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Abstract
Polyamine analogs have demonstrated considerable activity against many important solid tumor
models including breast cancer. However, the precise mechanisms of antitumor activities of
polyamine analogs are not entirely understood. The cytotoxicity of a newly developed polyamine
analog compound, SL11144, against human breast cancer was assessed. Treatment of human
breast cancer cell lines in culture with SL11144 decreased cell proliferation and induced
programmed cell death in a time- and dose-dependent manner. SL11144 also profoundly inhibited
the growth of MDA-MB-231 xenografts in host nude mice without overt toxic effects. Treatment
of MDA-MB-435 cells with SL11144 led to the release of cytochrome c from mitochondria into
cytosol, activation of caspase-3, and poly(ADP-ribose) polymerase cleavage. SL11144 decreased
Bcl-2 and increased Bax protein levels in MDA-MB-231 cells. Furthermore, activator protein 1
transcriptional factor family member c-Jun was up-regulated by SL11144 in MDA-MB-435 and
MDA-MB-231 cells, but not in MCF7 cells. In addition, significant inhibition of ornithine
decarboxylase activity and a decrease in polyamine pools were demonstrated. These results
demonstrate that the novel polyamine analog SL11144 has effective antineoplastic action against
human breast cancer cells in vitro and in vivo and that multiple apoptotic mechanisms are
associated with its cytotoxic effect in specific human breast cancer cell lines.

INTRODUCTION
The natural polyamines (Put,3 Spd, and Spm) have been shown to be essential for cell
growth. The critical role of polyamines in regulation of cell growth has led to the
development of a number of inhibitors of key enzymes in the polyamine biosynthetic
pathway as a therapeutic strategy (1–3). It has also been demonstrated that synthetic
polyamine analogs can down-regulate polyamine biosynthesis by feedback mechanisms but

1Supported by NIH Grants P50CA88843 (to N. E. D.) and CA51085 (to R. A. C.), Army DOD Grant DAMD 17-99-1-9242 (to N. E.
D.), and The Breast Cancer Research Foundation (N. E. D.).

Copyright © 2003 American Association for Cancer Research
2To whom requests for reprints should be addressed, at CRB 409, Breast Cancer Research Program, The Sidney Kimmel
Comprehensive Cancer Center, Johns Hopkins University School of Medicine, 1650 Orleans Street, Baltimore, MD 21231. Phone:
(410) 955-8489; Fax: (410) 614-4073; davidna@jhmi.edu.
3The abbreviations used are: Put, putrescine; Spd, spermidine; Spm, spermine; PCD, programmed cell death; ODC, ornithine
decarboxylase; SSAT, spermidine/spermine N1-acetyltransferase; BENSpm, N1,N11-bis(ethyl)norspermine; CPENSpm, N1-ethyl-
N11-[(cyclopropyl)methyl]-4,8,-diazaundecane; CHENSpm, N1-ethyl-N11-[(cyclohepthyl)methyl]-4,8,-diazaundecane; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PARP, poly(ADP-ribose) polymerase; AP-1, activator protein 1; PVDF,
polyvinylidene difluoride; FasL, Fas ligand.

NIH Public Access
Author Manuscript
Clin Cancer Res. Author manuscript; available in PMC 2013 April 15.

Published in final edited form as:
Clin Cancer Res. 2003 July ; 9(7): 2769–2777.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



are unable to act as substitutes for natural polyamines to promote cell growth. This approach
has become an important means for the study of the physiological roles of natural
polyamines and a potent application for creation of new antineoplastic agents (4–6). Indeed,
several synthetic polyamine analogs have been reported to inhibit cell proliferation and
induce PCD in a variety of tumor cell lines (7–11).

Apoptotic cell death is characterized by chromatin condensation, cytoplasmic blebbing, and
internucleosomal DNA fragmentation and occurs in a variety of cellular systems in response
to many different stimuli (12). We have demonstrated previously (9) that some polyamine
analogs can induce PCD in hormone-responsive or -unresponsive human breast cancer cells.
A highly regulated metabolic pathway finely controls intracellular polyamine
concentrations. The rate-limiting enzymes ODC and S-Adenosylmethionine decarboxylase
regulate biosynthesis, whereas catabolism is regulated by SSAT and human polyamine
oxidase h1/spermine oxidase (13). Cell type-specific superinduction of SSAT and the
subsequent depletion of natural polyamine pools have been reported in polyamine analog-
induced growth inhibition and apoptosis in some tumor cell lines (9, 14). However, in other
cell lines, polyamine analogs that do not highly induce SSAT can still inhibit tumor cell
growth and produce apoptosis (15, 16). These divergent results suggest that polyamine
analog-induced cell death may result from several agent-dependent mechanisms.

