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a b s t r a c t

In the present study, the antiproliferative mechanism of action of 1 �M 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
utophagy
poptosis

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

se to
being activated in respon

. Introduction

2-Methoxyestradiol (2ME) is an endogenous metabolite of 17�-
stradiol exerting both antiangiogenic and antimitogenic effects
n vitro and in vivo [1]. 2ME is a target for 17�-hydroxysteroid
ehydrogenase-mediated metabolism that explains its low
ioavailability due to rapid metabolic breakdown [2]. Results
rom preclinical tumor models in animals suggest that maintain-
ng 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
s registered as Panzem® by Entremed, Inc. (Rockville, MD) and
s currently being used in clinical trials by making use of a novel
anocrystal dispersion (NCD) drug delivery system [5]. The NCD

ormulation of 2ME was shown to have improved bioavailability

esulting in plasma concentration levels within the range needed
or anti-tumor activity [3].

2ME plays as role in the abrogation of microtubule dynam-
cs 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

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:annie.joubert@up.ac.za
dx.doi.org/10.1016/j.jsbmb.2010.02.019


1 mistr

t
T
a

a
i
c
r
[
e
r
i
m
a
a
i

2

2

a
P
m
w
h
A
a
(
a
(
k
e
N
H
M
w
t
a
t
fl
4
L
s
H
a
f
c
C

2

s
b
t
i
c
i
s
2
d
s
w

50 B.A. Stander et al. / Journal of Steroid Bioche

he gene, thus causing abrogated translation of CASP-3 mRNA [20].
hese observations, among others, indicate that the mechanism of
ction of 2ME-induced growth inhibition is cell line specific.

Since the exact mechanism of 2ME’s action is cell line specific
nd remains to be elucidated, the purpose of this study was to
nvestigate the in vitro influence of 2ME in the MCF-7 breast adeno-
arcinoma cell line. The MCF-7 cell line is a tumorigenic estrogen
eceptor positive breast cell line that lacks caspase 3 expression
20]. Data obtained from the influence of 2ME on cyclin B1 lev-
ls, its effect on the release of cytochrome c, the generation of
eactive oxygen species, as well as information obtained from
ts influence on global gene expression further contribute to the

echanism exerted by 2ME on tumorigenic breast cancer cells. In
ddition, a novel finding namely the induction of both apoptosis
nd autophagy as a possible combination of types of cell death
nduced by 2ME in MCF-7 cells is proposed.

. Materials and methods

.1. Material

Heat-inactivated fetal calf serum (FCS), sterile cell culture flasks
nd plates were obtained through Sterilab Services (Kempton
ark, Johannesburg, South Africa). Dulbecco’s minimum essential
edium Eagle (DMEM), penicillin, streptomycin and fungizone
ere purchased from Highveld Biological (Pty) Ltd. (Sandring-
am, SA). 2ME was supplied by Sigma–Aldrich (St. Louis, USA).
n Annexin V-FITC Kit and an anti-cytochrome c FITC-conjugated
ntibody set were purchased from BIOCOM biotech (Pty) Ltd.
Clubview, South Africa). A fluorescein-FITC-conjugated cyclin B1
ntibody reagent set was purchased from The Scientific Group
Johannesburg, South Africa). Qiagen’s Plant Mini Kit, PCR Clean-up
it, RNase-free DNase and Qiazol were purchased from South-
rn Cross Biotechnology (Pty) Ltd. (Cape Town, South Africa). The
anodrop, an Axon Genepix 4000B Scanner and Agilent’s Sure-
yb chambers at the African Centre of Gene Technology (ACGT)
icroarray Facility (University of Pretoria, Pretoria, South Africa)
ere purchased from Inqaba Biotechnical Industries (Pty) Ltd. (Pre-

