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Abstract
2-Methoxyestradiol (2ME) is an estradiol metabolite with anti-tumor and anti-angiogenic properties.
We studied the effect of 2ME on apoptosis of MCF-7 breast cancer cells and explored a combination
therapy using 2ME and a polyamine analogue, bis(ethyl)norspermine (BE-3-3-3). Determination of
viable cells on day 4 of treatment with 2ME/BE-3-3-3 combinations showed synergistic effects by
Chou-Talalay analysis. APO-BRDU analysis showed that there was only 1.5 ± 0.5 % apoptosis at
200 nM 2ME and 3.7 ± 1.7 % in the presence of 2.5 μM BE-3-3-3. Combination of 200 nM 2ME
and 2.5 μM BE-3-3-3 resulted in 52.2 ± 2.6 % apoptosis. Up to 90% of the cells underwent apoptosis
in the presence of 1000 nM 2ME and 2.5 μM BE-3-3-3. Combination treatments resulted in total
disruption of microtubules and depletion of putrescine, spermidine and spermine. In addition,
phosphorylation of Akt and nuclear localization of cyclin D1 were altered by 2ME/BE-3-3-3
combination. Our results suggest an important strategy to induce apoptosis of breast cancer cells,
with potential applications in therapy.
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1. Introduction
2-Methoxyestradiol (2ME) is a metabolite of estradiol (E2) with growth inhibitory and
apoptotic activity on several experimental models of cancer [1-4]. The mechanism of action
of 2ME on normal and neoplastic breast epithelial cells is intriguing since increased production
of 2-hydroxyestradiol, which is converted to 2ME by O-methylation, is linked to reduced breast
cancer risk [5,6]. In contrast, the metabolic pathways that produce 4-hydroxyestradiol and
16α-hydroxyestrone have been linked to increased risk of breast and uterine cancers [7-9].
Relatively high serum concentrations (4000 pg/ml) of 2ME are found in pregnant women,
possibly contributing to the protective effect of pregnancy on breast cancer [10].

At pharmacological concentrations (1 to 50 μM), 2ME is an anti-tumor and antiangiogenic
agent, as demonstrated by several studies on pre-clinical cancer models [1-4]. These studies
have also led to phase I and phase II clinical trials of 2ME [11,12]. 2ME is known to bind to
the colchicine binding site of tubulin. 2ME depolymerizes microtubules in endothelial as well
as tumor cells [13,14]. Dose-dependent mechanistic differences, such as G1 arrest or G2/M
arrest of cancer cells have also been observed with 2ME [15]. In estrogen receptor (ER) -
positive breast cancer cells growing in the presence of estradiol, 2ME exerted anti-proliferative
effect, raising the possibility that 2ME could be utilized as an anti-estrogen in a subset of breast
cancer [16,17]. 2ME also has a marked sensitivity toward cancer cells compared to normal
cells [18]. However, the bioavailability of 2ME is poor so that serum levels in patients do not
reach high concentrations required for apoptosis [11]. Therefore, we considered a combination
therapy involving a polyamine analogue.

Polyamines --putrescine (H2N(CH2)4NH2), spermidine (H2N(CH2)4NH(CH2)3NH2) and
spermine (H2N(CH2)3NH(CH2)4NH(CH2)3NH2-- are organic cations with multiple functions
in cell growth and differentiation [19-22]. Polyamine levels are significantly higher in breast
tumors compared to adjacent normal tissues [23]. Cellular polyamine levels are delicately
regulated by biosynthetic enzymes (ornithine decarboxylase (ODC) and S-adenosylmethionine
decarboxylase (SAMDC), catabolic enzymes (spermidine/spermine N1-acetyltransferase
(SSAT), and polyamine oxidases) and by uptake/efflux pathways [20]. E2 increased ODC
mRNA and enzyme activities in breast cancer cells [24]. We recently found that 2ME could
reduce E2-induced increases in ODC activity and polyamine levels [16]. Among the polyamine
analogues, bis(ethyl)norspermine (BE-3-3-3) is well characterized and has undergone phase I
and phase II clinical trials [25-27].

While polyamine depletion compromises many cellular functions, it is possible that cell
survival pathways might be altered by 2ME/BE-3-3-3 combinations. Akt signaling pathway
is particularly important in imparting cellular resistance to chemotherapy [28,29]. About 35%
of breast cancer patients have increased levels of phosphorylated Akt in their tumors and Akt
phosphorylation is associated with poor prognosis for disease-free survival [30,31]. Pre-
clinical and molecular biologic studies also show a link between tamoxifen resistance and Akt
activation [32,33]. Previous studies showed that E2-induced Akt activation was inhibited by
2ME [16].