SL11144, a leading agent of a new generation of polyamine analogs designated as
oligoamines, has shown significant activity against proliferating cells (17). In this study, we
have evaluated the antineoplastic efficacy of SL11144 in human breast cancer cells in vitro
and in vivo. The data presented in this study suggest that SL11144 significantly inhibits
growth and induces PCD in human breast cancer cells.

MATERIALS AND METHODS
Compound, Cell Lines, and Culture Condition

The polyamine analog SL11144 (Fig. 1) was provided by SLIL Biomedical Corp. (Madison,
WI). Polyamine analog compounds BENSpm, CPENSpm, and CHENSpm were synthesized
as described previously (18). Concentrated stock solutions (10 mM in double-distilled H2O)
of polyamine analogs were diluted with medium to the indicated concentrations. Human
breast cancer MDA-MB-231 and MCF7 cells were maintained in DMEM supplemented
with 5% fetal bovine serum, 2 mM glutamine, and 100 units/ml penicillin/streptomycin.
MDA-MB-435 cells were maintained in improved modification of eagle’s medium
supplemented with 5% fetal bovine serum, 2 mM glutamine, and 100 units/ml penicillin/
streptomycin. Cells were incubated at 37°C in a 5% CO2 atmosphere.

MTT Survival Assays
MTT assays were performed using a method described previously (19). Briefly, 2000–5000
cells were plated in 96-well dishes and treated with the various concentrations of SL11144
for different lengths of time. At the end of each time point, 100 μl of a 1 mg/ml MTT
solution (Sigma Chemical Co., St. Louis, MO), diluted in serum-free culture media, were
added to each well. The plates were incubated at 37°C in 5% CO2 atmosphere for 4 h,
allowing viable cells to reduce the yellow tetrazolium salt into dark blue formazan crystals.
At the end of the 4-h incubation, the MTT solution was removed, and 200 μl of 1:1 (v/v)
solution of DMSO:ethanol were added to each well to dissolve the formazan crystals. The
absorbance in individual wells was determined at A540 nm. All of the experiments were
plated in quadruplicate, and the results of assays were presented as means ± SD.
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Analysis of Intracellular Polyamine Pools, SSAT Activity, and ODC Activity
The intracellular polyamine content of treated and untreated cells was determined by
precolumn dansylation and reversed phase high-performance liquid chromatography (20).
SSAT and ODC activities were measured using cellular extracts as described previously (21,
22). Protein concentrations were determined according to the method of Bradford (23).

Hoechst Staining of Nuclear Chromatin
SL11144-treated cells were fixed with 4% formaldehyde in PBS at 37°C for 10 min and
permeabilized with a 19:1 mixture of ethanol/acetic acid at −20°C for 15 min. Fixed cells
were stained with 1 μg/ml Hoechst 33258 (Sigma Chemical Co.) in PBS at room
temperature for 20 min. Hoechst staining of the cells was analyzed by fluorescence
microscopy.

Determination of Internucleosomal DNA Cleavage
After tumor cells were treated with increasing concentrations of SL11144 for increasing
times, cells were harvested, counted, and washed with PBS at 4°C. Cells were then
suspended in lysis buffer (5 mM Tris-HCl, 20 mM EDTA, and 0.5% Triton X-100) and
incubated for 20 min on ice. After incubation, samples were centrifuged at 14,000 × g for 20
min, and the supernatant was transferred to a reaction tube followed by phenol/chloroform/
isoamyl (25:24:1) extraction. Two volumes of 100% ethanol were added to supernatant,
followed by 5-min centrifugation at 14,000 × g. The pellet was resuspended in 0.1× SSC
buffer and incubated with RNase for at least 30 min at 37°C. Then 50 μl of 5 M NaCl was
added, followed by phenol/chloroform/isoamyl (25:24:1) extraction. After ethanol
precipitation and centrifugation, the pellet was washed with 70% ethanol and dried. DNA
samples were analyzed by electrophoresis in a 1.2% agarose slab gel containing 0.2 μg/ml
ethidium bromide and visualized under UV illumination. This method isolates only DNA
ladder fragments without genomic DNA.

