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1 INTRODUCTION 

1.1 Epidemiology of cervical cancer 

Besides cardiovascular diseases, cancer is the second leading cause of death 

worldwide. In 2012, around 8.2 million cancer deaths occurred and 14.1 million new 

cancer cases were detected. In women, cervical cancer is the fourth most frequently 

diagnosed cancer accounting for 527,600 new cases and the fourth leading cause of death 

with 265,700 deaths, worldwide1. European countries have a similar trend as the global 

cancer statistics, cervical cancer is the fifth most common cancer in Europe, accounting 

for 58,300 new cases, and 13,400 cervical cancer deaths. 38,800 of all new cervical 

cancer cases occur in Central European countries, referring that, cervical cancer is the 

fourth most frequently diagnosed tumor type in Central Europe also in 20122. 

Even cancer is a non-communicative disease, infectious agents have crucial roles 

in the pathogenesis of various cancer cases. Approximately 12% of all cancers are caused 

by oncogenic microbes, such as Helicobacter pylori in gastric carcinomas, hepatitis B and 

C viruses in hepatic carcinomas, Epstein-Barr virus in Burkitt lymphoma and human 

papilloma virus (HPV) infection is predominantly related with cervical cancer3,4. 

Epidemiological studies indicate that more than 600 million people are infected with HPV 

worldwide, and around 5% of all cancer cases are associated with HPV including almost 

all cases of cervical, majority of anal, vaginal and increasing number of oral cavity and 

pharyngeal cancers5. It has been proven that around 18 variants of HPV are associated 

with carcinogenesis, of which HPV-18 and -16 are responsible for approximately 50% 

and 20% of cervical cancerous cases, respectively6,7. During the last few years 

vaccination and screening methods became widely available in developed countries, 

therefore the number of death cases have decreased. At the same time in less developed 

countries cervical cancer is still the second most commonly diagnosed malignancy, and 

nearly 90% of cervical cancer deaths occur in those countries1,8. Moreover vaccination is 

recommended under the age of 25 or before the initiation of sexual activity (its 

effectiveness is the highest before any exposure to HPV infection)9,10, therefore women 

over 25 years or influenced by antivaccination groups in developed countries are still 

compromised. 

It has emerged that vaccination does not have any therapeutic effect against 

already-established infections or in asymptomatic carriers11. The traditional therapeutic 
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interventions are the radical surgery, brachytherapy, platinum-based, taxol-use and 

targeted chemotherapy (bevacizumab), moreover in most cases clinicians use the 

combination of these12,13. Despite the combinations remarkable therapeutic difficulties, 

such as the adverse effects including haematological and gastrointestinal toxicities or the 

lack of a significant improvement in survival rate have been reported. The GOG240 trial 

revealed that the humanized anti-VEGF monoclonal antibody bevacizumab improved the 

median overall survival with 3.7 months of the patients with recurrent, persistent, or 

metastatic cervical cancer, although more severe toxicity profiles (hypotension, 

thromboembolic events and gastrointestinal fistulas) were reported in the addition of 

bevacizumab than the traditional combined chemotherapy14. 

Statistical data suggest that this special type of malignant cervical lesions even if 

they are diagnosed in early stage need rapid and aggressive treatment utilizing novel more 

potent anticancer agents with a more tolerable side-effect profile. 

1.2 General principles of tumor formation and viral oncogenesis 

Normally, the numbers of the different types of cells in an organism are constant, 

thanks to the precise regulation of cell division; meanwhile if the regulating signals are 

faulty or missing cells may start uncontrolled grow and multiply. Carcinogenesis is a 

complex process including multiple changes in cell growth, differentiation and behavior. 

Cancer can be characterized as a disease involving dynamic changes in the gene 

expression of the affected cells, which reflects previous genetic or epigenetic deviations. 

This alteration of the critical genes is the initial step during the tumor formation, which 

can trigger different cellular mechanisms of tumorigenesis. In 2000 Hanahan and 

Weinberg summarized six essential alterations in cell physiology which may lead to the 

hallmarks of malignant tumorigenesis, including self-sufficiency in growth signals, 

insensitivity of growth inhibitory signals, evasion of apoptosis, limitless replicative 

potential, sustained angiogenesis and tissue invasion and metastasis15. After a decade they 

extended their hypothesis with better understood, highly important details, such as the 

role of the “tumor microenvironment”, defined two new emerging hallmarks: the 

immunoevasion (how cancer cells can avoid immune distraction) and the reprogramming 

of energy metabolism of cells (to fuel cell growth and division); and two new enabling 

characteristics: genome instability, which generates random mutations and inflammatory 

state of premalignant lesions16. Floor et al. completed that hallmarks with an additional 
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characteristics: the loss of differentiation, which is an essential difference between benign 

and malignant tumors17. 

Normally, cells cannot proliferate without external growth signals, such as 

mitogenic growth factors or integrins. Contrarily, tumor cells may mimic these normal 

growth signals by producing growth factors (e.g. platelet derived growth factor, TGF-α) 

to establish autocrine stimulation, changing the transcellular transducers mostly by 

structural modification or overexpression of the intracellular part of the growth factor 

receptors, which can elicit ligand independent signals (e.g. EGF-R/erbB). Furthermore, 

cancer cells are able to imitate progrowth signals through integrin receptors mediated 

signaling, as well as they can initiate autonomous cytoplasmic circuitry (e.g. Ras-Raf-

MAPK cascade) releasing the flux of mitogenic signals without the previously mentioned 

extracellular pathways. Avoidance of the antigrowth signals causes permanent cell cycle 

activation, mostly by losing retinoblastoma associated protein regulation as a 

consequence of mutation of retinoblastoma genes or suppressing upstream regulators (e.g. 

TGF-β, CDK4). Besides these two capabilities cancer cells may successfully evade 

programmed cell death by loss of proapoptotic regulators (e.g. p53), by increased 

expression of antiapoptotic regulators (e.g. Bcl-2) or downregulating proapoptotic factors 

(e.g. Bax). Tumor cells are also able to turn off their intrinsic multiplication limit (DNA 

shortening), resulting immortality by activation of telomerases at a constant level15,16. 

Sustained angiogenesis covers the nutrient requirement of the growing tumor by 

the tumor-associated neovascularization due to activation of proangiogenetic factors (e.g. 

vascular endothelial growth factor-A) and inhibition of angiogenesis inhibitors (e.g 

thrombospondin-1). Metastases are distant settlements of tumor cells representing a major 

prognostic factor of malignancy. Increased migratory and invasion capacity is required to 

form metastasis, and mainly it develops as a consequence of the modified connection 

state with other cells and extracellular matrix called epithelial mesenchymal transition 

through cadherins15,16. 

Generally, oncoviruses are not sufficient but necessary inducers of cancer 

development and characterized by a persistent infection and the onset of the malignant 

lesion occurs years after the primary infection. Viral-induced oncogenesis is a multistep 

process: viruses disrupt the homeostasis of the infected cells and trigger cellular changes 

leading to malignity. Oncoviruses have some general mechanisms such as signaling 

mimicry (virus encoded proteins, which subvert the host-signaling mechanisms), changed 
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DNA damage response (host cells acquire genetic instability and help viral replication) 

and chronic inflammatory response4,5. 

 
Figure 1. HPV oncoproteins and their target mechanism in cancer hallmarks4. 
 

Already more than 150 HPV genotype have been described and some of them 

could be involved in oncogenesis depending on the immune state of the host and the type 

of the virus. The “high-risk” viruses compose of a small group, closely related to mucosal 

epithelial carcinomas which establish integrated HPV sequences in the host cells, 

encoding potent oncoproteins resulting changes from normal functions into premalignant 

condition. E5, E6 and E7 are the most important oncoproteins encoded by HPVs and 

expressed consistently after genome integration. There is a large volume of published 

studies describing the role of these oncoproteins, summarized in Figure 1. It is 

well-known, that, HPV E6 and E7 proteins induce genome instability and mutations by 

p53 inactivation and aberrant centrosome synthesis respectively, leading to multipolar 

mitosis, one of the main features of high-risk HPV-associated lesions. E7 protein interacts 

with retinoblastoma tumor suppressor, causing persistent S phase activation and 

uncontrolled cell cycle repeat. E7 is also connected with angiogenesis and affects the cell 

metabolism by shifting the normal phosphorylation-based metabolism to aerobic 

fermentation (Warburg effect). Oncoprotein E6 has key role in immortalization of human 

epithelial cells by stimulation of telomerase expression and activity. Both E6 and E7 

provoke cell migration and invasion contributing to epithelial to mesenchymal transition, 

and also inhibit IFN signaling, which supports immunoevasion. HPV E5 is another 

important factor in the process of avoiding immune destruction by downregulation of 

MHC I4,5. 
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1.3 The role of estrogens and estrogen-related compounds in tumor 

formation 

Estrogens are traditionally regarded as crucial factors of the reproductive systems, 

including the regulation of growth and differentiation18, as well as it is well known that 

17β-estradiol generally increases the proliferation of its target cells not only in the 

reproductive system but also in gynecological tumors by stimulating RNA synthesis of 

numerous growth factors, regulating proteins and proto-oncogenes19. Estrogens initiate 

the transcription of targeted genes by binding specifically to their nuclear receptors. 

Furthermore, estrogens may induce different signaling pathways that are mediated by 

PI3K-AKT and MAPK-ERK signals regulating crucial cell responses such as 

proliferation, invasion, survival, migration, apoptosis, and even metastasis through non-

genomic signaling20. 

In recent years, an increasing body of evidence indicated that structural 

modifications of 17β-estradiol may lead to estrone analogues with antiproliferative 

activity. The A-ring-modified 2-methoxyestradiol (2-ME) was one of the first discovered 

metabolites without any hormonal activity, but exerting antiproliferative actions against 

several cancerous cell lines21-23 owing to its apoptosis-activating, microtubule-disrupting, 

antimigratory and antiangiogenic effects24. On the basis of these findings many new 

derivatives with anticancer properties have been synthesized and investigated. The 

majority of published studies have focused on substitutions in multiple positions of the 

steroid structure or ring modifications. Among this series of analogues, same or higher 

antiproliferative activities compared to that of 2-ME have been determined mostly on 

breast cancer cell lines. Results indicated that the investigated 2-ME derivatives were able 

to directly increase tubulin depolymerization similar to 2-ME. In spite of the substantial 

interest in the anticancer action of 2-ME, its experimental results against HeLa cells are 

limited to one single publication25. Additionally, three sulphamoylated analogues were 

reported to induce extrinsic and intrinsic apoptotic pathways followed by autophagy in 

HeLa cells. Moreover, it was revealed that similarly to 2-ME, the sulphamoylated 

analogues also increased tubulin depolymerization both in cell-free system and in living 

cells. 

The most frequent positions for substitution of the sterane skeleton are C-2, C-3 

and C-17. Based on previous observations that several nonsteroidal triazole derivatives 

have antiproliferative and proapoptotic properties, triazole ring can be regarded as a 
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pharmacophore when built onto a steroid or other types of skeletons26,27. Moreover, 

several lines of evidence suggest that steroidal 16 or 17-triazoles exert potent 

growth-inhibitory effects28,29. Molnar et al. examined the antiproliferative actions of 16α-

triazolyl derivatives on human adherent cell lines, and found that these compounds may 

activate the intrinsic pathway of apoptosis and induce cell cycle blockade at G2/M 

phase29. Furthermore, a recent study has shown that triazole substitution in position C-3 

dramatically enhance the antiproliferative activity of D-secooxime derivatives30. 

Previous research has established that core modifications, such as expansion or 

opening of D-ring may lead to homo- and secoestrones without any estrogenic  

activity31-33. This kind of structural modifications can result in further promising estrone-

based group of novel compounds which are potential candidates for anticancer 

investigations. 
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2 SPECIFIC AIMS 

The aim of the present study was to characterize the antiproliferative mechanism 

of action of recently synthesized D-ring modified (D-homo- or D-seco-) estrogen 

analogues on cervical cancer cell lines. The specific aims of the performed investigations 

were the followings: 

 Antiproliferative screening of the newly synthesized estrane-based derivatives 

on human reproductive cancer cells, in vitro. Investigation of the tumor 

selectivity of the most potent compounds, using non-cancerous cell lines. 

 Comparing the activity of the most effective molecules on different HPV 

status cervical cell lines, considering by their different structure 

 Investigating the proapoptotic properties of the most effective compounds, 

using fluorescent HOPI double staining, determination of caspase-3 activity 

and cell cycle analysis. 

 Characterization of the alterations in cell cycle progression by flow cytometry, 

PCR technique, Western blot and tubulin polymerization analysis. 

 Description of their effect on cell migration and invasion to reveal their 

influence on cancer cells motility.  
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3 MATERIALS AND METHODS 

3.1 Chemicals 

D-ring modified estrogen analogues, D-homo and D-secosteroids and their dimer 

derivatives were synthesized in the Institute of Organic Chemistry (University of Szeged, 

Szeged) as described previously34-36. The chemical structure of the four most potent and 

widely investigated compounds of this study are presented in Figure 2. All other 

chemicals and kits, if otherwise not specified, were purchase from Sigma Aldrich Ltd. 

(Budapest, Hungary).  

Figure 2. Chemical structure of the selected compounds: A: D-homoestrone, D-HE (3-
Hydroxy-D-homoestra-1,3,5(10)-trien-17a-one) B: D-secoestrone, D-SE (3-Benzyloxy-
13α-hydroxymethyl-14β-(prop-2-en-yl)-des-D-estra-1,3,5(10)-triene) C: D-secoestrone-
triazole, D-SET (3-[(1-benzyl-1H-1,2,3-triazol-4-yl)methoxy]-13α-hydroxymethyl-14β-
propyl-des-D-estra-1,3,5(10)-triene) D: D-secoestrone and 13-epiestrone linked dimer, 
DIM (3-[{1-(3-benzyloxy-17-hydroxy-13-estra-1,3,5(10)-trien-16-yl)-1H-
1,2,3-triazol-4-yl}methoxy]-13-hydroxymethyl-14-propyl-des-D-estra-
1,3,5(10)-triene). 

A B 

C 

O

OH

N

N N

O

OH

D 
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3.2 Cell lines and culturing conditions 

For the antiproliferative screening, a panel of human adherent gynecological 

cancer cell lines was used. The human breast cancer cell lines (MCF-7, MDA-MB-231, 

MDA-MB-361 and T47D), endometrial adenocarcinoma (Ishikawa), ovarian carcinoma 

(A2780), skin epidermoid carcinoma (A431), HPV 18+ cervical adenocarcinoma (HeLa) 

and non-cancerous MRC-5 cell lines were purchased from ECACC (European Collection 

of Cell Cultures, Salisbury, UK ), while SiHa (HPV 16+ squamous cell carcinoma) and 

C-33 A (HPV – epithelial carcinoma) were purchased from ATCC (American Tissue 

Culture Collection, LGC Standards GmbH, Wesel, Germany). Cells were maintained in 

Eagle's Minimum Essential Medium (EMEM) supplemented with 10% heat-inactivated 

fetal calf serum (FCS), 1% non-essential aminoacids (NEAA), and 1% antibiotic-

antimycotic mixture (AAM, penicillin-streptomycin). All media and supplements were 

obtained from Lonza Group Ltd. (Basel, Switzerland). The cells were maintained at 37 ⁰C 

in humidified atmosphere containing 5% CO2.  

3.3 Antiproliferative MTT assay 

The growth-inhibitory effect of the compounds was determined by standard MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dye uptake method. 

Experiments were carried out in the same way as in previously described36. Briefly, cells 

were seeded onto 96-well plates at a density of 5,000 cells/well, except for C-33 A and 

MDA-MB-361, which were seeded at 10,000/well. After overnight standing, new 

medium, containing the tested compounds at 10 and 30 µM, were added for the 

antiproliferative screening and increasing concentration of the test compounds 

(0.1-30.0 μM) were added for concentration-response curves. After incubation for 72 h 

under a cell culturing conditions, 5 mg/ml MTT solution was added for another 4 h. The 

precipitated formazan crystals were solubilized in dimethyl sulfoxide and the absorbance 

was measured at 545 nm with an ELISA microplate reader (Stat Fax 2100, Awarness 

Technology INC, Palm City, FL, USA). Wells with untreated cells were utilized as 

control37, cisplatin was used as a positive control in the same concentration range as the 

test compounds. Sigmoidal concentration-response curves were fitted to the determined 

points, and IC50 values were calculated by means of GraphPad Prism 5.01 (GraphPad 

Software, San Diego, CA, USA). 
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3.4 Hoechst 33258 – propidium iodide (HOPI) double staining 

HOPI staining was performed as described earlier38. HeLa, C-33 A and SiHa cell 

lines were seeded in 96-well plates, at 3,000-5,000 cells/well. After incubation for 24 h 

with the test compounds Hoechst 33258 (HO) and propidium iodide (PI) were added 

directly to the cells 5 μg/ml and 3 μg/ml final concentrations in EMEM, respectively. 

After 60 min incubation at 37 ⁰C and 5% CO2 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 (excitation: 500/20 nm bandpass filter, emission: 520 nm longpass filter and 515 nm 

dichromatic mirror). This method allows a distinction between early apoptosis and late 

apoptosis (secondary necrosis) by the nuclear morphology and membrane integrity of the 

cells. To detect the form of cell death two separate pictures from the same field were 

taken. Nuclei of intact cells are stained homogeneously blue, while under the apoptotic 

progress bright chromatin condensation and nuclear fragmentation can be observed. PI 

uptake indicates loss of membrane integrity which can be explained by late-apoptosis or 

necrosis. 

 

3.5 Cell cycle analysis by flow cytometry 

To determine the cellular DNA content of the treated cells flow cytometric 

analysis was performed. HeLa, C-33 A and SiHa cells were seeded into 6-well plates at a 

density of 250,000-400,000 cells/well. 24 or 48 h after treatment cells were harvested 

with trypsin and centrifuged at 1500 rpm for 10 min. After a washing step, the cells were 

fixed in 1 ml ice-cold 70% ethanol for 30 min. Samples were stained with 0.1 mg/ml PI 

dye solution containing 0.02 mg/ml RNAse A for 60 min in the dark at room temperature. 

Cells were analysed by a Partec CyFlow instrument (Partec GmbH, Münster, Germany). 

In each analysis, 20,000 events were recorded, and the percentages of the cells in the 

different cell cycle phases (subG1, G1, S and G2/M) were determined by using ModFit 

LT 3.3.11 Software (Verity Software House, Topsham, ME, USA). The subG1 fraction 

was regarded as the apoptotic cell population39. 
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3.6 Determination of in situ caspase activity 

Caspases are the most crucial enzymes of the apoptotic machinery. To analyze the 

effect of the selected compounds on caspase-3 activity, a commercially available 

colorimetric assay was performed. 107 cells were seeded in tissue culture flasks. After 

24 or 48 hours incubation, cells were counted, centrifuged and washed with PBS. The 

cells were resuspended in lysis buffer and incubated on ice for 20 min. The lysates were 

centrifuged and the supernatant were used. The protein concentrations of the lysates were 

measured with the Pierce BCA Protein Assay Kit (Pierce Biotechnology, Rockford, USA) 

and equal protein amounts were used for the measurement. In accordance with the 

manufacturer’s protocol, equal portions of treated and untreated cell lysates were 

incubated with selective caspase-3 substrates (acetyl-Asp-Glu-Val-Asp–p-nitroanilid) in a 

final volume of 100 μl in assay buffer, in 96-well plates. After an overnight incubation at 

37 ⁰C the absorbance of p-nitroaniline was measured at 405 nm with microplate reader. 

Comparison of the absorbance of p-nitroaniline from the treated and untreated samples 

allowed determination of the fold increase of caspase activity. 

 

3.7 Distinction of G2 and M phases by specific flow cytometry 

To separate G2 and M populations M phase specific immunocytochemical flow 

cytometry was applied. The phosphorylation of histone H3 at Ser10 correlates with the 

G2 to M phase transition. The presence of this phosphorylation is a prerequisite for 

chromatin condensation, it proceeds under the metaphase whereas the dephosphorylation 

occurs rapidly at the end of mitosis. Therefore, the antibody is a reliable marker to 

identify cells specifically in M phase40. HeLa cells were plated into 6-well plates and 

allowed to proliferate for 48 h. 24 hours after the treatment with 1.0 μM test compound 

and 5 nM paclitaxel as a positive control41, cells were washed and harvested as mentioned 

above. Cells were resuspended with PBS and a commercially available FlowCellectTM 

Bivariate Cell Cycle Kit for G2/M Analysis (Millipore Co, Billerica, MA, USA) was 

used. Briefly, cells were fixed for 20 min at 4 ⁰C and permeabilized for 5 min at 4 ⁰C. 

Cells were stained with anti-phospho-Histone H3 (Ser10) antibody conjugated with 

Alexa Fluor 488 at 4 ⁰C, for 1 h in the dark. Freshly prepared PI/RNase solution was 

added and incubated in the dark for 30 min at room temperature. Samples were analysed 
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on the Partec CyFlow instrument. In each analysis, 20,000 events were recorded, and the 

data were evaluated using Flowing Software 2.5.1 (Cell Imaging Core, Turku Centre for 

Biotechnology, Turku, Finland). 

