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ABSTRACT

In the present study, the antiproliferative mechanism of action of 1 WM 2-methoxyestradiol (2ME) was
investigated in the MCF-7 cell line. Measurement of intracellular cyclin B and cytochrome c protein
levels, reactive oxygen species formation, cell cycle progression and apoptosis induction were con-
ducted by means of flow cytometry. Morphological changes were evaluated using transmission electron
microscopy and fluorescent microscopy by employing Hoechst 33342 and acridine orange. Gene expres-
sion changes were conducted by means of microarrays. 2ME-treated cells demonstrated an increase in
cyclin B protein levels, hydrogen peroxide formation, intracellular levels of cytochrome c, as well as an
increase in early and late stages of apoptosis. In addition, morphological data revealed the presence of
autophagic processes. Fluorescent microscopy showed an increase in acridine orange staining and elec-
tron microscopy revealed an increase in vacuolar formation in 2ME-treated cells. The gene expression
of several genes associated with mRNA translation, autophagy-related processes and genes involved in
microtubule dynamics were affected. The study contributes to the mechanistic understanding of 2ME'’s
growth inhibition in MCF-7 cells and highlights the possibility of both apoptotic and autophagic processes

being activated in response to 2ME treatment in this cell line.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

2-Methoxyestradiol (2ME) is an endogenous metabolite of 173-
estradiol exerting both antiangiogenic and antimitogenic effects
in vitro and in vivo [1]. 2ME is a target for 17@-hydroxysteroid
dehydrogenase-mediated metabolism that explains its low
bioavailability due to rapid metabolic breakdown [2]. Results
from preclinical tumor models in animals suggest that maintain-
ing a plasma concentration of 2ME in the range of 3-17 ng/ml
(10-56 nM) is needed for efficient anti-tumor activity [3,4]. 2ME
is registered as Panzem® by Entremed, Inc. (Rockville, MD) and
is currently being used in clinical trials by making use of a novel
nanocrystal dispersion (NCD) drug delivery system [5]. The NCD
formulation of 2ME was shown to have improved bioavailability
resulting in plasma concentration levels within the range needed
for anti-tumor activity [3].

2ME plays as role in the abrogation of microtubule dynam-
ics and the inhibition of protein translation and activity of the
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anaphase-promoting complex (APC/C) [6]. 2ME inhibits angiogen-
esis by interacting with endothelial tubulin dynamics which in
turn negatively affects the expression and activity of hypoxia-
inducible factor 1-alpha (HIF-1a) and vascular endothelial growth
factor (VEGF) [7,8]. 2ME can also induce antiangiogenic effects
through apoptosis as a result of increased phosphorylation of pro-
tein kinase B (Akt), activation of c-jun N-terminal-kinase (JNK),
extracellular signal-regulated-kinase (ERK) and p38-kinase, acti-
vation of the intrinsic apoptotic pathway through inactivation of
B-cell lymphoma 2 (Bcl-2) and Bcl-XL proteins as well as the upreg-
ulating the extrinsic pathway by increasing the expression of death
receptor 5 (DR5) leading to activation of caspase-8 [6,8-14]. Fukui
and Zhu demonstrated that 2ME induced the phosphorylation of
Bcl-2 proteins, but did not significantly alter the levels of Bcl-2-
associated X protein (Bax) and Bcl-2 expression in MDA-MB-435
M14 melanoma derived metastatic cells [13,15]. This is in contrast
to the results found by Joubert et al. wherein 2ME altered the ratio
of Bax/Bcl-2 expression levels in esophageal cancer cells and cer-
vical carcinoma cells [16,17]. In addition, 2ME induces apoptosis
through the p38 pathway and not the JNK pathway in ovarian car-
cinoma cells, but activates and induces apoptosis through both the
JNK and p38 pathways in prostate cancer cells [18,19]. MCF-7 cells
are known to be caspase-3 deficient, since they do not express the
CASP-3 gene as a result of a 47-base pair deletion within exon 3 of
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the gene, thus causing abrogated translation of CASP-3 mRNA [20].
These observations, among others, indicate that the mechanism of
action of 2ME-induced growth inhibition is cell line specific.

Since the exact mechanism of 2ME’s action is cell line specific
and remains to be elucidated, the purpose of this study was to
investigate the in vitro influence of 2ME in the MCF-7 breast adeno-
carcinoma cell line. The MCF-7 cell line is a tumorigenic estrogen
receptor positive breast cell line that lacks caspase 3 expression
[20]. Data obtained from the influence of 2ME on cyclin B1 lev-
els, its effect on the release of cytochrome c, the generation of
reactive oxygen species, as well as information obtained from
its influence on global gene expression further contribute to the
mechanism exerted by 2ME on tumorigenic breast cancer cells. In
addition, a novel finding namely the induction of both apoptosis
and autophagy as a possible combination of types of cell death
induced by 2ME in MCF-7 cells is proposed.

2. Materials and methods
2.1. Material

Heat-inactivated fetal calf serum (FCS), sterile cell culture flasks
and plates were obtained through Sterilab Services (Kempton
Park, Johannesburg, South Africa). Dulbecco’s minimum essential
medium Eagle (DMEM), penicillin, streptomycin and fungizone
were purchased from Highveld Biological (Pty) Ltd. (Sandring-
ham, SA). 2ME was supplied by Sigma-Aldrich (St. Louis, USA).
An Annexin V-FITC Kit and an anti-cytochrome ¢ FITC-conjugated
antibody set were purchased from BIOCOM biotech (Pty) Ltd.
(Clubview, South Africa). A fluorescein-FITC-conjugated cyclin B1
antibody reagent set was purchased from The Scientific Group
(Johannesburg, South Africa). Qiagen’s Plant Mini Kit, PCR Clean-up
kit, RNase-free DNase and Qiazol were purchased from South-
ern Cross Biotechnology (Pty) Ltd. (Cape Town, South Africa). The
Nanodrop, an Axon Genepix 4000B Scanner and Agilent’s Sure-
Hyb chambers at the African Centre of Gene Technology (ACGT)
Microarray Facility (University of Pretoria, Pretoria, South Africa)
were purchased from Inqaba Biotechnical Industries (Pty) Ltd. (Pre-
toria, SA), Molecular Devices Corporation, (Sunnyvale, CA, USA)
and Agilent Technologies (Pty) Ltd. (Palo Alto, CA, USA), respec-
tively. The fluorescence activated cell sorting (FACS) FC500 System
flow cytometer equipped with an air-cooled argon laser excited at
488 nm was purchased from Beckman Coulter South Africa (Pty)
Ltd. (Pretoria, South Africa). Agilent’s 44k 60-mer human oligo
slides, Low RNA Input Fluorescent Linear Amplification Kit, 2 x GEx
Hybridization Buffer HI-RPM, Gene Expression (GE) Wash Buffer 1
and 2 and the Stabilization and Drying Solution were purchased
from Agilent Technologies (Pty) Ltd. (Palo Alto, CA, USA). All other
chemicals were of analytical grade and were purchased from Sigma
Chemical Co. (St. Louis, MO, USA).

2.2. Cell culture

The MCF-7 cell line (human breast epithelial carcinoma) was
supplied by Highveld Biological (Pty) Ltd. (Sandringham, Johannes-
burg, South Africa). Cells were grown and maintained in 25 cm?
tissue culture flasks in a humidified atmosphere at 37°C, 5% CO,
in a Forma Scientific water-jacketed incubator (OH, USA). MCF-7
cells were cultured in DMEM and supplemented with 10% heat-
inactivated FCS (56 °C, 30 min), 100 U/ml penicillin G, 100 p.g/ml
streptomycin and fungizone (250 pg/l). A stock solution of 2 mM
2ME dissolved in dimethyl sulphoxide (DMSO) was prepared and
diluted with medium to the desired concentrations prior to expo-
sure of the cells. The medium of all control cells was supplemented
with an equal concentration of DMSO (vehicle). The DMSO content

of the final dilutions never exceeded 0.1% (v/v). A final concentra-
tion 1 wM 2ME was employed in all our studies, since Van Zijl et al.
determined this to be the optimal concentration for the inhibition
of growth in MCF-7 cells through dose-dependent investigations
conducted in our laboratory [11]. Experiments were performed in
either 6-well plates or 25 cm? cell culture flask. For six-well plates,
exponentially growing cells were seeded at 250,000 cells per well in
3 ml maintenance medium in 6-well plates on heat-sterilized cover
slips. After a 24 h incubation period at 37 °C to allow for cell adher-
ence, cells were exposed to 1 wM 2ME and vehicle, respectively and
incubated for 24 h at 37 °C. For 25 cm? cell culture flasks, exponen-
tially growing MCF-7 cells were seeded at 1 x 108 cells per 25 cm?
flask to a final volume of 5 ml of maintenance medium. After 24h
attachment the medium was discarded and the cells were exposed
to 1 wM 2ME (5 ml medium) and incubated for 24 h.