We investigated the anti-proliferative effects of 2ME, BE-3-3-3, and their combinations on
MCF-7 cells growing in the presence of E2. Cell growth in the presence of E2 was examined
because this model mimics the mitogenic effect of E2 as a controlling factor in the growth of
ER-positive human breast cancer [34,35]. Combinations of BE-3-3-3 and 2ME showed
synergistic anti-proliferative and apoptotic activity, compared to single agents. 2ME down-
regulated E2-induced increase in ODC activity and polyamine levels in MCF-7 cells. Confocal
microscopic studies showed progressive disruption of microtubules in cells treated with the
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combination. Our results further showed that 2ME/BE-3-3-3 combination decreased
phosphorylation of Akt and reduced nuclear localization of cyclin D1.

2. Materials and Methods
2.1. Materials

MCF-7 cell line was obtained from American Type Culture Collection (Manassas, VA). E2
and 2ME were purchased from Steraloids, Inc. (Wilton, NH). 2ME was further purified by an
HPLC method [36] and kindly provided by Dr. B.T. Zhu of the University of South Carolina,
Columbia, SC. HPLC analysis of the re-purified 2ME showed a purity of >99%, and no E2,
E1 or other metabolite was detected. Putrescine, spermidine, spermine, Dulbecco's modified
Eagles medium (DMEM), phenol red-free DMEM, and fetal bovine serum (FBS), were
purchased from Sigma Chemical Co. (St. Louis, MO). Antibiotics, trypsin, and other additives
for cell culture medium were purchased from Invitrogen (Carlsbad, CA). Anti-α-tubulin and
anti-β-actin antibodies were from Sigma. Cyclin D1 was purchased from Neomarker, Fremont,
CA. Antibodies specific to p-Akt, total Akt and PTEN were from Cell SignalingTechnology,
Beverly, CA.

2.2. Cell Culture
MCF-7 cells were maintained in DMEM containing 10% FBS supplemented with 100 units/
ml penicillin, 100 μg/ml streptomycin, 40 μg/ml gentamycin, 2 μg/ml insulin, 0.5 mM sodium
pyruvate, 10 mM nonessential amino acids and 2 mM L-glutamine. MCF-7 cells were grown
in phenol red-free DMEM for 1 week prior to all experiments [16]. This medium contained
10% FBS pretreated with dextran-coated charcoal (0.5% Norit A, and 0.05% Dextran T-70)
to avoid the effects of serum-derived estrogenic compounds. T-47D cells were maintained in
RPMI 1640 medium with serum and antibiotic supplements and grown in phenol red-free
DMEM for one week prior to experiments. MDA-MB-231 cells were maintained in DMEM
and was not changed to phenol red free medium prior to the experiments.

MCF-7 cells were plated in triplicate at a density of 5 × 104 cells/ml/well in 24-well plates.
Cells were dosed 24 h after plating, with required concentrations of E2 and/or 2ME. Cells were
re-dosed with a medium change 48 h after the first dose. After appropriate treatment periods,
live cells were counted using the trypan blue exclusion method, using a hemocytometer.

2.3. Chou-Talalay Analysis
For combination studies, ratio of the two drugs was set from the IC50 values for the inhibition
of cell proliferation. Six doses of 2-ME and BE-3-3-3 were used from serial dilutions covering
the IC50 of 2ME and BE-3-3-3. Percentage growth inhibition was calculated and the results
plotted according to the median effect equation, fa/fu = (D/Dm)m, where fa is the fraction
affected by dose D, fu is the fraction unaffected, D is the dose and Dm is the dose required for
50% growth inhibition and m is the coefficient of sigmoidicity [37]. Combination index (CI)
was determined from the CI-isobologram method [38] using the computer program developed
by Chou and Martin [39]. The three possibilities: CI < 1, CI = 1, and CI > 1, indicated synergy,
additive effect, and antagonism, respectively [37,40].

2.4. APO-BRDU Assay for Apoptosis
MCF-7 cells (1 ×106) were plated in triplicate in 100 mm dishes and allowed to adhere for 24
h. Cells were treated with the appropriate concentrations of E2, 2ME or their combinations and
re-dosed with a medium change 48 h after the first dose. Cells were harvested in PBS after 96
h of treatment and fixed in 1% paraformaldehyde. After two washes in PBS, cells were re-
suspended in ethanol and stored at −20°C until further analysis. Percentage apoptosis was
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determined using the APO-BRDU assay kit from BD Biosciences (CA, USA). In this assay,
the cell pellet was incubated with brominated deoxyuridine triphosphate (BRDU) and TdT
(terminal deoxynucleotidyl transferase) enzyme for 24 h at 28 °C. BRDU incorporated into
the 3'-hydroxyl termini of double- and single-stranded DNA was identified by staining the cells
with a fluorescent labeled anti-BRDU monoclonal antibody, using flow cytometry (Epics
Profile II Flow Cytometer, Beckman Coulter, Inc., Fullerton, CA).

