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a  b  s  t  r  a  c  t

The  possibility  of the  therapeutic  use  of  estrogens  emerged  following  the  recognition  that  certain  estra-
diol  analogs,  and  particularly  metabolites  (e.g.  the  A-ring  metabolite  2-hydroxyestrone,  etc.)  inhibit  the
differentiation  of diverse  tumor  cell  lines.  Until  recently,  despite  the  investigation  of  numerous  synthetic
d-ring-substituted  estrone  derivatives,  no  analysis  had  been  published  on  the  effects  of d-ring  expan-
sion of  estrone  on  its tumor-suppressing  activity.  The  aim  of  the  present  study  was to  characterize  the
antiproliferative  effects  of  normal  and  13-epi-d-homoestrone  and  their 3-methyl  ethers  (1–4)  on  human
reproductive  cancer  cell lines.

The antitumor  activities  of  the  two epimer  pairs  on HeLa,  MCF-7  and  Ishikawa  cells were  deter-
mined.  Normal  d-homoestrone  exerted  the  greatest  cytostatic  effect  on HeLa  cells  (IC50 =  5.5  �M)  and
was  subjected  to further  investigations  to elucidate  its mechanism  of action  on  apoptosis  induction.  Mor-
phological  changes  detected  by Hoechst  33258–propidium  iodide  double  staining,  the  cell  cycle  arrest
at  phase  G2/M  and the  subsequent  increase  in  the  proportion  of  the subG1  fraction  determined  by  flow
cytometric  analysis  and  the  significant  increase  in the  activity  of caspase-3  confirmed  the  induction  of
apoptosis  in  HeLa  cells  treated  with  d-homoestrone.  d-Homoestrone  was  also tested  on a  non-cancerous
human  lung  fibroblast  cell  line  (MRC-5)  to  determine  its selective  toxicity.  The  concentration  in  which
it  inhibited  cell  proliferation  by 50%  was  at least  six times  higher  for the  fibroblast  cells  than  for  cervi-

cal  cancer  cells.  No  significant  in vivo estrogenic  activity  was  observed  as  concerns  the  uterus  weight  of
gonadectomized  rats  after  a 7-day  treatment  with  normal  d-homoestrone.

These results  led to  the  conclusion  that  normal  d-homoestrone  is  a  novel  antitumor  compound  with
a similar  activity  on HeLa  cells  as  that  of  the  reference  agent  cisplatin,  but  its  selectivity  toward  non-
cancerous  cells  is significantly  higher  than  that  of cisplatin.  It may  be  considered  to  be  a  basic  lead
molecule  for  the  preclinical  development  of  potential  anticancer  agents.
. Introduction

Although 17�-estradiol has been described as a proliferation-
nducing compound [1],  recent experimental results indicated
hat certain of its analogs can exert potent antiproliferative
ffects without appreciable estrogenic activity. One of the most
idely investigated compounds is an A-ring-modified metabolite

f estrone, 2-methoxyestradiol [2],  which exerts potent inhibitory

ffects on the proliferation of ovarian [3,4], cervical [5–7], endome-
rial [8] and breast cancer cell lines [3,9,10], among others.
-Methoxyestradiol has a complex mechanism of action, because

∗ Corresponding author. Tel.: +36 62 545567; fax: +36 62 545567.
E-mail address: zupko@pharm.u-szeged.hu (I. Zupkó).

960-0760/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
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© 2012 Elsevier Ltd. All rights reserved.

various pathways have been proved to be involved, e.g. the inhi-
bition of neoangiogenesis [9,11,12], microtubule disruption [3,13],
cell cycle arrest [8,14] and upregulation of the extrinsic and intrinsic
apoptotic pathways [7,15,16].

A tumor-suppressing effect has been observed in in vivo animal
studies (e.g. on methylnitrosourea-induced mammary carcinoma
in rats [17]), when no toxic side effects were registered. Clinical
studies of the possible antitumor potency of 2-methoxyestradiol
revealed good tolerability, but limited oral bioavailability and
metabolic instability [18,19]. To overcome this difficulty, the car-
boxamide analog of 2-methoxyestradiol was  synthetized, which

possesses the beneficial features of 2-methoxyestradiol, but is
metabolically more stable. However, this compound too may suffer
limitations in therapeutic use: in a phase I study, neutropenia was
observed at a dose of 550 mg/m2/day [20].

dx.doi.org/10.1016/j.jsbmb.2012.04.009
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
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ig. 1. Chemical structures of normal d-homoestrone (1), 13-epi-d-homoestrone
2) and their 3-methyl ethers (3 and 4, respectively).

The metabolism of estrone can continue by another pathway,
ydroxylation of the D ring, resulting in the formation of 16�-
ydroxyestrone and estriol. Similarly to A-ring derivatives, these
ave minimal estrogen receptor binding affinity [21,22]. Various
ypes of d-ring-modified estrone analogs have been synthetized
nd tested for possible inhibitory effects on cell proliferation
23–25], but these modifications were restricted to substitution
ith different functional groups at position 17 and dehydration at
ositions 14, 15 and 16.

Until recently, no experimental data had been published in con-
ection with the effect of d-ring expansion and substitution on
he antiproliferative activity of the estrone derivatives, although
hey might be expected not to exhibit appreciable estrogen recep-
or binding affinity and therefore no estrogenic activity in vivo.

ölfling et al. [26] reported the synthesis of normal and 13-epi-
-homoestrone and their 3-methyl ethers, and results on their
strogen and progesterone receptor binding abilities. There is a dif-
erence of at least three orders of magnitude between the Ki values
f the d-ring-modified estrone analogs and the reference molecule,
7�-estradiol, which raised our interest concerning their possible
ntiproliferative effects. The epimer pairs of the compounds are
vailable for investigation of the influence of the stereoselectiv-
ty of the molecules on their antitumor activity, thereby furnishing
etailed data concerning the structure–activity relationships of the
ested compounds. As concerns 17�-estradiol derivatives with no
n vitro estrogenic activity, a question that frequently emerges is

hether they can be transformed by liver metabolizing enzymes
nto new molecules able to bind to and transactivate the estrogen
eceptor, which might even lead to a reduction of the antiprolifer-
tive effect exerted by the parental compound.