oria, SA), Molecular Devices Corporation, (Sunnyvale, CA, USA)
nd Agilent Technologies (Pty) Ltd. (Palo Alto, CA, USA), respec-
ively. The fluorescence activated cell sorting (FACS) FC500 System
ow cytometer equipped with an air-cooled argon laser excited at
88 nm was purchased from Beckman Coulter South Africa (Pty)
td. (Pretoria, South Africa). Agilent’s 44k 60-mer human oligo
lides, Low RNA Input Fluorescent Linear Amplification Kit, 2× GEx
ybridization Buffer HI-RPM, Gene Expression (GE) Wash Buffer 1
nd 2 and the Stabilization and Drying Solution were purchased
rom Agilent Technologies (Pty) Ltd. (Palo Alto, CA, USA). All other
hemicals were of analytical grade and were purchased from Sigma
hemical Co. (St. Louis, MO, USA).

.2. Cell culture

The MCF-7 cell line (human breast epithelial carcinoma) was
upplied by Highveld Biological (Pty) Ltd. (Sandringham, Johannes-
urg, South Africa). Cells were grown and maintained in 25 cm2

issue culture flasks in a humidified atmosphere at 37 ◦C, 5% CO2
n a Forma Scientific water-jacketed incubator (OH, USA). MCF-7
ells were cultured in DMEM and supplemented with 10% heat-
nactivated FCS (56 ◦C, 30 min), 100 U/ml penicillin G, 100 �g/ml

treptomycin and fungizone (250 �g/l). A stock solution of 2 mM
ME dissolved in dimethyl sulphoxide (DMSO) was prepared and
iluted with medium to the desired concentrations prior to expo-
ure of the cells. The medium of all control cells was supplemented
ith an equal concentration of DMSO (vehicle). The DMSO content
y & Molecular Biology 119 (2010) 149–160

of the final dilutions never exceeded 0.1% (v/v). A final concentra-
tion 1 �M 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 cm2 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 �M 2ME and vehicle, respectively and
incubated for 24 h at 37 ◦C. For 25 cm2 cell culture flasks, exponen-
tially growing MCF-7 cells were seeded at 1 × 106 cells per 25 cm2

flask to a final volume of 5 ml of maintenance medium. After 24 h
attachment the medium was discarded and the cells were exposed
to 1 �M 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 24 h treatment in 25 cm2 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 × 106) 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 �g/ml
propidium iodide and 100 �g/ml RNase A for 30 min at 4 ◦C. FITC
(FL1) and propidium iodide (FL3) fluorescence were measured with
a 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 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 (H2O2) 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 O2, H2O2 or nitrogen radicals
to a red fluorescing compound [22]. After 24 h exposure, cells were
trypsinized, washed with PBS and 1 × 106 cells were resuspended
in 1 ml PBS. Cells were incubated with 20 �M DCFDA for 25 min
and 10 �M HE for 15 min at 37 ◦C. Hydrogen peroxide (20 �M) was
added 5 min prior to measurement as a positive control for DCF

formation. For DAF2-DA, 5 �M 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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.5. Morphology study—fluorescent microscopy

A double fluorescent dye staining method was utilized in
rder to determine the effect that 2ME has on acidic vesicular
rganelle formation. Acridine orange is a lysosomotropic fluores-
ent compound that serves as a tracer for acidic vesicular organelles
ncluding autophagic vacuoles and lysosomes [23]. Cells undergo-
ng autophagy will have an increased tendency for acridine orange
taining when compared to viable cells. Hoechst 33342 is a flu-
rescent dye that can penetrate intact cell membranes of viable
ells and cells undergoing apoptosis and stains the nucleus. After
4 h treatment in six-well plates, 0.5 ml of Hoechst 33342 solu-
ion (3.5 �g/ml in PBS) was added to the medium to provide a
nal concentration of 0.9 �M and incubated for 30 min at 37 ◦C in
CO2 incubator. After 25 min, 0.5 ml of acridine orange solution

4 �g/ml) was added to the medium to provide a final concentration
f 1 �g/ml and incubated for 5 min at 37 ◦C. Within 5 min the cover
lips were mounted on microscope slides with mounting fluid (90%
lycerol, 4% N-propyl-gallate, 6% PBS). The cells were examined
ith a Zeiss inverted Axiovert CFL40 microscope and Zeiss Axiovert
Rm monochrome camera using Zeiss Filter 2 for Hoechst 33342

blue emission) stained cells and Zeiss Filter 9 for acridine orange-
tained (green emission) cells. In order to prevent fluorescent dye
uenching, all procedures were performed in a dark room.