2.5. Cell Cycle Analysis
MCF-7 cells (2 × 106 cells/well) were seeded in 100 mm dishes. Cells were dosed with required
amount of 2ME/BE-3-3-3 after 24 h of plating. After the treatment period, cells were rinsed
with 1 ml of phosphate buffered saline (PBS). Cells were harvested by adding a citrate buffer
(40 mM sodium citrate, 250 mM sucrose, 5% DMSO). Solution A (10 mM Tris.HCl (7.6),
containing 50 μg trypsin inhibitor, 10 μg ribonuclease A in 3.4 mM trisodium citrate, 0.1%
Nonidet P-40, and 15 mM spermine tetrahydrochloride) was added to the cells and incubated
for 10 minutes at 22 °C. Propidium iodide (42 μg/100 ml) solution in citrate buffer was added
and cell cycle analysis was conducted by flow-cytometry.

2.6. Confocal Microscopy
Cells (5 × 104 cells/well) were seeded onto Labtek chamber-slide 4-well plates. Cells were
allowed to adhere for 48 h before dosing with required concentrations of 2ME/BE-3-3-3. After
the treatment period, cells were fixed in ice-cold methanol for 5 min and permeabilized using
0.1% Triton in PBS for 5 min. Cells were subsequently washed with PBS (3 to 5 min) and
blocked with 5% goat serum in PBS for 30 min. For microtubule structure, cells were incubated
with mouse monoclonal anti-α-tubulin antibody (1:2000) for 2 h. For cyclin D1 staining, cells
were incubated with anti-cyclin D1 primary antibody (1:100). Cells were then washed with
PBS before incubating with appropriate secondary antibodies conjugated with Alexa Fluor 488
for 1 h (1:400). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI, 1 nM) solution
for 5 min. Cells were then washed with PBS and mounted with an anti-fading agent (Gel Mount,
sigma) and cover slips, before confocal microscopic imaging. Cells were imaged by confocal
microscopy using a Zeiss LSM-510 laser scanning microscope (Carl Zeiss, Thornwood, NY,
U.S.A.).

2.7. Western Blot Analysis
Cell lysate was prepared according to the procedure previously described (16,41). Briefly,
monolayers of MCF-7 cells (3.5 × 106/100 mm dish) were washed twice with PBS and lysed
by the addition of ice-cold lysis buffer (150 mM Tris.HCl (pH 7.4), 150 mM NaCl, 1% Nonidet
P-40, 2 mM EDTA, 50 mM sodium fluoride, 0.2% SDS, 100 mM sodium vanadate, 2 mg/ml
leupeptin, aprotonin, and pepstatin, and 1 mM phenylmethylsulfonyl fluoride). Thirty-
microgram protein (by the Bradford protein assay) was diluted in 2 X SDS-PAGE Laemmli
buffer (150 mM Tris base (pH 6.8), 30% glycerol, 4% SDS, 7.5 mM dithiothreitol, 0.01%
bromophenol blue) and separated on a 10% SDS-polyacrylamide gel. After electrophoresis,
separated proteins were transferred to PVDF Polyscreen membrane. After blocking the
nonspecific binding sites with 5% nonfat milk in Tris-buffered saline, containing 0.1%
Tween-20, the membrane was immunoblotted with a 1:200 dilution of the primary antibody.
Antibodies specific to cyclin D1, p-Akt, total Akt, PTEN, and β-actin proteins were used in
this study. Protein bands were visualized using a horseradish peroxidase conjugated secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and SuperSignal West Peco
Chemiluminescent Substrate (Pierce, Woburn, MA). Same membranes were used sequentially
to detect several proteins by stripping and reblotting. To verify equal protein loading,
membranes were re-blotted with an anti-β-actin monoclonal antibody.
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2.8. Polyamine Assay
Polyamine levels were quantified by a previously described procedure using a Hitachi L-7000
HPLC unit (24). MCF-7 cells were plated at a density of 3 × 106 cells/100 mm dish, and treated
with E2, 2ME, BE-3-3-3 or their combinations for 48 h. Cells were homogenized in 8%
sulfosalicylic acid and centrifuged at 5,000 × g. Polyamines were converted to dansyl
derivatives and separated on a C18 analytical column with acetonitrile-water gradient, and
quantified by a fluorescence detector. 1,6-Diaminohexane was used as the internal standard.