The aim of the present study was to characterize the mechanism
f antiproliferative action of these four d-ring-modified estrone
nalogs on various human reproductive cancer cell lines. The com-
ound found most effective in the cell-growth inhibition assay was
ubjected to Hoechst dye 33258 (HO)–propidium iodide (PI) double
taining, flow cytometry analysis and caspase-3 activity measure-
ent. Its selective cytotoxic activity was determined on the MRC-5

uman fetal lung fibroblast cell line. The lack of its in vivo estrogenic
ctivity was confirmed by means of in vivo uterotrophic assays
erformed on gonadectomized female rats.

. Materials and methods

.1. Chemicals

Normal (1) and 13-epi-d-homoestrone (2) and their 3-methyl

thers (3 and 4, respectively) were synthetized as described pre-
iously [26]. Their chemical structures are presented in Fig. 1. All
ther chemicals and kits, if otherwise not specified, were purchased
rom Sigma–Aldrich Ltd. (Budapest, Hungary).
 & Molecular Biology 132 (2012) 168– 175 169

2.2. Cell cultures

The HeLa human cervix epitheloid carcinoma, MCF-7 human
breast adenocarcinoma, Ishikawa human endometrial adenocarci-
noma and MRC-5 human lung fibroblast cell lines were purchased
from ECACC (European Collection of Cell Cultures, Salisbury, UK).
HeLa, MCF-7 and MRC-5 cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% heat-inactivated
fetal calf serum (FCS), 1% non-essential amino acids and 1%
penicillin–streptomycin in a humidified atmosphere containing
5% CO2 at 37 ◦C. However, Ishikawa cells were grown in DMEM
medium supplemented with 5% FCS, 1% non-essential amino acids,
5% 200 mM glutamine and 1% penicillin–streptomycin in a humid-
ified atmosphere containing 5% CO2 at 37 ◦C. For culturing in
steroid-depleted media, MCF-7 cells were maintained in phe-
nol red-free DMEM containing 10% charcoal dextran-treated FCS
with the addition of 1% non-essential amino acids, 5% 200 mM
glutamine and 1% penicillin–streptomycin. All media and supple-
ments were obtained from Life Technologies (Paisley, Scotland, UK).
Cell counts were determined with a Z1 Coulter Particle Counter
(Beckman Coulter Hungary Ltd., Budapest, Hungary). Cells in the
near-confluent phase of growth were used in all the studies
described below.

2.3. Antiproliferative (MTT) assay

The growth-inhibitory effects of the test compounds were
determined on HeLa, MCF-7 and Ishikawa cells. All cell types
were seeded into 96-well plates at a density of 5000 cells/well
and incubated with increasing concentrations (0.3–30 �M)  of the
four compounds at 37 ◦C under cell culturing conditions. After a
72-h incubation, cells were treated with 5.0 mg/ml MTT  (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution
for 4 h, the precipitated formazan crystals were dissolved in
dimethyl sulfoxide, and the absorbance was read at 545 nm with
a microplate reader; wells with untreated cells were utilized as
controls [27]. Sigmoidal dose–response curves were fitted to the
measured points, and the IC50 values were calculated by means of
GraphPad Prism 4 (GraphPad Software, San Diego, CA, USA). Cis-
platin was  used as a positive control in the same concentration
range as the test compounds.

The subsequent analyses were carried out only with the most
effective compound and the most sensitive cell type.

To determine the selective cytotoxic effect and the antipro-
liferative effect in steroid-depleted medium, 1 was subjected to
the MTT  assay with intact, non-cancerous MRC-5 cells and MCF-7
cells growing in steroid-free medium, respectively, under the same
experimental conditions.

2.4. Hoechst 33258–propidium iodide (HOPI) double staining

HOPI staining was  performed as described earlier [28]. HeLa cells
at a density of 3000–5000 cells/well were seeded in 96-well plates
and exposed to increasing concentrations of 1 in quadruplicate for
24, 48 or 72 h. HO and PI were added directly to the cells to give
final concentrations of 5 and 2 �g/ml, respectively. After incuba-
tion for 60 min  at 37 ◦C, cells were examined under a Nikon ECLIPSE
TS100 fluorescence microscope (Nikon Instruments Europe B.V.,
Amstelveen, The Netherlands) equipped with appropriate filters
for HO (excitation: 360/40 nm bandpass filter, emission: 460/50 nm
bandpass filter and 400 nm dichromatic mirror) and PI (excita-
tion: 500/20 nm bandpass filter, emission: 520 nm longpass filter

and 515 nm dichromatic mirror). This method allows a distinc-
tion between early apoptosis and secondary necrosis. Cells were
assessed on the basis of their morphology and the integrity of their
membranes, which can readily be seen after PI staining. Cells were
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Fig. 2. The dose–response curves of compound 1 and cisplatin on HeLa cells,
determined in the 72-h antiproliferative assay described in Section 2 (A).
Proliferation-inhibitory effects of compound 1 and cisplatin on non-cancerous MRC-
5  cells, determined in the 72-h antiproliferative assay described in the Materials and
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3.1. Antiproliferative (MTT) assay
ethods (B). Each bar denotes the mean ± SEM, n = 5. *** indicates p < 0.001 for the
omparisons of the corresponding concentration pairs of compound 1 and cisplatin.

ounted under the microscope (two fields of vision were captured
n each well; 100–250 cells were counted in each capture) and the
ercentages of intact, early apoptotic and secondary necrotic cells
ere calculated. For statistical evaluation, data were analyzed by

ne-way ANOVA with the Neumann–Keuls post test, using Prism 4
oftware.