 

3.8 Analysis of G2/M arrest 

3.8.1 Reverse transcription PCR (RT-PCR) studies 
The transition from the G2 to the M phase of the cell cycle is rigorously regulated 

by cyclin-dependent kinase 1 (CDK1) and cyclins. The expressions of these regulating 

factors at mRNA level were determined by RT-PCR in HeLa cells. After a 48 h 

incubation with the appropriate test compound total RNA was isolated from the cells 

(5x105) using TRIzol Reagent in accordance with the instructions of the manufacturer 

(Life Technologies, Paisley, Scotland, UK). The RNA concentrations of the samples were 

determined from their absorbances at 260 nm. cDNA was generated from the prepared 

total RNA solution. Briefly, the RNA (0.5 μg) was mixed with DNase- and RNase-free 

distilled water and 20 μM oligo(dT) (Promega, Madison, WI, USA) in a final reaction 

volume of 10 μL and was incubated at 70 ºC for 5 min. After the mixture had been cooled 

to 4 ºC, 20 U RNase inhibitor (Fermentas™, Thermo Fisher Scientific Inc., Waltham, 

MA, USA), 20 U MMLV reverse transcriptase (Promega, Madison, WI, USA), 

200 μM dNTP (Life Technologies, Paisley, Scotland, UK) in 50 mM Tris-HCl, pH 8.3, 

75 mM KCl, and 5 mM MgCl2 were added in a final reaction volume of 10 μL. The 

mixture was incubated at 37 °C for 60 min. The PCR was carried out with 5 μL cDNA, 

12.5 μL AccuStart GelTrack PCR SuperMix (Quanta Biosciences Inc., Gaithersburg, 

MD, USA), 2 μL 20 pM sense and antisense primer of CDK142, cyclin B1, cyclin B243, 

Cdc25B44, Cdc25C45 and 3.5 μL DNase- and RNase-free distilled water. As internal 

control human glyceraldehyde 3-phosphate dehydrogenase (hGAPDH) primers were used 

in all samples46. The reaction was performed with an ESCO SWIFT MAXI thermal cycler 

(Esco Technologies Inc, Philadelphia, PA, USA) and the products were separated on 2 % 

agarose gels, stained with ethidium bromide and photographed under a UV 

transilluminator. Semiquantitative analysis was performed by densitometric scanning of 

the gel with Kodak IMAGE STATION 2000R (Eastman Kodak Co., Rochester, NY, 

USA).  
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3.8.2 Western blotting studies 
To investigate the downstream events of CDK1-cyclin B complex phosphorylated 

and total stathmin protein expression was determined by western blot. 

HeLa cells were seeded into 60-mm dishes at a density of 2x105 cells/mL and 

treated with the test compound for 48 hours. Whole-cell extracts were prepared by adding 

lysis buffer (50 mM Tris, 5 mM EDTA, 150 mM NaCl, 1 % NP-40, 0.5 % deoxycholic 

acid, 1 mM sodium orthovanadate, 100 μg/mL PMSF and protease inhibitors)47. 10 μg of 

protein per well was subjected to electrophoresis on 4-12% NuPAGE Bis-Tris Gel in 

XCell SureLock Mini-Cell Units (Invitrogen, Carlsbad, CA, USA). Proteins were 

transferred from gels to nitrocellulose membranes, using the iBlot Gel Transfer System 

(Invitrogen, Carlsbad, CA, USA). Antibody binding was detected with the WesternBreeze 

Chemiluminescent Western blot immunodetection kit (Invitrogen, Carlsbad, CA, USA). 

The blots were incubated on a shaker with stathmin (Op18), phosphorylated stathmin (p-

Op18) and β-actin polyclonal rabbit antibody (Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) 1:200 in the blocking buffer. Semiquantitative analysis was performed by 

densitometric scanning of the blot with Kodak IMAGE STATION 2000R (Eastman 

Kodak Co., Rochester, NY, USA). 

3.9 Tubulin polymerization assay 

The cell-independent direct effect of the test compound on tubulin polymerization 

was tested in vitro, using a commercially available Tubulin Polymerization Assay Kit 

(Cytoskeleton Inc., Denver, CO, USA), according to the manufacturer’s recommendation. 

Briefly, 10 μl of test compounds, paclitaxel, or general tubulin buffer (as positive and 

negative controls) were placed on prewarmed UV transparent microplate. 100 μl 

3.0 mg/ml tubulin in 80 mM PIPES pH 6.9, 2 mM MgCl2, 0.5 mM EGTA, 1 mM GTP, 

10.2% glycerol was added to each sample, and the measurement was started immediately 

in a prewarmed UV spectrophotometer (SpectroStarNano, BMG Labtech, Ortenberg, 

Germany). 50 min kinetic reaction was recorded, to determine the absorbance of tubulin 

solution at 340 nm, per minute. For the statistical analysis maximum rate (Vmax, 

Δabsorbance/min) was calculated from the kinetic curve. Vmax is the highest difference of 

the absorbance of two successive time points at the kinetic curve. 
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3.10 Analysis of cell migration using wound healing assay 

To analyze the migratory capacity of HeLa cells wound healing assay was used. 

The assay was performed using specific wound healing assay chambers (ibidi GmbH, 

Martinsried, Gemany). HeLa cells were trypsinised and 35,000 cells (100 μl of 

350,000 cells/ml cell suspension) were seeded into each chambers of the inserts48. After 

an overnight incubation for appropriate cell attachments at 37 ⁰C and 5 % CO2 the culture 

insert were removed. Washing step with PBS were used to remove inappropriately 

attached cells and debris. Cells were treated with increasing concentration of the test 

compounds in medium containing 1 % FBS for 24 hours. Migration of the cells into the 

wound site was visualized with phase-contrast inverted microscope (Axiovert 40, Zeiss, 

Thornwood, NY, US). Images were recorded with CCD camera to asses wound closure. 

The rate of migration was calculated as the ratio of wound closure in treated samples after 

24 h and 0 h compared to the same ratio obtained from untreated control samples. 

 

3.11 Analysis of cell invasion using Boyden chamber assay 

The invasion ability of HeLa cells was assessed using the BD BioCoat Matrigel 

Invasion Chamber with 8 micron pore size PET membrane containing a thin layer of 

Matrigel Basement Matrix (BD Biosciences, Bedford, MA, USA) according to the 

instruction of the manufacturer. Briefly, HeLa cells were trypsinised, washed and 

resuspended in serum free medium. A total of 50,000 cells were seeded into each top 

insert with or without test compounds. 10 % FBS containing medium was filled in the 

bottom well as chemoattractant. After 24 hours incubation at 37 ⁰C and 5 % CO2, the 

culture insert was removed and the non-invading cells were eliminated by scrubbing with 

cotton swab. The inserts were washed with PBS, fixed with cold methanol and stained 

with crystal violet solution. The invading stained cells were counted under a phase-

contrast inverted microscope; a minimum of 8 fields per insert were counted. The rate of 

invasion was calculated from the invaded cell number of treated and untreated control 

conditions. 
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3.12 Statistical analysis 

For statistical evaluation of the experimental data GraphPad Prism version 5.01 

for Windows (GraphPad Software, San Diego, CA, USA) software were used. The 

statistical significance was assessed by one-way ANOVA with Dunett post test for 

comparison of multiple groups.  
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4 RESULTS 

4.1 Antiproliferative MTT assay  

As a first phase of the work 46 estrane-based novel compounds were screened for 

antiproliferative effects. 4 of them were the normal and 13-epi-D-homoestrone and their 

3-methyl ethers. Only D-homoestrone (D-HE) was effective against HeLa without 

affecting the growth of other cell lines (MCF-7, Ishikawa)34 (Annex V). Further 3 

D-homoestrone derivatives were investigated derived from the molecule D-homoestrone, 

differing of their functional group on C3 and C17a. 17aβ-D-homoestradiol behaved 

similarly to D-homoestrone, it has a selective antiproliferative effect on HeLa cells with 

micromolar IC50 value. The 3-benzyl ether of the α,β-unsaturated ketone was not active, 

while the 3-benzyl ether of 17aβ-D-homoestradiol inhibited the growth of the investigated 

cell lines (HeLa, MCF-7, A2780, A431), and it has relative selective effect on A2780 

ovarian cancer cell line. Eight additional D-homosteroids with 16-halomethyl substitution 

were tested, but none of them influenced the proliferation of the used cell lines (HeLa, 

MCF-7, A2780, A431 and Ishikawa)35 (Annex IV). 

The investigation of 8 newly synthetized D-secoestrone compounds on 5 cell lines 

(HeLa, MCF-7, A2780, A431 and Ishikawa) revealed that 3-benzyloxy-13α-

hydroxymethyl-14β-(prop-2-en-yl)-des-D-estra-1,3,5(10)-triene (D-SE), the initial 

secoalcohol and their 17-acetoxy-3-benzyl ether derivatives have significant 

antiproliferative property against all the investigated cell lines (HeLa, C-33 A, SiHa, 

MCF-7, A2780, A431, Ishikawa, and T47D, MDA-MB-231, MDA-MB-361), while the 

further tested D-secosteroids did not show any growth inhibiting activity35 (Annex IV). Based 

on the results of D-SE 5 new secoalcohol derivatives were synthetized, but just one of 

them, the 3-propargyl ether of 13β-secoalcohol inhibited substantially the cell growth of 

HeLa, SiHa and MDA-MB-231 cells at 30 μM concentration. We have also investigated 

10 compounds with 3-triazol substitution of D-secoalcohol against 8 gynecological cell 

lines (cervical: HeLa, C-33 A, SiHa, ovarian: A2780, breast: MCF-7, T47D, 

MDA-MB-231 and MDA-MB-361). It was found, that almost all of them have more 

potent antiproliferative effect than above-mentioned secoalcohols. Moreover, the most 

potent derivative was the D-secoestrone-triazole (D-SET) bearing unsubstituted N-benzyl 

group, exerting micromolar IC50 values against two cervical (HeLa, C-33 A) and an 

ovarian (A2780) cancer cell lines. Concerning the other tested triazole-containing 
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compounds the 13β-epimers exerted higher inhibition than their 13α counterparts and 

presence of p-alkyl or -nitro substituent on the N-benzyl ring of the triazoles appeared to 

be disadvantageous36 (Annex II). 

Based on previous results we started to investigate the antiproliferative activity of 

8 newly synthesized D-secoestrone and 13-epiestrone linked dimer compounds on 

9 different cell lines (HeLa, C-33 A, SiHa, MCF-7, T47D, MDA-MB-231, 

MDA-MB-361, A2780, A431). Just one of them, the dimer consisting of the 3-

benzyloxy-D-secoalcohol and the 3-benzyloxy-17α-hydroxy-16β-13α-estrone moieties 

linked by a triazole ring (DIM) has substantial growth inhibitory effect on all of the tested 

cell lines. 

The four most potent compounds from the previously mentioned estrogen 

analogue library: D-homoestrone (D-HE). D-secoestrone (D-SE), D-secoestrone-triazol 

(D-SET) and the D-secoestrone and 13-epiestrone linked dimer (DIM) were chosen for 

detailed investigation. We have found that the four estrogen analogues have highly 

different antiproliferative action against the cervical cell lines with various pathological 

backgrounds. The IC50 values of the four derivatives on the three different HPV status 

cervical carcinoma cell lines are presented in Table 1. Results show that DIM has a potent 

effect on all of the three cell lines with a micromolar concentration independently from 

their HPV status (IC50
HeLa=1.7 μM, IC50

SiHa=0.96 μM and IC50
C-33 A=2.9 μM); D-SE also 

can effect either of three cell lines, but with a lower efficiency (IC50
HeLa=13.2 μM, 

IC50
SiHa=13.6 μM and IC50

C-33 A=10.8 μM). Triazole derivative of D-SE, D-SET has a 

significant growth inhibitory effect on HeLa (IC50=1.1 μM) and C-33 A (IC50=1.7 μM) 

cell lines, while it has no effect in the HPV-16 + SiHa cells. Contrary to the previous 

compounds D-HE has a selective antiproliferative effect on HPV 18 + HeLa cell line with 

5.5 μM IC50 value (Table 1). 

The investigation of tumor selectivity in intact human fibroblast cell lines revealed 

that the selectivity of the compounds for the cancerous cells are better in the cases of 

D-HE, D-SE and D-SET or equal in the case of DIM as compared with cisplatin49, a drug 

routinely used in cervical tumor therapy (Table 1). 

In view of the chemical similarities and antiproliferative activity of the two 

secoestrone derivatives we have chosen the more potent triazole compound for the further 

experiments in order to explore the mechanism of the action. 
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Cell type HPV 
status 

IC
50

 (μM) 

  D-HE D-SE D-SET DIM cisplatin 

HeLa        18+ 5.5 13.2 1.1 1.7 6.5 

SiHa  16+ >30 13.6 >30 0.96 12.9 

C33-A  – >30 10.8 1.7 2.9 3.2 

MRC-5   >30 n.t. >30 1.2 3.7 

skin fibroblast  n.t. >30 n.t. 3.0 21.6 

Table 1. Calculated IC50 values of the test compounds and cisplatin, measured by MTT 
assay after incubation for 72 h on cervical cancer and intact human fibroblast cell 
lines. n.t. indicates not tested.  
 

4.2 HOPI double staining 

The morphological changes of the three cervical cancer cell lines generated by the 

investigated compounds are shown in Figure 3. The presence of living, early apoptotic, 

late-apoptotic or necrotic cells were distinguished according to the cell morphology and 

membrane integrity after incubation for 24 h. To detect the form of cell death, two 

separate pictures from the same field were taken. In HeLa cells D-HE, D-SET and DIM 

either could provoke the signs of early apoptosis with a bright chromatin condensation, 

and only higher concentration of D-SET presented the loss of membrane integrity. In the 

case of C-33 A cells beside a huge chromatin condensation, increased rates of late-

apoptotic or necrotic cells could be observed after treatment with D-SET and DIM. Only 

DIM showed antiproliferative effect on HPV 16+ SiHa cells, but it does not reflected in 

HOPI double staining after treatment for 24 h, (Figure 4). 

4.3 Cell cycle analysis by flow cytometry 

On the basis of antiproliferative property and morphological changes of the tested 

compounds cell cycle phase distribution of the treated cells was determined. D-HE 

elicited slight changes in the cell cycle after 24 h even in the higher concentrations. After 

incubation for 48 h the number of cells in the subG1 and G2/M phase increased 

significantly on the expense of G1 population. At 72 h a significant concentration-

dependent increase of subG1 phase with concomitant decrease of G1 and G2/M phases 

was observed (Figure 5/A). These results indicate that D-HE may cause a blockade in 

G2/M phase of the cell cycle50.  
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Figure 3. Representative fluorescence microscopy images of HOPI double staining. The 
early apoptotic and secondary necrotic cells can distinguish by their nuclear 
morphology (HO: blue) and the integrity of their membranes (PI: red). The bar on 
control Hoechst 33258 pictures indicate 100 μm. 
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Figure 4. Tested compounds induced apoptotic and necrotic cell death A: with D-HE, 
D-SET and DIM on HeLa; B: with D-SET and DIM on C-33 A; and C: with DIM on 
SiHa cells, after 24 h incubation. Results are means of percentage rates ± SEM. * 
indicates p < 0.05, ** indicates p < 0.01 and  *** indicates p < 0.001 as compared 
with the control cells, non-significant changes are not indicated. 

 
 
D-SET induced more robust changes of the cell cycle distribution after 24 h. The 

results in the two cell lines with different HPV status presented a similar trend. The 

percentage of hypodiploid cells (subG1 phase) was increased significantly after treatment 

with 1.0 μM or 3.0 μM of D-SET. Besides the increased apoptotic subG1 phase, a 

significant and concentration-dependent increase in the ratio of cells in the G2/M phase 

followed by a G1 phase reduction was established in both cell lines (Figure 5/B), 

indicating a cell cycle blockade in the G2/M phase similar to D-HE.  

After incubation for 24 h DIM did not show any significant influence on the cell 

cycle in the cases of HeLa and C-33 A cells but it has induced a slight increase at G1 and 

decrease at S phase in the case of the HPV 16+ SiHa cells (Figure 5/C). Increasing the 

incubation time we have found significant changes of the cell cycle distribution. For each 

of three cell lines showed a similar trend after 48 h incubation. Regardless of the HPV 

status of the cell lines elevation of the apoptotic subG1 phase was observed; moreover, 

significant increase was detected in the number of cells in G2/M phase followed by a G1 

phase reduction (Figure 5/D). Similar to the other two compounds DIM also can cause a 

cell cycle blockade at G2/M phase. 
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Figure 5. Effects of tested compounds on cell cycle distribution after treatment with 
D-HE, for 24, 48 and 72 h on HeLa cells (A); D-SET for 24 h on HeLa and C-33 A cells 
(B);  DIM for 24 h on HeLa, C-33 A and SiHa cells (C); and DIM for 48 h on HeLa, 
C-33 A and SiHa cells (D). Results are means ± SEM, in each analysis, 20,000 events 
were recorded. * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001 
as compared with the control cells, non-significant changes are not indicated. 
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4.4 Determination of in situ caspase activity 

After considering the apoptotic markers from morphological and cell cycle 

changes, caspase-3 activity was determined to confirm the proapoptotic property of the 

tested compounds. Based on the subG1 phase elevation, HeLa cells were treated with 

D-HE for 48 h and with D-SET for 24 h. The results revealed that the enzyme activity 

was significantly increased after the appropriate incubation time with both of D-HE and 

D-SET at each applied concentration (Figure 6). 

 
Figure 6. Induction of in situ caspase-3 activity after 48 h treatment with D-HE and 
24 hours treatment with D-SET in HeLa cells. Results show fold increase of enzyme 
activity of the treated samples compared to the untreated controls. Data are 
means ± SEM, n=3.  * indicates p < 0.05 and *** indicates p < 0.001 as compared with 
the control cells. 

4.5 Distinction of G2 and M phases by specific flow cytometry 

In view of the similarities of the different compounds actions on all of three cell 

lines, utilization of HeLa cells seemed rational for the planned further experiments, based 

on their higher sensitivity. Immunocytochemical flow cytometric analysis was performed 

in order to distinguish the G2/M population after treatment of D-HE and D-SET, used a 

concentrations based on the previous flow cytometric results. It was found that after 24 h 

incubation D-HE significantly decreased the ratio of phosphorylated histone H3 protein at 

position Ser 10 relative to the untreated control cells. On the other hand D-SET 

significantly increased the ratio of phosphorylated histone H3 protein similarly to positive 

control, paclitaxel, a well-known mitotic blocking agent (Figure 7). These results support 

the theory that D-HE may cause a reduction of cells in M phase and evoke cell 

accumulation in the G2 phase while the other test compound, D-SET may induce the cell 

accumulation and a cell cycle blockade in the M phase. 
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Figure 7. Discrimination of M phase cell population by measuring the phosphorylation 
of Histone H3 on Ser10, after incubation for 24 hours and treatment with 20 μM D-HE, 
1.0 μM D-SET and 5.0 nM PAC, on HeLa cells. A: Statistical analysis of p-Histone H3 
positive cells B: Representative region analysis of flowing dot plot graph (cells in M 
phase are red labelled). Results are means ± SEM, in each analysis, 20,000 events were 
recorded.  * indicates p < 0.05 and *** indicates p < 0.001 as compared with the 
control cells. 

 

4.6 Analysis of G2/M arrest 

4.6.1 Reverse transcription PCR studies 
To reveal how D-HE can trigger G2 accumulation, the mRNA expression of the 

regulatory proteins of G2/M checkpoint were investigated. Although CDK1 is an 

executioner enzyme during the G2/M transition, cyclin B is responsible for its  

activation. However the mRNA expression of CDK1 did not show significant alteration 

while the mRNA expression both of the activating isoforms of cyclin B (B1 and B2) 

decreased significantly after incubation for 48 h. Cdc25B and Cdc25C are regulatory 

factors of CDK1-cyclin B complex, and their mRNA expression were significantly 

reduced after incubation with D-HE for 48h as compared with the untreated control cells 

(Figure 8). 

 

4.6.2 Western blotting studies 
To investigate the function of CDK1-cyclin B complex protein expressions of 

phosphorylated and total stathmin were determined by western blot after treatment with 

D-HE for 48 h. Although the total protein expression of stathmin did not show 

remarkable alteration (Figure 9/A), the protein expression of phosphorylated form, a 
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microtubule destabilizing protein phosphorylated and therefore inactivated by CDK1-

cyclin B complex, significantly decreased compared to untreated control cells 

(Figure 9/B). 

 

 
Figure 8. The mRNA expression of G2/M checkpoint regulating factors after incubation 
with 5.0 and 10 μM D-HE for 48 h on HeLa cells, determined by reverse-transcription 
PCR. Results show rate of mRNA expression of the treated samples compared to the 
untreated controls (dashed line at 100%). Data are means ± SEM, of the data from two 
separate measurements and n=6. * indicates p < 0.05, as compared with the control 
cells, non-significant changes are not indicated. 

 
 
 

 
Figure 9. Statistical analysis of protein expression of phosphorylated (A) and total 
stathmin (B) after treatment with 2.5 and 5.0 μM D-HE, for 48h, on HeLa cells, and 
representative membrane pictures(C). Results are means ± SEM, of the data from two 
separate measurements and n=6. * indicates p < 0.05 and ** indicates p < 0.01 as 
compared with the control cells, non-significant changes are not indicated. 
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4.7 Tubulin polymerization assay 

The investigation of histone H3 revealed that D-SET caused cell cycle blockade in 

the M phase of the cell cycle. During the M phase the equilibrium between the 

polymerization and degradation of microtubuli from tubulin dimers has a crucial role in 

cell division51, therefore tubulin can be a probable target of D-SET. Based on this 

consideration the direct action of D-SET on tubulin polymeriaztion has been determined 

by means of photometry. The kinetic curves show that 100 μM D-SET accelerated the 

tubulin polymerization in the growth phase (Figure 10/C), which was also reflected in the 

calculated Vmax values. Because of the similar structure, the actions of D-SE and DIM on 

tubulin polymerization were also determined; 200 μM D-SE and 100 μM of DIM also can 

increase the maximum rate of tubulin polymerization relative to the untreated control 

sample (Figure 10/B and 10/D). To confirm our previous results that D-HE act in G2, not 

in M phase, D-HE’s direct action on tubulin polymerization was recorded as well. As it 

was expected D-HE did not significantly alter the tubulin polymerization, even at high 

(500 μM) concentrations (Figure 10/A). 

For the statistical analysis maximum rate of microtube formation was calculated. 

While D-HE did not show considerable effect on tubulin polymerization; both of the 

D-secoestrone derivatives (D-SE, D-SET) and their dimer analogue (DIM) significantly 

increased the calculated vmax value, similar to paclitaxel, a well-known microtubule 

stabilizer (Figure 10/E). 

 

4.8 Analysis of cell migration using Wound healing assay 

Besides the direct antiproliferative activity, another important part of the 

mechanism of action can be the antimetastatic property of the anticancer drug candidate. 