2.8. ODC Activity Assay
MCF-7 cells (3 × 106 cells/dish) were plated in 100 mm dishes. Cells were treated with E2,
2ME, BE-3-3-3 or their combinations. ODC assay was performed as described previously (24).
Briefly, cell pellets were sonicated on ice for 10 seconds in 1 ml of Tris buffer (10 mM Tris.HCl,
pH 7.4, 2.5 mM dithiothreitol). After centrifugation, supernatants were used for the assay.
Ornthine mix containing 6.5 μCi/ml of 14C-ornithine and 22 mM unlabeled ornithine in 10
mM Tris.HCl (pH 7.4) and pyridoxal-5-phosphate (2 mM) were added to tubes fitted with
rubber stoppers with center wells (Kontess Glass Company, Vineland, NJ). Hyamine hydroxide
was used to trap 14CO2and radioactivity determined using a scintillation counter. ODC activity
was calculated as nmols/mg protein/hour.

2.9. Statistical Analysis
All experiments were repeated at least 3 times. All blots shown are representative of 3 separate
experiments with mean of fold changes in intensities reported in the text. Statistical difference
between control and treatment groups was determined by one way analysis of variance
(ANOVA) followed by Dunnet's test or Tukey's test (GraphPad Prism Software program, San
Diego, CA). A P value of < 0.05 was considered to be statistically significant.

3. Results
3.1. Cell Growth

We first determined the dose-dependent effects of 2ME on the growth of MCF-7 cells growing
in the presence of 10 nM E2. Cells were seeded on 24-well culture plates and dosed with
different concentrations of 2ME. Cell growth was determined on day 4 of treatment by trypan
blue exclusion assay. Figure 1A shows that 2ME inhibited the growth of MCF-7 cells with an
IC50 of 180 nM. Figure 1B shows the effect of BE-3-3-3 on the growth of MCF-7 cells. Our
results showed that MCF-7 cells were growth inhibited by BE-3-3-3 with an IC50 of 1.6 μM.

We next examined possible synergistic growth inhibitory interactions between 2-ME and
BE-3-3-3 using the Chou-Talalay method [38]. The IC50 values of 2ME and BE-3-3-3 were
used to design experiments to determine synergistic anti-proliferative interaction between these
compounds. Six doses of the agents, ranging from 25 to 300 nM 2ME and 200 to 2,400 nM
BE-3-3-3, were used for combination studies. The combination index (CI) plot is given in
Figure 1C. Values representing fractional inhibition and dose-reduction are presented in Table
1 of Supplementary Material. Our results suggest that as much as 14-fold reduction in the dose
of BE-3-3-3 might be possible due to combination with 2ME. As shown in Figure 1C, CI values
range from 0.25 to 0.5, indicating strong synergism in the growth inhibitory effect.

3.2. Apoptosis
Apoptosis of MCF-7 cells was examined in the presence of 2ME and BE-3-3-3. Cells growing
in the presence of E2 were treated with 0, 200, 500, and 1000 nM 2-ME with or without 1, 2.5
and 5 μM BE-3-3-3. Cells were harvested after 4 days of treatment. Figure 2 shows the effects
of combination treatments on apoptosis of MCF-7 cells. Combination of 2ME with 1 μM
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BE-3-3-3 did not increase apoptosis compared to that of cells treated with 2ME alone. In
contrast, cells treated with 200, 500, and 1000 nM 2ME showed a remarkable increase in
apoptosis in combination with 2.5 μM or 5 μM BE-3-3-3. Indeed, 52 and 78% of cells
underwent apoptosis in the presence of 200 and 500 nM 2ME, respectively, when combined
with 2.5 μM BE-3-3-3. Apoptosis was less than 5% when cells were treated with these
concentrations of 2ME or BE-3-3-3 as single agents. Increase in apoptosis was also seen in
cells treated with 5 μM BE-3-3-3 in combination with 2ME, although this concentration of
BE-3-3-3 also induced significant levels of apoptosis as a single agent.

3.3. Cell Cycle
2ME has been reported to induce accumulation of cells in G2/M phase for a number of cell
types and G1 or S phase arrest in some cases [1,15,42]. We therefore examined the effect of
2ME, We conducted cell cycle analysis at 48, 72 and 96 h of treatment. However, 72 h of
treatment provided maximal changes in the percentages of distribution of cells. Table 1 shows
the percentages of distribution of cells in G1, S and G2/M phases of the cell cycle. E2 treatment
induced a significant decrease of cells in G1 phase and a concomitant increase in S phase, as
expected from its growth stimulatory effects. 2ME at 200 and 500 nM concentrations showed
a trend toward increase of cells in G1 phase, compared to the E2 treatment group. However,
the increase in G1 phase cells was significant at 1000 nM 2ME. BE-3-3-3 treatment resulted
in significant accumulation of cells in G1 phase at 2.5 and 5 μM concentrations. There was
also a significant decrease in S phase cells. Combinations of 2ME with BE-3-3-3 maintained
the accumulation of cells in G1 phase.