.6. Morphology study—transmission electron microscopy

Transmission electron microscopy (TEM) was used to deter-
ine the ultrastructure of intracellular components of exposed

nd control cells. After 24 h treatment in 25 cm2 flasks, cells were
rypsinized, fixed in 2.5% glutaraldehyde in 0.075 M phosphate
uffer (pH 7.4–7.6) and washed with 0.075 M phosphate buffer.
hereafter the cells were fixed in 0.25% aqueous osmium, dehy-
rated with increasing concentrations of ethanol (30%, 50%, 70%,
0%, 100%, 100%, 100%) and embedded in Quetol resin. Ultra-thin
ections were prepared with a microtome and mounted on a copper
rid. Samples were contrasted with 4% uranyl acetate and Reynolds’
ead citrate. Samples were viewed with a Multi-purpose Philips 301
EM at the Electron Microscopy unit of the University of Pretoria
Pretoria, South Africa).

.7. Flow cytometric detection of Annexin V surface staining and
ropidium iodide permeability

Flow cytometric analyses were employed to measure indi-
ations of apoptosis. Annexin V was employed to measure the
ranslocation of the membrane phospholipids, phosphatidylserine
PS), which is associated with apoptotic processes. Annexin V is
35–36 kDa, Ca2+-dependent, phospholipid binding protein with
high affinity for PS. After treatment in 25 cm2 flasks, cells were

rypsinized and 1 × 106 cells were double-stained with Annexin
-FITC and propidium iodide according to the manufacturer’s

nstructions (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).
ropidium iodide (FL3) fluorescence and Annexin V (FL1) fluores-
ence were measured with a FACS FC500 System flow cytometer
Beckman Coulter South Africa (Pty) Ltd.) equipped with an air-
ooled argon laser excited at 488 nm. Data from at least 30,000 cells
ere analyzed with CXP software (Beckman Coulter South Africa

Pty) Ltd.

.8. Flow cytometric quantification of cytochrome c
An anti-cytochrome c FITC-conjugated antibody was employed
o measure the mitochondrial-released intracellular cytochrome

levels. After 24 h of treatment in 25 cm2 flasks, cells were
rypsinized and 1 × 106 cells were resuspended in 1 ml PBS. Cells
& Molecular Biology 119 (2010) 149–160 151

were stained with FITC-conjugated mouse immunoglobulin G
(IgG1) 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 × 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 × 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 × 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
amplification into 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
2× GEx Hybridization Buffer HI-RPM in Agilent’s SureHyb cham-

bers. Hybridization was carried out over 17 h 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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increase in the G2/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-G1 pop-
52 B.A. Stander et al. / Journal of Steroid Bioche

nd washed for 1 min at room temperature. The slides were trans-
erred to GE Wash Buffer 2 at elevated temperature (37 ◦C) and
ashed for 1 min and then transferred to pure acetonitrile for 10 s.

he slides were then transferred to Stabilization and Drying Solu-
ion for 30 s after which it was scanned immediately after careful
emoval from the solution.