2.3. Flow cytometric quantification of cyclin B1 and cell cycle
progression determination

A cyclin B1-fluorescein isothiocyanate (FITC) conjugated anti-
body was used in order to quantify cyclin B1 protein by employing
flow cytometric analyses. After 24h treatment in 25 cm? flasks,
cells were trypsinized and fixated with 10 ml ice-cold 70% ethanol
and stored at 4°C for 24 h. After 24 h, the cells were trypsinized
and washed with PBS. Cells (1 x 10%) were incubated with either
FITC-conjugated mouse immunoglobulin G (IgG) as a control or
FITC-conjugated cyclin B1 for 30 min at room temperature. Cells
were washed and resuspended in 0.5 ml PBS containing 40 p.g/ml
propidium iodide and 100 p.g/ml RNase A for 30 min at 4°C. FITC
(FL1) and propidium iodide (FL3) fluorescence were measured with
aFC500 System flow cytometer (Beckman Coulter South Africa (Pty)
Ltd.) equipped with an air-cooled argon laser excited at 488 nm.
Data from at least 10,000 cells were analyzed with CXP software
(Beckman Coulter South Africa (Pty) Ltd.). Aggregated and aneu-
ploid cells were removed from analysis by visual inspection. For
cyclin B1 analyses, fluorescence of the FITC-conjugated isotypic
control was normalized to 2% on an FL1 Log vs. FL3-Lin dot-plot.
Measurement of FITC-conjugated cyclin B1 fluorescence of control
and exposed MCF-7 cells were measured utilizing the normalized
area of the dot-plot. For cell cycle analyses, results are expressed as
percentage of the cells in each phase. Cell cycle distributions from
histograms generated by the CXP software were calculated with
Multicycle (Phoenix Flow Systems, San Diego, CA).

2.4. Flow cytometric measurement of hydrogen peroxide and
superoxide

Hydrogen peroxide (H,0,) generation was assessed using 2,7-
dichlorofluorescein diacetate (DCFDA), a non-fluorescent probe,
which upon oxidation by ROS and peroxides is converted to the
highly fluorescent derivative DCF [21]. Superoxide generation was
assessed using hydroethidine (HE). HE is oxidized by superoxide
and not by hydroxyl radicals, singlet O, H,O, or nitrogen radicals
to ared fluorescing compound [22]. After 24 h exposure, cells were
trypsinized, washed with PBS and 1 x 108 cells were resuspended
in 1ml PBS. Cells were incubated with 20 wM DCFDA for 25 min
and 10 wM HE for 15 min at 37 °C. Hydrogen peroxide (20 p.M) was
added 5min prior to measurement as a positive control for DCF
formation. For DAF2-DA, 5 wM was added to the cells in PBS and
incubated for 45 min at 37 °C. DCF (FL1) and HE fluorescent prod-
uct fluorescence (FL2) were measured with a FACS FC500 System
flow cytometer equipped with an air-cooled argon laser excited at
488 nm.
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2.5. Morphology study—fluorescent microscopy

A double fluorescent dye staining method was utilized in
order to determine the effect that 2ME has on acidic vesicular
organelle formation. Acridine orange is a lysosomotropic fluores-
cent compound that serves as a tracer for acidic vesicular organelles
including autophagic vacuoles and lysosomes [23]. Cells undergo-
ing autophagy will have an increased tendency for acridine orange
staining when compared to viable cells. Hoechst 33342 is a flu-
orescent dye that can penetrate intact cell membranes of viable
cells and cells undergoing apoptosis and stains the nucleus. After
24 h treatment in six-well plates, 0.5 ml of Hoechst 33342 solu-
tion (3.5 pg/ml in PBS) was added to the medium to provide a
final concentration of 0.9 wM and incubated for 30 min at 37 °C in
a CO; incubator. After 25 min, 0.5 ml of acridine orange solution
(4 pg/ml)was added to the medium to provide a final concentration
of 1 pg/ml and incubated for 5 min at 37 °C. Within 5 min the cover
slips were mounted on microscope slides with mounting fluid (90%
glycerol, 4% N-propyl-gallate, 6% PBS). The cells were examined
with a Zeiss inverted Axiovert CFL40 microscope and Zeiss Axiovert
MRm monochrome camera using Zeiss Filter 2 for Hoechst 33342
(blue emission) stained cells and Zeiss Filter 9 for acridine orange-
stained (green emission) cells. In order to prevent fluorescent dye
quenching, all procedures were performed in a dark room.

2.6. Morphology study—transmission electron microscopy

Transmission electron microscopy (TEM) was used to deter-
mine the ultrastructure of intracellular components of exposed
and control cells. After 24 h treatment in 25 cm? flasks, cells were
trypsinized, fixed in 2.5% glutaraldehyde in 0.075M phosphate
buffer (pH 7.4-7.6) and washed with 0.075M phosphate buffer.
Thereafter the cells were fixed in 0.25% aqueous osmium, dehy-
drated with increasing concentrations of ethanol (30%, 50%, 70%,
90%, 100%, 100%, 100%) and embedded in Quetol resin. Ultra-thin
sections were prepared with a microtome and mounted on a copper
grid. Samples were contrasted with 4% uranyl acetate and Reynolds’
lead citrate. Samples were viewed with a Multi-purpose Philips 301
TEM at the Electron Microscopy unit of the University of Pretoria
(Pretoria, South Africa).

2.7. Flow cytometric detection of Annexin V surface staining and
propidium iodide permeability

Flow cytometric analyses were employed to measure indi-
cations of apoptosis. Annexin V was employed to measure the
translocation of the membrane phospholipids, phosphatidylserine
(PS), which is associated with apoptotic processes. Annexin V is
a 35-36kDa, Ca%*-dependent, phospholipid binding protein with
a high affinity for PS. After treatment in 25 cm? flasks, cells were
trypsinized and 1 x 108 cells were double-stained with Annexin
V-FITC and propidium iodide according to the manufacturer’s
instructions (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).
Propidium iodide (FL3) fluorescence and Annexin V (FL1) fluores-
cence were measured with a FACS FC500 System flow cytometer
(Beckman Coulter South Africa (Pty) Ltd.) equipped with an air-
cooled argon laser excited at 488 nm. Data from at least 30,000 cells
were analyzed with CXP software (Beckman Coulter South Africa
(Pty) Ltd.

2.8. Flow cytometric quantification of cytochrome c

An anti-cytochrome c FITC-conjugated antibody was employed
to measure the mitochondrial-released intracellular cytochrome
c levels. After 24h of treatment in 25cm? flasks, cells were
trypsinized and 1 x 10° cells were resuspended in 1 ml PBS. Cells

were stained with FITC-conjugated mouse immunoglobulin G
(IgGq) as a control or FITC-conjugated cytochrome c. Staining was
conducted according to the manufacturer’s instructions (Assay
Designs Inc., MI, USA). FITC (FL1) fluorescence was measured with
a fluorescence activated cell sorting (FACS) FC500 System flow
cytometer (Beckman Coulter South Africa (Pty) Ltd.) equipped with
an air-cooled argon laser excited at 488 nm. Data from at least
10,000 cells were analyzed with CXP software (Beckman Coul-
ter South Africa (Pty) Ltd.). Fluorescence of the FITC-conjugated
isotypic control was normalized to 1% for FL1 Log histograms
and FITC-conjugated cytochrome c fluorescence of control- and
exposed MCF-7 cells were plotted utilizing the normalized area of
the histogram plot generated by the CXP software.

2.9. Microarray analysis of gene expression

Agilent’s Human 1A Oligo 60-mer Microarray (V2) 44k slides
were used to study expression changes induced by 24 h treatment
of 2ME. A dye-swop methodology was employed whereby total
RNA from vehicle control and exposed cells from two biological
replicates were combined per slide.

2.10. RNA extraction and integrity

Total RNA was isolated from vehicle control and exposed MCF-
7 cells using Qiagen’s RNeasy with subsequent Qiazol purification.
Cells were lyzed with beta-mercaptoethanol containing guanidine
isothiocyanate and the lysate was applied to QIAshredder spin
columns and centrifuged for 2 min at 9000 x g. 1 ml Qiazol reagent
was added to the flow-through and left for 5 min after which 0.3 ml
chloroform was added. The sample was shaken vigorously and left
at room temperature for 10 min. After 10 min the sample was cen-
trifuged for 15 min at 4°C at 12,000 x g. The upper aqueous phase
was removed and 1 volume 70% ethanol was added and gently
mixed. This solution was divided into Qiagen Plant Mini Kit columns
(700 .l per column) and centrifuged for 15 s at 9000 x g. The flow-
through was discarded and an on-column RNase-free DNase DNA
digestion procedure to remove and DNA contaminants was fol-
lowed as per the manufacturer’s instructions. After washing the
total RNA was quantified with a Nanodrop and tested for integrity
by electrophoresis with a 1.5% agarose-formaldehyde gel. RNA was
considered pure of organic contamination (e.g. ethanol or phenol)
with a 260/230 ratio greater than 1.5 and pure of protein contami-
nation with a 260/280 ratio greater than 2. Only pure total RNA was
used for cRNA synthesis. RNA was considered completely intact
when clear 28S and 18S rRNA bands, with a 28S:18S intensity ratio
was approximately 2:1.