3.4. Cyclin D1 Levels and its Nuclear Localization
Since we observed G1 arrest due to 2ME/BE-3-3-3 treatment, we examined cyclin D1 levels
by Western blots. There was no statistically significant change in cyclin D1 protein level at 24
h of treatment with 2ME, BE-3-3-3 or their combinations (results not shown). Recent studies
indicate that nuclear/cytoplasmic shuttling of cyclin D1 is important for cell cycle progression
[43]. We therefore examined the effect of 2ME and BE-3-3-3 on the nuclear/cytoplasmic
localization of cyclin D1 protein by immunofluorescence microscopy. Cells were treated with
200 nM 2ME and 2.5 μM BE-3-3-3 for 24 h. Cells were examined under a confocal microscope
and the number of cells with cyclin D1 either in the cytoplasmic or nuclear compartments were
quantified. Our results show that E2 treatment increased the number of cells with nuclear cyclin
D1 (Figure 3). Treatment of cells with 200 nM 2ME or 2.5 μM BE-3-3-3 did not show
significant changes in the number of cells with nuclear cyclin D1. In contrast, combination
treatment with 2ME and BE-3-3-3 resulted in a significant decrease in the number of cells with
cyclin D1 in the nucleus. These results indicate that growth inhibitory/apoptotic effects of 2ME/
BE-3-3-3 combination on MCF-7 might involve the exclusion of cyclin D1 from nucleus.

3.5. Akt Pathway
Since E2 is known to induce Akt phosphorylation as a part of its ability to stimulate cell growth
and prevent apoptosis [44,45], we next examined the effect of 200 nM 2ME and 2.5 μM
BE-3-3-3 on the level of Akt phosphorylation. Treatment with E2 resulted in increased levels
of Akt phosphorylation 24 h after its addition (Figure 4). Treatment with 200 nM 2ME resulted
in 30 to 40% decrease in Akt phosphorylation. Phospho-Akt levels were not altered by 2.5
μM BE-3-3-3. Combination treatment resulted in 85% reduction of phospho-Akt levels
compared to the E2-treatment group. Total Akt protein level was determined by re-probing the
blot with an antibody that recognized total Akt protein. BE-3-3-3 and 2ME/BE-3-3-3
combination reduced total Akt protein levels by 10 to 15% compared to E2-treatment group.
Since phosphorylation of Akt is also controlled by upstream phosphatase and tensin homologue
deleted from chromosome 10 (PTEN) [29,45], we examined PTEN levels by re-probing the
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same blot with an antibody that recognized PTEN. Our results showed that PTEN levels did
not change with treatment. In addition, re-probing with anti-β-actin antibody showed equal
levels of protein in control and treatment groups, indicating equal protein loading on the gel
and transfer to membrane. These results suggest that 2ME/BE-3-3-3 combination has the
capacity to down-regulate Akt phosphorylation, thereby contributing to apoptosis sensitivity.

3.6. Microtubule Structure
We next determined the effect of 2ME, BE-3-3-3 and their combination on microtubule
structure using confocal microscopy. Figure 5 shows representative confocal images of
microtubule structures at 24, 48 and 96 h of treatment. Minor changes in the microtubule
structure were observed for 200 and 1000 nM 2ME at 24 h of treatment. BE-3-3-3 treatment
also induced minor changes in microtubules at this time point. Combination treatments showed
further loss of microtubules at the 24 h time point. At the 48 h time point, cells treated with
combinations showed a remarkable disruption and loss of microtubules compared to the
control. BE-3-3-3 also caused a reduction of microtubules at 48 and 96 h of treatment. At 96
h of treatment, there was a considerable loss of microtubules in cells treated with 200 nM 2ME
or 2.5 μM BE-3-3-3. However, microtubules were completely destroyed in cells treated with
500 nM 2ME + 2.5 μM BE-3-3-3 or 1000 nM 2ME + 2.5 μM BE-3-3-3. These results indicate
that apoptosis induced by 2ME/BE-3-3-3 combinations involves a severe loss of microtubule
structure.