.12. Scanning and data analysis—microarray

Slides were scanned with the Axon Genepix 4000B Scanner
Molecular Devices Corporation, Sunnyvale, CA, USA) provided by
he African Centre of Gene Technology (ACGT) Microarray Facil-
ty at the University of Pretoria, Pretoria, South Africa. Spotfinding

as performed using Genepix Pro 6.1 (Molecular Devices Corpo-
ation, Sunnyvale, CA, USA). Saturated spots, spots with an uneven
ackground, non-uniform spots and spots with a low intensity vs.
ackground ratio were removed from further analysis by excluding
he spots that satisfied the following parameters. The following fea-
ures were flagged as “Bad” and were removed from further analysis
sing 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 × [B635
Median]) Or [B532 Mean] > (1.5 × [B532 Median])) And ([B635
Median] > 40 Or [B532 Median] > 40).
Non-uniform spots: [Ratio of Medians (635/532)] > (4.0 × [Rgn
Ratio (635/532)]) Or [Ratio of Medians (635/532)] < (0.25 × [Rgn
Ratio (635/532)]).
Low intensity vs. background ratio: [% > B635 + 2SD] < 10 Or
[% > B532 + 2SD] < 10.

Statistical analysis after spotfinding was conducted using
imma with the LimmaGUI interface [24,25]. Background cor-
ection was done with the normal + exponential (Normexp)
onvolution model with an offset value set to 50 [26,27]. Genepix
lag weightings that were flagged as “Bad” were excluded from fur-
her analysis. Normalization within arrays was performed with the
lobal Loess method and Aquantile normalization between arrays
as performed in order to normalize expression intensities so that

he intensities and log-ratios have similar distributions across a
eries of arrays [27]. The Least squares linear model fit method was
mployed and the P-values were adjusted for multiple testing uti-
izing the Benjamini and Hochberg’s step-up method for controlling
he false discovery rate [28]. Genes that had a B-value of greater
han zero were considered statistically significantly differentially
xpressed. The B-statistic is defined as log-odds that that gene is
ifferentially expressed and a B-statistic of zero corresponds to a
0/50 chance that the gene is differentially expressed [27]. The gene
ames acquired from the gene expression list of genes considered
ifferentially expressed were converted to Entrez Gene IDs utiliz-

ng the DAVID Gene ID Conversion Tool [29]. Biologic interpretation
nd functional analysis of the converted gene lists were performed
y mapping differentially expressed genes to biochemical path-
ays and Gene Ontology (GO) categories using Gene Annotation
o-occurrence Discovery (GENECODIS) [30]. Graphical biochemical
athways were designed with CellDesigner 3.5.1 [31].

.13. Statistical analysis of data
Data obtained from three independent experiments (each con-
ucted in six replicates) are shown as the mean ± SD and were
tatistically analyzed for significance using the analysis of variance
ANOVA)-single factor model followed by a two-tailed Student’s
-test. Means are presented in bar charts, with T-bars referring
y & Molecular Biology 119 (2010) 149–160

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 G2/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
Fig. 1. FITC (FL1 Log) vs. propidium iodide (FL3-Lin) dot-plot of vehicle-treated cells
(A) and 1 �M 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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ig. 2. Measurement of cyclin B1 FITC-positive MCF-7 cells. An increase of ±22%
o 38 ± 7% in G2/M cells was observed in 2ME-treated cells when compared to
6 ± 3.7% in vehicle-treated cells. An asterisk (*) indicates a P-value < 0.05. Figures
re representative of three repeats.

lation (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
ells in the G2/M phase enter stages of apoptosis (sub-G1); rather
han completing mitosis, entering G1-phase and subsequently
ntering the S-phase.

ig. 3. Cell cycle histograms (FL3 Log) of vehicle-treated control cells (A) and 1 �M
ME-treated (B) MCF-7 cells after 24 h of exposure. A marked increase in the number
f cells present in the sub-G1 fraction is observed in 2ME-treated cells. The S-phase
s more pronounced in the vehicle-treated control.
Fig. 4. Distribution of DNA content in vehicle-treated and 1 �M 2ME-treated MCF-
7 cells. A statistically significant increase in the G2/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
H2O2-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 1.54 ± 0.17-
fold increase over the vehicle-treated control, while the 20 �M
H2O2-treated positive control indicated a 1.92 ± 0.33-fold increase
in mean fluorescence intensity when compared to the vehicle-
treated control (Fig. 5B). These results indicate that 2ME induces
H2O2 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 1 �M 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 �g/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).
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Fig. 5. DCFDA (FL1 Log) histogram of 1 �M 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 �M H2O2-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 H2O2-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).
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ig. 6. Hydroethidine (FL2 Log) histogram of 1 �M 2ME-treated cells superimposed
o significant difference was observed (A). Relative mean fluorescence intensity of