2.11. Probe preparation, hybridization and microarray slide
washing

Agilent’s Low RNA Input Fluorescent Linear Amplification Kit
was used to generate fluorescently labeled cRNA. Briefly, 5 g total
RNA from exposed and control-exposed RNA samples were used for
amplificationinto double stranded DNA utilizing an MMLV-Reverse
transcriptase and dT-T7 primer. Labeled cRNA was produced using
the T7 polymerase and washed using Qiagen’s RNeasy Mini kits.
825 ng cRNA was fragmented for 30 min at 60 °C and subsequently
hybridized to Agilent Human 1A (V2) oligonucleotide 44k microar-
ray slides according to the manufactures guidelines using Agilent’s
2x GEx Hybridization Buffer HI-RPM in Agilent’s SureHyb cham-
bers. Hybridization was carried out over 17h in the dark in a
rotating hybridization chamber set at 65 °C and 10 rpm. Slides were
washed using Agilent’s Gene Expression Wash Buffer and Stabiliza-
tion and Drying Solution according to recommendations. The slides
were disassembled in Agilent’s Gene Expression (GE) Wash Buffer 1
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and washed for 1 min at room temperature. The slides were trans-
ferred to GE Wash Buffer 2 at elevated temperature (37°C) and
washed for 1 min and then transferred to pure acetonitrile for 10s.
The slides were then transferred to Stabilization and Drying Solu-
tion for 30s after which it was scanned immediately after careful
removal from the solution.

2.12. Scanning and data analysis—microarray

Slides were scanned with the Axon Genepix 4000B Scanner
(Molecular Devices Corporation, Sunnyvale, CA, USA) provided by
the African Centre of Gene Technology (ACGT) Microarray Facil-
ity at the University of Pretoria, Pretoria, South Africa. Spotfinding
was performed using Genepix Pro 6.1 (Molecular Devices Corpo-
ration, Sunnyvale, CA, USA). Saturated spots, spots with an uneven
background, non-uniform spots and spots with a low intensity vs.
background ratio were removed from further analysis by excluding
the spots that satisfied the following parameters. The following fea-
tures were flagged as “Bad” and were removed from further analysis
using Genepix 6.1 software:

Saturated spots: [F532% Sat.]>30 And [Ratio of Means
(635/532)]>0.75 Or [F635% Sat.]>30 And [Ratio of Means
(635/532)]<1.3333.

Spots with an uneven background: ([B635 Mean]> (1.5 x [B635
Median]) Or [B532 Mean]> (1.5 x [B532 Median])) And ([B635
Median]>40 Or [B532 Median] > 40).

Non-uniform spots: [Ratio of Medians (635/532)]>(4.0 x [Rgn
Ratio (635/532)]) Or [Ratio of Medians (635/532)]<(0.25 x [Rgn
Ratio (635/532)]).

Low intensity vs. background ratio: [%>B635+2SD]<10 Or
[%>B532+2SD]<10.

Statistical analysis after spotfinding was conducted using
Limma with the LimmaGUI interface [24,25]. Background cor-
rection was done with the normal+exponential (Normexp)
convolution model with an offset value set to 50 [26,27]. Genepix
Flag weightings that were flagged as “Bad” were excluded from fur-
ther analysis. Normalization within arrays was performed with the
Global Loess method and Aquantile normalization between arrays
was performed in order to normalize expression intensities so that
the intensities and log-ratios have similar distributions across a
series of arrays [27]. The Least squares linear model fit method was
employed and the P-values were adjusted for multiple testing uti-
lizing the Benjamini and Hochberg’s step-up method for controlling
the false discovery rate [28]. Genes that had a B-value of greater
than zero were considered statistically significantly differentially
expressed. The B-statistic is defined as log-odds that that gene is
differentially expressed and a B-statistic of zero corresponds to a
50/50 chance that the gene is differentially expressed [27]. The gene
names acquired from the gene expression list of genes considered
differentially expressed were converted to Entrez Gene IDs utiliz-
ing the DAVID Gene ID Conversion Tool [29]. Biologic interpretation
and functional analysis of the converted gene lists were performed
by mapping differentially expressed genes to biochemical path-
ways and Gene Ontology (GO) categories using Gene Annotation
Co-occurrence Discovery (GENECODIS) [30]. Graphical biochemical
pathways were designed with CellDesigner 3.5.1 [31].

2.13. Statistical analysis of data

Data obtained from three independent experiments (each con-
ducted in six replicates) are shown as the mean+SD and were
statistically analyzed for significance using the analysis of variance
(ANOVA)-single factor model followed by a two-tailed Student’s
t-test. Means are presented in bar charts, with T-bars referring

to standard deviations. P-values <0.05 were regarded as statisti-
cally significant and indicated by an asterisk (*). Measurement of
FITC- and DCF-derived fluorescence was expressed as a percentage
of the value measured for vehicle-treated exposed cells (relative
fluorescence).

3. Results

3.1. Flow cytometric quantification of cyclin B1 and cell cycle
progression determination

Intracellular cyclin B1 levels were evaluated by means of flow
cytometric analyses. Cyclin B1 levels were increased in 2ME-
treated cells during the G,/M phase when compared to the
vehicle-treated control (Figs. 1 and 2). An increase to 38+7%
was observed in 2ME-treated cells when compared to vehicle-
treated control cells (16 +3.7%) (Fig. 2). DNA content analyses
by means of flow cytometry showed a statistically significant
increase in the G,/M phase in 2ME-treated cells (23.07 +£1.7%)
compared to vehicle-treated cells (19.3+0.9%) (Figs. 3 and 4).
Vehicle-treated cells also showed a marked increase in S-phase
(61.7+4.1%) when compared to 2ME-treated cells (32.6 +5.5%),
while 2ME-treated showed a marked increase in the sub-G; pop-
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Fig. 1. FITC (FL1 Log) vs. propidium iodide (FL3-Lin) dot-plot of vehicle-treated cells
(A) and 1 uM 2ME-treated (B) MCF-7 cells after 24 h of exposure. FITC-conjugated
isotypic control cells where normalized to 2% and subsequent readings were mea-
sured on the normalized plot. A marked increase in cyclin B1 levels is observed in the
G2/M fraction of 2ME-treated cells when compared to the vehicle-treated control.
Graphs are representative of 3 repeats.
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ulation (14.8 +£1.2%) when compared to the vehicle-treated cells
(0.98 £0.3%) (Figs. 3 and 4). These results suggest that 2ME-treated
cells in the G, /M phase enter stages of apoptosis (sub-Gy); rather
than completing mitosis, entering Gi-phase and subsequently
entering the S-phase.
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Fig. 4. Distribution of DNA content in vehicle-treated and 1 wM 2ME-treated MCF-
7 cells. A statistically significant increase in the G,/M phase in 2ME-treated cells
(23.07 £1.7%) compared to vehicle-treated cells (19.3 £ 0.9%) is observed. An aster-
isk (*) indicates a P-value <0.05 when compared to the vehicle control.

3.2. Flow cytometric measurement of hydrogen peroxide and
superoxide

In order to investigate the extent of hydrogen peroxide and
superoxide production in 2ME-treated cells compared to vehicle-
treated, flow cytometric analyses of MCF-7 cells loaded with the
H,0,-sensitive the fluorophore DCFDA and the superoxide sensi-
tive probe HE were conducted. Fig. 5A shows an increase in mean
fluorescence intensity of DCF in 2ME-treated cells when compared
to vehicle-treated cells. Statistical analyses indicate a 1.544+-0.17-
fold increase over the vehicle-treated control, while the 20 puM
H,0,-treated positive control indicated a 1.92 4+ 0.33-fold increase
in mean fluorescence intensity when compared to the vehicle-
treated control (Fig. 5B). These results indicate that 2ME induces
H, 0, formation in MCF-7 cells. No significant differences in super-
oxide levels between 2ME-treated and vehicle-treated control cells
were observed (P=0.36) (Fig. 6A and B).

3.3. Morphology study—fluorescent microscopy

Hoechst 33342 staining of 1uwM 2ME-treated revealed an
increase in cells in metaphase, as well as an increase in the amount
of cells in tripolar metaphase when compared to the vehicle-
treated control (Fig. 7A and B). Apoptotic body formation was not
as prominent in 2ME-treated cells (data not shown) when com-
pared to Actinomycin D-treated cells (Fig. 7C). Acridine orange
was used as a lysosomotropic tracer for acidic vesicular organelles
including autophagic vacuoles and lysosomes [23]. Cells undergo-
ing autophagy will have an increased tendency for acridine orange
staining when compared to viable cells. Qualitative analyses of
1 M 2ME-treated showed an increase in acridine orange staining
when compared to the vehicle-treated controls cells (Fig. 8A and
B). The increased staining effect was more pronounced in cells that
were in metaphase block (Figs. 7B and 8B). Actinomycin D-treated
(0.2 pg/ml) cells in late stages of apoptosis showed a decrease in
staining with acridine orange (Fig. 8C).