Animal Studies
Female 4–6-week-old BALB c nu/nu athymic nude mice (Harlan Bioproducts for Science
Inc., Indianapolis, IN) weighing between 16 and 18 g received injection in the right flank
with 3.75 × 106 MDA-MB-231 cells. Cells were allowed to grow for 10 days to an average
volume of 50–100 mm3. Animals were then randomly assigned (eight mice for control
group and seven mice for treatment groups) to receive vehicle control or SL11144 (2.5, 5, or
10 mg/kg) via i.p. injections twice weekly for 5 weeks. Tumor volumes were regularly
assessed twice weekly by measuring 0.5 × length (mm) × width (mm) × width (mm). Mice
were also weighed twice weekly.

Nuclear and Cytoplasmic Protein Extraction
The extractions of nuclear and cytoplasmic protein were performed using the NE-PER
Nuclear and Cytoplasmic Extraction Kit (Pierce, Rockford, IL). MDA-MB-435 cells treated
with 10 μM SL11144 for different times were harvested by trypsinization and washed with
PBS. Two hundred μl of ice-cold Cytoplasmic Extraction Reagent I with protease inhibitors
(0.5 mg/ml benzamidine, 2 μg/ml aprotinin, 2 μg/ml leupeptin, and 0.2 M
phenylmethylsulfonyl fluoride) were added to the cell pellets. After a 10-min incubation on
ice, 11 μl of ice-cold Cytoplasmic Extraction Reagent II without protease inhibitors were
added, followed by a 5-min centrifugation at 14,000 × g. The supernatant containing the
cytoplasmic extract was retained, and the insoluble pellet was resuspended in 100 μl of
Nuclear Extraction Reagent and incubated on ice for 40 min. After a 10-min centrifugation,
the supernatant that contained the nuclear extract was saved. Both cytoplasmic and nuclear
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extracts were analyzed by Western blot using anti-c-Jun and anti-c-Fos antibodies as
described below.

Detection of Cytochrome c Release
To avoid artifacts due to mechanical breakage of the outer mitochondrial membrane,
selective plasma membrane permeabilization with digitonin was used to examine the release
of cytochrome c from mitochondria into cytosol (24). Briefly, cells treated with different
concentrations of SL11144 for the desired exposure time were harvested by trypsinization,
washed with PBS, and subsequently incubated in 100 μl of permeabilization buffer [210
mM D-mannitol, 70 mM sucrose, 10 mM HEPES, 5 mM succinate, 0.2 mM EGTA, and 100
μg/ml digitonin (pH 7.2)] for 5 min. After centrifugation for 10 min at 14,000 × g, the
supernatant with protein content was saved, and protein concentrations were determined
using the Pierce Micro Protein Assay Kit. Equal amounts of protein were fractionated using
12% SDS-PAGE and analyzed by Western blot as described below.

Western Blotting
Cells treated with different concentrations of SL11144 for the desired exposure times were
harvested by trypsinization and washed with PBS. Cellular protein was isolated using the
protein extraction buffer containing 150 mM NaCl, 10 mM Tris (pH 7.2), 5 mM EDTA,
0.1% Triton X-100, 5% glycerol, and 2% SDS. Protein concentrations were determined
using the Pierce Micro Protein Assay Kit. Equal amounts of proteins (50 μg/lane) were
fractionated using 12% SDS-PAGE and transferred to PVDF membranes. The membranes
were incubated with primary antibodies against caspase-3, PARP, Bcl-2, Bax, caspase-8,
caspase-9, cytochrome c, c-jun, c-fos, or FasL (1:2000; Santa Cruz Biotechnology, Santa
Cruz, CA). After washing with PBS, the membranes were incubated with peroxidase-
conjugated goat antimouse or antirabbit secondary antibody (1:3000; DAKO Corp.,
Carpinteria, CA) followed by enhanced chemiluminescence staining using the enhanced
chemiluminescence system (Amersham Biosciences). Actin was used to normalize for
protein loading.