P = 0.6) 1.03-fold increase in mean fluorescence intensity in 2ME-treated cells was

.5. Flow cytometric detection of Annexin V surface staining and
ropidium iodide permeability

Quantitative analyses of the externalization of the membrane
hosphatidylserine with Annexin V were determined in order to
etect early and late apoptotic processes. Propidium iodide mea-
ured the amount of necrotic cells. 2ME-treated cells showed an

ncrease in early and late stages of apoptosis when compared to the
ehicle-treated cells (Fig. 10A and B). 2ME-treated cells revealed
1.14% cells to be present in early apoptosis and 3.95% of cells were

n late stages of apoptosis (Table 1).

able 1
easurement of phosphatidylserine externalization and membrane permeability

f vehicle-treated, 1 �M 2ME-treated and 0.2 �g/ml Actinomycin D-treated MCF-7
ells after 24 h of exposure as an indication of cells in various stages of cell death. An
ncrease in early and late stage of apoptosis was observed in 2ME-treated cells when
ompared to vehicle-treated cells. Late stages of apoptosis were not as pronounced
n 2ME-treated cells when compared to Actinomycin D-treated cells.

Mean % Vehicle control 1 �M 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
e vehicle-treated control cells (set as control) in MCF-7 cells after 24 h of exposure.
e-treated (normalized to 1) and 1 �M 2ME-treated cells. A statistically insignificant
ved when compared to the vehicle-treated control (B).

3.6. Flow cytometric quantification of cytochrome c

Fluorochromatic quantification of FITC-conjugated cytochrome
c 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 ± 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), 1 �M 2ME-treated (B) and
0.2 �g/ml Actinomycin D-treated (C) MCF-7 cells after 24 h of exposure. Normal
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Fig. 8. Acridine orange-stained vehicle-treated (A), 1 �M 2ME-treated (B) and
0.2 �g/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).
ycling cells in anaphase and met-anaphase are observed in the vehicle-treated
ontrol (A). Cells in metaphase and tripolar metaphase are observed in 2ME-treated
ells (B). Actinomycin D-treated cells exhibit hallmarks of late stages of apoptosis
ncluding hypercondensed chromatin during apoptotic body formation (C).

apping of differentially expressed genes to biochemical pathways
nd GO categories was performed using GENECODIS. The statisti-
ally significant differentially expressed genes (B > 0) were mapped
o regulation of transcription, signal transduction, cell cycle, apop-
osis, nucleosome assembly, reactive oxygen species metabolism,
NA repair, microtubule base movement, cell adhesion and ribo-

omal activity (Supplementary Tables 1 and 2).

. Discussion

In the present study we have demonstrated the effects of 1 �M

ME in MCF-7 cells after 24 h of exposure. 2ME treatment resulted

n increased levels of cyclin B1. Similar results were obtained
y Bhati et al. in MDA-MB-435 breast cells and Attalla et al. in
urkat cells [6,32]. Expression of genes associated with micro-
ubule dynamics were affected in 2ME-treated cells. Kamath et
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 �g/ml Actinomycin D-treated (C) MCF-7 cells after
2
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4 h of exposure. Normal nuclear and cytoplasmic physiology is observed in vehicle-
reated cells (A). 2ME-treated cells show an increase in the formation of vacuolar
tructures (B). Formation of apoptotic bodies and hypercondensed chromatin are
bserved in Actinomycin D-treated cells.