.5. Analysis of apoptosis and cell cycle by flow cytometry

For the measurement of cellular DNA content, flow cytomet-
ic analysis was performed: 24, 48 and 72 h after treatment, HeLa
ells (180,000–250,000 cells/condition) were washed twice with
old phosphate-buffered saline (PBS), harvested with trypsin, cen-
rifuged at 1500 rpm for 10 min, washed in ice-cold PBS, and fixed
n 1.0 ml  −20 ◦C 70% ethanol. Samples were stained with 1.0 ml dye
olution containing 0.02 mg/ml  RNAse A, 1.0 mg/ml PI, 0.003 �l/ml
riton-X and 1.0 mg/ml  sodium citrate in distilled water, and the
ixture was incubated for 60 min  at room temperature. After an

dditional washing step with PBS, cells were analyzed on a FAC-
tar (Beckton-Dickinson, Mountain View, CA, USA). In each analysis,
0,000 events were recorded, and the percentages of the cells in

he different cell cycle phases (subG1, G1, S and G2/M) were deter-

ined by using winMDI2.9. The subG1 fraction was regarded as the
poptotic cell population [29]. For statistical evaluation, data were
 & Molecular Biology 132 (2012) 168– 175

analyzed by one-way ANOVA with the Neumann–Keuls post test,
using Prism 4 software.

2.6. Determination of in situ caspase-3 activity

To analyze the effect of 1 on the activity of caspase-3, one of
the executioner enzymes of apoptosis, a commercially available
colorimetric assay (Cat. No.: CASP-3-C) was performed. Briefly,
near-confluent HeLa cells were seeded in tissue culture flasks
(107 cells/flask) and grown overnight under standard cell cul-
turing conditions. The cells were then incubated with increasing
concentrations (from 1.25 �M to 5.0 �M or 10 �M)  of the test com-
pound for 48 and 72 h. After incubation, the cells were counted,
centrifuged and washed with PBS. Aliquots containing 10 mil-
lion cells were suspended in 100 �l kit lysis buffer and incubated
on ice for 20 min. The lysed cells were subsequently centrifuged
and the supernatants were used for the measurement. In accor-
dance with the manufacturer’s protocol, 5.0 �l portions of treated
and untreated supernatants were incubated with 10 �l acetyl-Asp-
Glu-Val-Asp p-nitroaniline, a selective caspase-3 substrate, in a
final volume of 100 �l in assay buffer. As a control experiment,
5.0 �l of each sample was  incubated with 10 �l caspase-3 substrate
and 10 �l acetyl-Asp-Glu-Val-Asp-aldehyde, a selective caspase-3
inhibitor, in a final volume of 100 �l in assay buffer. Each sam-
ple was prepared in five parallels. A standard solution of caspase-3
was used as positive control in parallel with its inhibitor-treated
samples. After an overnight incubation at 37 ◦C, the absorbance of
the p-nitroaniline released was measured at 405 nm.  The concen-
tration of p-nitroaniline was calculated from a calibration curve
previously prepared with p-nitroaniline solutions with known con-
centrations. The in situ caspase-3 activity was expressed in �mol
p-nitroaniline/min/ml. For statistical evaluation, data were ana-
lyzed by one-way ANOVA with the Neumann–Keuls post test, using
Prism 4 software.

2.7. In vivo uterotrophic assay

The in vivo effect of compound 1, the most effective antiprolifer-
ative agent, on the uterus weight was measured in gonadectomized
female rats.

The estrogenic effect was  determined as reviewed by Sandow
[30] with some modifications. Mature female Sprague–Dawley rats
(180–200 g) under general anesthesia induced by isoflurane inhala-
tion were ovariectomized. After laparotomy, the oviducts and the
arteries supplying the ovaries were ligated on both sides, and
the ovaries were excised. The abdomen and the skin were closed
with surgical sutures, and the animals were then observed until
awakening. Three weeks postoperatively, the test animals (5 ani-
mals/group) were injected s.c. daily for 7 days with 1 dissolved in
olive oil at 10, 30 or 50 �g/0.1 ml.  The negative and positive con-
trol groups received pure olive oil or 10 �g/0.1 ml 17�-estradiol,
respectively. On day 8, the animals were sacrificed, and the uteri
were removed and weighed.

The uterus weight was calculated per 100 g body weight, and
the data were statistically analyzed by one-way ANOVA with the
Neuman–Keuls post test, using Prism 4 software. The experimen-
tal animal protocol was in full accordance with the Guidelines for
Animal Experimentation approved by the Animal Experimentation
Committee at the University of Szeged.

3. Results
In the MTT  assay, 2, 3 and 4 at concentrations from 0.3 �M to
30.0 �M did not exhibit substantial cell growth inhibition on any
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ig. 3. Effects of compound 1 on the induction of apoptosis and necrosis of HeLa cel
r  72 h. Cells were counted under a fluorescence microscope and the numbers of int
he  mean ± SEM, n = 3. ns indicates p > 0.05, * indicates p < 0.05, ** indicates p < 0.01 

f the cell lines (IC50 > 20.0 �M).  The growth-inhibition curves of
 and cisplatin and the IC50 values are presented in Fig. 2 and
able 1. 1 proved to be an effective inhibitor of the cell prolifer-
tion of HeLa cells (IC50 = 5.5 �M),  but did not exert a significant
ntiproliferative effect on the other cell lines (Table 1). The IC50 of
isplatin on HeLa cells was 6.5 �M.  The IC50 of 1 on steroid-depleted
CF-7 cells was in the same range as that on normal MCF-7 cells

Table 1).
1 did not inhibit the proliferation of intact, non-cancerous

RC-5 cells to a significant extent (IC50 > 30.0 �M),  whereas
isplatin displayed an IC50 value of 3.7 �M on MRC-5 cells

Fig. 2).

able 1
alculated IC50 values of d-homoestrone (1), 13-epi-d-homoestrone (2), their
-methyl ethers (3 and 4, respectively) and cisplatin, measured in the 72-h
ntiproliferative assay described in the Materials and methods on the HeLa,
CF-7, steroid-depleted MCF-7, Ishikawa and MRC-5 cell lines. n.d. indicates not

etermined.