The migrating behavior of the cancer cells was observed after treatment with D-HE and 

D-SET by wound healing assay. The untreated control HeLa cells closed around 60% of 

the wound area generated by the insert after 24 h. D-HE did not show significant 

difference as compared with the untreated control cells while D-SET-treated cells failed 

to close the wound and concentration-dependently inhibited the migration of HeLa cells 

(Figure 11). 
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Figure 10. The direct effect of the test compounds on tubulin polymerization in a cell 
independent experimental system, in vitro. Kinetic curves of 50-min kinetic reaction, 
after incubation with 500 μM D-HE (A), 200 μM D-SE (B) 100 μM D-SET (C) and 
100 μM DIM (D) General buffer and 10 μM PAC was used as negative and positive 
control, respectively. E: Maximum rate of tubulin polymerization. Results are 
means ± SEM of the data on two separate measurements with duplicates.  ** indicates 
p < 0.01 and *** indicates p < 0.001 as compared with the negative control samples, 
non-significant changes are not indicated. 
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Figure 11. Migratory capacity of HeLa cells after 24 hours D-HE and D-SET 
treatment, analysed by wound healing assay. (A) Rate of migration was calculated as 
the ratio of wound closure in treated samples after 24 h and 0 h compared to the ratio 
of wound closure in untreated control samples after 24 h and 0 h. (B) Representative 
images of the migrating cells. Results are mean values ± SEM of the data on three 
separate measurements with triplicates. *** indicates p < 0.001, non-significant 
changes are not indicated. 

4.9 Analysis of cell invasion using Boyden chamber assay 

After the finding that D-SET significantly can inhibit the migration of cancerous 

cells, the anti-invasive effect of the compound was additionally examined with the 

Matrigel-coated Boyden chamber. The layer occludes the pores of the membrane, 

blocking the non-invasive cells from migrating through the membrane. On the other hand, 

it allows the invasive cells to detach and invade through the membrane. It was found that 

D-SET significantly inhibited the invasion of HeLa cells as compared with the untreated 

controls (Figure 12). This inhibition was present after the exposure of 0.1 μM, which is 

considerably lower than the effective antiproliferative concentration. Additionally, the 

inhibition became more pronounced as the concentration was raised. 
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Figure 12. Cell invasion capacity of HeLa cells through matrigel coated Boyden 
chambers. (A) Statistical analysis of the percentage of invasive cells after 24 h D-SET 
treatment. (B) Images from a visual field of one representative experiment.  Results are 
mean values ± SEM of the data on three separate measurements with duplicates. 
** indicates p < 0.01 and *** indicates p < 0.001. 
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5 DISCUSSION 

 

The first use of compounds with steroid structure in anticancer therapy was from 

different herbs. A large body of evidence indicates that steroid-like triterpenes, e.g. 

betulinic or oleanolic acid and their derivatives exert potent proapoptotic and 

antimigratory effects on numerous human cancer cell lines52-58. Antiproliferative effects 

of several other natural steroids have been described: steroid alkaloids from the 

Solanaceae family; solasonine, solamargine, solanine, or some marine sponge extracts; 

plakinamines N and O exert anticancer effects due to their apoptosis-inducing  

activities58-62.The steroid cardiac glycosides digoxin and digitoxin also display 

pronounced tumor-inhibitory effects through several different cell types63,64 and some of 

their derivatives have passed through successful phase I clinical trials as potential 

anticancer drugs65. Besides these natural plant steroids there are some endogenous steroid 

metabolites inside the human body such as 2-ME or conjugated estrogen metabolites 

which have been described as potent antiproliferative agents21-24,66-69.  

Active natural compounds and metabolites can be the basis for synthetic chemistry 

to design novel, more effective drug candidates. Based on the promising results with 

A-ring-modified 2-ME many new analogues were examined. It is known that small 

differences in molecular structure can cause significant differences in biological 

activities. Therefore besides the antiproliferative effect the conventional receptor-binding 

and modulating capacity is another important question concerning the therapeutic use of 

compounds with steroid structure. Well-established structure-activity studies revealed 

association between the modifications of the D-ring and the estrogen receptor-binding 

capacity. It has been described that D-homoestrone, does not exert estrogenic effect in an 

in vivo uterotrophic assay system34. Less information is available from the secoestrone 

derivatives. Anstead et al. reviewed the criteria of receptor binding and concluded that 

C14 - C17 are cavity vertices with a favorable interaction, and that the C15-C16-C17 

crescent should be at the appropriate position in the receptor lysine and two cysteine 

residues, and therefore the integrity of the D-ring is necessary for high receptor affinity70. 

Additionally, Jovanovic-Santa et al. confirmed that numerous newly synthetized 

D-secoestrogen derivatives undergo a total loss of estrogen activity due to the 

fragmentation of their D-ring31-33,71. 



36 
 

Our previous results demonstrated that D-ring modification in the estrogen 

structure can cause a potent antiproliferative effect in vitro29,34-36,46,50,72. In these studies, 

we reported considerable effects of several D-homoestrones, D-secoestrones, 

D-secoestrone-triazoles and dimers from 13-epiestrones and D-secoestrone-triazoles in 

numerous different cell lines. The 4 most active compounds were selected, and it was 

found that the major differences of the efficiency were at the different pathological 

cervical cancer cell lines. Although, DIM displays a potential effect on all cervical cell 

lines independently from their HPV status (HPV 18+, 16+ and negative), D-SET (one 

part of the dimer) does not able to inhibit the growth of HPV 16+ SiHa cells, just the 

other two types (HPV 16+ HeLa and HPV negative C-33 A cells). Additionally, leaving 

the triazole group from the secoestrone-structure in the case of D-SE resulted in the same 

antiproliferative spectrum as DIM, but with higher IC50 values. Finally D-HE, the 

compound with expanded but closed D-ring has a substantial selective antiproliferative 

activity on the HPV 16+ HeLa cells. A possible explanation of the different sensitivity 

may lie at the different levels of apoptotic proteins depending on the HPV status. 

Hougardy et al. reported that the expression of the mitochondria-related proapoptotic 

proteins Bid and Bcl-2 are much less expressed in SiHa than in HeLa and C-33 A. Bid is 

an essential intermediate between the extrinsic and intrinsic apoptotic pathway while Bax 

or Bak cannot be activated in the lack of Bid and cannot exert their proapoptotic effect via 

the mitochondrial pathway73. Additionally, Aguilar-Lemarroy et al. reported that 

HPV16-carrying cells were remarkably resistant to CD95-mediated apoptosis with 

deficient Bcl-2. They also found that SiHa cells failed to recruit FADD and pro-caspase-8 

through the death effector domain because FADD is missing from the complex. The 

inability to build up a functional death-inducing signaling complex (DISC) could have the 

result that SiHa cells may avoid apoptotic signals in the cases of D-HE and D-SET74.  

The tumor selectivity is an important part of the mechanism of action of a new 

anticancer drug We have found that the tumor selectivity of the test compounds were 

better as compared with cisplatin49, except the dimer derivative (DIM), which selectivity 

was equal to cisplatin, a routinely used agent during the cervical cancer therapy.  

To investigate the mechanism of antiproliferative action, the apoptosis-inducing 

effects of the compounds were first proven by three independent methods; HOPI double 

staining, measurement of caspase-3 activity and cell cycle analyses. After incubation for 

24 h, morphological changes confirm the concentration-dependent proapoptotic effect of 

the compounds on the concerned cell lines. Briefly, D-HE induced apoptotic morphology 
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on HeLa, D-SET on HeLa and C-33 A and DIM on all of the three cervical cell lines. In 

the case of C-33 A cells, elevation of the concentration of D-SET and DIM lead to the 

formation of late apoptotic or secondary necrotic cells with loss of membrane function. 

The progressive elimination of DNA also proved to be related with an apoptotic process 

occurring as an increased subG1 population39, therefore we performed flow cytometric 

analysis. The results of the cell cycle analysis revealed that all of the tested compounds, 

on all of the affected cell lines, may increase the cell number of subG1 population, 

followed by cell accumulation in G2/M phase, in a concentration and incubation time 

dependant way. D-SET has the most substantial effect on cell cycle, marked elevation of 

the subG1 and G2/M phase were observed after 24 h (both on HeLa and C33-A). In 

contrast DIM needs 48 h incubation time to elicit similar trend on all of the three cervical 

cell lines. D-HE may also cause increased subG1 and G2/M phase after 48 h but the sharp 

rise of subG1 population was observed only after 72 h. Additionally, caspase-3 is a 

crucial executioner of apoptosis, and therefore after the morphological evidences, for the 

biochemical demonstration of apoptosis caspase-3 activation was detected. Both D-HE 

and D-SET increased the activity of caspase-3 enzyme significantly after the appropriate 

incubation time on HeLa cells. According to these data we can infer that all of the 

investigated compounds have potent proapoptotic activity resulting in apoptotic 

attributes: specific morphological changes, DNA fragmentation and caspase enzyme 

activation. 

Besides the detection of apoptosis, cell cycle analyses also provided important 

details about the mechanism of action of the tested steroid derivatives. All the compounds 

caused significant elevation of cell number in the G2/M phase indicating a cell cycle 

blockade at that phase. These results are consistent with previously reported data with the 

alkaloid solanidine or the natural human metabolite 2-ME23, 61. Furthermore, it has been 

reported that 2-ME is related with M phase arrest due to activation of the mitotic spindle 

assembly checkpoint66,75. To investigate whether our steroid analogues elicit cell cycle 

blockade in the G2 or the M phase, phosphorylated histone-H3 (Ser10) was measured 

after the treatment with the steroid analogues. Histone H3 phosphorylation at Ser(10) 

correlates with the G2 to M transition, this phosphorylation has been indicated to be 

constitutively activated in the metaphase while at the end of mitosis H3 

dephosphorylation occurs rapidly40. It was found that while all the tested steroid 

analogues can cause G2/M phase arrest, their detailed mechanisms are different. 

According to our experimental result cell cycle affecting action of the secoestrone 
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analogue with opened D-ring (D-SET) is consistent with that of the previously mentioned 

2-ME; both of them caused cell cycle arrest at the M-phase. In contrast the ring expanded 

D-HE with closed D-ring triggered G2 phase blockade with dramatically decreased 

proportion of phosphorylated histone H3. 

The result indicating that HeLa cells after D-HE treatment are not able to arrive at 

the metaphase and initiate the first step of the mitosis was unexpected, therefore the 

alteration of the mRNA expression of the G2/M checkpoint regulating proteins were 

determined. The main regulator of the G2 to M transition is the CDK1/cyclin B complex, 

composed of the executor protein cyclin dependent kinase 1 and cyclin B subunits. The 

CDK1 expression is relatively constant during the cell cycle; therefore entry into mitosis 

depends on the synthesis of cyclin B. The activation of the CDK1/cyclin B complex also 

regulated through activating phosphorylations by the CDC25 family. Our results confirm 

that the background of the D-HE caused G2/M failure lies on the inhibition of the 

regulatory proteins at G2/M phase checkpoint. Although the mRNA expression of CDK1 

does not show significant alteration after 48 h D-HE treatment, the expression of 

cyclin B1 and B2 decreased significantly. Additionally, the mRNA levels of CDC25B 

and C (the direct upstream regulators of CDK1/cyclin B complex) are also reduced 

significantly. The decreased levels of the activating proteins of CDK1 indicate a reduced 

functional activity of the CDK1/cyclin B complex. Stathmin is one of the numerous 

targets of CDK1 and an important regulatory protein of microtubule dynamics in a 

phosphorylation-dependent manner. The active, dephosphorylated form of stathmin 

interacts with two tubulin heterodimers and have important role in tubulin-microtubuli 

equilibrium. The active CDK1 is able to phosphorylate stathmin protein, and therefore 

inactivate it, and this phosphorylated, inactive form of stathmin allows the microtubule 

formation from tubulin dimers into a mitotic spindle. CDK1/cyclin B complex failure 

results in inappropriate stathmin, therefore the cell cannot assemble a functional mitotic 

spindle and arrest in the G2/M phases of the cell cycle occurs76-78. Our results revealed 

that whereas the protein expression of total stathmin did not changed, the phosphorylated 

(inactive) form of stathmin decreased significantly after 48 hours treatment with D-HE. 

These western blot results confirm our theory concerning the reduced functional activity 

of CDK1, and support that D-HE treatment result in dysregulation and dynamic 

instability of the tubulin-microtubule system and the consequent G2 phase accumulation 

of the cells, evoking the apoptotic process.  
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Besides the investigation of the tubulin regulation through stathmin protein, the 

direct effect of the tested steroid compounds on tubulin polymerization is another crucial 

possibility of their antiproliferative mechanism of action. The A-ring substituted 2-ME 

has been reported to inhibit tubulin polymerization during the initial steps of mitosis by 

interacting with its colchicine-binding site79. Even D-HE does not exhibit any action on 

tubulin polymerization in an in vitro cell-independent experimental system, all of the 

other investigated compounds, D-SE, D-SET and DIM significantly increased the 

maximum rate of microtubule formation, and enhanced the polymerization. Tubulin 

polymerization is an important and crucial progress during the mitosis, the imbalance 

between polymerization and depolymerization of microtubuli leads to fatal consequence 

with the termination of cell division80. This shift in either direction is utilized in tumor 

therapy, including the depolymerizing agent nocodasole or the tubulin-polymerizing 

agent paclitaxel. Our results confirmed M phase blockade caused by the secoestrogen 

derivatives is closely related with their direct effect on tubulin polymerization. 

Secoestrogens shift the dynamic equilibrium between tubulin dimers and microtubule 

towards microtubule assembly and stabilization, resulting in an aberrant mitosis. As a 

consequence, secoestrogens treated cells cannot continue the cell cycle progression and 

accumulate at the M-phase; triggering apoptotic cell death. 

During the investigation of the mechanism of new drug candidate its 

antimetastatic effect is another important characteristic in question. The presence of 

metastasis is highly associated with poor patient prognosis and the dissemination of 

cancer cells from the primary tumor to a distant organ can lead to severe organ failure, 

and that is the most frequent cause of patient’s death81-83. Metastasis formation is a 

complex, multistage process including changes in cell adhesion, migration and 

invasion81,84. The physiologically most potent estrogen hormone, 17β-estradiol has been 

described as an invasion inducing agent via the PI3K signaling pathway in cervical85, 

endometrial86 and ovarian87 cancer cell lines. Previous studies also revealed that the 

antiproliferative, A-ring modified estrogen metabolite 2-ME has antimetastatic effect on 

several cancer cell lines88,89. In addition Stander et al reported that a synthetic 

sulfamoylated estrogen analogue also has antimetastatic effect associated with acidotic 

microenvironmental conditions in tumors90. We found no previous result concerning the 

effect of D-homo- or D-secoestrogens on cell motility. D-HE and the most potent D-SET 

were selected for the investigations of cell migration and invasion. According to our 

findings D-HE did not able to inhibit cell migration in the used subeffective 
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concentrations, while D-SET, similar to the widely investigated 2-ME had a potent anti-

migratory capacity below its antiproliferative concentration, after incubation for 24 h. 

Besides the cell migration, invasion through the basal membrane is another important step 

during the metastatic pathway. Our results show, that the previously determined anti-

migratory D-SET significantly inhibited cancer cell invasion in our experimental system 

in vitro. The used subantiproliferative concentration is another major highlight of tumor-

specificity, since at the used low concentrations compounds have no toxic effect on intact 

cells (cells without motility changes) and therefore this approach can reduce the incidence 

of side effects. In conclusion our findings revealed that opening the D-ring may lead to 

potent anti-metastatic compounds, with a significant inhibitory activity on cell motility, 

while D-ring expansion seems to be less effective in the design of new drug candidates 

with anti-metastatic characteristics. 

  



41 
 

6 SUMMARY 

In summary our current results have demonstrated, that  

 3 D-homoestrogens, 13 D-secoestrogens and 1 dimer derivative from the 

investigated 46 novel estrogen analogues show potent antiproliferative effect on 

different gynecological cancer cell lines, in vitro. The tumor selectivity of the four 

most potent compounds proved to be better than or equal to that of cisplatin, a 

routinely used drug in cancer therapy. 

  The four most potent compounds have different spectrum of activity on the three 

cervical cancer cell lines, depending on their pathological background. D-HE 

proved to be selective on the HPV 18+ HeLa cells; D-SET inhibited the growth of 

both the HPV 18+ HeLa and HPV‒ negative C-33 A cell lines. DIM shows the 

broadest spectrum with inhibition of all of the three tested cell lines (HPV 18+ 

HeLa, HPV‒ negative C-33 A and HPV 16+ SiHa). These findings suggest that 

opening the D-ring may lead to a broader anitproliferative spectrum. 

 D-HE, D-SET and DIM show pronounced proapoptotic effect on their sensitive 

cell lines as evidenced by fluorescent double staining and flow cytometric 

analysis. In the cases of D-HE and D-SET caspase-3 activation was also observed. 

 Even the regular flow cytometric analysis revealed that all of D-HE, D-SET and 

DIM cause G2/M arrest in cell cycle progression; the detailed investigations show, 

that D-HE exerts its effect in G2 phase resulting functional failure of 

CDK1/cyclin B complex at G2/M checkpoint. In contrast D-SET and DIM 

provoke M phase blockade as a consequence of their influence on tubulin 

polymerization. These results lead to the conclusion, that different modifications 

of the D-ring determine different mechanisms of action during the cell cycle. 

 In subantiproliferative concentration D-HE did not exert any changes in cell 

motility, while D-SET significantly inhibited the cell migration and invasion at 

our in vitro experiments. 

In conclusion, even in recent years there has been an increasing interest in 

antiproliferative estrogens, before our study D-ring modified analogues have not been 

investigated. Our findings suggest that D-homo- and D-secoestrogens have different 

tumor selectivity with a different antiproliferative mechanism of action. D-HE causes a 

functional loss of CDK/cylinB complex and provokes cell cycle arrest before cervical 

cancer cells start to enter mitosis at G2 phase, followed by the induction of apoptosis. 
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This tumor-inhibiting mechanism of action was demonstrated only in HPV 18+ HeLa 

cells. In contrast, D-secoestrone derivatives treated cells undergo of G2/M checkpoint and 

the tested molecules with opened D-ring cause M phase blockade by disrupting the 

tubulin polymeerization, leading to programmed cell death. Besides the pro-apoptotic 

effect of D-SET, results revealed its anti-migrating and anti-invading potential leads to 

the conclusion that D-SET shows antimetastatic potential by preventing cancer cell 

motility.  

As regards all of the presented findings, D-ring modified estrogen derivatives can 

be considered as drug candidates with a promising new mechanism of action among the 

antiproliferative steroids and potentially allows the design of further anticancer drugs. 
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A B S T R A C T

Cervical cancer is the fourth most frequently diagnosed tumor and the fourth leading cause of cancer
death in females worldwide. Cervical cancer is predominantly related with human papilloma virus (HPV)
infection, with the most oncogenic types being HPV-18 and -16. Our previous studies demonstrated that
some D-secoestrone derivatives exert pronounced antiproliferative activity. The aim of the current
investigation was to characterize the mechanism of action of D-secoestrone-triazole (D-SET) on three
cervical cancer cell lines with different pathological backgrounds.
The growth-inhibitory effects of D-SET were determined by a standard MTT assay. We have found that

D-SET exerts a pronounced growth-inhibitory effect on HPV 18-positive HeLa and HPV-negative C-33 A
cells, but it has no substantial inhibitory activity on HPV 16-positive SiHa or on intact fibroblast MRC-5
cell lines. After 24 h incubation, cells showed the morphological and biochemical signs of apoptosis
determined by fluorescent double staining, flow cytometry and caspase-3 activity assay. Besides the
elevation of the ratio of cells in the subG1 phase, flow cytometric analysis revealed a cell cycle arrest at
G2/M in both HeLa and C-33 A cell lines. To distinguish the G2/M cell population immunocytochemical
flow cytometric analysis was performed on HeLa cells. The results show that D-SET significantly increases
the ratio of phosphorylated histone H3, indicating cell accumulation in the M phase. Additionally, D-SET
significantly increased the maximum rate of microtube formation measured by an in vitro tubulin
polymerization assay. Besides its direct antiproliferative activity, the antimigratory property of D-SET has
been investigated. Our results demonstrate that D-SET significantly inhibits the migration and invasion of
HeLa cells after 24 h incubation.
These results suggests that D-SET is a potent antiproliferative agent against HPV 16+ and HPV-negative

cervical cancer cell lines, with an efficacious motility-inhibiting activity against HPV 16+ cells.
Accordingly D-SET can be regarded as a potential drug candidate with a promising new mechanism of
action among the antiproliferative steroids, potentially allowing for the design of novel anticancer agents.

ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Cancer is one of the major health problems worldwide. In 2012,
around 8.2 million cancer deaths occurred and 14.1 million new
Abbreviations: D-SET, D-secoestrone-triazole; HPV, Human Papilloma Virus; 2-
ME, 2-methoxyestradiol; PAC, paclitaxel; Bid, BH3 interacting-domain death
agonist; Bcl-2, B-cell CLL/lymphoma 2; FADD, Fas-Associated protein with Death
Domain; DISC, death-inducing signalling complex.
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cancer cases were detected. Cervical cancer is the fourth most
frequently diagnosed cancer in women and the fourth leading cause
of death worldwide, accounting for 527,600 new cases and 265,700
deaths in 2012 [1]. In agreement with these global cancer statistics,
58,300 new cervical cancer cases were diagnosed, and 13,400
cervicalcancerdeath occurredinEurope in 2012,with 38,800 allnew
cases occurring in Central European countries. These data imply that
cervical cancer was the fifth most common cancer in Europe, and the
fourth most frequently diagnosed tumor type in Central Europe in
2012 [2]. Cervical cancer is predominantly related with human
papilloma virus (HPV) infection, epidemiological studies indicating
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Fig. 1. Chemical structure of D-secoestrone-triazole (D-SET).
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that more than18 variantsofHPVareassociatedwith carcinogenesis,
of which HPV-18 and -16 are responsible for approximately 50% and
20% of cervical cancerous cases, respectively [3,4]. In developed
countries vaccination and screening methods are widely available,
and the number of death cases have therefore decreased during the
last few years, but at the same time cervical cancer is still the second
most commonly diagnosed malignancy in less developed countries,
nearly 90% of cervical cancer deaths occurring in those countries
[1,5]. Vaccination is recommended under the age of 25 or before the
initiationof sexual activity, because its effectiveness is highestbefore
any exposure to HPV infection [6,7]. Women over 25 years and
antivaccination groups in developed countries are therefore still
compromised, and even malignant cervical lesions diagnosed in the
early stage need rapid and aggressive cytotoxic treatment utilizing
novel anticancer agents with a more tolerable side-effect profile.