3.4. Morphology study—transmission electron microscopy

An increase in the formation of vacuoles in 2ME-treated cells
was observed by means of transmission electron microscopy when
compared to vehicle-treated cells (Fig. 9A and B). This suggests,
although not conclusively, an increase in autophagic activity as
revealed above by acridine orange staining. Hypercondensed chro-
matin was observed in Actinomycin D-treated cells, indicating late
stages of apoptosis (Fig. 9C).



154
Mg
BVehicle-treated control
4 O2ME -treated

@

c

.
>

1]

o =TT T T =TT

FL1 Log

—_

Relative Mean Fluorescence

B)

Intensity

B.A. Stander et al. / Journal of Steroid Biochemistry & Molecular Biology 119 (2010) 149-160

2.4
22

2
1.8

— %

0000 oF =
o R OoO®=a2MREO

Vehicle-treated 1 pM 2ME
control

20 UM H,0,

Fig. 5. DCFDA (FL1 Log) histogram of 1 wM 2ME-treated cells superimposed on the vehicle-treated control cells (set as control) in MCF-7 cells after 24 h of exposure. An
increase in mean DCF fluorescence intensity (shift to the right) is observed in both 2ME-treated (A). (B) Relative mean fluorescence intensity of vehicle-treated (normalized to
1), 1 M 2ME-treated and 20 wM H, O,-treated cells. A 1.54 £+ 0.17-fold increase (P=0.004) in mean fluorescence intensity in 2ME-treated cells and a 1.92 + 0.33-fold increase
(P=0.003) in H,0,-treated positive control was observed when compared to the vehicle-treated control. An asterisk (*) indicates a P-value <0.05 when compared to vehicle

control (B).

(A)
@Vehicle-treated control

1 D2ME-treated

Events

T T

FL1 Log

(

e

15
1.4
1.3
i
1.1

>

ntensit:

0.9
0.8
0.7
0.6
0.5

Relative Mean Fluorescence

Vehicle-treated
control

1M 2ME

Fig. 6. Hydroethidine (FL2 Log) histogram of 1 wM 2ME-treated cells superimposed on the vehicle-treated control cells (set as control) in MCF-7 cells after 24 h of exposure.
No significant difference was observed (A). Relative mean fluorescence intensity of vehicle-treated (normalized to 1) and 1 wM 2ME-treated cells. A statistically insignificant
(P=0.6) 1.03-fold increase in mean fluorescence intensity in 2ME-treated cells was observed when compared to the vehicle-treated control (B).

3.5. Flow cytometric detection of Annexin V surface staining and
propidium iodide permeability

Quantitative analyses of the externalization of the membrane
phosphatidylserine with Annexin V were determined in order to
detect early and late apoptotic processes. Propidium iodide mea-
sured the amount of necrotic cells. 2ME-treated cells showed an
increase in early and late stages of apoptosis when compared to the
vehicle-treated cells (Fig. 10A and B). 2ME-treated cells revealed
11.14% cells to be present in early apoptosis and 3.95% of cells were
in late stages of apoptosis (Table 1).

Table 1

Measurement of phosphatidylserine externalization and membrane permeability
of vehicle-treated, 1 wM 2ME-treated and 0.2 p.g/ml Actinomycin D-treated MCF-7
cells after 24 h of exposure as an indication of cells in various stages of cell death. An
increase in early and late stage of apoptosis was observed in 2ME-treated cells when
compared to vehicle-treated cells. Late stages of apoptosis were not as pronounced
in 2ME-treated cells when compared to Actinomycin D-treated cells.

Mean % Vehicle control 1 wM 2-methoxyestradiol
Early apoptosis 2.66 11.14
Late apoptosis 1.52 3.95
Necrosis 0.95 0.34
Viable cells 94.87 84.57

3.6. Flow cytometric quantification of cytochrome ¢

Fluorochromatic quantification of FITC-conjugated cytochrome
¢ antibodies in MCF-7 cells was conducted by means of flow
cytometry analyses. Fig. 11B shows a slight increase in FITC-
conjugated cytochrome c in 2ME-treated cells when compared to
the vehicle-treated control (Fig. 11A and B). Statistical analyses
indicated a significant 1.16 4 0.08-fold increase in FITC-conjugated
cytochrome c in 2ME-treated cells over the vehicle-treated control
(normalized to 1) (Fig. 12). These results indicate that mitochon-
drial release of cytochrome c is slightly increased in 2ME-treated
MCF-7 cells.

3.7. Gene expression—microarray

Agilent’s Human 1A Oligonucleotide Microarray slides with
more than 41,000 60-mer oligonucleotide human genes and tran-
scripts were employed to collect genomic information on the
mechanism of action of 2ME in MCF-7 cells. Spotfinding was
conducted with Genepix Pro 6.1. Genes that were considered
statistically significantly differentially expressed (B-value >0) and
upregulated or downregulated in 2ME-treated cells are summa-
rized in Supplementary Tables 1 and 2, respectively. 775 genes out
of the 41,000 (1.89%) transcripts were included for further analyses.
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Fig. 7. Hoechst 33342-stained vehicle-treated (A), 1M 2ME-treated (B) and
0.2 pg/ml Actinomycin D-treated (C) MCF-7 cells after 24 h of exposure. Normal
cycling cells in anaphase and met-anaphase are observed in the vehicle-treated
control (A). Cells in metaphase and tripolar metaphase are observed in 2ME-treated
cells (B). Actinomycin D-treated cells exhibit hallmarks of late stages of apoptosis
including hypercondensed chromatin during apoptotic body formation (C).

Mapping of differentially expressed genes to biochemical pathways
and GO categories was performed using GENECODIS. The statisti-
cally significant differentially expressed genes (B >0) were mapped
to regulation of transcription, signal transduction, cell cycle, apop-
tosis, nucleosome assembly, reactive oxygen species metabolism,
DNA repair, microtubule base movement, cell adhesion and ribo-
somal activity (Supplementary Tables 1 and 2).

4. Discussion

In the present study we have demonstrated the effects of 1 uM
2ME in MCF-7 cells after 24 h of exposure. 2ME treatment resulted
in increased levels of cyclin B1. Similar results were obtained
by Bhati et al. in MDA-MB-435 breast cells and Attalla et al. in
Jurkat cells [6,32]. Expression of genes associated with micro-
tubule dynamics were affected in 2ME-treated cells. Kamath et

Fig. 8. Acridine orange-stained vehicle-treated (A), 1M 2ME-treated (B) and
0.2 pg/ml Actinomycin D-treated (C) MCF-7 cells after 24 h of exposure. Resid-
ual acridine orange staining (RAOS) is observed vehicle-treated cells. However, an
increase in acridine orange staining is also observed in cells undergoing mitosis (A).
An overall increase in acridine orange (IAOS) is observed in 2ME-treated cells (B),
while cells undergoing late stages of apoptosis in Actinomycin D-treated cells have
residual acridine orange staining (C).

al. demonstrated that suppression of microtubule dynamics (and
not microtubule depolymerization) plays a key role in mitosis in
2ME-treated MCF-7 cells [9]. In the present study several genes
involved in microtubule dynamics were downregulated in 2ME-
treated cells. These genes include BUB3, SPC25, ASPM, CENPE,
CENPJ, CENPT, CEP55, as well as tubulin alpha and beta genes,
while SPIN2B was upregulated. BUB3 is required for the establish-
ment of efficient kinetochore-microtubule attachments before the
completion of mitosis. SPC25 plays a role in proper execution of
mitotic events associated with kinetochore components and ASPM
promotes spindle organization [33-35]. CENPE is a motor protein
that carries chromosomes toward the metaphase plate and con-
tributes to the capture and stabilization of spindle microtubules
by kinetochores [36]. CENPJ (CPAP) is responsible for maintain-
ing centrosome integrity and normal spindle morphology during
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Fig. 9. Transmission electron micrographs of MCF-7-stained vehicle-treated (A),
1 M 2ME-treated (B) and 0.2 pug/ml Actinomycin D-treated (C) MCF-7 cells after
24 h of exposure. Normal nuclear and cytoplasmic physiology is observed in vehicle-
treated cells (A). 2ME-treated cells show an increase in the formation of vacuolar
structures (B). Formation of apoptotic bodies and hypercondensed chromatin are
observed in Actinomycin D-treated cells.

cell division [37]. Relatively little is known about the function of
CENPT, CEP55 and SPIN2B genes, however, overexpression of SPIN1
has been implicated in induced cell cycle delay in metaphase and
mitotic spindle defects [38].