Compound IC50 [�M]

HeLa MCF-7 Steroid-depleted
MCF-7

Ishikawa MRC-5

1 5.5 >30 >30 21.2 >30
2  >30 >30 n.d. >30 n.d.
3 >30  >30 n.d. >30 n.d.
4  >30 >30 n.d. >30 n.d.
Cisplatin 6.5 9.6 n.d. 3.5 3.7
g Hoechst dye 33258–propidium iodide double staining after incubation for 24, 48
rly apoptotic or secondary necrotic cells are given as percentages. Each bar denotes
* indicates p < 0.001 for the comparisons with the control cell numbers.

3.2. Morphological changes in the cells

HeLa cells were incubated with increasing concentrations of 1
(1.25, 2.5 and 5.0 �M)  for 24, 48 or 72 h. The induction of early
apoptosis or secondary necrosis was determined according to the
nuclear morphology and membrane integrity. 1 at 2.5 and 5.0 �M
induced significant early apoptosis (30.0–40.0%) even at 24 h, and
this situation was  not markedly changed at 48 h. The proportion of
secondary necrotic cells was highest, at 15%, on exposure to 5.0 �M
1 for 48 h. At 72 h, the early apoptotic cell population accounted
for almost half of the cells at all applied concentrations of 1 (Fig.
3), with significant differences from the control. The numbers of
secondary necrotic cells in samples treated with 1 for 72 h were
also significantly higher than the corresponding controls, but did
not differ markedly from the data measured after incubation for
48 h.

3.3. Cell cycle distribution

For a quantitative characterization of the action of 1 on the cell
cycle distribution, HeLa cells were treated with 1.25, 2.5 or 5.0 �M 1
for 72 h, with 2.5 or 5.0 �M 1 for 48 h and additionally with 10.0 �M
or 20 �M 1 for 24 h, and the different cell populations were ana-
lyzed by flow cytometry after PI staining (Fig. 4). The number of
cells in the subG1 phase (indicating apoptosis) did not differ sig-

nificantly up to 48 h. However, the number of cells in the G2/M
phase was  already significantly higher after treatment with 20 �M
1 for 24 h, and the increase was even higher after treatment with
5.0 �M 1 for 48 h. At 72 h, a significant, dose-dependent increase



172 R. Minorics et al. / Journal of Steroid Biochemistry & Molecular Biology 132 (2012) 168– 175

F cubat
s < 0.00
n

w
c
p

3

3
2
i
v
t
t
o
a
o
o
A
i

ig. 4. Effects of compound 1 on the phase distribution of the HeLa cell cycle after in
eparate measurements. * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p 

ot  indicated.

as detected in the number of cells in the subG1 phase, with con-
omitant decreases in the numbers of cells in the G1 and G2/M
hases.

.4. In situ caspase-3 activity

In view of the results of the cell cycle study, the caspase-
 activity on HeLa cells was determined after exposure to 1.25,
.5 or 5.0 �M 1 for 72 h. The caspase-3 activity was significantly

ncreased by 1 under all of these conditions as compared with the
ehicle-treated control samples, but in this concentration range
here was no apparent dose-dependent relationship suggesting
he detection of a maximally evoked effect. Following reduction
f the length of the incubation period to 48 h and extension of the
pplied concentration range of 1 to 10 �M,  a significant induction

f caspase-3 activity was likewise observed, indicating the devel-
pment of apoptosis under all these experimental circumstances.
fter incubation for 48 h, the exerted induction in caspase-3 activ-

ty can be regarded as dose-dependent. The induction of caspase-3
ion for 24 h (A), 48 h(B) or 72 h (C). The results are means ± SEM of the data on three
1 for the comparisons with the untreated control cells. Non-significant changes are

activity by the different concentrations of 1 was inhibited by the
competitive inhibitor of caspase-3 (Fig. 5).

3.5. In vivo uterotrophic assay

The weight of the rat uterus following treatment with 1 did
not differ significantly from that following treatment with olive
oil (vehicle control) in any applied dose up to 50 �g/animal. In con-
trast, the administration of 10 �g 17�-estradiol induced a nearly
5-fold increase in uterus weight (Fig. 6).

4. Discussion

Cancer is still the leading cause of death in economically devel-
oped countries and the second leading cause of death in developing
countries [31]. Among women, all types of tumors affecting the

reproductive organs (the breasts, uterus, cervix and ovaries) were
recently reported to be found in the list of the 10 most fre-
quently diagnosed cancers [32]. Cervical cancer is the second most
commonly diagnosed cancer affecting the reproductive system in
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Fig. 5. In situ measurement of caspase-3 activity in HeLa cells after treatment with
compound 1 for 72 h (A) and 48 h (B). The activity of caspase-3 is expressed as
the  concentration of p-nitroaniline (pNA) released by caspase-3 from its peptide
substrate, acetyl-Asp-Glu-Val-Asp p-nitroaniline, during a given period of time.
Data are means ± SEM, n = 5. *** indicates p < 0.001 as compared with the untreated
c
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ontrol samples. The caspase-3 inhibitor (inh), acetyl-Asp-Glu-Val-Asp-aldehyde,
uppressed the enzyme activity in all cases.

emales worldwide. It accounted for 9% of the total new cancer cases

nd 8% of the total cancer deaths among women in 2008, with the
ighest incidence rates among the economically developed coun-
ries in Central and Eastern Europe. It is clear that the need for new,

ig. 6. In vivo effects of 7-day parenteral treatment with compound 1, 17�-estradiol
E2) or vehicle (olive oil) on the uterus weight in ovariectomized rats. The uterus
eight gain is expressed as the tissue weight in mg  per 100 g of living animal
eight. Data are means ± SEM, n = 5. ns indicates p > 0.05 and *** indicates p < 0.001

s  compared with the olive oil-treated samples.
 & Molecular Biology 132 (2012) 168– 175 173

more potent and better tolerated drugs for the therapy of this type
of cancer has not declined.