Estrogens play important roles in the normal functions of both
male and female reproductive systems, including the regulation of
growth and differentiation [8]. 17b-Estradiol increases the
proliferation of its target cells in the reproductive system and
also in gynecological tumors by stimulating RNA synthesis [9].
Besides this established fact, since the 1990’s more and more
experimental results have indicated that structural modifications
of 17b-estradiol may lead to estrone analogs with antiproliferative
activity. A-Ring-modified 2-methoxyestradiol (2-ME) is one of the
first discovered antiproliferative metabolites without steroidal
activity against several cancerous cell lines [10–15] owing to its
apoptosis-activating, microtubule-disrupting, antimigratory and
antiangiogenic effects [16]. On the basis of these results, many new
derivatives with anticancer properties have been synthetized and
analyzed. The majority of published studies have focused on
substitutions in multiple positions of the steroid structure or ring
modifications. Several sets of newly synthetized secoestrones have
been reported which include modifications to avoid estrogenic
activity through opening of their D-ring [17–19]. Our previous
studies demonstrated that some D-secoestrone derivatives exert
pronounced antiproliferative activity thanks to their influence on
microtubule formation from tubulin dimers [20].

The triazole ring can be regarded as a pharmacophore when
built onto a steroid and other types of skeletons in order to obtain
innovative antiproliferative agents. Several nonsteroidal triazole
derivatives are biologically active, including many that possess
antiproliferative and proapoptotic properties [21–24]. The most
frequent positions for substitution of the sterane skeleton are C-2,
C-3 and C-17. Moreover, steroids with a triazole moiety in different
positions have also been revealed to exert potent growth-
inhibitory effects [25–29]. Furthermore, incorporating a triazole
structure into the estrone skeleton may improve stability,
solubility and bioavailability of the compound [30]. A recent
study has shown that triazole substitution in position C-3
dramatically enhanced the antiproliferative activity of D-secoox-
ime derivatives [31].

These promising results encouraged us to continue and extend
our investigations of D-secoestrones. In view of the previously
mentioned most active secoalcohol, new analogs have been
designed and proliferation-inhibitory effects have been detected.
As expected, the derivatives with triazole substituents demon-
strated the most pronounced anticancer effect on several
malignant tumor cell lines tested [32].

Besides the antiproliferative and proapoptotic capacities, an
antimetastatic effect is another important characteristic in
question during the investigation of the anticancer mechanism
of new compounds. The presence of metastasis is highly associated
with poor patient prognosis, and the most frequent cause of cancer
death [33]. Metastasis formation is a complex, multistage process,
including changes in cell adhesion, migration and invasion [33,34].
The antimetastatic activity of the anticancer compounds is a major
highlight of tumor-specificity as antimetastatic drugs have no
cytotoxic effect on intact cells (i.e. on cells without motility
changes). Previous studies have revealed that 17b-estradiol may
induce cell invasion via the PI3K signaling pathway in cervical [35],
endometrial [36] and ovarian cancer [37] cell lines. In addition, it
has been reported that the above-mentioned A-ring-modified
estrogen metabolite, 2-ME, has an antimetastatic effect on several
cancer cell lines [38,39]. Stander et al. have reported that another
synthetic sulfamoylated estrogen analog also has an antimetastatic
potential, associated with the acidotic microenvironmental con-
ditions in tumors [40]. To date, there has been no detailed
investigation of the effects of secoestrogens on cell motility.

The aim of the present study was to characterize the
mechanism of action of D-secoestrone-triazole (D-SET), the most
active member of a recently designed and synthetized D-
secoestrone library on three cervical cancer cell lines with different
pathological backgrounds. Besides investigating its antiprolifer-
ative activity, we also examined the changes in nuclear morphol-
ogy, the alterations in cell cycle progression, and the proapoptotic
properties of the test compound. We also investigated its action on
cell migration and invasion, to reveal D-SET’s influence on cancer
cells motility.

2. Materials and methods

2.1. Chemicals

D-SET was synthetized as described elsewhere [32]. Its
chemical structure is presented in Fig. 1. All other chemicals and
kits, if otherwise not specified, were purchased from Sigma Aldrich
Ltd. (Budapest, Hungary).

2.2. Cell cultures

The human cervical cancer cell line HeLa (HPV 18+ adenocarci-
noma) was purchased from ECACC (European Collection of Cell
Cultures, Salisbury, UK), while SiHa (HPV 16+ squamous cell
carcinoma) and C-33 A (HPV negative carcinoma) were purchased
from ATCC (American Tissue Culture Collection, Manassas,
Virginia, USA) [41]. The cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% heat-inactivated
fetal calf serum (FCS), 1% non-essential aminoacids, and 1%
penicillin-streptomycin. All media and supplements were obtained
from Lonza Group Ltd. (Basel, Switzerland). The cells were
maintained at 37 �C in humidified atmosphere containing 5% CO2.

2.3. Antiproliferative MTT assay

The growth-inhibitory activity of D-SET was determined by
standard MTT dye uptake methods on three cervical cancer cell lines
with differences in HPV status: HeLa, C-33 A and SiHa cells.
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Experiments were carried out in the same way as described
previously [32]. Briefly, cells were plated into 96-well plates at a
density of 5000 cells/well in the cases of HeLa and SiHa, and 10,000
cells/well in the case of C-33 A, and incubated with increasing
concentrations of D-SET (0.1–30.0 mM) under cell-culturing con-
ditions. After incubation for 72 h, 5 mg/ml MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide) solution was added
and the samples were incubated for another 4 h. The precipitated
formazan crystals were dissolved in dimethyl sulfoxide and the
absorbance was measured at 545 nmwith a microplate reader. Wells
with untreated cells were utilized as control [42]. Cisplatin was used
as a positive control in the same concentration range as the test
compound. Sigmoidal dose–response curves were fitted to the
measured points, and IC50 values were calculated by means of
GraphPad Prism 5.01 (GraphPad Software, San Diego, CA, USA).

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

HOPI staining was performed as described earlier [43] with
minor modifications. HeLa and C-33 A cell lines were seeded in 96-
well plates, at a density of 3000–5000 cells/well. Cells were treated
with increasing concentrations of the test compound in quintuple.
After incubation for 24 h, Hoechst 33258 (HO) and propidium
iodide (PI) were added directly to the cells in final concentrations
of 5 mg/ml and 3 mg/ml, respectively. After incubation for 60 min at
37 �C under 5% CO2, 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
(excitation: 500/20 nm bandpass filter, emission: 520 nm longpass
filter and 515 nm dichromatic mirror). This method allows a
distinction between early apoptosis and secondary necrosis based
on the cells’ nuclear morphology and the integrity of the
membranes. of the solution of HO dye is known to permeate into
the nuclei of all the cells, therefore the nuclei of all the living cells
reflect a homogeneous blue staining, while in response to the
apoptotic progress bright chromatin condensation and nuclear
fragmentation can be observed. PI uptake indicates the loss of
membrane integrity, and in the case of late-apoptosis or necrosis
the cell nuclei are therefore stained red. To detect the form of cell
death, two separate pictures were taken from the same field.

2.5. Cell cycle analysis by flow cytometry

To measure cellular DNA content, flow cytometric analysis was
performed. HeLa and C-33 A cells were seeded into 6-well plates at a
density of 300,000–400,000 cells/well. At 24 h after treatment, the
cells were washed twice with cold phosphate-buffered saline (PBS),
harvested with trypsin and centrifuged at 1500 rpm for 10 min. After
a washing step, the cells were fixed in 1 ml �20 �C 70% ethanol for
30 min. Samples were stained with 1.0 ml dye solution containing
0.02 mg/ml RNAse A, 0.1 mg/ml PI, 0.003 ml/ml Triton-X and 1.0 mg/
mlsodiumcitrate indistilledwater,andthemixturewasincubatedin
the dark for 60 min at room temperature. Cells were analyzed by a
Partec CyFlow instrument (Partec GmbH, Münster, Germany). In
each analysis, 20,000 events were recorded, and the percentages of
the cells in the different cell cycle phases (subG1, G1, S and G2/M)
were determined by using ModFit Software. The subG1 fraction was
regarded as the apoptotic cell population [44].

2.6. Distinction of G2 and M phases by specific flow cytometry

To separate the G2/M population, M-phase-specific immuno-
cytochemical flow cytometry was performed. HeLa cells were
plated into 6-well plates and allowed to proliferate for 48 h. At 24 h
after the treatment with 1.0 mM test compound and 5 nM
paclitaxel as a positive control [45], cells were washed and
harvested as described above (in Section 2.5). Cells were
resuspended with PBS and a commercially available FlowCellectTM

Bivariate Cell Cycle Kit for G2/M Analysis (Millipore Co., Billerica,
MA, USA) was used. Briefly, cells were fixed with fixation buffer for
20 min at 4 �C and permeabilized with permeabilization buffer for
5 min at 4 �C. Cells were washed with 1 x assay buffer and stained
with anti-phospho-Histone H3 (Ser10) antibody conjugated with
Alexa Fluor 488 at 4 �C, for 1 h in the dark. Following another
washing step, freshly prepared PI/RNase solution was added and
allowed to stand in the dark for 30 min at room temperature.
Samples were analyzed by the Partec CyFlow instrument. In each
analysis, 20,000 events were recorded, and the data were analyzed
using Flowing Software 2.5.1 (Cell Imaging Core, Turku Centre for
Biotechnology, Turku, Finland). The phosphorylation of histone H3
at Ser10 correlates with the G2 to M phase transition. This
phosphorylation process is a prerequisite for chromatin conden-
sation; it proceeds during the metaphase, whereas the dephos-
phorylation occurs rapidly at the end of the mitosis. The used
antibody is therefore a reliable marker for the identification of cells
specifically in the M phase [46].

2.7. Determination of in situ caspase activity

Caspase-3 is one of the most critical effector enzymes of
apoptosis. To analyze the effects of caspase-3 activation, a
commercially available colorimetric assay (Casp-3-C) was per-
formed. 107 cells were seeded in tissue culture flasks. On the
second day, the cells were treated with D-SET at concentrations of
0.3 mM or 1.0 mM. After incubation for 24 h, cells were counted,
centrifuged and washed with PBS. The cells were resuspended in
kit lysis buffer at a concentration of 107 cells per 100 ml, and
incubated on ice for 20 min. The lysate was centrifuged and the
supernatant was used. The protein concentration of the lysate was
measured with the Pierce BCA Protein Assay Kit (Pierce Biotech-
nology, Rockford, IL, USA) and equal amounts of protein were used
for the measurement. In accordance with the manufacturer’s
protocol, 5.0 ml portions of treated and untreated cell lysates were
incubated with 10 ml selective caspase-3 substrate (acetyl-Asp-
Glu-Val-Asp-p-nitroanilide) in a final volume of 100 ml in assay
buffer, in 96-well plates. After an overnight incubation at 37 �C, the
absorbance of p-nitroaniline was measured at 405 nm with a
microplate reader. Comparison of the absorbances of the p-
nitroaniline from treated and untreated samples allowed deter-
mination of the fold increase in caspase-3 activity.

2.8. Tubulin polymerization assay

The cell-independent direct effect of the test compound on
tubulin polymerization was tested in vitro, using a commercially
available Tubulin Polymerization Assay Kit (Cytoskeleton Inc.,
Denver, CO, USA), according to the manufacturer’s recommenda-
tion. The concentration of paclitaxel was defined in the manu-
facturer’s protocol, while the used concentration of the test
compound was selected based on the IC50 values of PAC and D-SET.
Briefly, 10 ml of a 1 mM solution of D-SET, and 10 ml each of
paclitaxel, and general tubulin buffer (as positive and negative
controls) were placed on prewarmed UV transparent microplates.
100 ml of 3.0 mg/ml tubulin in 80 mM PIPES pH 6.9, 2 mM MgCl2,
0.5 mM EGTA, 1 mM GTP, and 10.2% glycerol were added to each
sample, and the measurement was started immediately in a
prewarmed UV spectrophotometer (SpectroStarNano, BMG Lab-
tech, Ortenberg, Germany). A 50-min kinetic reaction was recorded
to determine the absorbance of tubulin solution at 340 nm per min.



Fig. 2. D-SET inhibits proliferation of HeLa and C-33A, but not SiHa cell lines.
Antiproliferative dose–response curves are presented as percentages of cell
inhibition on HeLa, C-33A and SiHa cell lines after incubation for 72 h, measured
by MTT assay. Data are means � SEM, the calculated IC50 values are from three
separate experiments, n = 5.
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For the statistical analysis, the maximum rate (Vmax,
Dabsorbance/min) was calculated from the kinetic curve. Vmax

is the highest difference of the absorbance between two successive
time points of the kinetic curve.

2.9. Analysis of cell migration using the wound healing assay

To analyze the migratory capacity of HeLa cells, the wound
healing assay was used. The assay was performed with specific
wound assay chambers (ibidi GmbH, Martinsried, Germany). HeLa
cells were trypsinized and 35,000 cells (100 ml of 350,000 cells/ml
cell suspension) were seeded into each chamber of the inserts [47].
After an overnight incubation for appropriate cell attachment at
37 �C under 5% CO2, the culture insert was removed. A washing step
with PBS was performed to remove nonadherent cells and debris.
Cells were treated with increasing concentrations of the test
compound in medium containing 1% FBS for 24 h. Migration of the
cells into the wound site was visualized by a phase-contrast
inverted microscope (Axiovert 40, Zeiss, Thornwood, NY, US).
Images were taken by a CCD camera at planned intervals to assess
the wound closure. The rate of migration was calculated as the ratio
of the wound closure in treated samples after 24 h and 0 h,
respectively as compared with the ratio of the wound closure in
untreated control samples after 24 h and 0 h, respectively.

2.10. Analysis of cell invasion by using the Boyden chamber assay

The invasion ability of HeLa cells was assessed by using the BD
BioCoat Matrigel Invasion Chamber with an 8 micron pore size PET
membrane with a thin layer of Matrigel Basement Matrix (BD
Biosciences, Bedford, MA, USA) according to the instructions of the
manufacturer. Briefly, HeLa cells were trypsinized, washed and
resuspended in serum-free medium. A total of 50,000 cells were
seeded into each top insert and 10% FBS-containing medium was
added into the bottom well as chemoattractant. After incubation
for 24 h at 37 �C under 5% CO2, the culture insert was removed and
non-invading cells were eliminated from the upper surface of the
membrane by scrubbing with a cotton swab. The inserts were
washed with PBS, fixed with cold methanol and stained with
crystal violet solution. The invading, stained cells, a minimum of 8
fields per insert were counted under a phase-contrast inverted
microscope. The rate of invasion was calculated from the invaded
cell number of the treated samples as compared with the invaded
cell number of untreated control samples.

2.11. Statistical analysis

For statistical evaluation of the experimental data, GraphPad
Prism version 5.01 for Windows (GraphPad Software, San Diego,
CA, USA) software was used. Statistical significance was assessed
by one-way ANOVA with Dunnett post test for comparison of
multiple groups. A p value less than 0.05 was taken as significant.

3. Results

3.1. Antiproliferative MTT assay

The curves illustrating the growth-inhibition properties of the
D-SET on the three different HPV status cervical carcinoma cell
lines are presented in Fig. 2. The results show that D-SET exerts a
pronounced growth-inhibitory effect on HeLa cells with a 1.12 mM
IC50 value and on C-33 A cells with a 1.77 mM IC50 value, but it has
no substantial inhibitory potential on SiHa or MRC-5 (IC50 > 30 mM)
[32] after 72 h.
3.2. HOPI double staining

Morphological changes observed in HeLa and C-33 A cells
following D-SET treatment are shown in Fig. 3. Cells were treated
with the test compound in concentrations of 0.1–3.0 mM for 24 h.
The presence of living, early apoptotic and late-apoptotic or
necrotic cells were distinguished according to cell morphology and
membrane integrity. To detect the nature of cell death, two
separate pictures from the same field were taken. For both cell
lines the number of apoptotic cells increased after treatment for
24 h in a concentration-dependent manner relative to the
untreated controls. At lower concentrations (0.1 and 0.3 mM),
both HeLa and C-33A cells showed the signs of early apoptosis,
whereas at the higher concentrations (1.0 and 3.0 mM), the loss of
membrane integrity, and therefore increased rates of late-
apoptotic or necrotic cells could be observed.

3.3. Cell cycle analysis by flow cytometry

On the basis of their antiproliferative property and morpho-
logical changes, the cell cycle phase distribution of the treated cells
was determined (Fig. 4). HeLa and C-33 A cells were treated with
0.3 mM, 1.0 mM or 3.0 mM D-SET for 24 h, and the different cell
populations were analyzed. The results in the two cell lines with
different HPV status show a similar trend. The percentage of
hypodiploid cells (subG1 phase) increased significantly after
treatment with 1.0 mM or 3.0 mM of D-SET. Besides the increase
of the apoptotic subG1 phase, a significant and concentration-
dependent increase in the ratio of cells in the G2/M phase followed
by a G1 phase reduction was established in both cell lines (Fig. 4),
indicating a cell cycle blockade in the G2/M phase

3.4. Distinction of G2 and M phases by specific flow cytometry

We have decided to choose HeLa cells for our further experi-
ments, due to the lower IC50 value of D-SET. To distinguish the G2/
M cell population, immunocytochemical flow cytometric analysis
was performed on HeLa cells. It revealed that 1.0 mM D-SET
significantly increased the ratio of phosphorylated histone H3



Fig. 3. D-SET induces early apoptosis and secondary necrosis. Cells were assessed by cell morphology and membrane integrity on HeLa (A) and C-33 A (B) after 24 h and the
number of different cells is given as percentage rates. Results are means � SEM, n = 5. * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001 as compared with the
control cells. Non-significant changes are not indicated. Representative photos are presented as Supplementary figures.
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protein at position Ser 10 (Fig. 5), compared with the untreated
control cells, indicating cell accumulation in the M phase after
incubation for 24 h. This effect is similar to that of the well-known
mitotic blocking agent, paclitaxel.

3.5. Determination of in situ caspase activity

After considering the morphological and cell cycle changes, the
activity of caspase-3, the major effector enzyme of apoptosis, was
detected after treatment with 0.3 mM or 1.0 mM D-SET for 24 h. The
enzyme activity was significantly increased after incubation at
each applied concentration (Fig. 6).

3.6. Tubulin polymerization assay

During the M phase, the equilibrium between the polymeriza-
tion and degradation of microtubuli from tubulin dimers has an
important role in cell division [48]. The direct effect of D-SET on
tubulin polymerization is shown in Fig. 7. The kinetic curves
indicate that 100 mM D-SET accelerated tubulin polymerization in
the growth phase and increased the overall polymer mass of the
reaction (Fig. 7A), which was also reflected in the calculated Vmax

values. The test compound significantly increased the maximum
rate of microtube formation at 100 mM concentration (100-fold of
D-SET’s IC50),showing similar trend to 10 mM paclitaxel (1000-fold
of PAC’s IC50), a well-known microtubule stabilizer (Fig. 7B).

3.7. Analysis of cell migration using the wound healing assay

Besides the direct antiproliferative activity, another important
part of the mechanism of action can be the motility inhibiting
property of the compound. Thus, migrating behavior of the cells
was investigated by the wound healing assay. The untreated
control HeLa cells closed around 60% of the wound area generated
by the insert after 24 h. On the contrary, D-SET-treated cells failed



Fig. 4. D-SET increases subG1 population and causes G2/M blockade on HeLa and C-33A cell lines. The cell cycle distribution was examined after incubation for 24 h. Results
are means � SEM, and were calculated as described in Materials and Methods. * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001 as compared with the
control cells. Non-significant changes are not indicated.

Fig. 5. D-SET induces M phase accumulation of HeLa cells. (A) Statistical analysis of p-histone H3-positive cells. (B) Representative region analysis of flowing dot plot graph
(cells in the M phase are red-labelled). Results are means � SEM after incubation for 24 h, and were calculated as described in Materials and Methods section. *** indicates
p < 0.001 as compared with the control cells.
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Fig. 6. D-SET increases in situ caspase-3 activity in HeLa cells. The results show the
fold increases of the enzyme activity of the treated samples as compared with the
untreated controls after 24 h incubation with the test compound. The data are
means � SEM, n = 3. * indicates p < 0.05, *** indicates p < 0.001 as compared with
the control cells.
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to close the wound and inhibited the migration of HeLa cells in a
concentration–dependent manner. Notably, 0.3 mM D-SET induced
wound closure in 30% of wound area, while 1.0 and 3.0 mM solution
Fig. 7. D-SET enhances the tubulin polymerization in a cell-independent experimental sy
of tubulin polymerization which was calculated as described in Materials and Methods
duplicates. ** indicates p < 0.01, *** indicates p < 0.001 as compared with the negative 
of the test compound induced a wound closure covering only 10%
of the wound area (Fig. 8), leading to the conclusion, that D-SET
reaches its maximum antimigratory effect at a concentration of
1.0 mM.

3.8. Analysis of cell invasion by using the Boyden chamber assay

The anti-invasive effect of D-SET was examined with the
Matrigel-coated Boyden chamber. The Matrigel Basement Matrix
layer occludes the pores of the membrane, blocking the non-
invasive cells from migrating through the membrane. On the other
hand, it allows the invasive cells to detach and invade through the
membrane. After incubation for 24 h D-SET significantly inhibited
the invasion of HeLa cells as compared with the untreated controls
(Fig. 9). This inhibition was already present after the exposure of
0.1 mM test compound, and became stronger as the concentration
was raised.

4. Discussion

Natural and natural-related compounds are the most common-
ly used drugs worldwide; hence, the first anticancer agents with a
steroid structure were of herbal origin [49–55]. Besides natural
plant steroids, some endogenous steroid metabolites are also
reported to be potent antiproliferative agents [10–16,56].
stem, in vitro. (A) Kinetic curves of a 50-min kinetic reaction, and (B) maximum rate
 section. Results are means � SEM of the data on two separate measurements with
control samples.