3.7. Polyamine Pathway
In order to examine whether apoptotic concentrations of 2-ME and BE-3-3-3 can produce
additive or synergistic depletion of polyamines, we determined polyamine levels in cells treated
with these compounds individually and in combination. Table 2 shows changes in polyamine
levels induced by 2ME and BE-3-3-3 after 48 h of treatment. E2-induced increase in polyamine
levels were down-regulated by 200 nM 2ME and this was not further reduced by 500 or 1000
nM 2ME. BE-3-3-3 at 2.5 μM concentration, reduced spermidine and spermine levels
significantly, whereas decrease in putrescine level was not significant. However, at 5 μM
BE-3-3-3, putrescine, spermidine, and spermine levels decreased significantly. In general,
combinations of 2ME and BE-3-3-3 yielded more severe depletion of putrescine, spermidine
and spermine compared to individual treatments, with some exceptions, such as putrescine at
200 nM 2ME + 2.5 μM BE-3-3-3. In this case, putrescine level was suppressed to the level of
control without E2, but no further reduction was found. In contrast, spermidine and spermine
levels were reduced by 60 and 41%, respectively, in the presence of 200 nM 2ME + 2.5 μM
BE-3-3-3, compared to the control group without E2. Higher concentrations of 2ME (500 and
1000 nM) and BE-3-3-3 (2. 5 or 5 μM) produced progressive depletion of all three polyamines
by 48 h of treatment.

Determination of ODC activity at 48 h of treatment showed that ODC activity was down-
regulated with increasing concentrations of 2ME (Figure 6). BE-3-3-3 also reduced E2-induced
ODC activity. In cells treated with 200 nM 2ME and 2.5 μM BE-3-3-3, there was further
reduction of ODC activity compared to that in the presence of single agents. Determination of
SSAT activity showed 3- to 5-fold increase in the presence of BE-3-3-3, but there was no
further increase due to 2ME/BE-3-3-3 combination (results not shown). These results indicate
that down-regulation of ODC activity is associated to polyamine depletion and overall effects
of 2ME and BE-3-3-3.

We have been testing the effect of 2ME and BE-3-3-3 on E2-induced cell proliferation, using
MCF-7 cells as a model system. Expression of ERα in MCF-7 cells enables these cells to
respond E2, stimulating its proliferation [16]. In order to examine whether effects of 2ME and
BE-3-3-3 is reproducible in another ER-positive cell line, we examined the effects of 2ME and
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BE-3-3-3 individually and in combination on apoptosis of T-47D cell line. This cell line has
both ERα and ERβ and is growth stimulated by E2 [16]. These results confirmed the increased
apoptotic activity of 2ME/BE-3-3-3 combinations compared to that of single agents (Figure 1
of the Supplementary Material). We also examined the anti-proliferative activity of 2ME/
BE-3-3-3 combinations on an ER-negative cell line MDA-MB-231 (Figure 2 of the
Supplementary Material) These results indicated that breast cancer cell proliferation stimulated
by serum factors and other mitogenic agents was also sensitive to 2ME/BE-3-3-3 combination.
Thus, our observation of synergistic interaction between 2ME and BE-3-3-3 is not unique to
ER-positive cell line; instead these agents are acting on common growth regulatory pathways
available on both subtypes of breast cancer cell lines.

4. Discussion
Our results show synergism in the interaction of 2ME and BE-3-3-3 in inducing apoptosis of
MCF-7 cells. 2ME/BE-3-3-3 combinations reduced the level of Akt phosphorylation and the
number of cells with nuclear localization of cyclin D1, compared to E2-treated control cells.
Treatment with 2ME/BE-3-3-3 combinations also led to a remarkable loss of microtubules,
compared to single agents. 2ME suppressed E2-induced increases in ODC activity and
polyamine levels. Combinations of 2ME and BE-3-3-3 produced progressive decreases in
intracellular levels of putrescine, spermidine, and spermine. These results indicate that down-
regulation of Akt phosphorylation, enhanced disruption of microtubules, and polyamine
depletion are associated with synergistic apoptosis of MCF-7 cells in the presence of 2ME and
BE-3-3-3.

2ME is known to bind to colchicine binding site of tubulin dimers and cause depolymerization
of microtubules [13,14]. Recent studies show that selection of MDA-MB-231 cells for 2ME
resistance resulted in a mutation of β-tubulin gene, indicating the importance of tubulin binding
in the mechanism of action of 2ME [2]. Polyamine depletion exacerbated 2ME effects on
tubulin depolymerization because neutralization of negatively charged sites is important in the
dynamic process of tubulin polymerization and de-polymerization [46,47]. Disruption of
microtubules could initiate signaling pathways that result in dephosphorylation of Akt, and
initiation of apoptosis [48,49].