The present paper provides the first convincing data concerning
the cell proliferation-inhibiting effects of d-homoestrone, 13-epi-d-
homoestrone and their 3-methyl ethers on human cancer cell lines
of reproductive origin. d-Homoestrone proved to be the most effec-
tive antiproliferative compound on the human cervical cancer cell
line (HeLa), with a potency under our experimental circumstances
equivalent to that of cisplatin, one of the drugs used in the rou-
tine therapy of cervical carcinomas [33]. As d-homoestrone did not
effectively inhibit the multiplication of other types of reproductive
cancer cells (e.g. breast and endometrial cells), its antiprolifera-
tive effect appears to be specific to HeLa cells. HeLa cells possess a
unique feature relative to the other two  cell lines of reproductive
origin involved in our investigations (MCF-7 and Ishikawa cells):
human papilloma virus (HPV) 18 positivity [34]. The expression of
HPV-encoded oncoprotein E6 results in the suppressed activity of
the wild-type p53 transcription factor, which plays an important
role in different steps of cell division [35]. Several compounds (e.g.
roscovitine, cidofovir and 2-O-�-d-glucopyranosyl-l-ascorbic acid)
have been reported to inhibit the proliferation of HeLa cells selec-
tively. It has been demonstrated that most of these compounds
inhibit the expression of the E6 oncoprotein; thus, they abrogate
the suppression of p53, resulting in activation of the p53-dependent
apoptotic pathway [36–38].  We  postulate that the potential alter-
ation of this signal transduction pathway on the incubation of HeLa
cells with d-homoestrone might be the explanation of the specific
antiproliferative effect of our test compound.

The results of the antiproliferative assays permit certain con-
clusions relating to the effects of structure modification. The
13-methyl group in the � position is essential for the significant
antiproliferative effect, because the IC50 of 13-epi-d-homoestrone
on HeLa cells is at least 6 times higher than that of d-homoestrone.
On the other hand, the 3-methoxy derivative of d-homoestrone dis-
played a markedly weaker proliferation-inhibiting effect on HeLa
cells than that of d-homoestrone itself. Thus, it can be concluded
that the presence of a 3-hydroxy group on the d-homoestrone
skeleton plays an important role in its cell proliferation-inhibiting
effect. These data possibly also suggest that d-homoestrone exerts
its action on a definite, but as yet undetermined target. Further
investigations with variously substituted d-homoestrone analogs
might promote further clarification of the structure–activity rela-
tionships between the ligand and the target.

Tumor specificity is one of the challenges facing new anticancer
drug candidates. 1 did not appear to disturb the proliferation of
MRC-5 non-cancerous, fetal lung fibroblast cells. In all applied con-
centrations, its proliferation-inhibiting effect on fibroblast cells was
significantly weaker than that of cisplatin, an observation sup-
ported by the negative results on animal toxicity (i.e. no detectable
symptoms) during the in vivo treatment of rats for 1 week.

On the basis of the data concerning the common apoptosis mark-
ers, 1 can be regarded as a new apoptosis-inducing antiproliferative
agent. To investigate the mechanism of the antiproliferative effect
of 1, HOPI double staining, cell cycle analyses and caspase-3 activity
measurements were performed. The apoptosis-inducing effect of 1
was clearly evidenced morphologically by the increased number of
cells with condensed DNA that accumulated HO, regarded as one of
the initiating steps in programmed cell death [39]. On increase of
the incubation period, some of the early-apoptotic cells seemed to
be converted to late-apoptotic or secondary necrotic cells by 48 h, as
evidenced by a substantial cell population stained with PI. Besides
the disrupted membrane integrity, the cells in this transient stage

may  not exhibit a decreased DNA content [29]. During longer incu-
bation (72 h), these secondary necrotic cells may demonstrate the
markers of substantial DNA elimination, as an increased subG1 pop-
ulation [40] detected by flow cytometry analysis. Further evidence
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f the apoptosis-inducing effect of 1 was provided by the significant
ncreases in the activity of caspase-3, the first executioner enzyme
f the caspase family, after the treatment of HeLa cells with 1 in all
hree concentrations applied. The activity of caspase-3 was demon-
trated to depend on the length of incubation with 1; the gradual
evelopment of programmed cell death resulted in the maximal
poptotic signal after 72 h.

Flow cytometric analysis also revealed some details concern-
ng the mechanism of action of 1. The numbers of cells in the
2/M phase were significantly higher after the incubation of HeLa
ells with 20 �M or 5.0 �M 1 for 24 or 48 h, respectively. When
rrested in the G2/M phase, these cells may  activate the intrin-
ic apoptotic signal. Significantly increased caspase-3 activity was
lready measured after the incubation of HeLa cells with 1 for
8 h. However, the accumulation of cells in the subG1 popula-
ion was demonstrated only after 72 h. We  hypothesized, that if
ells arrested in the G2/M phase enter the process of apopto-
is, the immediate appearance of the subG1 population can not
e expected because these cells include double DNA content, the
egradation of which may  first result in particles with nearly sim-
le DNA content, and particles with smaller DNA content may
evelop only during the next step, which requires several hours.
ertain A-ring-substituted estrone derivatives have been demon-
trated to exert a similar antiproliferative effect on MDA-MB-231
strogen receptor-negative, metastatic breast cancer cells [41].
e earlier observed that the 4-methoxyphenylpyrazoline deriva-

ive of solanidine inhibits the cell cycle in the G2/M phase, and
nduces concomitant apoptosis on HL-60 leukemia cells [42]. This

echanism of action can be considered to be frequent among
ntiproliferative compounds with a sterane skeleton (e.g. dios-
enin, ergone, 2-methoxyestradiol, etc.) [6,43,44].