ell division [37]. Relatively little is known about the function of
ENPT, CEP55 and SPIN2B genes, however, overexpression of SPIN1
as been implicated in induced cell cycle delay in metaphase and
itotic spindle defects [38].
Bhati et al. demonstrated that the APC is inhibited in response

o 2 �M 2ME in MDA-MB-435 breast cells [6]. They further demon-
trated that genes involved in mitotic checkpoint complex (MCC)
ignaling (including NIMA, Bub1, Mad2) were upregulated and
hat APC activity might be inhibited as a result of increased MCC
ignaling [6]. The MCC ensures accurate segregation of mitotic
hromosomes by delaying anaphase onset until each kinetochore

as properly attached to the mitotic spindle [39]. The MCC is
ctivated in response to mitotic microtubules unattached to kine-
ochores and the system converges to inhibit the activity of
he anaphase-promoting complex/cyclosome-cell division cycle 20
APC/C-cdc20) complex [39–42]. Activated APC/C-cdc20 targets
Fig. 10. Propidium iodide (FL3 Log) vs. Annexin V (FL1 Log) dot-plot of vehicle-
treated (A) and 1 �M 2ME-treated (B) MCF-7 cells after 24 h 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
in the present study can in 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 �M
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 G2/M
phase, as well as in the number of cells present in the sub-G1-
phase. These results are consistent with the findings of experiments
in other cell lines that indicated an accumulation of cells in the

G2/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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ig. 11. FITC (FL1 Log) histogram vehicle-treated control (A) and 1 �M 2ME-treated
B) MCF-7 cells. Intracellular cytochrome c levels are slightly increased in 2ME-
reated cells when compared to the vehicle-treated control.

ctivity further explains the mitotic block. A sufficient amount of
yclin B1-cdc2 may be enough for mitotic entry, but too low (as a
esult of decreased cdc2 and cyclin B1 expression) for mitotic pro-

ression in 2ME-treated cells [32]. Cdc2 regulates the activity of
he APC/C-Cadherin 1 (APC/C-cdh1) complex through phosphory-
ation and subsequent prevention of APC/C association of cdh. The
PC/C-cdh1 complex is responsible for the targeted degradation of
ecurin and subsequent release of separase, which is responsible

ig. 12. Relative mean fluorescence intensity of vehicle-treated (normalized to 1)
nd 1 �M 2ME-treated MCF-7 cells. 2ME-treated cells exhibited a statistically sig-
ificant 1.16 ± 0.08-fold increase over the vehicle-treated control (normalized to
).
& Molecular Biology 119 (2010) 149–160 157

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 G2/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, DDB1, 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-G1 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 �M 2ME-treated U937 human leukemia cells after 6 h
treatment [50]. She et al. also observed an increase in superox-
ide levels in 2 �M 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 H2O2 as a result of 2ME treatment has been
implicated as a mediator of apoptosis induction. H2O2 forms part
of signal transduction pathways including the ERK, JNK and p38
pathways [56]. Fukui and Zhu demonstrated that 1.5-2 �M 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 H2O2 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 H2O2 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 H2O2 is the inactivation of peroxiredoxin 1 (Prx 1).
Prx 1 reduces H202 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 H2O2 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 H2O2 [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 H2O2. Differentially expressed genes associated
with ROS signaling include the upregulation of mitogen-activated
protein kinase 4 (MKK4) and mitogen-activated protein kinase 6
(MKK6). 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 H2O2 and ferric iron [63–65].