Effects of 2ME at pharmacological concentrations demonstrated G2/M arrest in some cell
types, although G1 and S phase arrests are also reported [1,15,42]. Microtubule-disrupting
agents are generally considered to exert G2/M arrest; however, in some cell types, cells exit
mitosis without undergoing cytokineses [50]. These cells then enter an abnormal G1 phase and
accumulate in G1 phase, probably due to a microtubule sensitive G1 check-point. Our results
show significant increase in cells in G1 phase of the cell cycle in the presence of 1000 nM 2ME
or 2.5 to 5 μM BE-3-3-3, with a corresponding decrease in S phase cells. In the case of
melanoma cells, G1 arrest in the presence BE-3-3-3 was also observed in a previous report
[51]. Combinations did not further increase the percentage of cells in G1 phase compared to
treatment with single agents, although G1 arrest was maintained. Thus, our results support a
model of apoptosis of MCF-7 cells, associated with G1 phase arrest and microtubule disruption.

Our results show that 2ME/BE-3-3-3 combination reduced the level of Akt phosphorylation
compared to individual treatment groups. Akt phosphorylation in response to E2 has been
reported to be occurring through Ras signaling and activation of PI3K [44,52]. Pre-clinical and
molecular biologic studies show that Akt activation has a key role in the resistance of breast
cancer cells to tamoxifen and other forms of chemotherapy [31-34]. Down-regulation of Akt
pathway appears to sensitize breast cancer cells to apoptosis. Phosphorylation of Akt and the
activation of down-stream kinases may lead to nuclear localization of cyclin D1 [43,45]. E2
increased the number of cells containing nuclear cyclin D1, as expected from the increased
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activation of Akt. As single agents, 2ME and BE-3-3-3 did not significantly change the number
of cells containing nuclear cyclin D1. However, combination treatment resulted in a significant
decrease in the number of cells with nuclear localization of cyclin D1. These results indicate
that cyclin D1 re-distribution is important to the anti-proliferative effects of 2ME and BE-3-3-3.

ODC activity was down-regulated by 2ME at 200 nM concentration. BE-3-3-3 also reduced
ODC activity, and the combinations further reduced ODC activity compared to individual
treatment groups. Polyamine levels also showed consistent decreases in combination treatment
groups. Other studies showed down-regulation of spermidine synthase in 2ME- treated
multiple myleoma cells [53]. Thus, factors other than down-regulation of ODC activity might
contribute to polyamine depletion.

In ER-positive breast cancer cells, 2ME down-regulated estrogenic functions such as Akt
phosphorylation and activation of polyamine pathway and this might lead to synergistic anti-
proliferative action of BE-3-3-3. However, the synergistic effect of 2ME/BE-3-3-3
combination was not exclusive to ER-positive cells. Therefore, other pathways in the action
of 2ME and BE-3-3-3 might also be relevant. One such pathway is the generation of reactive
oxygen species during the degradation of polyamines as well as during the metabolism of 2ME
[54,55]. Combinations of 2ME and BE-3-3-3 might therefore reduce Akt activation linked to
redox regulation. In ER-positive cells ER is reported to be involved in the redox regulation of
Akt [56]. Combinations of 2ME and BE-3-3-3 need to be further explored for utilization in
breast cancer therapy as they are linked to a number of pathways in cell growth regulation and
apoptosis.