As concerns steroid compounds with structures designed not
o exert classical receptorial effects, their binding to and acti-
ation of any steroid receptor is an important and intriguing
uestion in connection with their possible future therapeutic use.

t has been reported that the estrogen receptor (ER) recognizes
, but its inhibition constant is three orders of magnitude lower
han that of the reference molecule, 17�-estradiol, measured by
adioligand-binding assay on immature rabbit uterus cytosol [26].

 is not able to inhibit significantly the proliferation of ER-positive
CF-7 human breast carcinoma cells [45], growing in general
edium, which suggests that it cannot bind and transactivate

he human ER either. To test this assumption, the antiprolifer-
tive assay was repeated on MCF-7 cells maintained in steroid
ormone-depleted medium [46]. Since there was  no notewor-
hy difference between the cell proliferation inhibitory activity of
0 �M 1 measured on MCF-7 cells maintained in media with or
ithout steroid hormones, it can be concluded that 1 does not bind

o and activate the human ER in vitro. Furthermore, it is widely
ccepted that cancer cell lines maintained for in vitro investiga-
ions can retain some metabolic capacity for the reactivation of
stradiol metabolites [47]. However, most human cancer cell lines
ave no substantial xenobiotic-metabolizing enzyme activity (e.g.
ytochrome enzymes) and therefore no action can be expected
rom an agent of prodrug type [48]. Thus, ovariectomized rats were
reated with 1 in three different doses for 7 days in order to obtain
nformation about the possibility of its in vivo conversion to an
ctive metabolite with estrogenic activity. The result that there was
o significant gain in uterus weight after the treatment with the test
ompound relative to the vehicle-treated animals indicates that 1
oes not exert an estrogenic effect in an in vivo system. Addition-
lly, the preliminary data on the toxic effect of 1 strongly suggested

hat it does not evoke macroscopic harmful reactions in laboratory
ats [49].

In conclusion, our current findings provide the first evidence
hat 1 selectively suppresses HeLa cell proliferation and modulates

[
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the cell cycle progression by promoting several steps of apoptosis
and inducing the accumulation of cells in the G2/M phase. Its tumor
specificity proved to be more beneficial that that of cisplatin, one of
the drugs applied in the therapy of cervical carcinomas. Moreover,
it is highly possible that neither 1 nor its metabolites possess estro-
genic activity. Hence, 1 can be considered to be a new, noteworthy
and promising lead compound among anticancer candidates.

Acknowledgments

The project “TÁMOP-4.2.1/B-09/1/KONV-2010-0005 – Creating
the Center of Excellence at the University of Szeged” is supported by
the European Union and co-financed by the European Social Fund.

References

[1] R.B. Dickson, G.M. Stancel, Estrogen-receptor mediated processes in normal
and cancer cells, Journal of the National Cancer Institute Monographs 27 (2000)
135–145.

[2] A.O. Mueck, H. Seeger, 2-Methoxyestradiol – biology and mechanism of action,
Steroids 75 (2010) 625–631.

[3] M. Cushman, H.M. He, J.A. Katzenellenbogen, C.M. Lin, E. Hamel, Synthesis
antitubulin, antimitotic and cytotoxicity of analogs of 2-methoxyestradiol, an
endogenous mammalian metabolite of estradiol that inhibits tubulin polymer-
ization by binding to the colchicine binding site, Journal of Medicinal Chemistry
38 (1995) 241–249.

[4] J.M. Day, S.P. Newmann, A. Comninos, C. Solomon, A. Purohit, M.P. Leese, B.V.
Potter, M.J. Reed, The effects of 2-substituted oestrogen sulphamates on the
growth of prostate and ovarian cancer cells, Journal of Steroid Biochemistry
and Molecular Biology 84 (2003) 317–325.

[5] J.C. Seegers, M.L. Aveling, C.H. van Aswegen, M.  Cross, F. Koch, W.S. Joubert,
The  cytotoxic effects of estradiol 17�,  catecholestrogens and methoxyestradiol
on dividing MCF-7 and HeLa cells, Journal of Steroid Biochemistry 32 (1989)
797–809.

[6] L. Li, S. Bu, T. Baeckström, M.  Landström, U. Ulmsten, X. Fu, Induction of apopto-
sis  and G2/M arrest by 2-methoxyestradiol in human cervical cancer HeLaS3
cells, Anticancer Research 24 (2004) 873–880.

[7] A. Joubert, C. Martiz, F. Joubert, Influence of prostaglandin A2 and 2-
methoxyestradiol on Bax and Bcl-2 expression levels in cervical carcinoma
cells, Biomedical Research 26 (2005) 87–90.

[8] L. Li, J. Da, M. Landström, U. Ulmsten, X. Fu, Antiproliferative activity and toxicity
of 2-methoxyestradiol in cervical cancer xenograft mice, International Journal
of Gynecological Cancer 15 (2005) 301–307.

[9] N. Klauber, S. Parangi, E. Flynn, E. Hamel, R.J. D’Amato, Inhibition of angiogenesis
and breast cancer in mice by microtubule inhibitors 2-methoxyestradiol and
taxol, Cancer Research 57 (1997) 81–86.

10] M.L. Lottering, M. Haag, J.C. Seegers, Effects of 17-beta estradiol metabolites on
cell cycle events in MCF-7 cells, Cancer Research 52 (1992) 5926–5932.

11] T. Fotsis, Y. Zhang, M.S. Pepper, H. Adlercreutz, R. Montesano, P.P. Nawroth,
L.  Schweigerer, The endogenous oestrogen metabolite 2-methoxyoestradiol
inhibits angiogenesis and suppresses tumour growth, Nature 368 (1994)
237–239.

12] S.K. Banerjeei, M.N. Zoubine, D.K. Sarkar, A.P. Weston, J.H. Shah, D.R. Camp-
bell, 2-Methoxyestradiol blocks estrogen-induced rat pituitary tumor growth
and tumor angiogenesis: possible role of vascular endothelial growth factor,
Anticancer Research 20 (2000) 2641–2645.