Fig. 8. D-SET inhibits the migratory capacity of HeLa cells. (A) The rate of migration was calculated as described in Materials and Methods. (B) Representative images of the
migrating cells in 0 h and 24 h. Results are mean values � SEM of the data on three separate measurements with triplicates. *** indicates p < 0.001 as compared with the
untreated control samples.
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Active natural compounds and their metabolites play an
important role for the design of novel, more effective drug
candidates for synthetic chemistry. The conventional receptor-
binding and activating capacity is an intriguing question of
compounds with steroid structure in their expected therapeutic
use. It has been described that D-homoestrone, does not exert
estrogenic effect in an in vivo uterotrophic assay system [57]. A
review of the literature, revealed data about a negative association
between the opened D-ring and the estrogen receptor (ER)-binding
capacity. Anstead et al. summarized the criteria for ER binding and
concluded that the integrity of the D-ring is necessary for a high
receptor affinity. Especially that C14–C17 are cavity vertices with a
favorable interaction, and that the C15-C16-C17 crescent should be
at the appropriate position, and therefore that the fragmentation of
the D-ring in secoestradiol derivatives may lead to a decrease or
total loss of affinity for estrogen-receptor [58]. Additionally,
observations by Jovanovic-Santa et al. confirmed that numerous
newly synthetized and investigated D-secoestrogen derivatives
undergo a totally loss of estrogen activity [17–19,59].
Our previous studies demonstrated that D-ring modification in
the estrogen structure can cause a potent antiproliferative effect in
vitro [20,32,57,60]; we also reported about the considerable
antitumor effects of several D-secoestrone derivatives in eight
different reproductive cancer cell lines [32]. Among these analogs,
a compound with a 3-triazole substituent (D-SET) was found to the
most effective on cervical carcinoma cell lines, while it has no
significant inhibitory effect on the non-cancerous human fetal lung
fibroblast (MRC-5) cells. We also reported that the antiproliferative
effectivity and tumor selectivity of D-SET is more potent than that
of cisplatin [61], a drug regularly used in cervical tumor therapy
[32]. In view of these data, we performed antiproliferative assays of
D-SET on cervical cancer cell lines with differences in HPV status
(HeLa, HPV 18+, SiHa, HPV 16+, C-33 A HPV negative). Our study
revealed that D-SET may exert potent anticancer effects on HPV-
negative and HPV18+ cervical cells, with a pronounced proaptotic
activity as demonstrated by our HOPI double staining and flow
cytometric cell cycle analysis, but it exhibits no antiproliferative
effect on HPV16-infected SiHa cells. A possible explanation of why



Fig. 9. D-SET inhibits the cell-invasion capacity of HeLa cells through Matrigel-coated Boyden chambers. (A) Statistical analysis of the percentage of invasive cells after
incubation for 24 h with the test compound. (B) Images from a visual field of one representative experiment. Results are mean values � SEM of the data on three separate
measurements with duplicates. ** indicates p < 0.01, *** indicates p < 0.001 as compared with the untreated control samples.
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D-SET is able to induce apoptosis in both HeLa and C-33 A cells, but
has no inhibitory effect on cell growth on SiHa cell population may
lie in the different levels of apoptotic proteins, depending on the
HPV status. Hougardy et al. reported that the levels of expression of
the mitochondrial related proapoptotic proteins Bid and Bcl-2 are
much lower in SiHa than in HeLa and C-33 A cells. Bid is an
essential factor for mitotic pathway activation and also an
intermediate between the extrinsic and intrinsic apoptotic path-
ways [62]. Additionally, Aguilar-Lemarroy et al. reported that
HPV16-carrying cells were remarkably resistant to CD95-mediated
apoptosis as a result of lacking Bcl-2 expression, and that SiHa cells
failed to recruit FADD and pro-caspase-8 through the death
effector domain because in SiHa cells FADD is missing from the
death inducing signaling complex (DISC). Therefore the inability to
build up a functional DISC [63] and the lack of Bid and Bcl-2
expression may explain why SiHa cells can avoid apoptotic signals,
and why they showed no changes of cell growth after D-SET
treatment, while pronounced growth inhibitory and proapoptotic
effect of D-SET were evident on the other two (HeLa and C-33 A)
cervical cell lines.

To investigate the mechanism of antiproliferative action, the
apoptosis-inducing effect of D-SET was first proven by three
independent methods, including HOPI double staining, measure-
ment of caspase-3 activity and cell cycle analyses. Morphological
changes detected after incubation for 24 h have confirmed the
proapoptotic effect of D-SET, and a concentration–dependent
increase in the number of cells with condensed DNA and Hoechst
accumulation have been observed in both HeLa and C-33 A cells.
Increasing concentration leads to the presence of late apoptotic or
secondary necrotic cells, showing a loss of membrane function
visualized by PI. Caspase-3 is a critical executive enzyme of the
apoptotic process, and therefore after the morphological evidence,
enhanced caspase-3 activation have been observed in HeLa cells
after a 14 h-treatment with D-SET, indicating that D-SET is able to
provoke apoptotic enzyme production besides the chromatin
changes. Furthermore, after incubation with 1.0 mM and 3.0 mM D-
SET for 24 h, progressive DNA content elimination has been
observed both in HeLa and C-33 A cells as demonstrated by flow
cytometric analyses. This elimination is related to the apoptotic
process occurring as an increased ratio of the subG1 population
[44]. All of these results suggest that D-SET possesses a potent
proapoptotic activity, resulting in apoptotic attributes, such as
specific morphological changes and DNA fragmentation seen on
HeLa and C-33 A cells, as well as caspase activation, demonstrated
on HeLa cells.

Cell cycle analyses also provided some important details about
the mechanism of action of D-SET. After incubation for 24 h both of
the sensitive cell lines (HeLa and C-33 A) showed a significant
elevation of cell number in the G2/M phase, indicating a cell cycle
blockade at G2/M. These results are similar to those previously
reported on other steroid analogs such as the natural steroid
alkaloid solanidine, the natural estrogen metabolite 2-ME or the
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synthetic D-homoestrone [12,55,57]. For a precise distinction
between the G2 and M phases, phosphorylated histone-H3 (Ser10)
was measured after D-SET treatment. During the M phase,
chromatin condensation is one of the most important steps in
the preparation for cell division, and the phosphorylation of H3 is
constitutively activated in the metaphase, while at the end of the
mitosis a rapid dephosphorylation of H3 occurs [46]. While the
previously mentioned steroid analogs can all cause G2/M phase
arrest, their detailed mechanisms are different. However, it has
been reported that D-homoestrone can trigger G2 phase blockade
with a checkpoint failure, 2-ME is related with abnormal spindle
formation during the M-phase [14,60]. In our study, D-SET
treatment was found to significantly increase the proportion of
phosphorylated histone H3 protein, leading to the conclusion that,
it provokes a cell cycle blockade at the M-phase, similarly to the A-
ring substituted metabolite 2-ME.

Tubulin polymerization is an important and crucial process
during the mitosis. While 2-ME has been reported to inhibit the
polymerization through the colchicine-binding site of tubulin, in
contrast, some secoestrogens are able to enhance the formation of
microtubuli from tubulin dimers [20,64]. Correspondingly, we
investigated the direct effect of D-SET on tubulin polymerization in
vitro in a cell-independent system. D-SET significantly increased
the maximum rate of microtubule formation, and enhanced
tubulin polymerization as well as the overall polymer mass of the
reaction, just like the above-mentioned secoestrogens. As the
imbalance between polymerization and depolymerization of
microtubuli leads to the termination of cell division [65], this
shift in either direction is utilized in tumor therapy (agents with
these mechanism of action include the depolymerizing agent
nocodasole or the tubulin-polymerizing agent paclitaxel). D-SET
shifts the dynamic equilibrium between tubulin dimers and
microtubule formation towards microtubule assembly and stabili-
zation, resulting in an aberrant mitosis. As a consequence, cells
cannot progress the cell cycle progression and accumulate at the
M-phase; triggering an apoptotic cell death. Invasive growth and
metastasis formation are the main manifestations of tumor
progression, where cell invasion is a key factor for further cancer
progression and the appearance of distant metastasis. The
dissemination of cancer cells from the primary tumor to a distant
organ can lead to severe organ failure and the patient’s death
[33,66,67]. Our findings reveal that, beside its antiproliferative,
proapoptotic and tubulin inhibiting activies, D-SET also has a
potent anti-migratory capacity after incubation for 24 h, resulting
from its significant inhibitory effects on cell migration and
invasion. We have also demonstrated that the inhibition of cell
motility becomes obvious at a concentration of 0.1 mM, which is
below the antiproliferative concentration, and reaches its maxi-
mum near the IC50 value. Cell migration and invasion are two of the
initial steps of metastasis formation and our finding suggest that
D-SET can be a potent antimetastatic agent due to its migration and
invasion inhibiting effect. The previously mentioned A-ring
derivatives are reported to have potent anti-metastatic effects
[38–40], but no literature data are available on D-ring modified
analogs or on secoestrogens. Our study revealed that similarly to 2-
ME, D-SET also able to inhibit cancer cell motility, suggesting that
D-ring analogs may have an antimetastatic effect similarly that A–
ring derivatives. All of these findings establish the detailed
investigations into the changes of the metastatic cascade after
D-SET exposure, including studies of its anti-angiogenic or cell
adhesion inhibitory properties.

Our study is the first one to demonstrate the mechanism of
action of secoestrogens on tumor cells, clarifying our understand-
ing on how secoestrogens influence cell cycle, apoptosis and
motility of cancer cells.
In conclusion, our results have demonstrated that the D-SET is a
potent antiproliferative agent, which causes M phase blockade
during the cell cycle by stabilizing tubulin polymers, leading to
programmed cell death. Besides its pro-apoptotic effect D-SET is
suggest to show antimetastatic potential in the investigated
cervical cancer cell lines. Based on the presented findings, D-SET
can be regarded as a new drug candidate with a promising new
mechanism of action among the antiproliferative steroids, and may
potentially allow the design of novel anticancer agents.
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Abstract: The syntheses of C-13 epimeric 3-[(1-benzyl-1,2,3-triazol-4-yl)methoxy]-D-secoestrones are
reported. Triazoles were prepared from 3-(prop-2-inyloxy)-D-secoalcohols and p-substituted benzyl
azides via Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC). The antiproliferative activities of the
products and their precursors were determined in vitro against a panel of human adherent cervical
(HeLa, SiHa and C33A), breast (MCF-7, MDA-MB-231, MDA-MB-361 and T47D) and ovarian (A2780)
cell lines by means of MTT assays. The orientation of the angular methyl group and the substitution
pattern of the benzyl group of the azide greatly influenced the cell growth-inhibitory potential of the
compounds. The 13β derivatives generally proved to be more potent than their 13α counterparts.
Introduction of a benzyltriazolylmethyl group onto the 3-OH position seemed to be advantageous.
One 13α compound containing an unsubstituted benzyltriazolyl function displayed outstanding
antiproliferative activities against three cell lines.

Keywords: antiproliferative effect; azide-alkyne cycloaddition; D-secoestrone; triazole

1. Introduction

Anticancer drug design based on synthetic modifications of naturally occurring biomolecules
may lead to nontoxic drug candidates with selective antitumoral potencies [1,2]. Estrone-based
anticancer agents are already utilized in therapy, but one of the most important requirements of these
drugs is a lack of original hormonal activity [3,4]. The literature provides evidence that inversion
of the configuration at C-13 or the opening of ring D of the estrane core may lead to the loss of
estrogenic activity [5–9]. We recently reported that 3-benzyl ethers of D-secoestrone alcohol or
oxime (compounds 1 and 2, Figure 1.) exert substantial in vitro cell growth-inhibitory action against
a number of cancer cell lines, with IC50 values in the low micromolar or submicromolar range [10,11].
Compounds 1 and 2 were diversified at several sites in the molecule, including different modifications
(etherifications, esterifications or debenzylations) at C-3 and/or C-17 and epimerization at C-13 (only
in the case of 2). It was concluded that the nature of the 3- and 17-functional groups exerts a great
impact on the antiproliferative behavior of the compounds. 3-Ethers proved to be more potent than
their 3-OH counterparts. Derivatives containing a 17-oxime function displayed more pronounced
cytostatic properties than those of 17-hydroxymethyl derivatives. 3-Hydroxy-D-secooxime 2, but not
the D-secoalcohol 1, was further derivatized by introducing a terminal alkyne function onto the 3-OH
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group by using propargyl bromide, and the resulting steroid alkyne was subjected to Cu(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) with different substituted benzyl azides. The triazole moiety is
frequently used as a linker in bioconjugates, because it is a good mimic of peptide bonding with high
proteolytic and metabolic stability [12–14]. Introduction of a triazolyl function into the oxime 2 led to
improved antiproliferative properties as compared with the 3-benzyl ether. The benzyltriazolylmethoxy
D-secooxime 3 (Figure 1) exerted substantial cell growth-inhibitory effects against several human cancer
cell lines.
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The abovementioned outstanding results suggested that it might be useful to introduce the
benzyltriazolyl function onto other positions of the D-secoestrone scaffold. In a continuation
of our earlier work, we focused herein on the synthesis of steroidal alkynes bearing a terminal
alkyne function on the opened ring D. The D-secoestrone 17-carboxylic acids were reacted with
propargylamine using peptide coupling reagents [15]. The reactions were carried out in both the 13α-
and the 13β-estrone series in order to obtain more compounds for structure-activity determinations.
The resulting N-propargyl 17-carboxamides were reacted with small molecule azides, such as
substituted benzyl azides, and the resulting triazoles were evaluated for their antiproliferative activities
against several human reproductive cancer cell lines. The activities of the compounds depended
greatly on the substitution pattern of the aromatic ring of the benzyl azide moiety. 3-Benzyl ethers
of 13β-(p-alkylbenzyl)triazoles displayed outstanding selective antiproliferative potential against
A2780 cells.

There are already a number of literature examples of the synthesis of antiproliferative steroidal
triazoles formed mainly from steroid azides and small molecule alkynes, such as phenylacetylenes.
It has been found that the cytostatic activity of the resulting triazoles depends considerably on the
substitution pattern of the phenyl group of the acetylene [16–22].

In view of the abovementioned recent results, we aimed to introduce the benzyltriazolylmethoxy
moiety onto the 3-OH group of the C-13 epimeric D-secoalcohols. The synthesis of the D-secoestrone
alkynes were first planned at position C-3, followed by the CuAAC reactions of the secosteroidal
alkynes with substituted benzyl azides. The next goal was to perform comparative investigations of
the in vitro antiproliferative activities of the products and their precursors by means of MTT assays
against a panel of human adherent cervical (HeLa, SiHa and C33A), breast (MCF-7, MDA-MB-231,
MDA-MB-361 and T47D) and ovarian (A2780) cell lines. Our main objective was to establish some
structure-activity relationship, focusing particularly on the C-13 epimeric character of the compounds.

2. Results

We first synthesized steroidal alkynes in both the 13α- and the 13β-D-secoestrone series (Scheme 1).
After removal of the benzyl protecting group of compounds 1 or 6 by hydrogenolysis, an excess of
propargyl bromide was added in the presence of K2CO3, leading to the 3-(prop-2-inyloxy)-17-alcohols
9 or 10. The terminal alkynes 9 or 10 were reacted with benzyl azide (11a) or its substituted derivatives
11b–e under recently published CuAAC reaction conditions [20], furnishing the desired triazolyl
compounds 12a–e or 13a–e in high yields. The structures of the triazoles were established from the
corresponding 1H- and 13C-NMR spectra.
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Scheme 1. Synthesis of D-secoestrone derivatives (12a–e and 13a–e). Reagents and conditions: (i) 5 equiv.
KBH4, CH2Cl2:MeOH = 1:1, 0 ˝C—r.t., 0.5 h; (ii) H2 (20 bar), Pd/C, EtOAc, 3 h; (iii) propargyl bromide
(1.5 equiv.), K2CO3 (7 equiv.), acetone, 70 ˝C, 24 h; (iv) CuI (0.05 equiv.), Ph3P (0.1 equiv.), DIPEA
(3 equiv.), toluene, reflux, 2 h.

The cell growth-inhibitory activities of the triazoles and their precursors were determined in vitro
against a panel of human adherent cervical (HeLa, SiHa and C33A), breast (MCF-7, MDA-MB-231,
MDA-MB-361 and T47D) and ovarian (A2780) cell lines by means of MTT assays (Table 1). The 3-benzyl
ether of the 13β-D-secoalcohol 1 selectively inhibited the growth of MCF-7 cells, with inhibition values
>80% at 10 µM. Its C-13 epimer 6 at 10 µM displayed <50% inhibition on all the examined cell lines.
The 3-OH derivatives 7 and 8 exerted low antiproliferative potentials at both concentrations (even
at 30 µM). Among the propargyl derivatives 9 and 10, only the 13β epimer 9 inhibited the growth
of nearly all the cell lines by >50% at 30 µM. As concerns the triazoles, 12a displayed the highest
antiproliferative activity against A2780, HeLa and C33A, with inhibition values >80% at 10 µM.
The p-methyl derivative 12b displayed somewhat lower potential against the abovementioned cell
lines. Compounds 12c and 12d inhibited the growth of only two cell lines (A2780 and C33A) by
>80% at 30 µM. The 13α-epimeric triazole 13a displayed substantial antiproliferative potential against
A2780, Hela and C33A. 13b inhibited the growth of nearly all cell lines by >50% at 30 µM. The other
13α-epimeric triazoles 13c–e did not influence the growth of the cell lines effectively.

Compound 12a displayed limited growth inhibition against noncancerous human fibroblast cell
line (MRC-5) with values <30% even at 30 µM.

3. Discussion

The benzyl protecting groups of the D-secoalcohols 1, 6 in both the 13α- and the 13β-D-secoestrone
series were removed by hydrogenolysis, using Pd/C as a catalyst. The saturation of the δ-alkenyl
side-chain occurred simultaneously. The resulting 3,17-diols 7 and 8 were selectively alkylated
at their 3-OH functions, taking advantage of the more acidic behavior of the phenolic over the
alcoholic OH groups. The propargylations led to the desired terminal alkynes 9 or 10 in high yields.
The steroidal alkynes were subjected to azide-alkyne cycloadditions under the earlier published
reaction conditions [20], using a catalytic amount of CuI and PPh3 as an accelerating ligand.
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Table 1. Antiproliferative properties of the synthesized compounds. Mean value from two independent determinations with five parallel wells; standard
deviation <15%.

Comp. Conc. (µM) Inhibition (%) ˘ SEM (Calculated IC50) 1

A2780 Hela SiHa C33A MCF-7 T47D MDA-MB-231 MDA-MB-361

1
10 42.3 ˘ 0.9 31.4 ˘ 1.6 - 2 39.2 ˘ 0.6 81.3 ˘ 0.7 26.1 ˘ 2.0 - 28.2 ˘ 0.4

30 97.5 ˘ 0.1 97.9 ˘ 0.3 84.3 ˘ 0.9 86.9 ˘ 0.7
97.4 ˘ 0.3

87.2 ˘ 0.9 84.5 ˘ 0.9 87.6 ˘ 0.4(6.4)

6
10 43.6 ˘ 2.4 20.1 ˘ 1.8 - 40.4 ˘ 2.1 - - - -
30 55.4 ˘ 2.5 60.3 ˘ 1.4 49.7 ˘ 1.4 53.8 ˘ 1.1 36.4 ˘ 1.2 59.6 ˘ 0.8 49.3 ˘ 1.6 77.2 ˘ 1.3

7
10 - - - 40.5 ˘ 0.8 24.3 ˘ 2.6 - - -
30 35.1 ˘ 0.8 40.7 ˘ 1.7 - 42.3 ˘ 1.8 51.6 ˘ 2.9 - - -

8
10 - 23.7 ˘ 0.9 - - - - - -
30 - 64.5 ˘ 1.1 - - - 23.0 ˘ 1.7 - -

9
10 22.4 ˘ 1.0 21.5 ˘ 0.8 - 30.0 ˘ 1.1 - - 36.8 ˘ 2.7 -
30 70.7 ˘ 0.4 89.3 ˘ 1.9 84.5 ˘ 0.5 70.1 ˘ 0.7 52.5 ˘ 1.0 37.7 ˘ 1.3 81.0 ˘ 1.1 59.0 ˘ 2.9

10
10 - - - - - - - -
30 29.7 ˘ 1.9 36.9 ˘ 1.8 - 39.9 ˘ 1.1 23.3 ˘ 0.6 45.5 ˘ 0.6 28.2 ˘ 2.2 -

12a
10 81.5 ˘ 1.1 85.4 ˘ 0.3 21.2 ˘ 1.1 90.0 ˘ 0.3 66.3 ˘ 0.3 51.0 ˘ 1.1 53.5 ˘ 1.2 59.3 ˘ 1.4

30
88.0 ˘ 0.1 91.7 ˘ 0.3

34.5 ˘ 1.2
95.1 ˘ 0.2 74.5 ˘ 1.7

54.4 ˘ 1.8 59.6 ˘ 1.8 45.2 ˘ 1.1(0.9) (1.1) [23] (1.8) [23] (1.5)

12b
10 96.8 ˘ 0.2 52.6 ˘ 0.9 48.1 ˘ 0.8 86.8 ˘ 0.8 71.6 ˘ 1.0 65.7 ˘ 1.4 58.3 ˘ 0.7 87.2 ˘ 0.5

30
97.4 ˘ 0.1

65.4 ˘ 0.9 64.3 ˘ 1.0
93.9 ˘ 0.9 73.9 ˘ 1.0

66.4 ˘ 1.2
86.1 ˘ 0.3 89.3 ˘ 1.1

(3.8) (5.0) (5.0) (8.3) (4.4)

12c
10 83.3 ˘ 0.5 27.1 ˘ 1.7 - 57.5 ˘ 1.8 - - 33.6 ˘ 0.8 47.1 ˘ 2.9

30
93.4 ˘ 0.1

66.0 ˘ 2.4 35.6 ˘ 0.3
84.6 ˘ 0.9

66.1 ˘ 1.7 53.0 ˘ 1.6 48.9 ˘ 0.7 45.6 ˘ 0.6(5.4) (8.3)

12d
10 20.5 ˘ 1.2 30.9 ˘ 3.0 - 25.3 ˘ 1.5 - - - -
30 29.0 ˘ 2.0 45.9 ˘ 1.1 - 64.0 ˘ 1.8 29.5 ˘ 2.7 28.9 ˘ 0.9 - 45.5 ˘ 1.2

12e
10 86.4 ˘ 0.3 46.3 ˘ 2.5 25.5 ˘ 2.0 81.4 ˘ 1.9 61.1 ˘ 1.6 41.5 ˘ 2.0 49.8 ˘ 0.7 47.5 ˘ 0.7

30
89.6 ˘ 0.3

72.5 ˘ 1.1 23.2 ˘ 1.2
88.9 ˘ 0.6 63.4 ˘ 0.9

49.7 ˘ 2.5 48.8 ˘ 0.9 46.7 ˘ 1.0(4.6) (5.4) (6.6)
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Table 1. Cont.