RESULTS
Inhibition of Growth by SL11144

The sensitivity of three human breast cancer cell lines (MDA-MB-231, MDA-MB-435, and
MCF7 cells) to the newly synthesized polyamine analog SL11144 (Fig. 1) was assessed by
using a MTT cellular survival assay. These cells were chosen because they represent
hormone-responsive (MCF7) and -unresponsive (MDA-MB-231 and MDA-MB-435) human
breast cancer cell lines. All three cell lines exhibited time- and concentration-dependent
growth inhibition by SL11144 (Fig. 2, A–C ). The IC50 values for MDA-MB-231 and
MCF7 cells are about 1–5 μM for a 72-h treatment and 0.5–0.75 μM for a 96-h treatment.
MDA-MB-435 cells were more sensitive to SL11144 with IC50 values of 2.5 μM for 24-h
drug exposure and 0.25–0.5 μM for 48-h drug exposure. In addition, the cytotoxicity of
SL11144 against MDA-MB-231 cells was compared with the identified polyamine analogs
BENSpm, CPENSpm, and CHENSpm. MTT studies demonstrated that SL11144 had a
lower IC50 at 96-h treatment in MDA-MB-231 cells than BENSpm (1–2.5 μM), CPENSpm
(1–2.5 μM), or CHENSpm [~2.5 μM (data not shown)]. These data indicate that SL11144 is
a more potent inhibitor of human breast tumor cell proliferation than previously synthesized
polyamine analogs.
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Regulation of Intracellular Polyamine Pools and Metabolic Enzymes by SL11144
To address whether the observed growth-inhibitory effects of SL11144 in human breast
cancer cells reflect its effects on the polyamine metabolic pathway, intracellular SL11144
accumulation, polyamine pools (Put, Spd, and Spm), and regulatory enzyme (SSAT and
ODC) activities were assessed. As shown in Table 1, the accumulation rates of SL11144 in
the three cell lines are similar after exposure of cells to 10 μM SL11144 for 24 h. SL11144
reduced all intracellular polyamines in MDA-MB-231 cells. Put and Spm were decreased,
and Spd was slightly increased by SL11144 in MCF7 cells. In MDA-MB-435 cells, Spd
level was down-regulated, and Spm was slightly up-regulated by SL11144. ODC activity
was significantly inhibited, and SSAT activity was modestly increased in all three cell lines.

SL11144 Induces Apoptotic Cell Death
To determine whether observed SL11144-induced decrease in growth rate was a result of
apoptosis, DNA fragmentation assays were performed. DNA ladders isolated from untreated
and SL11144-treated cells were processed by agarose gel electrophoresis to detect the
typical oligonucleosomal DNA fragmentation. The results (Fig. 3) indicate that SL11144
induces DNA fragmentation in all three human breast cancer cell lines, but the time and
dose required for the induction of apoptosis varied by cell type. DNA fragmentation was
clearly detected only after a 96-h exposure to SL11144 in MDA-MB-231 and MCF7 cells
but was detectable in 12 h in MDA-MB-435 cells. A minimum concentration of 5 μM is
required for SL11144 to induce DNA fragmentation in MDA-MB-231 and MDA-MB-435
cells, but MCF7 cells are more sensitive in that DNA fragmentation was observed with 0.1–
0.25 μM SL11144 for 96 h.

The effect of SL11144 on cell morphology was also investigated. Both control and
SL11144-treated cells were stained with the fluorescent dye Hoechst 33258 and visualized
by fluorescence microscopy. Typical morphological changes of apoptosis including
chromatin condensation and nuclear fragmentation were observed in all three treated cell
lines (Fig. 4B), but not in the untreated control cells (Fig. 4A). Taken together, the DNA
fragmentation and fluorescence results suggest that SL11144 induces apoptotic cell death in
all three human breast cancer cell lines.