Bhati et al. demonstrated that the APC is inhibited in response
to 2 wM 2ME in MDA-MB-435 breast cells [6]. They further demon-
strated that genes involved in mitotic checkpoint complex (MCC)
signaling (including NIMA, Bub1, Mad2) were upregulated and
that APC activity might be inhibited as a result of increased MCC
signaling [6]. The MCC ensures accurate segregation of mitotic
chromosomes by delaying anaphase onset until each kinetochore
has properly attached to the mitotic spindle [39]. The MCC is
activated in response to mitotic microtubules unattached to kine-
tochores and the system converges to inhibit the activity of
the anaphase-promoting complex/cyclosome-cell division cycle 20
(APC/C-cdc20) complex [39-42]. Activated APC/C-cdc20 targets
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Fig. 10. Propidium iodide (FL3 Log) vs. Annexin V (FL1 Log) dot-plot of vehicle-
treated (A) and 1wM 2ME-treated (B) MCF-7 cells after 24h of exposure.
2ME-treated cells show an increase in early and late stages of apoptosis when
compared to vehicle-treated cells (A and B).

cyclin B1 for ubiquitination and allows for a cell to transit from
metaphase to anaphase [43]. Increased levels of cyclin B1 observed
inthe present study canin part be explained by decreased activity of
the APC/C-cdc20 complex induced by 2ME; possibly through MCC
activation and downregulation of cdc20 expression. This would
lead to decreased degradation of the cyclin B1 protein and an
increase in intracellular cyclin B1 evident in the present study. The
observations of decreased mRNA expression of cyclins B1 and B2, as
well as cdc2 are consistent with the findings of Zoubine et al. who
revealed a decrease in the expression of cdc2 and cyclin B1 genes in
1 .M 2ME-treated MCF-7 cells [10]. While cdc2 mRNA expression
was decreased in 2ME-treated MCF-7 cells, van Zijl et al. and Attalla
et al. showed that cdc2 activity was significantly increased in 1 uM
2ME-treated MCF-7 and Jurkat cells, respectively [11,32]. Increased
cdc2 activity can be explained by increased levels of cyclin B1 since
cdc2 requires intact cyclin B1 protein.

Cell cycle analyses revealed an increase in cells in the G,/M
phase, as well as in the number of cells present in the sub-Gq-
phase. These results are consistent with the findings of experiments
in other cell lines that indicated an accumulation of cells in the
G,/M phase in 2ME-treated cells [6,44-46]. Active cyclin B1-cdc2
levels needed for mitotic entry are lower than active cyclin B1-
cdc2 levels needed for mitotic progression [47]. The findings that
2ME treatment of MCF-7 leads to a decrease in cdc2 and cyclin
B1 expression, but an increase in cyclin B1 protein levels and cdc2
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Fig. 11. FITC (FL1 Log) histogram vehicle-treated control (A) and 1 WM 2ME-treated
(B) MCF-7 cells. Intracellular cytochrome c levels are slightly increased in 2ME-
treated cells when compared to the vehicle-treated control.

activity further explains the mitotic block. A sufficient amount of
cyclin B1-cdc2 may be enough for mitotic entry, but too low (as a
result of decreased cdc2 and cyclin B1 expression) for mitotic pro-
gression in 2ME-treated cells [32]. Cdc2 regulates the activity of
the APC/C-Cadherin 1 (APC/C-cdh1) complex through phosphory-
lation and subsequent prevention of APC/C association of cdh. The
APC/C-cdh1 complex is responsible for the targeted degradation of
securin and subsequent release of separase, which is responsible

24h

-
Y

-
N
*

-
(=]
i
i
i
i

-]

H

-]

% of cells positive for cytochrome ¢
staining

Vehicle-treated

1uM 2ME
control

Fig. 12. Relative mean fluorescence intensity of vehicle-treated (normalized to 1)
and 1 wM 2ME-treated MCF-7 cells. 2ME-treated cells exhibited a statistically sig-
nificant 1.16 + 0.08-fold increase over the vehicle-treated control (normalized to
1).

for cohesin cleavage to allow for sister chromatid separation and
the onset of anaphase [48]. Elevated activity of cdc2 activity would
thus abrogate the activity of the APC/C-cdh1 complex, resulting in
cells in a G,/M arrest, as well as cells blocked in metaphase.

A marked decrease of cells in S-phase was also observed in
2ME-treated cells. A number of intra-S-phase related checkpoint
proteins involved in DNA repair were downregulated in 2ME-
treated cells [49]. Genes of interest that play a role in DNA repair
that were downregulated in 2ME-treated MCF-7 cells include ATR,
BRCA1, DDBI1, PARP1 and TOPBP1. Genes of proteins constituting
parts of the replisome (PCNA, RFC1 and RFC4) were also downreg-
ulated. Data obtained from gene expression analysis together with
observations of an increase in the sub-G4 fraction and a decrease in
the number of cells in the S-phase indicates that 2ME-treated cells
are likely not to re-enter mitosis.

Generation of superoxide has previously been associated with
2ME treatment. Gao et al. observed an increase in superoxide gen-
eration in 4 wM 2ME-treated U937 human leukemia cells after 6 h
treatment [50]. She et al. also observed an increase in superox-
ide levels in 2 wM 2ME-treated human myeloid leukemia HL-60
and U937 cells [51]. Chen et al. used a 0.1 mM 2ME concentration
to induce superoxide generation in transformed HEK293, U87 and
HeLa cancer cell lines [52]. Destruction of superoxide is catalyzed by
manganese superoxide dismutase within the mitochondrial matrix
and intracellular superoxide is destroyed by copper-zinc super-
oxide dismutase [53]. Kachadourian et al. demonstrated that 2ME
(0.1 mM) does not inhibit superoxide dismutase and proposed the
formation of estrogen semiquinone radicals with subsequent for-
mation of superoxide [54,55]. The present study focused on a lower
concentration of 2ME (1 M) and no significant difference in super-
oxide levels between vehicle-treated and 2ME-treated cells was
detected.

Generation of H,O, as a result of 2ME treatment has been
implicated as a mediator of apoptosis induction. H,0, forms part
of signal transduction pathways including the ERK, JNK and p38
pathways [56]. Fukui and Zhu demonstrated that 1.5-2 uM 2ME
treatment of MDA-MB-435 breast cells induced activation of ERK,
JNK and p38 proteins [13]. In Ewing sarcoma cells, 2ME-treated
cells showed an increase in the formation of H, O, and rapid induc-
tion of the JNK pathway. This resulted in decreased mitochrondrial
membrane potential, release of cytochrome c and downstream acti-
vation of caspases [57]. The present study demonstrated an increase
in H,O; generation in MCF-7 cells in response to 2ME treatment, as
well as an increase in intracellular levels of cytochrome c. One pos-
sible source of H,0, is the inactivation of peroxiredoxin 1 (Prx 1).
Prx 1 reduces H,0, to water and oxygen, and during mitosis actives
cdc2 responsible for the phosphorylation and inactivation of the
PRx 1 enzyme [58]. Thus, prolonged cdc2 activity during metaphase
and subsequent elevation of H,O, may be due to PRx 1 inhibition.
Another interesting finding is the upregulation of spermine oxidase
(SMOX). SMOX is the only catabolic enzyme that is able to specifi-
cally oxidise spermine the spermidine [59,60]. The reaction results
in the formation of H,O, [60]. In human breast cancer cells as well
as mouse neuroblastoma cells, SMOX overexpression results in an
antiproliferative effect as a result of oxidative stress [61,62]. Over-
expression of SMOX as a result of 2ME treatment is thus another
possible source of H,0,. Differentially expressed genes associated
with ROS signaling include the upregulation of mitogen-activated
protein kinase 4 (MKK4) and mitogen-activated protein kinase 6
(MKK®6). Heme oxygenase-1 (HO-1) was also upregulated in 2ME-
treated MCF-7 cells and it is well known that HO-1 mRNA is strongly
induced by H,05 and ferric iron [63-65].

