26

22. Schipper, R.G., Deli, G., Deloyer, P., Lange, W.P., Schalken,
J.A., and Verhofstad, A.A. (2000) Antitumor activity of the
polyamine analog N(1), N(11)-diethylnorspermine against
human prostate carcinoma cells. Prostate 44, 313–321

23. Sharma, A., Glaves, D., Porter, C.W., Raghavan, D.,
and Bernacki, R.J. (1997) Antitumor efficacy of
N1,N11-diethylnorspermine on a human bladder tumor xeno-
graft in nude athymic mice. Clin. Cancer Res. 3, 1239–1244

24. Hahm, H.A., Ettinger, D.S., Bowling, K., Hoker, B., Chen, T.L.,
Zabelina, Y., and Casero, R.A., Jr. (2002) Phase I study of
N(1),N(11)-diethylnorspermine in patients with non-small
cell lung cancer. Clin. Cancer Res. 8, 684–690

25. Wolff, A.C., Armstrong, D.K., Fetting, J.H., Carducci, M.K.,
Riley, C.D., Bender, J.F., Casero, R.A., Jr., and Davidson, N.E.
(2003) A Phase II study of the polyamine analog
N1,N11-diethylnorspermine (DENSpm) daily for five days
every 21 days in patients with previously treated metastatic
breast cancer. Clin. Cancer Res. 9, 5922–5928

26. Li, X. and Coffino, P. (1993) Degradation of ornithine decar-
boxylase: exposure of the C-terminal target by a
polyamine-inducible inhibitory protein. Mol. Cell. Biol. 13,
2377–2383

27. Murakami, Y., Matsufuji, S., Kameji, T., Hayashi, S., Igarashi,
K., Tamura, T., Tanaka, K., and Ichihara, A. (1992) Ornithine
decarboxylase is degraded by the 26S proteasome without
ubiquitination. Nature 360, 597–599

28. Zhang, M., Pickart, C.M., and Coffino, P. (2003) Determinants
of proteasome recognition of ornithine decarboxylase, a
ubiquitin-independent substrate. EMBO J. 22, 1488–1496

29. Mitchell, J.L., Judd, G.G., Bareyal-Leyser, A., and Ling, S.Y.
(1994) Feedback repression of polyamine transport is mediated
by antizyme in mammalian tissue-culture cells. Biochem. J.
299, 19–22

30. Sakata, K., Fukuchi-Shimogori, T., Kashiwagi, K., and Igara-
shi, K. (1997) Identification of regulatory region of antizyme
necessary for the negative regulation of polyamine transport.
Biochem. Biophys. Res. Commun. 238, 415–419

31. Suzuki, T., He, Y., Kashiwagi, K., Murakami, Y., Hayashi, S.,
and Igarashi, K. (1994) Antizyme protects against abnormal
accumulation and toxicity of polyamines in ornithine
decarboxylase-overproducing cells. Proc. Natl. Acad. Sci.
USA 91, 8930–8934

32. Sakata, K., Kashiwagi, K., and Igarashi, K. (2000) Properties
of a polyamine transporter regulated by antizyme. Biochem. J.
347, 297–303

33. Feith, D.J., Shantz, L.M., and Pegg, A.E. (2001) Targeted anti-
zyme expression in the skin of transgenic mice reduces
tumor promoter induction of ornithine decarboxylase and

Polyamine Analog Screens 665

Vol. 140, No. 5, 2006



decreases sensitivity to chemical carcinogenesis. Cancer Res.
61, 6073–6081

34. Iwata, S., Sato, Y., Asada, M., Takagi, M., Tsujimoto, A., Inaba,
T., Yamada, T., Sakamoto, S., Yata, J., Shimogori, T., Igarashi,
K., and Mizutani, S. (1999) Anti-tumor activity of
antizyme which targets the ornithine decarboxylase (ODC)
required for cell growth and transformation. Oncogene 18,
165–172

35. Murakami, Y., Matsufuji, S., Miyazaki, Y., and Hayashi, S.
(1994) Forced expression of antizyme abolishes ornithine dec-
arboxylase activity, suppresses cellular levels of polyamines
and inhibits cell growth. Biochem. J. 304 (Pt 1), 183–187