Therapeutic Effect of SL11144 against Human Breast Cancer MDA-MB-231 Xenografts
The in vivo therapeutic effect of SL11144 was evaluated using human breast cancer MDA-
MB-231 xenografts in athymic nude mice. By 10 days after tumor cell inoculation, the
average tumor sizes reached approximately 50–100 mm3. Mice were then randomized into
treatment (n = 7) and control (n = 8) groups. Different doses of SL11144 (2.5, 5, and 10 mg/
kg) were administered via i.p. injections twice a week. SL11144 displayed antiproliferative
effects against MDA-MB-231 xenografts in a dose-dependent manner (Fig. 5A). Whereas
partial suppressions of tumor growth were observed at the doses of 2.5 and 5 mg/kg,
increasing the dose to 10 mg/kg significantly inhibited the tumor growth. During the course
of treatment, there was no obvious weight loss observed, except a slight decrease of weight
(~5% of body weight) in the group treated with a dose of 10 mg/kg at 41 days (Fig. 5B).
These results indicate that the treatment of SL11144 possesses significant in vivo growth
suppression efficacy against MDA-MB-231 cells with no overt toxic effects.

Effects of SL11144 on Apoptosis-related Proteins
Several apoptosis-associated genes or proteins have been shown to play critical roles in
regulating apoptosis. These include caspases, bcl-2 family members, FasL, cytochrome c,
and PARP (25–29). To determine whether these proteins are involved in the mediation of
SL11144-induced cell death in human breast cancer cells, we examined their expression by
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Western blotting. In MDA-MB-231 cells, as shown in Fig. 6A, treatment with 10 μM
SL11144 decreased the amount of caspase-3 protein by 96 h of treatment, but no cleaved,
active caspase-3 or its downstream target, PARP, was detected. We next examined whether
two upstream proteases, caspase-9 and caspase-8, were affected by SL11144 in MDA-
MB-231 cells. SL11144 treatment increased the cleavage of caspase-9 after 72 h, whereas
caspase-8 was essentially undetectable under the conditions examined. Cytochrome c release
from mitochondria was enhanced at 48 h and returned to its baseline level thereafter.
Furthermore, Bcl-2 protein was down-regulated, and Bax was up-regulated by SL11144
beginning at 24 h. Finally, expression of FasL was increased by SL11144 after 48 h. The
changes observed precede DNA fragmentation, which was not observed until 96 h of
treatment.

Effects of SL11144 on apoptotic protein expression were further assessed in MCF7 cells.
Our results (Fig. 6B) confirmed the previous finding (30) that caspase-3 is not expressed in
MCF7 cells. The activities of caspase-8, caspase-9, and PARP were not affected by
SL11144. SL11144 did not change Bcl-2 protein levels, whereas Bax expression was
minimal. No release of cytochrome c was observed in SL11144-treated MCF7 cells.
However, FasL level was increased by SL11144 after 48 h of treatment. These data suggest
that SL11144 may induce apoptosis in MCF7 cells through caspase- and cytochrome c
release-independent pathways. Another possibility is that the DNA fragmentation and
apoptotic morphological changes noted in MCF7 cells are induced directly by SL11144.
Many polyamine analogs bind strongly to DNA and are capable of inducing structural
changes in chromatin (6).

In contrast to the above-mentioned results in MCF7 and MDA-MB-231 cells, SL11144
treatment of MDA-MB-435 cells led to caspase-3 activation and cleavage of PARP within
12 h of drug exposure (Fig. 6C). Also, caspase-8 was activated, and the proform of
caspase-9 was completely cleaved by 48 h of exposure. Although Bcl-2 expression did not
change, and Bax expression was essentially undetectable, cytochrome c was released into
cytoplasm from mitochondria by 12 h. FasL expression was induced at 48 h. These results
suggest that both caspase and mitochondrial pathways are activated by SL11144 in MDA-
MB-435 cells. The time course of caspase activation and cytochrome c release parallels the
course of DNA fragmentation, which was detected at 12 h of SL11144 treatment.