H,0, and other ROS are known to activate several growth
inhibitory pathways such as autophagy. Activation of autophagic
processes is regulated through inactivation of mammalian tar-
get of rapamycin (mTOR) and Beclin 1. Active mTOR inhibits LC3
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activity which is required for the formation process of autophago-
somes [66]. In U937 leukemia cells, 4 WM 2ME gradually decreased
mTOR and phospho-mTOR protein levels over time and catalase
prevented this gradual decrease [50]. It was argued that H,0,, as
well as superoxide formation are primarily responsible for these
signaling events in U937 leukemia cells [50]. Recently it has been
demonstrated that H, 0, and other ROS can induce autophagic pro-
cesses through inhibition of the autophagy-related gene 4 (Atg4) as
well as induction of Beclin 1 expression [67]. Chen et al. demon-
strated that autophagic processes were induced in the HEK293
transformed cell line and the cancer cell lines U87 and Hela [52].
They further demonstrated that these processes are caused as a
result of H,O, formation. In the present study, we have demon-
strated an increase in acridine orange staining in 2ME-treated
MCEF-7 cells, as well as an increase in the formation of vacuoles.
Increased acridine orange staining in cells is an indication of
increased acidic vesicle formation and these are associated with
increased lysosomal and/or autophagic processes [23]. Further-
more, gene expression analysis revealed the downregulation of
eukaryotic translation initiation factors (EIFs) involved in mRNA
translation and are controlled downstream of mTOR activity [66].
These include EIF4E, EIF4A2, EIF4B, EIF2C1 and EIF3S6. Several
genes associated with ribosomal activity were also downregulated.
Similar results were obtained by Bhati et al. where a decrease in the
expression of ribosomal proteins and inhibition of protein trans-
lation was observed in 2ME-treated MDA-MB-435 cells [6]. Also,
phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase and dual-
specificity protein phosphatase (PTEN) was slightly upregulated in
response to 2ME treatment. PTEN overexpression is able to inhibit

2:NehonesTadil

mTOR activity through the phosphoinositide 3-kinase/protein
kinase B/tuberous sclerosis complex 2 (PI3K/Akt/TSC2) pathway
[68]. mTOR inhibition plays a role in HIF-1a activity by prevent-
ing HIF-1a transcriptional activation and this in turn plays a role in
the antiangiogenic effects of mTOR inhibitors [69,70]. Our results
together with related findings from other studies suggest that
autophagic processes are also activated in 2ME-treated MCF-7 cells
through an mTOR-mediated pathway whereby ROS and PTEN over-
expression are likely to play a role in abrogating the activity of
mTOR.

Induction of apoptosis has been associated with 2ME treatment
in various cell lines. JNK signaling and subsequent phospho-
rylation and inactivation of anti-apoptotic Bcl-2 proteins is a
common mechanism of activating the intrinsic apoptosis path-
way [13,50,57]. Early and late stages of apoptosis induction were
observed in 2ME-treated MCF-7 cells. A slight increase in intracellu-
lar cytochrome c formation was also demonstrated in 2ME-treated
cells which indirectly indicate an increase in mitochondrial per-
meabilization, possibly due to inactivation of the anti-apoptotic
Bcl-2 protein. Tumor necrosis factor (ligand) superfamily, member
10 (TNFSF10/TRAIL) was also found to be upregulated. Upregu-
lation of TNFSF10/TRAIL can in part explain the upregulation of
death receptor 5 in 2ME-treated breast carcinoma cells MDA-MB-
231 and MDA-MB-435, cervical carcinoma cells Hela, prostate
carcinoma cells PC-3, and glioma cells U87-MG cells [14]. MCF-7
cells, however, are deficient in caspase-3 expression and undergo
apoptosis without showing inter-nucleosomal cleavages [71]. It is
thus unlikely that cytochrome c release plays a significant role
in apoptosis induction through caspase activation in MCF-7 cells.
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Fig. 13. Possible mechanisms of action in 2ME-treated MCF-7 cells. (1) 2ME interferes with microtubule dynamics, resulting in abrogated APC/C-cdc20 activity a result of an
active MCC signaling. (2) Decreased cyclin B degradation as a result of APC/C-cdc20 results in prolonged cyclin B/cdc2 activity. (3) Prolonged cyclin B/cdc2 activity inhibits
APC/C-cdh1 activity and subsequent cohesion cleavage. (4) Prolonged cyclin B/cdc2 activity inhibits the activity of PRX1, thereby, contributing to ROS formation, resulting in
increased and prolonged ROS signaling and subsequent cellular stress signaling cascades associated with growth inhibition and apoptosis.
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Gene expression analyses revealed the upregulation of proapo-
totic genes including BCL2 binding component 3, TP53INP1 tumor
protein p53 inducible nuclear protein 1, cyclin-dependent kinase
inhibitor 2A and calpastatin (CAST). v-Myc myelocytomatosis viral
oncogene homolog (avian) (MYC) was found to be downregulated
in 2ME-treated MCF-7 cells. The present study also revealed the
downregulation of genes associated with nucleosome assembly, as
well as cell adhesion.

From the data and presently available literature, it is thus
proposed that interference with microtubule dynamics and sub-
sequent activation of the MCC cause inhibition of cyclin B
ubiquination and degradation, leading to increased cdc2 activity,
a metaphase block and inactivation of PRx1 (Fig. 13). Increased for-
mation of ROS play a role in pro-apoptotic ROS signaling which
results in the activation of growth inhibitory pathways including
apoptosis and autophagy. In conclusion, 2ME treatment of MCF-
7 cells resulted in increased cyclin B1 protein levels, cell cycle
arrest, increased H,0, formation, increased intracellular levels
of cytochrome ¢ and vacuole formation together with increased
acidic vesicle formation. Gene expression analysis revealed that
2ME interferes with microtubule dynamics, mitotic checkpoint
signaling, cyclin B1 degradation, cdc2 activity and pro-apoptotic
events. Furthermore, microarray gene expression analysis showed
a decreased expression of genes involved in mRNA translation
and autophagy-related processes, including ribosomal proteins and
EIFs. Thus, a novel finding namely the induction of both apopto-
sis and autophagy as a possible combination of types of cell death
induced by 2ME in MCF-7 cells is suggested and therefore the
present study contributes to the mechanism of its action.

Acknowledgements

This research was supported by grants from the Medical
Research Council of South Africa (AG374, AK076), the Cancer Asso-
ciation of South Africa (AK246) and the Struwig-Germeshuysen
Cancer Research Trust of South Africa (AJ038). Electron microscopy
was conducted at the Electron microscopy Unit at the University
of Pretoria and flow cytometric analyses were performed at the
Department of Pharmacology at the Faculty of Health Sciences
(University of Pretoria). Microarray data analysis facilities were
provided by the African Centre of Gene Technology (ACGT) Microar-
ray Facility (University of Pretoria, Pretoria, South Africa) and the
Bioinformatics and Computational Biology Unit (University of Pre-
toria, Pretoria, South Africa).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jsbmb.2010.02.019.

References

[1] S.L.Mooberry, Mechanism of action of 2-methoxyestradiol: new developments,
Drug Resist. Update 6 (6) (2003) 355-361.
[2] S.P. Newman, CR. Ireson, H.J. Tutill, .M. Day, M.F. Parsons, M.P. Leese, B.V.
Potter, M.]. Reed, A. Purohit, The role of 17beta-hydroxysteroid dehydrogenases
in modulating the activity of 2-methoxyestradiol in breast cancer cells, Cancer
Res. 66 (1) (2006) 324-330.
D. Matei, J. Schilder, G. Sutton, S. Perkins, T. Breen, C. Quon, C. Sidor, Activity
of 2-methoxyestradiol (Panzem NCD) in advanced, platinum-resistant ovarian
cancer and primary peritoneal carcinomatosis: a Hoosier Oncology Group trial,
Gynecol. Oncol. 115 (1) (2009) 90-96.
W.E. Fogler, K.M. Volker, G.M. Swartz, S.M. Plum, S.J. Strawn, T.M. LaVallee,
C.F. Sidor, A.M. Treston, The antitumor activity of 2-methoxyestradiol is maxi-
mized by maintaining a threshold concentration over a 24-hour dosing interval,
in: Proceedings of the AACR-NCIEORTC International Conference on Molecular
Targets and Cancer Therapeutics, vol. 173, 2005, p. B180.
A.J. Tevaarwerk, K.D. Holen, D.B. Alberti, C. Sidor, J. Arnott, C. Quon, G. Wilding,
G. Liu, Phase I trial of 2-methoxyestradiol NanoCrystal dispersion in advanced
solid malignancies, Clin. Cancer Res. 15 (4) (2009) 1460-1465.

3

[4

(5

[6] R. Bhati, Y. Gokmen-Polar, G.W. Sledge Jr., C. Fan, H. Nakshatri, D. Ketelsen,
C.H. Borchers, MJJ. Dial, C. Patterson, N. Klauber-DeMore, 2-Methoxyestradiol
inhibits the anaphase-promoting complex and protein translation in human
breast cancer cells, Cancer Res. 67 (2) (2007) 702-708.

[7] RK. Dubey, E.K. Jackson, Potential vascular actions of 2-methoxyestradiol,
Trends Endocrinol. Metab. 20 (8) (2009) 374-379.

[8] N.J. Mabjeesh, D. Escuin, T.M. LaVallee, V.S. Pribluda, G.M. Swartz, M.S. John-

son, M.T. Willard, H. Zhong, J.W. Simons, P. Giannakakou, 2ME2 inhibits tumor

growth and angiogenesis by disrupting microtubules and dysregulating HIF,

Cancer Cell 3 (4) (2003) 363-375.