Comp. Conc. (µM) Inhibition (%) ˘ SEM (Calculated IC50) 1

A2780 Hela SiHa C33A MCF-7 T47D MDA-MB-231 MDA-MB-361

13a
10 73.4 ˘ 0.9 70.0 ˘ 0.7 41.8 ˘ 1.7 80.0 ˘ 0.5 39.4 ˘ 1.2 36.6 ˘ 0.7 38.2 ˘ 2.2 65.8 ˘ 1.0

30
83.8 ˘ 0.8 90.9 ˘ 0.3

37.1 ˘ 1.0
93.9 ˘ 0.1

73.8 ˘ 1.1 69.1 ˘ 0.6 59.7 ˘ 1.6 48.6 ˘ 1.4(3.0) (5.3) (4.4)

13b
10 54.3 ˘ 0.8 33.9 ˘ 1.1 - 26.6 ˘ 1.8 - 43.2 ˘ 0.3 36.7 ˘ 1.8 -

30
81.0 ˘ 0.1

74.4 ˘ 0.9 49.4 ˘ 0.8 86.1 ˘ 0.6 65.6 ˘ 1.9 89.3 ˘ 0.8 56.8 ˘ 1.2 48.7 ˘ 1.0(9.8)

13c
10 - 21.3 ˘ 2.3 - - - - - -
30 52.7 ˘ 1.9 40.6 ˘ 0.9 - 41.7 ˘ 1.2 20.1 ˘ 0.8 39.4 ˘ 1.7 28.1 ˘ 0.7 25.7 ˘ 2.8

13d
10 20.0 ˘ 1.9 24.4 ˘ 1.3 - 26.1 ˘ 0.9 - - - -
30 44.8 ˘ 1.1 36.9 ˘ 0.8 23.0 ˘ 1.2 66.3 ˘ 0.6 30.8 ˘ 1.7 44.4 ˘ 1.7 37.5 ˘ 1.6 40.3 ˘ 2.1

13e
10 - - - - - - - -
30 29.1 ˘ 2.3 48.3 ˘ 2.0 - 34.2 ˘ 1.3 - 22.8 ˘ 1.9 - -

Cisplatin
10 83.6 ˘ 1.2 42.6 ˘ 2.3 88.6 ˘ 0.5 83.8 ˘ 0.8 66.9 ˘ 1.8 51.0 ˘ 2.0 - 67.5 ˘ 1.0

30
95.0 ˘ 0.3 99.9 ˘ 0.3 90.2 ˘ 1.8 94.0 ˘ 0.6 96.8 ˘ 0.4 57.9 ˘ 1.5 71.5 ˘ 1.2 87.8 ˘ 1.1

(1.3) (12.4) (7.8) (3.7) (5.8) (9.8) (19.1) (3.7)
1: Mean value from two independent determinations with five parallel wells; standard deviation <15%; 2: Inhibition values <20% are not presented.
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All the CuAACs furnished the triazoles 12a–e or 13a–e in excellent yields. The orientation of the
angular methyl group and the substitution pattern of the N-benzyl ring did not influence the yields of
the reactions, as it was expected.

From the comparison of the 1H-NMR spectra of the 3-benzyl ethers 1 and 6 with those of their
phenolic counterparts 7 and 8, the absence of the proton signals of the benzylic protecting group from
the aromatic region, and the presence of the singlet at around 9 ppm clearly indicates the successful
removal of the protecting group. In the 1H-NMR spectra of 9 and 10, the introduction of the propargyl
group onto the 3-O is supported by the singlet at 2.5 ppm, which relates to the terminal alkyne function,
and by the singlet of double intensity (the OCH2 group of the ether function). In the 13C-NMR spectra
of the triazoles 12a–e and 13a–e, the two OCH2 and the NCH2 carbon signals appear in the 55–70 ppm
range, indicating the presence of the N-benzyltriazolylmethoxy moiety on C-3. There are additional
quaternary carbon signals in the aromatic region of the spectra of the triazoles, belonging to the newly
introduced moiety. As concerns the epimeric character of the triazoles, C-18 in the 13β epimers 12a–e
appears at higher chemical shift (~25 ppm) than that in the 13α counterparts 13a–e (~16 ppm).

The results of the MTT assays of the 3-OH 7 and 8 or 3-ether compounds 1, 6, 9 and 10 revealed
their substantially lower inhibitory properties than those of some triazoles (Table 1). 3-OH derivatives
7, 8 exerted the lowest growth inhibition, thus the presence of the phenolic OH function in the
D-secoestrone seems to be disadvantageous. A bulky apolar benzyl or a smaller propargyl ether
protecting group on C-3 improved the antiproliferative behavior, leading to values >80% or >50% being
attained at 30 µM. Introduction of a triazolylmethyl linker between the oxygen on C-3 and the benzyl
protecting group seemed to be beneficial in both C-13 epimer series. As concerns the triazoles 12a–e
and 13a–e, the 13β epimers 12a–e displayed overall higher inhibitions than their 13α counterparts
13a–e. In both series, the most potent derivative 12a or 13a was that bearing an unsubstituted N-benzyl
group, as observed earlier in the case of the D-secooxime 3 [11]. The characterization of the mechanism
of the antiproliferative action of 12a on the three cervical cancer cell lines in under publication [23].
However, 12a displayed unusual behavior against the panel of breast cancer cell lines, with inhibition
levels <75% even at 30 µM. It can be stated that the presence of an electron-donating p-alkyl or
an electron-withdrawing p-nitro substituent on the N-benzyl ring of the triazoles 12c–e and 13c–e
usually proved to be detrimental for biological activity. The inhibitory effects decreased as the size
of the p-alkyl moiety increased. It may be noted that to date there have been no reports of the
13α-D-secoestrone derivatives with high antitumor activity.

The majority of cervical carcinomas originate from high-risk human papillomavirus (HPV)
infections of the epithelial layer of the cervix, including HPV-16, -18, -31 and -35 among others [24].
HeLa is known to be an HPV-18-positive cell line [25]. SiHa and C33A differ in HPV-16 status, since
only SiHa is infected by it. This pathological difference may cause a difference in antiproliferative
action of the compounds against these cell lines. Our test compounds did not significantly influence
the proliferation of SiHa cells, except in the cases of two ethers of the 13β epimer 1 or 9, with values of
>80% at 30 µM. However, several triazoles were similarly potent against HeLa or C33A, independently
of the HPV status of the cell lines.

Substantial differences in the growth-inhibitory potential of compound 1 were determined against
a panel of breast cancer cell lines differing in receptor status [26]. These cell lines included T47D
(expressing the estrogen, progesterone and androgen receptors), MDA-MB-361 (expressing the estrogen
receptor and HER2) and a triple-negative cell line, MDA-MB-231. Compound 1 proved to be selective
against cell line MCF-7. Since the other test compounds displayed similar activities against this cell
line panel, the receptor status of the cells seems irrelevant, as we earlier observed for certain recently
published D-homoestrones [27].

The cancer selectivity of one of the most promising compounds 12a was tested by means of the
same MTT assay, using non-cancerous human fibroblast cells MRC5. Compound 12a elicited growth
inhibition of 24.9% ˘ 4.9% (mean ˘ SEM) when applied at a final concentration of 30 µM. The reference
agent cisplatin at the same concentration caused a more substantial inhibition (70.7% ˘ 1.3%).
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On the basis of these results, it could be concluded that the selected compound displays limited
growth-inhibitory action against these non-cancerous cells, indicating some selective toxicity towards
fast growing cancer cells.

4. Materials and Methods

4.1. General Information

Melting points (mp) were determined with a Kofler hot-stage apparatus and are uncorrected.
Elemental analyses were performed with a CHN analyzer model 2400 (Perkin-Elmer, Waltham, MA,
USA). Thin-layer chromatography: silica gel 60 F254; layer thickness 0.2 mm (Merck, New York, NY,
USA); eluents: (A) 2% ethyl acetate/98% dichloromethane, (B) 10% ethyl acetate/90% dichloromethane;
detection with iodine or UV (365 nm) after spraying with 5% phosphomolybdic acid in 50% aqueous
phosphoric acid and heating at 100–120 ˝C for 10 min. Flash chromatography: silica gel 60, 40–63 µm
(Merck). 1H-NMR spectra were recorded in CDCl3 solution (if not otherwise stated) with a DRX-500
instrument (Bruker, Billerica, MA, USA) at 500 MHz, with Me4Si as internal standard. 13C-NMR
spectra were recorded with the same instrument at 125 MHz under the same conditions.

4.2. Chemistry

4.2.1. General Procedure for the Synthesis of 3-Benzyloxy-D-secoalcohols 1, 6

D-secoaldehyde 4 or 5 [10] (374 mg, 1.00 mmol) was dissolved in a 1:1 mixture of dichloromethane
and methanol (10 mL) in an ice-water bath and potassium borohydride (270 mg, 5.00 mmol) was added
in small portions. The mixture was allowed to stand at room temperature for 0.5 h, then diluted with
water and extracted with dichloromethane. The combined organic phases were washed with water
until neutral and dried over sodium sulfate. The crude product was subjected to flash chromatography
with dichloromethane as eluent.

3-Benzyloxy-13α-hydroxymethyl-14β-(prop-2-enyl)-des-D-estra-1,3,5(10)-triene (1). As described in
Section 4.2.1, D-secoaldehyde 4 (374 mg, 1.00 mmol) was reacted with potassium borohydride
(270 mg, 5.00 mmol). Compound 1 is identical with the compound described in the literature [10]:
oil, Rf = 0.53 (A). 1H-NMR δ ppm 0.80 (s, 3H, 18-H3), 2.85 (m, 2H, 6-H2), 3.30 and 3.61 (2ˆ m, 2ˆ 1H,
17-H2), 5.03 (m, 2H, 16a-H2), 5.04 (s, 2H, OCH2), 5.93 (m, 1H, 16-H), 6.73 (d, 1H, J = 2.3 Hz, 4-H), 6.79
(dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.22 (d, 1H, J = 8.5 Hz, 1-H), 7.32 (t, 1H, J = 7.3 Hz, 41-H), 7.38 (t,
2H, J = 7.3 Hz, 31-H and 51-H), 7.43 (d, 2H, J = 7.3 Hz, 21-H and 61-H).

3-Benzyloxy-13β-hydroxymethyl-14β-(prop-2-enyl)-des-D-estra-1,3,5(10)-triene (6). As described in
Section 4.2.1, D-secoaldehyde 5 (374 mg, 1.00 mmol) was reacted with potassium borohydride (270 mg,
5.00 mmol). Compound 6 was obtained as a white solid. Yield: 347 mg (92%). Mp 50–52 ˝C,
Rf = 0.47 (A). Anal. Calcd. for C26H32O2: C, 82.94; H, 8.57. Found: C, 83.05; H, 8.66. 1H-NMR
δ ppm 1.06 (s, 3H, 18-H3); 2.82 (m, 2H, 6-H2); 3.53 and 3.72 (2ˆ d, 2ˆ 1H, J = 10.8 Hz, 17-H2); 4.96–5.07
(overlapping multiplets, 4H, 16a-H2, OCH2); 5.87 (m, 1H, 16-H); 6.71 (s, 1H, 4-H); 6.79 (d, 1H, J = 8.3 Hz,
2-H); 7.21 (d, 1H, J = 8.3 Hz, 1-H); 7.32 (t, 1H, J = 6.9 Hz, 41-H); 7.38 (t, 2H, J = 7.1 Hz, 31-H and 51-H);
7.42 (d, 2H, J = 6.7 Hz, 21-H and 61-H), 13C-NMR δ ppm 25.3 (C-18); 26.5; 27.8; 30.3; 32.4; 35.6; 38.8; 41.2;
43.7; 50.7; 64.5 (C-17); 69.9 (OCH2); 112.4 (C-2); 114.5 (C-4); 114.6 (C-16a); 126.3 (C-1); 127.4 (2C:C-31,51);
127.8; 128.5 (2C:C-21,61); 133.0 (C-41); 137.3 (C-10); 137.9 (C-5); 140.2 (C-16); 156.8 (C-3).

4.2.2. General Procedure for the Synthesis of 3-Hydroxy-D-secoestrones 7, 8

A suspension of 1 or 6 (376 mg, 1.00 mmol) and Pd/C (0.30 g, 10%) in ethyl acetate (20 mL) was
subjected to 20 bar of hydrogen pressure at room temperature for 3 h. The catalyst was then removed
by filtration through a short pad of silica gel. After evaporation of the solvent in vacuo, the crude
product was subjected to flash chromatography with dichloromethane as eluent.
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3-Hydroxy-13α-hydroxymethyl-14β-propyl-des-D-estra-1,3,5(10)-triene (7). As described in Section 4.2.2,
compound 1 (376 mg, 1.00 mmol) was subjected to hydrogenolysis. Compound 7 is identical with
compound described in the literature [10]: Mp 60–62 ˝C, Rf = 0.17 (A). 1H-NMR δ ppm 0.77 (s, 3H,
18-H3), 2.82 (m, 2H, 6-H2), 3.35 and 3.52 (2ˆ d, 2ˆ 1H, J = 10.9 Hz, 17-H2), 6.56 (d, 1H, J = 2.3 Hz, 4-H),
6.63 (dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.16 (d, 1H, J = 8.5 Hz, 1-H).

3-Hydroxy-13β-hydroxymethyl-14β-propyl-des-D-estra-1,3,5(10)-triene (8). As described in Section 4.2.2,
compound 6 (376 mg, 1.00 mmol) was subjected to hydrogenolysis. The chromatographic purification
of the crude product yielded 8 as a white solid (268 mg, 93%). Mp 50-52 ˝C, Rf = 0.27 (A). Anal. Calcd.
for C19H28O2: C, 79.12; H, 9.78. Found: C, 79.25; H, 9.96. DMSO-d6

1H-NMR δ ppm 0.89 (t, 3H,
J = 6.7 Hz, 16a-H3); 1.17 (s, 3H, 18-H3); 2.69 (m, 2H, 6-H2); 3.19 and 3.48 (2ˆ m, 2ˆ 1H, 17-H2); 4.18 (s,
1H, 17-OH); 6.41 (s, 1H, 4-H); 6.50 (dd, 1H, J = 1.76 Hz, J = 8.2 Hz, 2-H); 7.04 (d, 1H, J = 8.5 Hz, 1-H);
8.96 (s, 1H, 3-OH), 13C-NMR δ ppm 14.4 (C-16a); 25.0; 25.2 (C-18); 26.3; 27.4; 29.8; 30.3; 35.1; 38.0; 41.3;
43.2; 50.8; 61.5 (C-17); 112.7 (C-2); 114.5 (C-4); 126.0 (C-1); 130.6 (C-10); 136.9 (C-5); 154.8 (C-3).

4.2.3. General Procedure for the Synthesis of 3-(Prop-2-inyloxy)-D-secoestrones 9, 10

3-Hydroxy-D-secoalcohol 7 or 8 (288 mg, 1.00 mmol) was dissolved in acetone (10 mL), propargyl
bromide (0.17 mL (80 wt % in toluene), 1.50 mmol) and potassium carbonate (968 mg, 7.00 mmol) were
added. The reaction mixture was stirred at 70 ˝C for 24 h, the solvent was evaporated off, and the
residue was subjected to flash chromatography with 2% ethyl acetate/98% dichloromethane as eluent.

3-(Prop-2-ynyloxy)-13α-hydroxymethyl-14β-propyl-des-D-estra-1,3,5(10)-triene (9). As described in
Section 4.2.3, 3-hydroxy-D-secoalcohol 7 (288 mg, 1.00 mmol) was reacted with propargyl bromide
(0.17 mL (80 wt % in toluene), 1.50 mmol). Compound 9 was obtained as a white solid (280 mg, 86%).
Mp 41-43 ˝C, Rf = 0.40 (A). Anal. Calcd. for C22H30O2: C, 80.94; H, 9.26. Found: C, 81.02; H, 9.35.
1H-NMR δ ppm 0.78 (s, 3H, 18-H3); 0.92 (t, 3H, J = 6.9 Hz, 16a-H3); 2.50 (s, 1H, C”CH); 2.86 (m, 2H,
6-H2); 3.34 and 3.52 (2ˆ d, 2ˆ 1H, J = 10.9 Hz, 17-H2); 4.66 (s, 2H, OCH2); 6.70 (d, 1H, J = 2.3 Hz, 4-H);
6.79 (dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H); 7.24 (d, 1H, J = 8.5 Hz, 1-H), 13C-NMR δ ppm 14.7 (C-16a);
15.9 (C-18); 25.0; 26.4; 27.5; 30.7; 31.2; 35.6; 38.7; 41.7; 43.5; 45.2; 55.7 and 71.3 (2ˆ OCH2); 74.9 (C”CH);
78.5 (C”CH); 112.4 (C-2); 114.5 (C-4); 126.6 (C-1); 133.8 (C-10); 138.1 (C-5); 155.4 (C-3).

3-(Prop-2-ynyloxy)-13β-hydroxymethyl-14β-propyl-des-D-estra-1,3,5(10)-triene (10). As described in
Section 4.2.3, 3-hydroxy-D-secoalcohol 8 (288 mg, 1.00 mmol) was reacted with propargylbromide
(0.17 mL (80 wt % in toluene), 1.50 mmol). Compound 10 was obtained as a white solid (271 mg, 83%).
Mp 41–43 ˝C, Rf = 0.50 (A). Anal. Calcd. for C22H30O2: C, 80.94; H, 9.26. Found: C, 80.87; H, 9.42.
1H-NMR δ ppm 0.92 (t, 3H, J = 6.9 Hz, 16a-H3); 1.03 (s, 3H, 18-H3); 2.50 (s, 1H, C”CH); 2.84 (m, 2H,
6-H2); 3.47 and 3.73 (2ˆ d, 2ˆ 1H, J = 10.9 Hz, 17-H2); 4.65 (s, 2H, OCH2); 6.68(d, 1H, J = 2.3 Hz, 4-H);
6.78 (dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H); 7.22 (d, 1H, J = 8.5 Hz, 1-H), 13C-NMR δ ppm 14.6 (C-16a);
24.9 (C-18); 25.5; 26.6; 27.7; 30.6; 31.0; 35.2; 38.6; 41.7; 43.7; 51.4; 55.7 and 64.1 (2ˆ OCH2); 75.2 (C”CH);
78.9 (C”CH); 112.4 (C-2); 114.5 (C-4); 126.5 (C-1); 133.8 (C-10); 137.9 (C-5); 155.4 (C-3).

4.2.4. General Procedure for the “Click” Reaction

To a stirred solution of 3-(prop-2-inlyoxy)-D-secoalcohol 9 or 10 (326 mg, 1.00 mmol) in toluene
(5 mL), PPh3 (52 mg, 0.20 mmol), CuI (19 mg, 0.10 mmol), DIPEA (0.52 ml, 3.00 mmol) and the
appropriate benzyl azide 11 (1 equiv., see [28–31] for their preparation) were added. The reaction
mixture was refluxed for 2 h, allowed to cool and evaporated in vacuo. The residue 12a–e, 13a–e was
purified by flash chromatography with 10% ethyl acetate/90% dichloromethane as eluent.

3-[{1-Benzyl-1H-1,2,3-triazol-4-yl}methoxy]-13α-hydroxymethyl-14β-propyl-des-D-estra-1,3,5(10)-triene (12a).
As described in Section 4.2.4, alkyne 9 (326 mg, 1.00 mmol) was reacted with benzyl azide 11a (133 mg,
1.0 mmol). Yield: 428 mg (93%). Mp 41-43 ˝C, Rf = 0.46 (B). Anal. Calcd. for C29H37N3O2: C, 75.78;
H, 8.11. Found: C, 75.94; H, 8.25. 1H-NMR δ ppm 0.77 (s, 3H, 18-H3); 0.92 (t, 3H, J = 6.9 Hz, 16a-H3);
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2.84 (m, 2H, 6-H2); 3.34 and 3.52 (2ˆ d, 2ˆ 1H, J = 10.9 Hz, 17-H2); 5.16 (s, 2H, OCH2); 5.53 (s, 2H,
NCH2); 6.69 (d, 1H, J = 2.3 Hz, 4-H); 6.77 (dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H); 7.21 (d, 1H, J = 8.5 Hz,
1-H); 7.28 (dd, 2H, J = 8.6 Hz, J = 2.9 Hz, 21-H and 61-H), 7.38 (overlapping multiplets, 3H, 31-H, 41-H
and 51-H); 7.52 (s, 1H, C=CH), 13C-NMR δ ppm 14.6 (C-18); 16.0 (C-16a); 25.0; 26.4; 27.4; 30.6; 31.2; 35.6;
38.7; 41.7; 43.5; 45.2; 54.2 (NCH2); 62.1 (OCH2); 71.3 (C-17); 112.4 (C-2); 114.4 (C-4); 122.5 (C=CH); 126.6
(C-1); 128.1 (2C: C-31,51); 128.8 (C-41); 129.1 (2C: C-21,61); 133.5 (C-10); 134.4 (C-11); 138.1 (C-5); 144.9
(C=CH); 156.0 (C-3).

3-[{1-(4-Methylbenzyl)-1H-1,2,3-triazol-4-yl}methoxy]-13α-hydroxymethyl-14β-propyl-des-D-estra-1,3,5
(10)-triene (12b). As described in Section 4.2.4, alkyne 9 (326 mg, 1.00 mmol) was reacted with
4-methylbenzyl azide 11b (147 mg, 1.00 mmol). Yield: 436 mg (92%). Mp 50-52 ˝C, Rf = 0.26 (B).
Anal. Calcd. for C30H39N3O2: C, 76.07; H, 8.30. Found: C, 75.92; H, 8.54. 1H-NMR δ ppm 0.77 (s, 3H,
18-H3); 0.91 (t, 3H, J = 6.9 Hz, 16a-H3); 2.35 (s, 3H, tolyl-CH3); 2.83 (m, 2H, 6-H2); 3.34 and 3.52 (2ˆ d,
2ˆ 1H, J = 10.9 Hz, 17-H2); 5.15 (s, 2H, OCH2); 5.48 (s, 2H, NCH2); 6.68 (d, 1H, J = 2.3 Hz, 4-H); 6.76
(dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H); 7.17-7.20 (overlapping multiplets, 6H, 1-H, C=CH, 21-H, 31-H, 51-H
and 61-H), 13C-NMR δ ppm 14.6 (C-18); 15.9 (C-16a); 21.1 (tolyl-CH3); 24.9; 26.4; 27.4; 30.6; 31.2; 35.6;
38.7; 41.7; 43.5; 45.3; 54.2 (NCH2); 62.1 (OCH2); 71.3 (C-17); 112.4 (C-2); 114.4 (C-4); 122.4 (C=CH); 126.5
(C-1); 128.2 (2C: C-31,51); 129.7 (2C: C-21,61); 131.3 and 133.5 (C-10 and C-41); 138.1 (C-5); 138.7 (C-11);
144.7 (C=CH); 156.0 (C-3).