SL11144 Up-Regulates c-Jun and c-Fos in MDA-MB-231 and MDA-MB-435 Cells
Because the effects of SL11144 on apoptotic pathways varied greatly between different
human breast cancer cell lines, we examined the impact of SL11144 on other important
apoptosis-related factors, particularly c-Jun and c-Fos. Both c-Jun and c-Fos are important
members of the AP-1 transcription factor family, which plays a critical role in regulating
transcription of a variety of genes involved in growth, differentiation, apoptosis, and so
forth. In MDA-MB-231 cells, SL11144 treatment induced c-Jun phosphorylation after 48 h
but did not alter the protein expression of either c-Jun or c-Fos (Fig. 7A). In MCF7 cells, no
obvious changes in c-Jun and c-Fos were observed (Fig. 7B). In contrast, SL11144
significantly induced the phosphorylation of c-Jun and enhanced the protein level of c-Jun
and c-Fos in MDA-MB-435 cells within 6–12 h (Fig. 7C). To study whether SL11144-
enhanced c-Jun and c-Fos protein expression led to the increased nuclear localization of
these proteins in MDA-MB-435 cells, the subcellular localization of c-Jun and c-Fos was
examined. c-Jun was induced and expressed largely in the nucleus, whereas c-Fos was
induced in both the cytoplasm and the nucleus (Fig. 7D). These results imply that up-
regulations of AP-1 family proteins by SL11144 are cell type specific and may play an
active role in the mediation of growth-inhibitory activities of SL11144.
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DISCUSSION
Results of previous studies from our laboratory demonstrated that first and second
generations of N-acetyl substituted polyamine analogs could inhibit growth and induce
apoptosis in MCF7 and other human breast cancer cell lines (3, 9, 31). However a Phase II
clinical trial of one early polyamine analog, N1,N11-diethylnorspermine (DENSPM; also
known as BENSpm), showed that it was not effective as a single agent in women with
advanced breast cancer (32). Recently, a group of new polyamine analogs designated as
oligoamines has been developed (17). Oligoamines were synthesized with longer chains
than natural cellular polyamine molecules that occur in mammalian cells and are effective
against a variety of proliferating cells (17). In this study, we demonstrate that one of the
leading oligoamine compounds, SL11144, significantly inhibits the growth of and induces
PCD in human breast cancer cells. It displays more potent antiproliferative activity against
breast tumor line proliferation than the previously reported polyamine analogs, BENSpm,
CPENSpm, and CHENSpm. SL11144 induced DNA fragmentation and typical apoptotic
morphological changes in both hormone-responsive (MCF7) and hormone-unresponsive
(MDA-MB-231 and MDA-MB-435) breast cancer cell lines. It appears that there is no
relationship between hormone receptor status and cytotoxic effects of SL11144. SL11144
also inhibits the growth of MDA-MB-231 xenografts in nude mice in a dose-dependent
fashion without apparent toxicity.

SL11144-induced apoptosis, based on morphological and DNA fragmentation criteria, was
not detected until 96 h of treatment in MDA-MB-231 and in MCF7 cells, but 12 h of
treatment with SL11144 resulted in apoptosis in MDA-MB-435 cells. Although the
mechanisms of differential susceptibility among tumor cells to polyamine analog-induced
cell death are unclear, this could reflect varied effects on apoptotic pathway members
including caspases, bcl-2 family members, cytochrome c, and FasL, which have been
demonstrated to play critical roles in regulating PCD (25–28). Caspases have been
characterized as the effectors and executioners of apoptosis, and caspase-3 is a critical
downstream apoptotic effector that cleaves specific substrates such as PARP. The
observation that caspase-3 activation was followed by PARP cleavage in MDA-MB-435
cells indicates that caspase-3 may play a key role as an important executioner in SL11144-
induced apoptosis in this cell line. However, the failure of SL11144 to activate caspase-3 in
MDA-MB-231 cells and the absence of caspase-3 expression in MCF7 suggest that other
factors or pathways can also function as apoptotic effectors in these two cell lines.