K. Kamath, T. Okouneva, G. Larson, D. Panda, L. Wilson, M.A. Jordan,

2-Methoxyestradiol suppresses microtubule dynamics and arrests mito-

sis without depolymerizing microtubules, Mol. Cancer Ther. 5 (9) (2006)

2225-2233.

[10] M.N. Zoubine, A.P. Weston, D.C. Johnson, D.R. Campbell, S.K. Baner-
jee, 2-Methoxyestradiol-induced growth suppression and lethality in
estrogen-responsive MCF-7 cells may be mediated by down regulation of
p34cdc2 and cyclin B1 expression, Int. ]. Oncol. 15 (4) (1999) 639-646.

[11] C. Van Zijl, M.L. Lottering, F. Steffens, A. Joubert, In vitro effects of
2-methoxyestradiol on MCF-12A and MCF-7 cell growth, morphology and
mitotic spindle formation, Cell Biochem. Funct. 26 (5) (2008) 632-642.

[12] J.S. Lewis, T.J. Thomas, R.G. Pestell, C. Albanese, M.A. Gallo, T. Thomas, Differ-
ential effects of 16alpha-hydroxyestrone and 2-methoxyestradiol on cyclin D1
involving the transcription factor ATF-2 in MCF-7 breast cancer cells, ]J. Mol.
Endocrinol. 34 (1) (2005) 91-105.

[13] M. Fukui, B.T. Zhu, Mechanism of 2-methoxyestradiol-induced apoptosis and
growth arrest in human breast cancer cells, Mol. Carcinog. 48 (1) (2009) 66-78.

[14] T.M. LaVallee, X.H. Zhan, M.S. Johnson, CJ. Herbstritt, G. Swartz, M.S. Williams,
W.A. Hembrough, S.J. Green, V.S. Pribluda, 2-Methoxyestradiol up-regulates
death receptor 5 and induces apoptosis through activation of the extrinsic
pathway, Cancer Res. 63 (2) (2003) 468-475.

[15] ].M. Rae, CJ. Creighton, J.M. Meck, B.R. Haddad, M.D. Johnson, MDA-MB-435
cells are derived from M14 melanoma cells—a loss for breast cancer, but a boon
for melanoma research, Breast Cancer Res. Treat. 104 (1) (2007) 13-19.

[16] A. Joubert, C. Maritz, F. Joubert, Bax/Bcl-2 expression levels of
2-methoxyestradiol-exposed esophageal cancer cells, Biomed Res. 26
(3)(2005) 131-134.

[17] A. Joubert, C. Maritz, F. Joubert, Influence of prostaglandin A2 and
2-methoxyestradiol on Bax and Bcl-2 expression levels in cervical carcinoma
cells, Biomed Res. 26 (2) (2005) 87-90.

[18] S.Z.Bu,Q.Huang, Y.M.Jiang, H.B. Min, Y. Hou, Z.Y. Guo, ].F. Wei, ] W. Wang, X. Ni,
S.S.Zheng, p38 Mitogen-activated protein kinases is required for counteraction
of 2-methoxyestradiol to estradiol-stimulated cell proliferation and induction
of apoptosis in ovarian carcinoma cells via phosphorylation Bcl-2, Apoptosis
11 (3)(2006) 413-425.

[19] S. Bu, A. Blaukat, X. Fu, N.E. Heldin, M. Landstrom, Mechanisms for
2-methoxyestradiol-induced apoptosis of prostate cancer cells, FEBS Lett. 531
(2)(2002) 141-151.

[20] R.U. Janicke, M.L. Sprengart, M.R. Wati, A.G. Porter, Caspase-3 is required for
DNA fragmentation and morphological changes associated with apoptosis, J.
Biol. Chem. 273 (16) (1998) 9357-9360.

[21] G. Rothe, G. Valet, Flow cytometric analysis of respiratory burst activity in
phagocytes with hydroethidine and 2’,7’-dichlorofluorescin, J. Leukoc. Biol. 47
(5) (1990) 440-448.

[22] H. Zhao, S. Kalivendi, H. Zhang, J. Joseph, K. Nithipatikom, J. Vasquez-Vivar, B.
Kalyanaraman, Superoxide reacts with hydroethidine but forms a fluorescent
product that is distinctly different from ethidium: potential implications in
intracellular fluorescence detection of superoxide, Free Radic. Biol. Med. 34
(11)(2003) 1359-1368.

[23] D.J.Klionsky, A.M. Cuervo, P.O. Seglen, Methods for monitoring autophagy from
yeast to human, Autophagy 3 (3) (2007) 181-206.

[24] G.K.Smyth, Linear models and empirical bayes methods for assessing differen-
tial expression in microarray experiments, Stat. Appl. Genet. Mol. Biol. 3 (2004)
(Article 3).

[25] ].M. Wettenhall, G.K. Smyth, limmaGUI: a graphical user interface for linear
modeling of microarray data, Bioinformatics 20 (18) (2004) 3705-3706.

[26] M.E. Ritchie, ]. Silver, A. Oshlack, M. Holmes, D. Diyagama, A. Holloway,
G.K. Smyth, A comparison of background correction methods for two-colour
microarrays, Bioinformatics 23 (20) (2007) 2700-2707.

[27] G.K. Smyth, T. Speed, Normalization of cDNA microarray data, Methods 31 (4)
(2003) 265-273.

[28] Y. Benjamini, Y. Hochberg, Controlling the false discovery rate: a practical and
powerful approach to multiple testing, J. R. Stat. Soc. Ser. B (Methodol.) 57 (1)
(1995) 289-300.

[29] W. Huang da, B.T. Sherman, R.A. Lempicki, Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources, Nat. Prot. 4 (1) (2009)
44-57.

[30] P. Carmona-Saez, M. Chagoyen, F. Tirado, .M. Carazo, A. Pascual-Montano,
GENECODIS: a web-based tool for finding significant concurrent annotations
in gene lists, Genome Biol. 8 (1) (2007) R3.

[31] A. Funahashi, M. Morohashi, H. Kitano, N. Tanimura, CellDesigner: a process
diagram editor for gene-regulatory and biochemical networks, Biosilico 1 (5)
(2003) 159-162.

[32] H. Attalla, T.P. Makela, H. Adlercreutz, L.C. Andersson, 2-Methoxyestradiol
arrests cells in mitosis without depolymerizing tubulin, Biochem. Biophys. Res.
Commun. 228 (2) (1996) 467-473.

[9


http://dx.doi.org/10.1016/j.jsbmb.2010.02.019

160 B.A. Stander et al. / Journal of Steroid Biochemistry & Molecular Biology 119 (2010) 149-160

[33] E. Logarinho, T. Resende, C. Torres, H. Bousbaa, The human spindle assem-
bly checkpoint protein Bub3 is required for the establishment of efficient
kinetochore-microtubule attachments, Mol. Biol. Cell 19 (4) (2008) 1798-
1813.

[34] R. Bharadwaj, W. Qi, H. Yu, Identification of two novel components of the
human NDC80 kinetochore complex, ]. Biol. Chem. 279 (13) (2004) 13076-
13085.

[35] M. van der Voet, CW. Berends, A. Perreault, T. Nguyen-Ngoc, P. Gonczy, M.
Vidal, M. Boxem, S. van den Heuvel, NuMA-related LIN-5, ASPM-1, calmod-
ulin and dynein promote meiotic spindle rotation independently of cortical
LIN-5/GPR/Galpha, Nat. Cell. Biol. 11 (3) (2009) 269-277.

[36] H. Yardimci, M. van Duffelen, Y. Mao, S.S. Rosenfeld, P.R. Selvin, The mitotic
kinesin CENP-E is a processive transport motor, Proc. Natl. Acad. Sci. U.S.A. 105
(16) (2008) 6016-6021.

[37] J.H. Cho, CJ. Chang, C.Y. Chen, T.K. Tang, Depletion of CPAP by RNAi disrupts
centrosome integrity and induces multipolar spindles, Biochem. Biophys. Res.
Commun. 339 (3) (2006) 742-747.

[38] P.Zhang,B.Cong, H.Yuan, L. Chen,Y.Lv, C.Bai, X. Nan, S. Shi, W. Yue, X. Pei, Over-
expression of spindlin1 induces metaphase arrest and chromosomal instability,
J. Cell. Physiol. 217 (2) (2008) 400-408.

[39] D.J. Lew, D.J. Burke, The spindle assembly and spindle position checkpoints,
Annu. Rev. Genet. 37 (2003) 251-282.

[40] D.J. Baker, M.M. Dawlaty, P. Galardy, ].M. van Deursen, Mitotic regulation of the
anaphase-promoting complex, Cell Mol. Life Sci. 64 (5) (2007) 589-600.

[41] H.Yu, Regulation of APC-Cdc20 by the spindle checkpoint, Curr. Opin. Cell Biol.
14 (6) (2002) 706-714.

[42] ].M. Peters, The anaphase promoting complex/cyclosome: a machine designed
to destroy, Nat. Rev. Mol. Cell Biol. 7 (9) (2006) 644-656.