In summary, our results demonstrate synergistic apoptosis of breast cancer cells due to
combination treatment with 2ME and BE-3-3-3. Increased apoptosis was associated with
enhanced microtubule disruption as well as increased polyamine depletion. Akt
phosphorylation was also down-regulated in the combination group, compared to individual
treatment groups, concomitant with a decrease in nuclear localization of cyclin D1. Our study
demonstrates interactions between the mechanistic pathways involved in the action of 2ME
and BE-3-3-3 in breast cancer cells. Combinations of 2ME and BE-3-3-3 might allow the use
of low doses of BE-3-3-3 and alleviate problems due to low bioavailability of 2ME and achieve
favorable therapeutic index.
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Figure 1.
Dose-dependent effect of 2ME (A) and BE-3-3-3 (B) on cell proliferation and the combination
index (CI) plot (C). Experiments were conducted in the presence of 10 nM E2. Cell number
was determined on day 4 of treatment by trypan blue exclusion assay. For combination
experiments, six doses of 2-ME and BE-3-3-3 were used from serial dilutions covering the
IC50 values. CI analysis was conducted as described in Materials and Methods. CI were < 1
for all combinations. Data are ± SEM from three separate experiments.
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Figure 2.
Apoptosis of MCF- 7 cells in the presence of 2ME/BE-3-3-3 combinations. Cells were treated
with 2ME, BE-3-3-3, or their combinations, 24 h after plating. All of the groups also received
10 nM E2. Apoptosis was quantified using APOP-BRDU kit using flow cytometry. Data are
mean ± SE from three separate experiments. * Statistically significant compared to the control
(P < 0.01). #Statistically significant compared to groups treated with 2ME or BE-3-3-3 as single
agents (P < 0.01).
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Figure 3.
Effect of E2, 2ME and BE-3-3-3 on the nuclear localization of cyclin D1 in MCF-7 cells. Cells
were plated in Labteck chamber slides and treated with E2, or E2 + 2ME, or E2 + BE-3-3-3 or
E2 + 2ME + BE-3-3-3 for 24 h. Immunocytochemical staining was conducted using anti-cyclin
D1 antibody and Alexa-488-labeled secondary antibody (Right Panels). Nuclei were stained
with DAPI (Left Panels). Cells with high nuclear cyclin D1 were scored and plotted.
Approximately 75 cells each from three separate triplicate experiments were quantified.
*Indicates statistically significant compared to the control. # Indicates statistically significant
compared to E2-treated group (P < 0.05).
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Figure 4.
Effect of E2, 2ME and BE-3-3-3 on Akt phosphorylation levels in MCF-7 cells. Cells were
treated with E2, or E2 + 2ME/BE-3-3-3 combinations for 24 h. Cells were harvested and the
lysate was analyzed by sequential Western blots using antibodies specific to phospho-Akt, total
Akt, PTEN and β-actin. Similar results were obtained from 3 separate experiments.
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Figure 5.
Effects of 2ME, BE-3-3-3, and their combinations on microtubules in MCF-7 cells. Cells were
plated in Labteck chamber wells. All of the groups were treated with 10 nM E2. After treatment
with 2ME, BE-3-3-3 or their combinations cells were fixed and processed for
immunofluorescence using anti-α-tubulin antibody and secondary antibody conjugated with
Alexa-488. Control and treatment groups were processed at 24, 48, or 96 h after the addition
of E2 and drugs. By 96 h, control cells growing in the presence of E2 appeared as large colonies,
so that individual cells could not be imaged for microtubules as it was done for 24 h treatment
group. Similar results were obtained in three separate experiments.
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Figure 6.
Effect of E2, 2ME, and BE-3-3-3 on ODC enzyme activity in MCF-7 cells. Cells were treated
with E2, or E2 + 2ME/BE-3-3-3 combinations for 48 h. Cells were harvested and ODC activity
determined using 14C-ornithine by measurement of 14CO2 released. Data are mean ± SE from
3 separate experiments. #Statistically significant compared to the control (P < 0.01)
*Statistically significant compared to E2-treatment group (P < 0.01). &Statistically significant
compared to individual treatment groups (P < 0.05).
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Table 1
Cell Cycle distribution of MCF-7 cells treated with 2ME/BE-3-3-3

Treatments G1 Phase S Phase G2/M Phase

Control 67.2 ± 3.06 15.8 ± 2 12.8 ± 1.3
E2 55.9 ± 1.9# 22.2 ± 0.5# 15.3 ± 1.3
200 nM 2ME 60.25 ± 1.26 20.25 ± 0.6 14.2 ± 0.9
500 nM 2ME 61.4 ± 1.36 19.7 ± 0.7 14.2 ± 0.9
1000 nM 2ME 63.7 ± 1.8* 16.9 ± 1.2 12.7 ± 0.7
2.5 μM BE-3-3-3 69.1 ± 2.5** 14.6 ± 1.8** 12.2 ± 0.4
5 μM BE-3-3-3 72.9 ± 2.1** 11.7 ± 1.4** 11.6 ± 0.8
200 nM 2ME + 2.5 μM BE-3-3-3 69.8 ± 1.9** 13.6 ± 1.9** 11.1 ± 0.2
500 nM 2ME + 2.5 μM BE-3-3-3 68.9 ± 1.2** 12.8 ± 1.6** 11.6 ± 0.4
1000 nM 2ME + 2.5 μM BE-3-3-3 67.8 ± 0.7** 11.9 ± 1.3** 11.6 ± 0.8
200 nM 2ME + 5 μM BE-3-3-3 73.3 ± 1.06** 11.2 ± 1.0** 11.2 ± 1
500 nM 2ME + 5 μM BE-3-3-3 76 ± 1.3** 9.25 ± 1.2** 10.5 ± 0.8
1000 nM 2ME + 5 μM BE-3-3-3 76.4 ± 1.06** 7.8 ± 1.1** 10 ± 0.7

All samples except the control also contained 10 nM E2. Cells were treated for 72 h with appropriate concentrations of E2 , 2ME and BE-3-3-3 with re-
dosing at 48 h. Total number of cells will also include a sub-G1 fraction accounting for 5 to 10% of the cells.

#
Indicates statistical significance compared to the control (P < 0.05).

*
Indicates statistical significance compared to E2-treated samples (P < 0.05).

**
Indicates statistical significance compared to E2-treated samples (P < 0.01). Data are mean ± SE from three separate experiments.
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