Mitochondria can be induced to release cytochrome c in response to many anticancer drugs
and to other stresses by the opening of channels on the outer mitochondrial membrane (33).
Release of cytochrome c activates the caspase adaptor, caspase-9, which then activates
downstream caspases such as caspase-3 and caspase-8 (34). Our studies found that
cytochrome c release was transiently enhanced by SL11144 with a 48-h drug exposure in
MDA-MB-231 cells, whereas it was rapidly and consistently induced in MDA-MB-435
cells. In both cell lines, time-dependent activation of caspase-9 was observed, but caspase-8
activation was only seen in MDA-MB-435 cells. However, in MCF7 cells, SL11144 has no
effect on cytochrome c release or on caspase-8 or -9 activation. The simultaneous activation
of both caspase cascades and of the mitochondrial pathway in MDA-MB-435 cells by
SL11144 might explain why cell death was more rapidly induced in these cells than in
MDA-MB-231 or MCF7 cells. A recent study by Ellison et al. (35) reported that MDA-
MB-435 cells might be of melanoma origin based on differential expressions of genes
characteristic of breast cancer cells. If more compelling evidence ultimately confirmed this
conclusion, the different sensitivity of MDA-MB-435 cells to SL11144 may possibly reflect
its non-breast cancer identity.
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Members of the Bcl-2 family play a central role in regulating the mitochondrial pathway of
apoptosis. More than 20 Bcl-2 family members have been identified to date, including
antiapoptosis members (Bcl-2, Bcl-XL, Bcl-W, Bcl-G, Mcl-1, and so forth) and proapoptosis
members [Bax, Bak, Bok, Bad, Bid, Bik, Bim, Bcl-Xs, and so forth (33, 34, 36–39)]. In
response to various stimuli and stresses, Bcl-2 family proteins usually translocate to the
outer mitochondrial membrane and modulate membrane permeabilization, leading to the
release of cytochrome c. SL11144 decreased Bcl-2 and increased Bax expression in MDA-
MB-231 cells but did not affect Bcl-2 and Bax in MDA-MB-435 and MCF7 cells,
suggesting that the regulation of Bcl-2 family members by polyamine analog is cell type
specific. Our data also demonstrate that SL11144 enhances FasL (the only protein to be
uniformly affected) expression in all three cell lines. The Fas/FasL (CD95-CD95 ligand)
system is another critical pathway that leads to the activation of apoptotic machinery.
Binding of FasL to Fas and to other death receptors results in receptor trimerization,
recruitment of adaptor protein to the cytoplasmic death domain, and activation of a series of
downstream apoptotic events (40, 41). Recent studies have shown that overexpression of
FasL can lead to suicidal or fratricidal destruction in melanoma and leukemia cells via
autocrine or fratricidal interactions between FasL and Fas (42, 43). Up-regulation of FasL
level by SL11144 in all three human breast cancer cell lines implies that activation of Fas/
FasL system might be a common mechanism for the cell death induced by SL11144.

We further investigated whether other important upstream regulatory or signaling events
were involved in the mediation of SL11144-induced growth inhibition and apoptosis.
SL11144 induces expression and phosphorylation of c-Jun, an important member of the
AP-1 family, in both MDA-MB-231 and MDA-MB-435 cells. It also significantly increased
the protein expression of another important AP-1 family member, c-Fos, after 12 h in MDA-
MB-435 cells. Nuclear extraction analysis showed that c-Jun protein was located largely in
the nucleus, where it can potentially play an active role in mediation of a wide range of gene
expressions. However, neither c-Jun or c-Fos levels nor phosphorylation status was
significantly affected by SL11144 treatment in MCF7 cells. c-Jun-NH2-terminal kinase
signaling and AP-1 transcription factors have been implicated in the regulation of cell
proliferation, differentiation, and apoptosis (44). The proapoptotic targets of c-jun include
FasL, tumor necrosis factor α, c-Myc, p53, and members of the bcl-2 family (45–49). The
activation of c-Jun in MDA-MB-231 and MDA-MB-435 cells, but not in MCF7 cells,
suggests that c-Jun-NH2-terminal kinase/AP-1 and the upstream regulator mitogen-activated
protein kinase family might be a major polyamine analog response pathway in some but not
all breast cancer cell lines.

The intracellular polyamines are highly regulated by several polyamine metabolic enzymes.
ODC, the first and rate-limiting step of polyamine biosynthesis, increases levels of
polyamines in cells during rapid proliferation or differentiation (6). High expression of ODC
characterizes some cancers including breast cancer. As a result, there has been extensive
effort to design compounds that can inhibit ODC activity in tumor cells. α-
Difluoromethylornithine, an irreversible inhibitor of ODC, has proven to be effective in
inhibiting growth in several in vitro and in vivo tumor models (6, 50). In this study, the
effect of SL11144 on natural polyamine levels was variable in different cell lines. SL11144
treatment led to a decrease in all natural polyamines in MDA-MB-231 cells and had
inconsistent effects in MCF7 and MDA-MB-435 cells. The increased level of Spd in MCF7
cells by SL11144 might explain why MCF7 cells are less sensitive to SL11144 than the
other two cell lines. Although ODC activities were significantly suppressed by SL11144 in
all these cells, it is not clear whether the attenuation of ODC activities contributes to
SL11144 cytotoxicity. In addition, the activity of another critical polyamine metabolic
enzyme, SSAT, was only modestly up-regulated by SL11144 exposure, indicating that
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SSAT activity is not responsible for the observed cytotoxic response. All these results imply
that the effects of SL11144 may not be solely a function of its effect on polyamine pools.