3-[{1-(4-[Prop-2-yl]benzyl)-1H-1,2,3-triazol-4-yl}methoxy]-13α-hydroxymethyl-14β-propyl-des-D-estra-1,3,5
(10)-triene (12c). As described in Section 4.2.4, alkyne 9 (326 mg, 1.00 mmol) was reacted with
4-(prop-2-yl)-benzyl azide 11c (175 mg, 1.00 mmol). Yield: 452 mg (90%). Mp 41-43 ˝C, Rf = 0.30 (B).
Anal. Calcd. for C32H43N3O2: C, 76.61; H, 8.64. Found: C, 76.85; H, 8.76. 1H-NMR δ ppm 0.77 (s, 3H,
18-H3); 0.91 (t, 3H, J = 6.9 Hz, 16a-H3); 1.24 (d, 6H, 2ˆ prop-2-yl-CH3); 2.83 (m, 2H, 6-H2); 3.33 and 3.52
(2ˆ d, 2ˆ 1H, J = 10.9 Hz, 17-H2); 5.19 (s, 2H, OCH2); 5.50 (s, 2H, NCH2); 6.68 (d, 1H, J = 2.3 Hz, 4-H);
6.75 (dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H); 7.22-7.24 (overlapping multiplets, 5H, 1-H, 21-H, 31-H, 51-H
and 61-H); 7.55 (s, 1H, C=CH), 13C-NMR δ ppm 14.6 and 15.9 (C-18 and C-16a); 23.8 (2C: CH(CH3)2);
24.9; 26.4; 27.4; 30.6; 31.2; 33.8 (CH(CH3)2); 35.6; 38.7; 41.7; 43.5; 45.2; 54.0 (NCH2); 62.0 (OCH2); 71.2
(C-17); 112.3 (C-2); 114.3 (C-4); 122.5 (C=CH); 126.5 (C-1); 127.1 (2C: C-31,51); 128.2 (2C: C-21,61); 131.7
(C-11); 133.5 (C-10); 138.1 (C-5); 144.7 (C-41); 149.6 (C=CH); 156.1 (C-3).

3-[{1-(4-tert-Butylbenzyl)-1H-1,2,3-triazol-4-yl}methoxy]-13α-hydroxymethyl-14β-propyl-des-D-estra-1,3,5
(10)-triene (12d). As described in Section 4.2.4, alkyne 9 (326 mg, 1.00 mmol) was reacted with
4-tert-butylbenzyl azide 11d (189 mg, 1.00 mmol). Yield: 475 mg (92%). Mp 58-60 ˝C, Rf = 0.32 (B).
Anal. Calcd. for C33H45N3O2: C, 76.85; H, 8.79. Found: C, 75.98; H, 8.95. 1H-NMR δ ppm 0.77 (s, 3H,
18-H3); 0.91 (t, 3H, J = 6.9 Hz, 16a-H3); 1.31 (s, 9H, 3ˆ tBu-CH3); 2.83 (m, 2H, 6-H2); 3.33 and 3.52 (2ˆ d,
2ˆ 1H, J = 10.9 Hz, 17-H2); 5.18 (s, 2H, OCH2); 5.50 (s, 2H, NCH2); 6.68 (d, 1H, J = 2.3 Hz, 4-H); 6.77
(dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H); 7.20-7.24 (overlapping multiplets, 3H, 1-H, 21-H and 61-H); 7.39 (d,
2H, J = 8.1 Hz, 31-H and 51-H); 7.54 (s, 1H, C=CH), 13C-NMR δ ppm 14.7 and 15.9 (C-18 and C-16a);
24.9; 26.4; 27.4; 30.7; 31.1 (3C: C(CH3)3); 31.2; 34.6 (C(CH3)3); 35.6; 38.7; 41.7; 43.5; 45.2; 54.0 (NCH2);
62.1 (OCH2); 71.3 (C-17); 112.4 (C-2); 114.4 (C-4); 122.5 (C=CH); 126.0 (2C: C-31,51); 126.6 (C-1); 127.9
(2C: C-21,61); 131.3 (C-11); 133.5 (C-10); 138.1 (C-5); 144.8 (C-41); 151.9 (C=CH); 156.0 (C-3).

3-[{1-(4-Nitrobenzyl)-1H-1,2,3-triazol-4-yl}methoxy]-13α-hydroxymethyl-14β-propyl-des-D-estra-1,3,5(10)
-triene (12e). As described in Section 4.2.4, alkyne 9 (326 mg, 1.00 mmol) was reacted with 4-nitrobenzyl
azide 11e (178 mg, 1.00 mmol). Yield: 475 mg, 94%). Mp 65-67 ˝C, Rf = 0.20 (B). Anal. Calcd. for
C29H36N4O4: C, 69.02; H, 7.19. Found: C, 69.15; H, 7.02. 1H-NMR δ ppm 0.77 (s, 3H, 18-H3); 0.91 (t,
3H, J = 6.9 Hz, 16a-H3); 2.83 (m, 2H, 6-H2); 3.34 and 3.52 (2ˆ d, 2ˆ 1H, J = 10.9 Hz, 17-H2); 5.19 (s, 2H,
OCH2); 5.64 (s, 2H, NCH2); 6.67 (d, 1H, J = 2.3 Hz, 4-H); 6.76 (dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H); 7.21
(d, 1H, J = 8.5 Hz, 1-H); 7.40 (d, 2H, J = 8.6 Hz, 21-H, 61-H); 7.62 (s, 1H, C=CH); 8.22 (d, J = 8.6 Hz, 2H,
31-H, 51-H), 13C-NMR δ ppm 14.6 (C-18); 15.9 (C-16a); 24.9; 26.4; 27.4; 30.7; 31.2; 35.6; 38.7; 41.7; 43.5;
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45.2; 53.1 (NCH2); 62.0 (OCH2); 71.2 (C-17); 112.3 (C-2); 114.3 (C-4); 122.8 (CH=C); 124.3 (2C: C-31,51);
126.6 (C-1); 128.6 (2C: C-21,61); 133.7 (C-10); 138.2 (C-5); 141.5 and 145.5 (C-11 and C=CH); 148.1 (C-41);
155.9 (C-3).

3-[{1-Benzyl-1H-1,2,3-triazol-4-yl}methoxy]-13β-hydroxymethyl-14β-propyl-des-D-estra-1,3,5(10)-triene
(13a). As described in Section 4.2.4, alkyne 10 (326 mg, 1.00 mmol) was reacted with benzyl azide 11a
(133 mg, 1.00 mmol). Yield: 437 mg (95%). Oil, Rf = 0.19 (B). Anal. Calcd. for C29H37N3O2: C, 75.78; H,
8.11. Found: C, 75.93; H, 8.02. 1H-NMR δ ppm 0.89 (t, 3H, J = 7.2 Hz, 16a-H3); 1.00 (s, 3H, 18-H3); 2.80
(m, 2H, 6-H2); 3.44 and 3.70 (2ˆ d, 2ˆ 1H, J = 10.9 Hz, 17-H2); 5.13 (s, 2H, OCH2); 5.50 (s, 2H, NCH2);
6.66 (d, 1H, J = 2.4 Hz, 4-H); 6.73 (dd, 1H, J = 8.5 Hz, J = 2.1 Hz, 2-H); 7.16 (d, 1H, J = 8.5 Hz, 1-H);
7.24 (d, 2H, J = 7.6 Hz, 21-H and 61-H), 7.35 (overlapping multiplets, 3H, 31-H, 41-H and 51-H); 7.51 (s,
1H, C=CH), 13C-NMR δ ppm 14.5 (C-16a); 24.9 (C-18); 25.5; 26.6; 27.7; 30.5; 30.9; 35.2; 38.5; 41.6; 43.7;
51.4; 54.2 (NCH2); 62.0 and 64.0 (OCH2 and C-17); 112.3 (C-2); 114.3 (C-4); 122.5 (C=CH); 126.5 (C-1);
128.1 (2C: C-31,51); 128.8 (C-41); 129.1 (2C: C-21,61); 133.4 (C-10); 134.4 (C-11); 137.9 (C-5); 145.0 (C=CH);
156.0 (C-3).

3-[{1-(4-Methylbenzyl)-1H-1,2,3-triazol-4-yl}methoxy]-13β-hydroxymethyl-14β-propyl-des-D-estra-1,3,5
(10)-triene (13b). As described in Section 4.2.4, alkyne 10 (326 mg, 1.00 mmol) was reacted with
4-methylbenzyl azide 11b (147 mg, 1.00 mmol). Yield: 431 mg (91%). Mp 49-51 ˝C, Rf = 0.16 (B).
Anal. Calcd. for C30H39N3O2: C, 76.07; H, 8.30. Found: C, 75.94; H, 8.22. 1H-NMR δ ppm 0.90 (t,
3H, J = 7.5 Hz, 16a-H3); 1.02 (s, 3H, 18-H3); 2.36 (s, 3H, tolyl-CH3); 2.82 (m, 2H, 6-H2); 3.47 and 3.73
(2ˆ d, 2ˆ 1H, J = 10.9 Hz, 17-H2); 5.14 (s, 2H, OCH2); 5.48 (s, 2H, NCH2); 6.68 (s, 1H, 4-H); 6.76 (d, 1H,
J = 7.8 Hz, 2-H); 7.17 (overlapping multiplets, 6H, 1-H, C=CH, 21,31,51,61-H), 13C-NMR δ ppm 14.6
(C-16a); 21.1 (tolyl-CH3); 24.9 (C-18); 25.5; 26.6; 27.7; 30.5; 30.9; 35.2; 38.6; 41.7; 43.7; 51.4; 54.2 (NCH2);
62.0 and 64.1 (OCH2 and C-17); 112.4 (C-2); 114.3 (C-4); 122.4 (C=CH); 126.5 (C-1); 128.2 (2C: C-31,51);
129.8 (2C: C-21,61); 131.3 (C-41); 133.4 (C-10); 137.9 (C-5); 138.8 (C-11); 144.7 (C=CH); 156.0 (C-3).

3-[{1-(4-[Prop-2-yl]benzyl)-1H-1,2,3-triazol-4-yl}methoxy]-13β-hydroxymethyl-14β-propyl-des-D-estra-1,3,5
(10)-triene (13c). As described in Section 4.2.4, alkyne 10 (326 mg, 1.00 mmol) was reacted with
4-(prop-2-yl)-benzyl azide 11c (175 mg, 1.00 mmol). Yield: 462 mg (92%). Mp 47-49 ˝C, Rf = 0.19 (B).
Anal. Calcd. for C32H43N3O2: C, 76.61; H, 8.64. Found: C, 76.85; H, 8.53. 1H-NMR δ ppm 0.91 (t, 3H,
J = 6.8 Hz, 16a-H3); 1.02 (s, 3H, 18-H3); 1.24 (d, 2ˆ 3H, J = 11.4 Hz, 2ˆ prop-2-yl-CH3); 2.82 (m, 2H,
6-H2); 2.90 (m, 1H, prop-2-yl-CH); 3.47 and 3.73 (2ˆ d, 2ˆ 1H, J = 10.8 Hz, 17-H2); 5.15 (s, 2H, OCH2);
5.49 (s, 2H, NCH2); 6.68 (d, 1H, J = 2.2 Hz, 4H); 6.76 (dd, 1H, J = 8.6 Hz, J = 2.2 Hz, 2-H); 7.19–7.23
(overlapping multiplets, 5H, 1-H, 21,31,51,61-H); 7.57 (s, 1H, C=CH), 13C-NMR δ ppm 14.5 (C-16a); 23.8
(2C: CH(CH3)2); 24.8 (C-18); 25.5; 26.6; 27.7; 30.6; 31.0; 33.8 (CH(CH3)2); 35.2; 38.6; 41.7; 43.7; 51.4; 54.2
(NCH2); 62.1 (OCH2); 64.1 (C-17); 112.4 (C-2); 114.4 (C-4); 122.6 (C=CH); 126.5 (C-1); 127.2 (2C: C-31,51);
128.2 (2C: C-21,61); 131.7 (C-11); 133.4 (C-10); 137.9 (C-5); 149.7 (C-41); 150.1 (C=CH); 156.0 (C-3).

3-[{1-(4-tert-Butylbenzyl)-1H-1,2,3-triazol-4-yl}methoxy]-13β-hydroxymethyl-14β-propyl-des-D-estra-1,3,5
(10)-triene (13d). As described in Section 4.2.4, alkyne 10 (326 mg, 1.00 mmol) was reacted with
4-tert-butylbenzyl azide 11d (189 mg, 1.00 mmol). Yield: 470 mg (91%). Mp 58-60 ˝C, Rf = 0.32 (B).
Anal. Calcd. for C33H45N3O2: C, 76.85; H, 8.79. Found: C, 76.72; H, 8.90. 1H NMR δ ppm 0.91 (t, 3H,
J = 7.2 Hz, 16a-H3); 1.02 (s, 3H, 18-H3); 1.32 (s, 3ˆ 3H, 3ˆ tBu-CH3); 2.82 (m, 2H, 6-H2); 3.47 and 3.73
(2ˆ d, 2ˆ 1H, J = 10.9 Hz, 17-H2); 5.16 (s, 2H, OCH2); 5.49 (s, 2H, NCH2); 6.67 (d, 1H, J = 2.2 Hz, 4H);
6.76 (dd, 1H, J = 8.6 Hz, J = 2.2 Hz, 2-H); 7.18 (d, 1H, J = 8.6 Hz, 1-H); 7.21 (d, 2H, J = 8.2 Hz, 21, 61-H);
7.39 (d, 2H, J = 8.2 Hz, 31, 51-H); 7.54 (s, 1H, C=CH), 13C-NMR δ ppm 14.5 (C-16a); 24.9 (C-18); 25.5;
26.6; 27.7; 30.5; 30.9; 31.2 (3C: C(CH3)3); 34.6 (C(CH3)3); 35.2; 38.6; 41.7; 43.7; 51.4; 54.0 (NCH2); 62.1
(OCH2); 64.1 (C-17); 112.4 (C-2); 114.3 (C-4); 122.6 (C=CH); 126.0 (2C: C-31,51); 126.5 (C-1); 127.9 (2C:
C-21,61); 131.3 (C-11); 133.4 (C-10); 137.9 (C-5); 144.7 (C-41); 151.9 (C=CH); 156.0 (C-3).

3-[{1-(4-Nitrobenzyl)-1H-1,2,3-triazol-4-yl}methoxy]-13β-hydroxymethyl-14β-propyl-des-D-estra-1,3,5(10)
-triene (13e). As described in Section 4.2.4, alkyne 10 (326 mg, 1.00 mmol) was reacted with
4-nitrobenzyl azide 11e (178 mg, 1.00 mmol). Yield: 475 mg, 94%). Mp 50-52 ˝C, Rf = 0.12 (B). Anal.



Molecules 2016, 21, 611 11 of 13

Calcd. for C29H36N4O4: C, 69.02; H, 7.19. Found: C, 69.21; H, 7.05. 1H-NMR δ ppm 0.91 (t, 3H,
J = 6.9 Hz, 16a-H3); 1.02 (s, 3H, 18-H3); 2.82 (m, 2H, 6-H2); 3.47 and 3.73 (2ˆ d, 2ˆ 1H, J = 10.9 Hz,
17-H2); 5.19 (s, 2H, OCH2); 5.65 (s, 2H, NCH2); 6.68 (s, 1H, 4-H); 6.76 (d, 1H, J = 8.6 Hz, 2-H); 7.20 (d,
1H, J = 8.6 Hz, 1-H); 7.40 (d, 2H, J = 8.3 Hz, 21,61-H); 7.64 (s, 1H, C=CH); 8.23 (d, 2H, J = 8.5 Hz, 31,51-H),
13C-NMR δ ppm 14.5 (C-16a); 24.9 (C-18); 25.5; 26.6; 27.7; 30.6; 31.0; 35.2; 38.6; 41.7; 43.7; 51.4; 53.3
(NCH2); 62.0 (OCH2); 64.1 (C-17); 112.3 (C-2); 114.4 (C-4); 124.3 (2C: C-31,51); 124.8 (C=CH); 126.6 (C-1);
128.6 (2C: C-21,61); 133.6 (C-10); 138.0 (C-5); 141.4 (C-11); 144.0 (C=CH); 144.8 (C-41); 155.9 (C-3).

4.3. Determination of Antiproliferative Activities

The antiproliferative properties of the prepared triazoles 12a–e or 13a–e and compounds 1, 6–10
were determined on a panel of human adherent gynecological cancer cell lines. MCF-7, MDA-MB-231,
MDA-MB-361 and T47D were isolated from breast cancers differing in biochemical background,
while HeLa, SiHa and C33A cells were from cervical cancers of various pathological histories, and
A2780 cells were isolated from ovarian cancer. Non-cancerous human fibroblast cells (MRC-5) was
additionally used to assess the cancer selectivity of the most effective compound. All cell lines were
purchased from European Collection of Cell Cultures (ECCAC, Salisbury, UK) except for SiHa and
C33A, which were obtained from LGC Standards GmbH (Wesel, Germany). Cells were cultivated
in minimal essential medium supplemented with 10% fetal bovine serum, 1% non-essential amino
acids and an antibiotic-antimycotic mixture. All media and supplements were obtained from Lonza
Group Ltd., (Basel, Switzerland). Near-confluent cancer cells were seeded onto a 96-well microplate
(5000 cells/well except for C33A and MDA-MB-361, which were seeded at 10,000/well) and, after
overnight standing, 200 µL new medium, containing the tested compounds at 10 and 30 µM, was
added. After incubation for 72 h at 37 ˝C in humidified air containing 5% CO2, the living cells were
assayed by the addition of 20 µL of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution. MTT was converted by intact mitochondrial reductase and precipitated as
purple crystals during a 4-h contact period. The medium was next removed and the precipitated
formazan crystals were dissolved in 100 µL of DMSO during a 60-min period of shaking at 37 ˝C.

Finally, the reduced MTT was assayed at 545 nm, using a microplate reader; wells with untreated
cells served as control [32]. In the case of the most active compounds (i.e., higher than 70% growth
inhibition at 30 µM), the assays were repeated with a set of dilutions, sigmoidal dose-response curves
were fitted to the determined data and the IC50 values (the concentration at which the extent of cell
proliferation was half that of the untreated control) were calculated by means of GraphPad Prism
4.0 (GraphPad Software, San Diego, CA, USA). All in vitro experiments were carried out on two
microplates with at least five parallel wells. Stock solutions of the tested substances (10 mM) were
prepared in DMSO. The highest DMSO content of the medium (0.3%) did not have any substantial
effect on the cell proliferation. Cisplatin (Ebewe Pharma GmbH, Unterach, Austria) was used as
positive control.

5. Conclusions

Novel antiproliferative triazolyl D-secoestrone derivatives were synthesized by introducing the
triazolylmethyl linker between the 3-OH and the benzyl or p-substituted benzyl protecting group.
The “clicking” of benzyl azides to the 3-propargyl-D-secoestrones led to potent antiproliferative
compounds. The synthesized derivatives differed at two sites of the molecules: in the orientation
of the angular methyl function and in the nature of the substituent present on the 3-OH group.
It can be stated that both variables substantially influenced the antiproliferative behavior. The 3-OH
derivatives displayed the lowest growth-inhibitory action. Etherification of the phenolic OH
group improved the cytostatic properties moderately, but the incorporation of the triazolylmethyl
linker between the protecting group and the 3-O nevertheless increased the inhibitory values of
the compounds substantially. 13β-Methyl derivatives proved to be more potent than their 13α
counterparts overall. As concerns the p-substituent on the N-benzyl ring, neither the presence of the
electron-withdrawing nor that of the electron-donating group appeared to be advantageous, in contrast
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with the unsubstituted derivative. It can be concluded that the combination of the 13β-methyl and
the 3-(N-benzyltriazolylmethoxy) group on the D-secoestrone scaffold intensifies the antiproliferative
potential. These compounds are the most potent cell-growth-inhibitor D-secoestrones reported to date.
Antiproliferative potential of 13α-D-secoestrone derivatives is a novel finding.
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Abstract

2-Methoxyestradiol (ME), one of the most widely investigated A-ring-modified metabolites of estrone, exerts significant anticancer activity
on numerous cancer cell lines. Its pharmacological actions, including cell cycle arrest, microtubule disruption and pro-apoptotic activity,
have already been described in detail. The currently tested D-ring-modified analogue of estrone, D-homoestrone, selectively inhibits cervi-
cal cancer cell proliferation and induces a G2/M phase cell cycle blockade, resulting in the development of apoptosis. The question arose
of whether the difference in the chemical structures of these analogues can influence the mechanism of anticancer action. The aim of
the present study was therefore to elucidate the molecular contributors of intracellular processes induced by D-homoestrone in HeLa
cells. Apoptosis triggered by D-homoestrone develops through activation of the intrinsic pathway, as demonstrated by determination of
the activities of caspase-8 and -9. It was revealed that D-homoestrone-treated HeLa cells are not able to enter mitosis because the cy-
clin-dependent kinase 1-cyclin B complex loses its activity, resulting in the decreased inactivation of stathmin and a concomitant distur-
bance of microtubule formation. However, unlike 2-ME, D-homoestrone does not exert a direct effect on tubulin polymerization. These
results led to the conclusion that the D-homoestrone-triggered intracellular processes resulting in a cell cycle arrest and apoptosis in
HeLa cells differ from those in the case of 2-ME. This may be regarded as an alternative mechanism of action among steroidal antican-
cer compounds.