[43] E.R. Kramer, N. Scheuringer, A.V. Podtelejnikov, M. Mann, ].M. Peters, Mitotic
regulation of the APC activator proteins CDC20 and CDH1, Mol. Biol. Cell 11 (5)
(2000) 1555-1569.

[44] N.N. Zhou, X.F. Zhu, J.M. Zhou, M.Z. Li, X.S. Zhang, P. Huang, W.Q. Jiang,
2-Methoxyestradiol induces cell cycle arrest and apoptosis of nasopharyngeal
carcinoma cells, Acta Pharmacol. Sin. 25 (11) (2004) 1515-1520.

[45] A. Lis, MJ. Ciesielski, T.A. Barone, B.E. Scott, R.A. Fenstermaker, RJ. Plunkett,
2-Methoxyestradiol inhibits proliferation of normal and neoplastic glial cells,
and induces cell death, in vitro, Cancer Lett. 213 (1) (2004) 57-65.

[46] L.Li,S.Bu,T.Backstrom, M. Landstrom, U. Ulmsten, X. Fu, Induction of apoptosis
and G2/M arrest by 2-methoxyestradiol in human cervical cancer HeLaS3 cells,
Anticancer Res. 24 (2B) (2004) 873-880.

[47] A.Lindqvist, W. van Zon, C. Karlsson Rosenthal, R.M. Wolthuis, Cyclin B1-Cdk1
activation continues after centrosome separation to control mitotic progres-
sion, PLoS Biol. 5 (5) (2007) e123.

[48] F.Uhlmann,F. Lottspeich, K. Nasmyth, Sister-chromatid separation at anaphase
onset is promoted by cleavage of the cohesin subunit Scc1, Nature 400 (6739)
(1999) 37-42.

[49] A. Sancar, L.A. Lindsey-Boltz, K. Unsal-Kacmaz, S. Linn, Molecular mechanisms
of mammalian DNA repair and the DNA damage checkpoints, Annu. Rev.
Biochem. 73 (2004) 39-85.

[50] N. Gao, M. Rahmani, P. Dent, S. Grant, 2-Methoxyestradiol-induced apopto-
sis in human leukemia cells proceeds through a reactive oxygen species and
Akt-dependent process, Oncogene 24 (23) (2005) 3797-3809.

[51] M.R. She, ].G. Li, KY. Guo, W. Lin, X. Du, X.Q. Niu, Requirement of reac-
tive oxygen species generation in apoptosis of leukemia cells induced by
2-methoxyestradiol, Acta Pharmacol. Sin. 28 (7) (2007) 1037-1044.

[52] Y. Chen, E. McMillan-Ward, J. Kong, S.J. Israels, S.B. Gibson, Oxidative stress
induces autophagic cell death independent of apoptosis in transformed and
cancer cells, Cell Death Differ. 15 (1) (2008) 171-182.

[53] V.C. Culotta, M. Yang, T.V. O’Halloran, Activation of superoxide dismutases:
putting the metal to the pedal, Biochim. Biophys. Acta 1763 (7) (2006) 747-758.

[54] R. Kachadourian, S.I. Liochev, D.E. Cabelli, M.N. Patel, I. Fridovich, BJ. Day,
2-Methoxyestradiol does not inhibit superoxide dismutase, Arch. Biochem.
Biophys. 392 (2) (2001) 349-353.

[55] P.S. Crooke, M.D. Ritchie, D.L. Hachey, S. Dawling, N. Roodi, F.F. Parl, Estrogens,
enzyme variants, and breast cancer: arisk model, Cancer Epidemiol. Biomarkers
Prev. 15 (9) (2006) 1620-1629.

[56] M. Genestra, Oxyl radicals, redox-sensitive signalling cascades and antioxi-
dants, Cell Signal. 19 (9) (2007) 1807-1819.

[57] M. Djavaheri-Mergny, ]. Wietzerbin, F. Besancon, 2-Methoxyestradiol induces
apoptosis in Ewing sarcoma cells through mitochondrial hydrogen peroxide
production, Oncogene 22 (17) (2003) 2558-2567.

[58] S.Orrenius, V. Gogvadze, B. Zhivotovsky, Mitochondrial oxidative stress: impli-
cations for cell death, Annu. Rev. Pharmacol. Toxicol. 47 (2007) 143-183.

[59] R. Amendola, M. Cervelli, E. Fratini, F. Polticelli, D.E. Sallustio, P. Mariottini,
Spermine metabolism and anticancer therapy, Curr. Cancer Drug Targets 9 (2)
(2009) 118-130.

[60] Y. Wang, R.A. Casero Jr., Mammalian polyamine catabolism: a therapeutic tar-
get, a pathological problem, or both? J. Biochem. 139 (1) (2006) 17-25.

[61] A.Pledgie, Y.Huang, A. Hacker, Z.Zhang, P.M. Woster, N.E. Davidson, R.A. Casero
Jr., Spermine oxidase SMO(PAOh1), Not N1-acetylpolyamine oxidase PAO, is
the primary source of cytotoxic H,O; in polyamine analogue-treated human
breast cancer cell lines, J. Biol. Chem. 280 (48) (2005) 39843-39851.

[62] R. Amendola, A. Bellini, M. Cervelli, P. Degan, L. Marcocci, F. Martini, P. Mariot-
tini, Direct oxidative DNA damage, apoptosis and radio sensitivity by spermine
oxidase activities in mouse neuroblastoma cells, Biochim. Biophys. Acta 1755
(1)(2005) 15-24.

[63] S.M. Keyse, R.M. Tyrrell, Heme oxygenase is the major 32-kDa stress protein
induced in human skin fibroblasts by UVA radiation, hydrogen peroxide, and
sodium arsenite, Proc. Natl. Acad. Sci. U.S.A. 86 (1) (1989) 99-103.

[64] S.W. Ryter, M. Si, C.C. Lai, C.Y. Su, Regulation of endothelial heme oxygenase
activity during hypoxia is dependent on chelatable iron, Am. J. Physiol. Heart
Circ. Physiol. 279 (6) (2000) H2889-2897.

[65] S.IL Liochev, L. Fridovich, The Haber-Weiss cycle—70 years later: an alternative
view, Redox Rep. 7 (1) (2002) 55-57 (author reply 59-60).

[66] M. Kadowaki, M.R. Karim, A. Carpi, G. Miotto, Nutrient control of macroau-
tophagy in mammalian cells, Mol. Aspects Med. 27 (5-6) (2006) 426-443.

[67] M.B. Azad, Y. Chen, S.B. Gibson, Regulation of autophagy by reactive oxygen
species (ROS): implications for cancer progression and treatment, Antioxid.
Redox Signal. (2008).

[68] N.Hay, The Akt-mTOR tango and its relevance to cancer, Cancer Cell 8 (3) (2005)
179-183.

[69] C.C.Hudson, M. Liu, G.G. Chiang, D.M. Otterness, D.C. Loomis, F. Kaper, A.J. Giac-
cia, R.T. Abraham, Regulation of hypoxia-inducible factor 1alpha expression and
function by the mammalian target of rapamycin, Mol. Cell Biol. 22 (20) (2002)
7004-7014.

[70] B.H.Jiang, L.Z. Liu, PI3K/PTEN signaling in angiogenesis and tumorigenesis, Adv.
Cancer Res. 102 (2009) 19-65.

[71] S.Kagawa, J. Gu, T. Honda, T.J. McDonnell, S.G. Swisher, J.A. Roth, B. Fang, Defi-
ciency of caspase-3 in MCF7 cells blocks Bax-mediated nuclear fragmentation
but not cell death, Clin. Cancer Res. 7 (5) (2001) 1474-1480.



	In vitro effects of 2-methoxyestradiol on morphology, cell cycle progression, cell death and gene expression changes in th...
	Introduction
	Materials and methods
	Material
	Cell culture
	Flow cytometric quantification of cyclin B1 and cell cycle progression determination
	Flow cytometric measurement of hydrogen peroxide and superoxide
	Morphology study—fluorescent microscopy
	Morphology study—transmission electron microscopy
	Flow cytometric detection of Annexin V surface staining and propidium iodide permeability
	Flow cytometric quantification of cytochrome c
	Microarray analysis of gene expression
	RNA extraction and integrity
	Probe preparation, hybridization and microarray slide washing
	Scanning and data analysis—microarray
	Statistical analysis of data

	Results
	Flow cytometric quantification of cyclin B1 and cell cycle progression determination
	Flow cytometric measurement of hydrogen peroxide and superoxide
	Morphology study—fluorescent microscopy
	Morphology study—transmission electron microscopy
	Flow cytometric detection of Annexin V surface staining and propidium iodide permeability
	Flow cytometric quantification of cytochrome c
	Gene expression—microarray

	Discussion
	Acknowledgements
	Supplementary data
	Supplementary data