In summary, a newly developed polyamine analog, SL11144, exhibits significant inhibitory
actions against human breast cancer cell growth in vitro and in vivo. Apoptotic cell death
was induced by SL11144 in a time- and dose-dependent manner. SL11144 modulated
expression of apoptotic proteins in a cell type-specific manner, suggesting that multiple
apoptotic pathways might be involved in SL1144-induced apoptosis in different human
breast cancer cell lines.
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Fig. 1.
Structures of Spm and polyamine analog SL11144.
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Fig. 2.
SL11144 inhibits growth of human breast cancer cells in a time-and dose-dependent manner.
MDA-MB-231 cells (A) and MCF7 cells (B) were treated with increasing concentrations of
SL11144 for 72 or 96 h. MDA-MB-435 cells (C) were treated with increasing
concentrations of SL11144 for 24 or 48 h. MTT assays were performed as described in
“Materials and Methods.” Shown are means ± SD of independent experiments performed in
quadruplicate.
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Fig. 3.
SL11144 induces internucleosomal DNA fragmentation. MDA-MB-231 cells (A) and
MCF7 cells (B) were treated with increasing concentrations of SL11144 (0.1–10 μM) for 96
h or treated with 10 μM SL11144 for 48, 72, and 96 h. MDA-MB-435 cells (C) were treated
with increasing concentrations of SL11144 (0.1–10 μM) for 24 h or treated with 10 μM
SL11144 for 3, 6, 12, 24, and 48 h. Cells were harvested, and fragmented DNA was
extracted as described in “Materials and Methods.” Fragmented DNA was analyzed by
electrophoresis in a 1.2% agarose gel containing 0.1% ethidium bromide. Each experiment
was done twice with similar results.
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Fig. 4.
Fluorescent micrographs of SL11144-treated cells. MDA-MB-231 cells, MDA-MCF7 cells,
and MB-435 cells were exposed to 10 μM SL11144 for the indicated times. Then cells were
fixed in formaldehyde and stained with Hoechst dye 33258. A, untreated cells; B, SL11144-
treated cells.
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Fig. 5.
Effects of SL11144 in nude mice bearing MDA-MB-231 xenografts. A, MDA-MB-231 cells
were transplanted into the flank region of nude mice. Ten days after implantation, different
doses of SL11144 (2.5, 5, or 10 mg/kg) or vehicle were given via i.p. injection twice
weekly. Tumor volumes of mice were measured twice weekly. The vertical bars indicate
mean tumor size (in mm3) ± SE. B, weights of mice were measured twice weekly. The
vertical bars indicate mean mouse weight (in g) ± SE.
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Fig. 6.
Effects of SL11144 on apoptosis proteins. MDA-MB-231 cells (A) and MCF7 cells (B)
were treated with 10 μM SL11144 for 24, 48, 72, and 96 h. MDA-MB-435 cells (C) were
treated 10 μM SL11144 for 12, 24, and 48 h. Equal amounts (50 μg/lane) of cellular protein
were fractionated on 12% SDS-PAGE gels and transferred to PVDF membranes followed
by immunoblotting with anti-caspase-3, PARP, caspase-9, caspase-8, cytochrome c, Bcl-2,
Bax, or FasL monoclonal or polyclonal antibodies and analyzed as described in “Materials
and Methods.” Actin protein was blotted as a control. Each experiment was repeated twice
with similar results.
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Fig. 7.
Effects of SL11144 on c-Jun and c-Fos. Tumor cells were treated with 10 μM SL11144 for
the times indicated. Equal amounts (50 μg/lane) of whole cell (A–C), cytoplasmic or nuclear
protein (D) were fractionated on 12% SDS-PAGE gels and transferred to PVDF membranes
followed by immunoblotting with anti-c-Jun and c-Fos polyclonal antibodies and analyzed
as described in “Materials and Methods.” Actin protein was blotted as a control.
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