H2O2 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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ctivity which is required for the formation process of autophago-
omes [66]. In U937 leukemia cells, 4 �M 2ME gradually decreased
TOR and phospho-mTOR protein levels over time and catalase

revented this gradual decrease [50]. It was argued that H2O2, as
ell as superoxide formation are primarily responsible for these

ignaling events in U937 leukemia cells [50]. Recently it has been
emonstrated that H2O2 and other ROS can induce autophagic pro-
esses through inhibition of the autophagy-related gene 4 (Atg4) as
ell as induction of Beclin 1 expression [67]. Chen et al. demon-

trated that autophagic processes were induced in the HEK293
ransformed cell line and the cancer cell lines U87 and HeLa [52].
hey further demonstrated that these processes are caused as a
esult of H2O2 formation. In the present study, we have demon-
trated an increase in acridine orange staining in 2ME-treated
CF-7 cells, as well as an increase in the formation of vacuoles.

ncreased acridine orange staining in cells is an indication of
ncreased acidic vesicle formation and these are associated with
ncreased lysosomal and/or autophagic processes [23]. Further-

ore, gene expression analysis revealed the downregulation of
ukaryotic translation initiation factors (EIFs) involved in mRNA
ranslation and are controlled downstream of mTOR activity [66].
hese include EIF4E, EIF4A2, EIF4B, EIF2C1 and EIF3S6. Several
enes associated with ribosomal activity were also downregulated.
imilar results were obtained by Bhati et al. where a decrease in the

xpression of ribosomal proteins and inhibition of protein trans-
ation was observed in 2ME-treated MDA-MB-435 cells [6]. Also,
hosphatidylinositol-3,4,5-trisphosphate 3-phosphatase and dual-
pecificity protein phosphatase (PTEN) was slightly upregulated in
esponse to 2ME treatment. PTEN overexpression is able to inhibit

ig. 13. Possible mechanisms of action in 2ME-treated MCF-7 cells. (1) 2ME interferes wi
ctive MCC signaling. (2) Decreased cyclin B degradation as a result of APC/C-cdc20 resu
PC/C-cdh1 activity and subsequent cohesion cleavage. (4) Prolonged cyclin B/cdc2 activi

ncreased and prolonged ROS signaling and subsequent cellular stress signaling cascades
y & Molecular Biology 119 (2010) 149–160

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.

th microtubule dynamics, resulting in abrogated APC/C-cdc20 activity a result of an
lts in prolonged cyclin B/cdc2 activity. (3) Prolonged cyclin B/cdc2 activity inhibits
ty inhibits the activity of PRX1, thereby, contributing to ROS formation, resulting in
associated with growth inhibition and apoptosis.
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ene expression analyses revealed the upregulation of proapo-
otic genes including BCL2 binding component 3, TP53INP1 tumor
rotein p53 inducible nuclear protein 1, cyclin-dependent kinase

nhibitor 2A and calpastatin (CAST). v-Myc myelocytomatosis viral
ncogene homolog (avian) (MYC) was found to be downregulated
n 2ME-treated MCF-7 cells. The present study also revealed the
ownregulation of genes associated with nucleosome assembly, as
ell as cell adhesion.

From the data and presently available literature, it is thus
roposed that interference with microtubule dynamics and sub-
equent activation of the MCC cause inhibition of cyclin B
biquination and degradation, leading to increased cdc2 activity,
metaphase block and inactivation of PRx1 (Fig. 13). Increased for-
ation of ROS play a role in pro-apoptotic ROS signaling which

esults in the activation of growth inhibitory pathways including
poptosis and autophagy. In conclusion, 2ME treatment of MCF-
cells resulted in increased cyclin B1 protein levels, cell cycle

rrest, increased H2O2 formation, increased intracellular levels
f cytochrome c and vacuole formation together with increased
cidic vesicle formation. Gene expression analysis revealed that
ME interferes with microtubule dynamics, mitotic checkpoint
ignaling, cyclin B1 degradation, cdc2 activity and pro-apoptotic
vents. Furthermore, microarray gene expression analysis showed
decreased expression of genes involved in mRNA translation

nd autophagy-related processes, including ribosomal proteins and
IFs. Thus, a novel finding namely the induction of both apopto-
is and autophagy as a possible combination of types of cell death
nduced by 2ME in MCF-7 cells is suggested and therefore the
resent study contributes to the mechanism of its action.
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