13] 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 (2003) 363–375.

14] M.N. Zoubine, A.P. Weston, D.C. Johnson, D.R. Campbell, S.K. Banerjee,
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, International Journal of Oncology 15 (1999) 639–646.

15] S. Bu, A. Blaukat, X. Fu, N.E. Heldin, M.  Landström, Mechanisms for 2-
methoxyestradiol-induced apoptosis of prostate cancer cells, FEBS Letters 531
(2002) 141–151.

16] K. Shimada, M.  Nakamura, E. Ishida, M.  Kishi, N. Konishi, Roles of p38- and c-jun
NH2-terminal kinase-mediated pathways in 2-methoxyestradiol-induced p53
induction and apoptosis, Carcinogenesis 24 (2003) 1067–1075.

17] T.H. Lippert, H. Adlercreutz, M.  Berger, H. Seeger, W.  Elger, A.O. Mueck, Effect of
2-methoxyestradiol on the growth of MNU-induced rat mammary carcinoma,
Journal of Steroid Biochemistry and Molecular Biology 84 (2003) 51–56.

18] C. Sweeney, G. Liu, C. Yiannoutsos, J. Kolesar, D. Horvath, M.J. Staab, K. Fife, V.
Armstrong, A. Treston, C. Sidor, G. Wilding, A phase II multicenter, randomized,
double-bind, safety trial assessing the pharmacokinetics, pharmacodynam-

ics  and efficacy of oral 2-methoxyestradiol capsules in hormone-refractory
prostate cancer, Clinical Cancer Research 11 (2005) 6625–6633.

19] W.L. Dahut, N.J. Lakhani, J.L. Gulley, P.M. Arlen, E.C. Kohn, H. Kotz, D. McNally,
A. Parr, D. Nguyen, S.X. Yang, S.M. Steinberg, J. Venitz, A. Sparreboom, W.D.
Figg, Phase I clinical trial of oral 2-methoxyestradiol, an antiangiogenic and



istry

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

R. Minorics et al. / Journal of Steroid Biochem

apoptotic agent, in patients with solid tumors, Cancer Biology and Therapy 5
(2006) 22–27.

20] Q. Zhou, D. Gustafson, S. Nallapareddy, S. Diab, S. Leong, K. Lewis, L. Gore, W.A.
Messersmith, A.M. Treston, S.G. Eckhardt, C. Sidor, D.R. Camidge, A phase I dose-
escalation, safety and pharmacokinetic study of the 2-methoxyestradiol analog
ENMD-1198 administered orally to patients with advanced cancer, Investiga-
tional New Drugs 29 (2011) 340–346.

21] J. Fishman, C. Martucci, Biological properties of 16�-hydroxyestrone: impli-
cation in estrogen physiology and pathophysiology, Journal of Clinical
Endocrinology and Metabolism 51 (1980) 611–615.

22] J.H. Clark, B.M. Markaverich, The agonistic and antagonistic effects of short
acting estrogens: a review, Pharmacology & Therapeutics 21 (1983) 429–453.

23] A.B. Edsall, A.K. Mohanakrishnan, D. Yang, P.E. Fanwick, E. Hamel, A.D. Hanson,
G.E.  Agoston, M.  Cushman, Effects of altering electronics of 2-methoxyestradiol
on  cell proliferation, on cytotoxicity in human cancer cell cultures, and on
tubulin polimerization, Journal of Medicinal Chemistry 47 (2004) 5126–5139.

24] T.L. Tinley, R.M. Leal, D.A. Randall-Hlubek, J.W. Cessac, L.R. Wilkens, P.N. Rao,
S.L. Mooberry, Novel 2-methoxyestradiol analogues with antitumor activity,
Cancer Research 63 (2003) 1538–1549.

25] T. Utsumi, M.P. Leese, S.K. Chander, K. Gaukroeger, A. Purohit, S.P. Newman, B.V.
Potter, M.J. Reed, The effects of 2-methoxyestrogen sulphamates on the in vitro
and  in vivo proliferation of breast cancer cells, Journal of Steroid Biochemistry
and Molecular Biology 94 (2005) 219–227.

26] J. Wölfling, E. Mernyák, É. Frank, G. Falkay, Á. Márki, R. Minorics, Gy. Schneider,
Synthesis and receptor-binding examinations of the normal and 13-epi-d-
homoestrones and their 3-methyl ethers, Steroids 68 (2003) 277–288.

27] T. Mosmann, Rapid colorimetric assay for cellular growth and survival: applica-
tion to proliferation and cytotoxicity assays, Journal of Immunological Methods
65  (1983) 55–63.

28] M.  Fritzer-Szekeres, I. Savinc, Z. Horvath, P. Saiko, M.  Pemberger, G. Graser,
A. Bernhaus, M.  Ozsvar-Kozma, M.  Grusch, W.  Jaeger, T. Szekeres, Biochem-
ical  effects of piceatannol in human HL-60 promyelocytic leukemia cells –
synergism with Ara-C, International Journal of Oncology 33 (2008) 887–892.

29]  I. Vermes, C. Haanen, C. Reutelingsperger, Flow cytometry of apoptotic cell
death, Journal of Immunological Methods 243 (2000) 167–190.

30] J. Sandow, Uterus weight, in: H. Gerhard Vogel (Ed.), Drug Discovery and Eval-
uations. Pharmacological Assays, Springer-Verlag, Berlin/Heidelberg, 2002, pp.
1159–1160.

31] World Health Organization, The global burden of disease: 2004 update, World
Health Organization, Geneva, 2008.

32] A. Jemal, F. Bray, M.M. Center, J. Ferlay, E. Ward, D. Forman, Global cancer
statistics, CA: A Cancer Journal for Clinicians 61 (2011) 69–90.