36. Tsuji, T., Usui, S., Aida, T., Tachikawa, T., Hu, G.F., Sasaki,
A., Matsumura, T., Todd, R., and Wong, D.T. (2001) Induction
of epithelial differentiation and DNA demethylation in ham-
ster malignant oral keratinocyte by ornithine decarboxylase
antizyme. Oncogene 20, 24–33

37. Miyazaki, Y., Matsufuji, S., and Hayashi, S. (1992) Cloning
and characterization of a rat gene encoding ornithine decar-
boxylase antizyme. Gene 113, 191–197

38. Ivanov, I.P., Gesteland, R.F., and Atkins, J.F. (1998) A second
mammalian antizyme: conservation of programmed ribosomal
frameshifting. Genomics 52, 119–129

39. Zhu, C., Lang, D.W., and Coffino, P. (1999) Antizyme 2 is a
negative regulator of ornithine decarboxylase and polyamine
transport. J. Biol. Chem. 274, 26425–26430

40. Ivanov, I.P., Rohrwasser, A., Terreros, D.A., Gesteland, R.F.,
and Atkins, J.F. (2000) Discovery of a spermatogenesis
stage-specific ornithine decarboxylase antizyme: antizyme 3.
Proc. Natl. Acad. Sci. USA 97, 4808–4813

41. Tosaka, Y., Tanaka, H., Yano, Y., Masai, K., Nozaki, M.,
Yomogida, K., Otani, S., Nojima, H., and Nishimune, Y.
(2000) Identification and characterization of testis specific
ornithine decarboxylase antizyme (OAZ-t) gene: expression
in haploid germ cells and polyamine-induced frameshifting.
Genes to Cells 5, 265–276

42. Ivanov, I.P., Gesteland, R.F., and Atkins, J.F. (2000) Antizyme
expression: a subversion of triplet decoding, which is remark-
ably conserved by evolution, is a sensor for an autoregulatory
circuit. Nucleic Acids Res. 28, 3185–3196

43. Matsufuji, S., Matsufuji, T., Miyazaki, Y., Murakami, Y.,
Atkins, J., Gesteland, R., and Hayashi, S. (1995) Autoregula-
tory frameshifting in decoding mammalian ornithine decar-
boxylase antizyme. Cell 80, 51–60

44. Howard, M., Shirts, B., Zhou, J., Carlson, C., Matsufuji, S.,
Gesteland, R., Weeks, R., and Atkins, J. (2001) Cell culture
analysis of the regulatory frameshift event required for
the expression of mammalian antizymes. Genes Cell 6,
931–941

45. Petros, L.M., Howard, M.T., Gesteland, R.F., and Atkins, J.F.
(2005) Polyamine sensing during antizyme mRNA pro-
grammed frameshifting. Biochem. Biophys. Res. Commun.
338, 1478–1489

46. Mitchell, J.L., Leyser, A., Holtorff, M.S., Bates, J.S., Frydman,
B., Valasinas, A.L., Reddy, V.K., and Marton, L.J. (2002) Anti-
zyme induction by polyamine analogues as a factor of cell
growth inhibition. Biochem. J. 366, 663–671

47. Grentzmann, G., Ingram, J.A., Kelly, P.J., Gesteland, R.F.,
and Atkins, J.F. (1998) A dual-luciferase reporter system for
studying recoding signals. RNA 4, 479–486

48. Kabra, P.M., Lee, H.K., Lubich, W.P., and Marton, L.J. (1986)
Solid-phase extraction and determination of dansyl deriva-
tives of unconjugated and acetylated polyamines by reversed-
phase liquid chromatography: improved separation systems
for polyamines in cerebrospinal fluid, urine and tissue.
J. Chromatogr. 380, 19–32

49. Kramer, D.L., Chang, B.D., Chen, Y., Diegelman, P., Alm, K.,
Black, A.R., Roninson, I.B., and Porter, C.W. (2001) Polyamine
depletion in human melanoma cells leads to G1 arrest
associated with induction of p21WAF1/CIP1/SDI1, changes
in the expression of p21-regulated genes, and a senescence-like
phenotype. Cancer Res. 61, 7754–7762