33] C. Haie-Meder, P. Morice, M.  Castiglione, Cervical cancer: ESMO clinical rec-
ommendations for diagnosis, treatment and follow-up, Annals of Oncology 20
(Suppl. 4) (2009) iv27–iv28.
34] M.M. Pater, A. Pater, Human papillomavirus types 16 and 18 sequences in
carcinoma cell lines of the cervix, Virology 145 (1985) 313–318.

35] M. Scheffner, B.A. Werness, J.M. Hulbreghtse, A.J. Levine, P.M. Howley, The E6
oncoprotein encoded by human papillomavirus types 16 and 18 promotes the
degradation of p53, Cell 63 (1990) 1129–1136.
 & Molecular Biology 132 (2012) 168– 175 175

36] J. Wesierska-Gadek, S. Wandl, M.P. Kramer, C. Pickem, V. Krystof, S.B. Hajek,
Roscovitine up-regulates p53 protein and induces apoptosis in human HeLaS3
cervix carcinoma cells, Journal of Cellular Biochemistry 105 (2005) 1161–1171.

37]  G. Andrei, R. Snoeck, D. Schols, E. De Clercq, Induction of apoptosis by cidofovir
in human papillomavirus (HPV)-positive cells, Oncology Research 12 (2001)
397–408.

38] Z. Zhang, X. Liu, T. Wu,  J. Liu, X. Zhang, X. Yang, M.J. Goodheart, J.F. Engelhardt,
Y. Wang, Selective suppression of cervical cancer HeLa cells by 2-O-�-d-
glucopyranosyl-l-ascorbic acid isolated from the fruit of Lycium barbarum L.,
Cell  Biology and Toxicology 27 (2011) 107–121.

39] A. Sarastre, K. Pulkki, Morphologic and biochemical hallmarks of apoptosis,
Cardiovascular Research 45 (2000) 528–537.

40] M.C. O’Brien, S.F. Healy Jr., S.R. Raney, J.M. Hurst, B. Avner, A. Hanly, C. Mies,
J.W. Freeman, C. Snow, S.K. Koester, W.E. Bolton, Discrimination of late apop-
totic/necrotic cells (type III) by flow cytometry in solid tumors, Cytometry 28
(1997) 81–89.

41] A. Stander, F. Joubert, A. Joubert, Docking, synthesis and in vivo evaluation
of  antimitotic estrone analogs, Chemical Biology & Drug Research 77 (2011)
173–181.

42] R. Minorics, T. Szekeres, G. Krupitza, P. Saiko, B. Giessriegl, J. Wölfling, É. Frank,
I.  Zupkó, Antiproliferative effects of some novel solanidine analogues on HL-60
human leukaemia cells in vitro, Steroids 76 (2011) 156–162.

43] M.J. Liu, Z. Wang, Y. Ju, R.N. Wong, Q.Y. Wu,  Diosgenin induces cell cycle
arrest and apoptosis in human leukemia K562 cells with the disruption
of  Ca2+ homeostasis, Cancer Chemotherapy and Pharmacology 55 (2005)
79–90.

44] Y.Y. Zhao, X. Shen, X. Chao, C.C. Ho, X.-L. Cheng, Y. Zhang, R.-C. Lin, K.-J. Du, W.-
J.  Luo, J.-Y. Chen, W.-J. Sun, Ergosta-4,6,8(14),22-tetraen-3-one induces G2/M
cell cycle arrest and apoptosis in human hepatocellular carcinoma HepG2 cells,
Biochimica et Biophysica Acta 1810 (2011) 384–390.

45] K.B. Horwitz, M.E. Costlow, W.L. McGuire, MCF-7; a human breast cancer
cell  line with estrogen, androgen, progesterone, and glucocorticoid receptors,
Steroids 26 (1975) 785–795.

46] Y. Wang, J.L. Dean, E.K.A. Millar, T.H. Tran, C.M. McNeil, C.J. Burd, S.M. Henshall,
F.E. Utama, A. Witkiewicz, H. Rui, R.L. Sutherland, K.E. Knudsen, E.S. Knud-
sen, Cyclin D1b is aberrantly regulated in response to therapeutic challenge
and promotes resistance to estrogen antagonists, Cancer Research 68 (2008)
5628–5638.

47] M.-A. Fournier, D. Poirier, Estrogen formation in endometrial and cervix cancer
cell lines: involvement of aromatase, steroid sulfatase and 17�-hydroxysteroid
dehydrogenases (types 1, 5, 7 and 12), Molecular and Cellular Endocrinology
301 (2009) 142–145.

48] M.T. Donato, A. Lahoz, J.V. Castell, M.J. Gomez-Lechon, Cell lines: a tool for
in  vitro drug metabolism studies, Current Drug Metabolism 9 (2008) 1–11.

49] G. Möller, D. Deluca, C. Gege, A. Rosinus, D. Kowalik, O. Peters, P. Droescher,

W.  Elger, J. Adamski, A. Hillisch, Structure-based design, synthesis and
in vitro characterization of potent 17beta-hydroxysteroid dehydrogenase
type 1 inhibitors based on 2-substitutions of estrone and d-homo-estrone,
Bioorganic & Medicinal Chemistry Letters 19 (December (23)) (2009)
6740–6744.


	Antiproliferative effect of normal and 13-epi-d-homoestrone and their 3-methyl ethers on human reproductive cancer cell lines
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Cell cultures
	2.3 Antiproliferative (MTT) assay
	2.4 Hoechst 33258–propidium iodide (HOPI) double staining
	2.5 Analysis of apoptosis and cell cycle by flow cytometry
	2.6 Determination of in situ caspase-3 activity
	2.7 In vivo uterotrophic assay

	3 Results
	3.1 Antiproliferative (MTT) assay
	3.2 Morphological changes in the cells
	3.3 Cell cycle distribution
	3.4 In situ caspase-3 activity
	3.5 In vivo uterotrophic assay

	4 Discussion
	Acknowledgments
	References