50. Porter, C.W., Cavanaugh, P.F., Jr., Stolowich, N., Ganis, B.,
Kelly, E., and Bergeron, R.J. (1985) Biological properties of
N4- and N1,N8-spermidine derivatives in cultured L1210
leukemia cells. Cancer Res. 45, 2050–2057

51. Porter, C.W., Ganis, B., Libby, P.R., and Bergeron, R.J. (1991)
Correlations between polyamine analogue-induced increases
in spermidine/spermine N1-acetyltransferase activity, polya-
mine pool depletion, and growth inhibition in human mela-
noma cell lines. Cancer Res. 51, 3715–3720

52. Manku, S., Laplante, C., Kopac, D., Chan, T., and Hall, D.G.
(2001) A mild and general solid-phase method for the synthesis
of chiral polyamines. Solution studies on the cleavage of
borane-amine intermediates from the reduction of secondary
amides. J. Org. Chem. 66, 874–885

53. Ostresh, J.M., Schoner, C.C., Hamashin, V.T., Nefzi, A.,
Meyer, J.-P., and Houghten, R.A. (1998) Solid-phase synthesis
of trisubstituted bicyclic guanidines via cyclization of reduced
N-acylated dipeptides. J. Org. Chem. 63, 8622–8623

54. Satriano, J., Matsufuji, S., Murakami, Y., Lortie, M.J.,
Schwartz, D., Kelly, C.J., Hayashi, S., and Blantz, R.C.
(1998) Agmatine suppresses proliferation by frameshift induc-
tion of antizyme and attenuation of cellular polyamine levels.
J. Biol. Chem. 273, 15313–15316

55. Childs, A.C., Mehta, D.J., and Gerner, E.W. (2003) Polyamine-
dependent gene expression. Cell. Mol. Life Sci. 60, 1394–1406

56. Coffino, P. (2001) Regulation of cellular polyamines by
antizyme. Nat. Rev. Mol. Cell Biol. 2, 188–194

57. Meyskens, F.L., Jr. and Gerner, E.W. (1999) Development of
difluoromethylornithine (DFMO) as a chemoprevention agent.
Clin. Cancer Res. 5, 945–951

58. Alhonen-Hongisto, L. (1980) Regulation of S-adenosyl-
methionine decarboxylase by polyamines in Ehrlich
ascites-carcinoma cells grown in culture. Biochem. J. 190,
747–754

59. Mamont, P.S., Joder-Ohlenbusch, A.M., Nussli, M., and
Grove, J. (1981) Indirect evidence for a strict negative control
of S-adenosyl-L-methionine decarboxylase by spermidine in
rat hepatoma cells. Biochem. J. 196, 411–422

60. Huang, Y., Pledgie, A., Casero, R.A., Jr., and Davidson, N.E.
(2005) Molecular mechanisms of polyamine analogs in cancer
cells. Anticancer Drugs 16, 229–241

61. Seiler, N. (2005) Pharmacological aspects of cytotoxic polya-
mine analogs and derivatives for cancer therapy. Pharmacol.
Ther. 107, 99–119

62. Wang, C., Delcros, J.G., Cannon, L., Konate, F., Carias, H.,
Biggerstaff, J., Gardner, R.A., and Phanstiel, O. (2003)
Defining the molecular requirements for the selective
delivery of polyamine conjugates into the cells containing
active polyamine transporters. J. Med. Chem. 46,
5129–5138

63. Mitchell, J.L., Simkus, C.L., Thane, T.K., Tokarz, P., Bonar,
M.M., Frydman, B., Valasinas, A.L., Reddy, V.K., and Marton,
L.J. (2004) Antizyme induction mediates feedback limitation
of the incorporation of specific polyamine analogues in
tissue culture. Biochem. J. 384, 271–279

64. Higashi, K., Yoshida, K., Nishimura, K., Momiyama, E.,
Kashiwagi, K., Matsufuji, S., Shirahata, A., and Igarashi, K.
(2004) Structural and functional relationship among
diamines in terms of inhibition of cell growth. J. Biochem.
136, 533–539

666 L.M. Petros et al.

J. Biochem.