Keywords: D-homoestrone� tubulin polymerization� stathmin� loss of function of Cdk1� cell cycle arrest�
HeLa cells� G2/M phase transition� Cdc25B and C� intrinsic apoptotic pathway

Introduction

The global burden of cancer is continuing to rise, largely because of
the ageing and growth of the world’s population and the increasing
adoption of cancer-causing behaviour, such as smoking and physical
inactivity, within economically developing countries. Cancer is the
second leading cause of death both worldwide and in economically
developed countries [1]. Among women, all types of tumours that
affect the reproductive organs (breast, uterus, cervix and ovaries) are
to be found in the list of the 10 most frequently diagnosed cancers
[2]. Cervical cancer is the second most commonly diagnosed cancer,
affecting the reproductive system in females throughout the world. It
accounted for some 8% of the total new cancer cases and 7.5% of

the total cancer deaths among women in 2012 [3]. Among the eco-
nomically developed countries, it demonstrates the highest incidence
rates in Central and Eastern Europe.

Since 1977, when zur Hausen published his results, it has been
known that human papillomavirus (HPV) infection is a fundamental
causative factor of cervical cancer [4]. Despite the introduction of
effective vaccination against this infection, it has emerged that it does
not have any therapeutic effect against already-established infections
or in asymptomatic carriers [5]. The therapeutic interventions include
radical surgery, brachytherapy and in most cases platinum-based
chemotherapy or a combination of these [6]. As concerns the thera-
peutic difficulties involved in the treatment regimens, adverse effects
including haematological and gastrointestinal toxicities or the lack of
a significant improvement in survival rate have been reported in con-
nection with cisplatin, in spite of promising drug and/or radiation
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combinations [7]. The need for newer, more potent and better-toler-
ated drugs for the therapy of this special type of cancer has therefore
not declined.

An endogenous metabolite of 17b-estradiol, 2-methoxyestradiol
(2-ME), was earlier one of the most widely investigated steroidal anti-
cancer agents, thanks to its potent antiproliferative activity against
numerous cancer cell lines [reviewed in 8], including cervical cancer
[9–11]. Concomitantly, various analogues of 2-ME have been synthe-
tized and tested on cancer cell lines [reviewed in 12], and certain A-
and/or D-ring-modified 2-ME derivatives have been reported to exhibit
the same or even higher antiproliferative activities (determined most
frequently on breast cancer cell lines) than those of 2-ME. However,
in the vast majority of the cases, the spectrum of investigations
focusing on the mechanisms of action of these potent antiproliferative
compounds has been limited to the determination of their effects on
tubulin polymerization. It has been concluded that the investigated 2-
ME derivatives, increase tubulin depolymerization directly similarly to
2-ME. Until recently, only one research group had published experi-
mental results relating to the mechanism of antiproliferative action of
novel 2-ME analogues in HeLa cells [13]. The three sulphamoylated
analogues investigated induce programmed cell death in HeLa cells
via the extrinsic and intrinsic apoptotic pathways followed by auto-
phagy. Their action on tubulin polymerization was elucidated through
the use of direct, fluorescence-based tubulin polymerization assays
and the microscopic analysis of intracellular microtubules. It was
revealed that, similarly to 2-ME, the sulphamoylated analogues
increase tubulin depolymerization both in a cell-free system and in liv-
ing cells. These effects were also demonstrated in MDA-MB-231
breast cancer cells treated with the sulphamoylated analogues.

The present test compound, D-homoestrone, is an analogue of 2-
ME with structural modifications in its A- and D-rings. This compound
was earlier reported to exert potent antiproliferative activity in human
cervical cancer cells (HeLa), inducing a cell cycle blockade followed
by apoptosis, as demonstrated by morphological markers and cas-
pase 3 activation [14]. In consequence of its selective proliferation-
inhibiting effect and its structural difference relative to the previously
investigated 2-ME analogues, the aim of the present study was to
establish whether the intracellular events induced by D-homoestrone
in HeLa cells are comparable to those in the case of 2-ME or not.
Among others, specific, immune reaction-based flow cytometric
analysis, analysis of the mRNA and protein expression of factors
involved in the G2/M phase transition and in vitro direct tubulin poly-
merization assays were performed to shed light on this intriguing
question.

Materials and methods

Chemicals

Normal D-homoestrone (Fig. 1) was synthetized by W€olfling et al. as

described previously [15]. All other chemicals and kits, if otherwise not

specified, were purchased from Sigma-Aldrich Ltd. (Budapest, Hun-
gary).

Cell cultures

The HeLa human cervix epitheloid carcinoma cell line was purchased from

ECACC (European Collection of Cell Cultures, Salisbury, UK). HeLa cells
were grown in DMEM supplemented with 10% heat-inactivated foetal calf

serum, 1% non-essential amino acids and 1% penicillin–streptomycin in

a humidified atmosphere containing 5% CO2 at 37°C. The medium and
supplements were obtained from Life Technologies (Paisley, 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.

Antiproliferative (MTT) assay

The growth-inhibitory effects of D-homoestrone were determined on
SiHa (an HPV-16-positive cervical cancer cell line) and C33A (an HPV-

negative cervical cancer cell line) cells to demonstrate the selectivity of

its antiproliferative effect towards HPV-18-positive cervical cancer cells.

Experiments were carried out in the same way as in the previously
described investigations on HeLa cells [14]. Briefly, all cell types were

seeded into 96-well plates at a density of 5000 cells/well and incubated

with increasing concentrations (0.1–30 lM) of D-homoestrone at 37°C
under cell culturing conditions. After a 72-hrs incubation, cells were

treated with 5.0 mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide) solution for 4 hrs, the precipitated formazan crys-

tals were dissolved in dimethyl sulphoxide, and the absorbance was
read at 545 nm with a microplate reader; wells with untreated cells

were utilized as controls [16]. Sigmoidal dose–response curves were fit-

ted to the measured points, and the IC50 values were calculated by

means of GraphPad Prism 4 (GraphPad Software, San Diego, CA, USA).

Determination of in situ caspase-8 activity

To analyse the effects of D-homoestrone on the activity of caspase-8, the

enzyme involved in the extrinsic apoptotic pathway, a commercially avail-
able colourimetric assay was performed. Briefly, near-confluent HeLa

cells were seeded in tissue culture flasks (106 and 107 cells/flask for

untreated control and treated samples, respectively) and grown overnight
under standard cell culturing conditions. The cells were then incubated

with increasing concentrations (1.25, 2.5 and 5.0 lM) of the test com-

pound for 72 hrs. Meanwhile, the medium of the untreated control cells

was replaced. After incubation, the cells were counted, centrifuged and
washed with PBS. Aliquots containing 107 cells were suspended in 100 ll
of kit lysis buffer and incubated on ice for 20 min. The lysed cells were

subsequently centrifuged and the supernatants were used for the mea-

A B

Fig. 1 Chemical structures of D-homoestrone (A) and 2-methoxyestradiol

(B).
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surement. In accordance with the manufacturer’s protocol, 10 ll portions
of treated and untreated supernatants were incubated with 10 ll of ace-
tyl-Ile-Glu-Thr-Asp p-nitroaniline, a selective caspase-8 substrate, in a

final volume of 100 ll in assay buffer. As a control experiment, 10 ll of
each sample was incubated with 10 ll of caspase-8 substrate and 2.0 ll
of acetyl-Ile-Glu-Thr-Asp-aldehyde, a selective caspase-8 inhibitor, in a

final volume of 100 ll in assay buffer. Each sample was prepared in five

parallels. A standard solution of caspase-8 was used as positive control
in parallel with inhibitor-treated samples. After an overnight incubation at

37°C, the absorbance of the p-nitroaniline released was measured at

405 nm. Comparison of the absorbance of p-nitroaniline from the treated

sample with that of an untreated control sample allowed determination of
the fold increase in caspase-8 activity.

Determination of in situ caspase-9 activity

To analyse the effects of D-homoestrone on the proteolytic activity of

caspase-9, the enzyme involved in the intrinsic apoptotic pathway, a

commercially available colourimetric assay (Invitrogen, Carlsbad, CA,
USA) was performed. The preparation of the cells before cell lysis was

identical with the method described for the determination of in situ cas-

pase-8 activity. Aliquots containing 3 9 106 cells were then suspended

in 50 ll of kit lysis buffer and incubated on ice for 10 min. The lysed
cells were subsequently centrifuged and the supernatants were used for

the measurement. In accordance with the manufacturer’s protocol,

50 ll portions of treated and untreated supernatants were incubated

with 5.0 ll of Leu-Glu-His-Asp-p-nitroaniline, a selective caspase-9 sub-
strate, in a final volume of 105 ll in reaction buffer containing 10 mM

dithiothreitol. Each sample was prepared in five parallels. After an over-

night incubation at 37°C, the absorbance of the p-nitroaniline released
was measured at 405 nm. Comparison of the absorbance of p-nitroani-

line from the treated sample with that of an untreated control sample

allowed determination of the fold increase in caspase-9 activity.

Analysis of the G2/M phase transition by flow
cytometry

For a quantitative characterization of the action of the test compound

on the G2/M phase transition in HeLa cells, immunocytochemical flow

cytometric analysis was performed. HeLa cells (105/well) were seeded
in 6-well plates and allowed to proliferate for 48 hrs. On the 3rd experi-

mental day, the cells were treated with 20 lM D-homoestrone for

24 hrs, i.e. the concentration and incubation period used in the previ-

ously reported cell cycle analysis [14]. With regard to previous results,
2-ME was administered at 5.0 lM for 24 hrs to demonstrate its direct

effect on the G2/M phase transition [10]. 5.0 nM paclitaxel was applied

as a positive control for 20 hrs [17] to demonstrate the adaptability of

the experimental method. The medium of the control cells was concom-
itantly replaced. After incubation, the cells were counted, washed with

PBS, centrifuged and resuspended in the 19 wash buffer of the com-

mercially available flow cytometric kit (Millipore Co., Billerica, MA,
USA). Samples were fixed by adding fixation buffer and incubated for

20 min. at 4°C. After removal of the supernatant by centrifugation, cells

were resuspended in ice-cold 19 permeabilization buffer and incubated

for 5 min. at 4°C. The supernatant was removed by centrifugation and
the samples were washed once by adding 19 assay buffer. The cells

were first stained with anti-phospho-histone H3 (Ser10) antibody

directly conjugated to Alexa Fluor 488 for 1 hr at 4°C in the dark. After
an additional washing step with 19 assay buffer, the cells were incu-

bated with freshly-prepared propidium iodide/RNase solution for

30 min. at room temperature in the dark. Samples were analysed on a

Partec CyFlow instrument (Partec GmbH, M€unster, Germany). In each
analysis, 20,000 events were recorded, and the percentage of the cells

in the M phase was determined by using Flowing Software 2.5 (Cell

Imaging Core, Turku Centre for Biotechnology, Turku, Finland). The
fraction stained with anti-phospho-histone H3 (Ser10) antibody was

regarded as the cell population in the M phase [18]. Each sample was

prepared in three parallels and the experiment was repeated twice.

RT-PCR studies

The effects of the tested compound on the mRNA expression pattern of

cyclin-dependent kinase 1 (Cdk1), together with cyclin B1 and B2, and its

regulator factors Cdc25B and Cdc25C, which play a crucial role in the
transition from the G2 to the M phase of the cell cycle, were determined

by RT-PCR in HeLa cells. After a 48-hrs incubation period, the medium

containing the various test compounds was discarded and the total RNA

was isolated from the cells (5 9 105) through use of the TRIzol Reagent
in accordance with the instructions of the manufacturer (Life Technolo-

gies) [19]. The pellet was resuspended in 100 ll of DNase- and RNase-

free distilled water. The RNA concentrations of the samples were deter-

mined from their absorbances at 260 nm. The RNA (0.5 lg) was mixed
with DNase- and RNase-free distilled water and 20 lM oligo(dT)15 (Pro-

mega, Madison, WI, USA), in a final reaction volume of 10 ll, and was

incubated at 70°C for 5 min. After the mixture had been cooled to 4°C,
20 U of RNase inhibitor (FermentasTM, Thermo Fisher Scientific Inc., Wal-
tham, MA, USA), 20 U of MMLV reverse transcriptase (Promega),

200 lM dNTP (Life Technologies) in 50 mM Tris-HCl, pH 8.3, 75 mM KCl

and 5 mM MgCl2 in a final reaction volume of 10 ll were added. The mix-
ture was incubated at 37°C for 60 min. The PCR was carried out with 5 ll
of cDNA, 12.5 ll of AccuStart GelTrack PCR SuperMix (Quanta Bioscienc-

es Inc., Gaithersburg, MD, USA), 2 ll of 20 pM sense and the antisense

primer of Cdk1, cyclin B1, cyclin B2, Cdc25B, Cdc25C and 3.5 ll of
DNase- and RNase-free distilled water. The primer sequences used to

amplify Cdk1, cyclin B1 and B2, Cdc25B and Cdc25C were described by

Shi et al. [20], Bellanger et al. [21], Takemasa et al. [22] and Lau et al.

[23], respectively. Human glyceraldehyde 3-phosphate dehydrogenase
primers were used as internal control in all samples (Table S1) [24]. The

PCR was performed with an ESCO SWIFT MAXI thermal cycler (Esco

Technologies Inc, Philadelphia, PA, USA) and the products were separated
on 2% agarose gels, stained with ethidium bromide and photographed

under a UV transilluminator. Each sample was prepared in three parallels

and the experiments were repeated twice. Semiquantitative analysis was

performed by densitometric scanning of the gel with Kodak IMAGE STA-
TION 2000R (Eastman Kodak Co., Rochester, NY, USA).

Western blotting studies

To investigate the action of D-homoestrone on the function of CDK1,
phosphorylated and total stathmin protein expression was determined by

western blot analysis. HeLa cells were harvested in 60-mm dishes at a

density of 2 9 105 cells/ml and treated with D-homoestrone for 48 hrs.

Whole-cell extracts were prepared by washing the cells with PBS and sus-
pending them in lysis buffer (50 mM Tris, 5 mM EDTA, 150 mM NaCl,

1%NP-40, 0.5%deoxycholic acid, 1 mMsodiumorthovanadate, 100 lg/ml
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phenylmethanesulfonylfluoride (PMSF) and protease inhibitors) [25].
10 lg of protein per well was subjected to electrophoresis on 4–12% Nu-

PAGE Bis–Tris Gel in XCell SureLock Mini-Cell Units (Invitrogen). Proteins

were transferred from gels to nitrocellulose membranes though use of the

iBlot Gel Transfer System (Invitrogen). Antibody binding was detected
with the WesternBreeze Chemiluminescent Western blot immunodetection

kit (Invitrogen). The blots were incubated on a shaker with stathmin

(Op18: rabbit polyclonal antibody raised against amino acids 1-149 repre-
senting full-length human protein), phosphorylated stathmin (p-Op18:

rabbit polyclonal antibody raised against a short amino acid sequence

containing phosphorylated Ser25 of human protein) and b-actin poly-

clonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 1:200 in
the blocking buffer. Each sample was prepared in three parallels and the

experiments were repeated twice. Semiquantitative analysis was per-

formed by densitometric scanning of the blot with the Kodak IMAGE STA-

TION 2000R (Eastman Kodak Co.).

Tubulin polymerization assay

The direct effect of D-homoestrone on tubulin polymerization was tested
with the Tubulin Polymerization Assay Kit (Cytoskeleton Inc., Denver, CO,

USA) according to the manufacturer’s recommendations. Briefly, 10 ll of
250 or 500 lM test compound solution was subjected to a pre-warmed

(37°C), UV-transparent microplate; 10 ll of 10 lM paclitaxel and 10 ll of
general tubulin buffer served as positive and untreated control, respec-

tively. 100 ll of 3.0 mg/ml tubulin in 80 mM PIPES pH 6.9, 2 mM MgCl2,

0.5 mM ethylene glycol tetraacetic acid (EGTA), 1 mM guanosine tripho-

sphate (GTP), 10.2% glycerol was added to each sample, and the micro-
plate was immediately placed into a pre-warmed (37°C) UV-

spectrophotometer (SpectoStarNano, BMG Labtech, Ortenberg, Germany)

to start the recording of the reaction. A 60-min. kinetic measurement pro-
tocol was applied for determination of the absorbance of the reaction

solutions at 1-min. intervals at 340 nm. For evaluation of the experimental

data, a tubulin polymerization curve was created by plotting optical den-

sity against time, and the maximum reaction rate (Vmax; Dabsorbance/
min.) was calculated. The differences between the absorbances deter-

mined at two consecutive measuring timepoints were calculated, and the

highest difference was taken as the Vmax value of the tested compound in

the tubulin polymerization reaction. Each sample was prepared in two par-
allels and the measurements were repeated twice.

Statistical analysis

For statistical evaluation, the experimental data were in all cases analy-

sed by one-way ANOVA with the Neumann–Keuls post test, using Graph-

Pad Prism version 4.01 for Windows (GraphPad Software, San Diego,

CA, USA).

Results

Selective antiproliferative effect of
D-homoestrone on HeLa cells

The proliferation-inhibiting effect of D-homoestrone was demon-
strated not only on the HeLa (HPV-18-positive) cervical cancer cell

line [14], but also on two other cervical cancer cell lines: SiHa (HPV-
16-positive) and C33A (HPV-negative). D-Homoestrone did not give
rise to effective inhibition of the proliferation of either SiHa nor C33A
cells. The calculated IC50 values were from three separate experi-
ments 30.7 � 0.4 lM for SiHa and 32.4 � 6.3 lM for C33A cells.
The calculated IC50 value of D-homoestrone on HeLa cells was previ-
ously reported to be 5.5 lM [14].

Involvement of the intrinsic apoptotic pathway in
programmed cell death induced by
D-homoestrone

To obtain novel and conclusive information about the mechanism of
action of apoptosis induction triggered by D-homoestrone, the activi-
ties of caspase-8 and -9 on HeLa cells were determined after expo-
sure to 1.25, 2.5 or 5.0 lM of the test compound for 72 hrs. D-
Homoestrone induced a concentration-dependent and significant
increase in in situ caspase-9 activity on HeLa cells relative to the
untreated control samples, indicating the participation of the intrinsic
pathway in the development of apoptotic cell death (Fig. 2A). How-
ever, no significant alteration in caspase-8 activity was detected in the
D-homoestrone-treated HeLa cells as compared with the untreated
control samples (Fig. 2B).

D-Homoestrone blocks the cell cycle in the G2
phase

D-Homoestrone has been revealed by flow cytometric analysis to
increase the ratio of cells in the G2/M phase significantly [14]. To
establish its exact mechanism of action, immunocytochemical flow
cytometric analysis was performed. The test compound significantly
decreased the ratio of phosphorylated histone H3 protein relative to
the untreated control HeLa cells (Fig. 3), indicating the reduction of
the cells in the M phase. Paclitaxel, a widely known mitotic blocking
agent [26], was used as positive control. It increased the ratio of
phosphorylated histone H3 protein significantly as compared with the
untreated control HeLa cells (Fig. 3). Moreover, after the treatment of
HeLa cells with 2-ME for 24 hrs, the proportion of phosphorylated
histone H3 protein was also significantly increased relative to the
untreated control cells (Fig. 3).

Inhibition of regulatory proteins of the G2/M
phase transition at the mRNA level

The G2/M transition is known to be a rigorously regulated process
during the cell cycle [27]. If the function of the regulatory pathway is
affected, cells may not enter the M phase and accumulate in the G2
phase. Although the mRNA expression of the executioner enzyme
(Cdk1) demonstrated a non-significant alteration in HeLa cells incu-
bated with D-homoestrone for 48 hrs, those of the activating part of
the Cdk1-cyclin B complex and its direct upstream regulatory factors
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(e.g. Cdc25B and Cdc25C) were significantly reduced relative to the
untreated control cells. However, the mRNA expression of cyclin B2
and Cdc25C was reduced significantly in the presence of 10 lM D-ho-
moestrone alone (Fig. 4).

Functional blockade of the Cdk1-cyclin B
complex

In response to a 48-hrs incubation with D-homoestrone, the protein
expression of phospho-stathmin, a microtubule destabilizing protein
phosphorylated and therefore inactivated by Cdk1, significantly
decreased in comparison with the untreated control cells (Fig. 5A).

However, the total protein expression of stathmin did not display a
significant alteration as compared with the untreated control cells
(Fig. 5B).

D-Homoestrone does not elicit a direct effect on
tubulin polymerization

2-ME and other steroidal antiproliferative agents were earlier reported
to affect the tubulin-microtubules system [28, 29], and the effect of
D-homoes trone on tubulin polymerization was therefore also deter-
mined. D-Homoestrone applied in two different concentrations (250
and 500 lM) did not significantly alter the maximum rate of tubulin

A

B

Fig. 2 In situ measurement of caspase-9 (A) and -8 (B) activities in

HeLa cells after treatment with D-homoestrone for 72 hrs. The activities

of caspase-9 and -8 in D-homoestrone-treated samples are expressed

as ratios relative to the activities of caspase-9 or -8 in the control
(untreated) samples. Data are means � SEM, n = 5. ns indicates

P > 0.05, and * indicates P < 0.05 as compared with the untreated

control samples.

Fig. 3 Effects of 20 lM D-homoestrone and 5.0 lM 2-ME on the

expression of p-histone H3 protein in HeLa cells after incubation for

24 hrs, determined by flow cytometric analysis. Results are mean val-
ues � SEM of the data on three separate measurements. * indicates

P < 0.05, and *** indicates P < 0.001 as compared with the untreated

control cells. PAC denotes 5.0 nM paclitaxel and 2-ME denotes 5.0 lM
2-methoxyestradiol.

Fig. 4 Effects of 5.0 lM (open bars) and 10 lM (grey bars) D-homoe-

strone on the mRNA expression of regulating factors participating in the

G2/M transition in HeLa cells after incubation for 48 hrs, determined by
reverse-transcription PCR. Results are mean values � SEM of the data

from two separate measurements, n = 6. * indicates P < 0.05 as com-

pared with the untreated control samples (dashed line at 100%). Non-

significant changes are not indicated. Cdk1 denotes cyclin-dependent
kinase 1.
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polymerization relative to the untreated control samples in an in vitro
1-hr kinetic assay (Fig. 6A). In contrast, the positive control paclitaxel
evoked a nearly threefold increase in Vmax (Fig. 6B).

Discussion

There have been numerous investigations of the antiproliferative
mechanism of action of 2-ME, the first A-ring-modified estradiol
derivative with promising anticancer activity. In view of the chemical
similarity of the structures, the cancer cell proliferation-inhibiting
mechanism of action of 2-ME might be regarded as a common mode
of pharmacological action for all related antiproliferative estradiol
derivatives. However, the present paper provides convincing data of
an alternative mechanism of action of D-homoestrone, a 2-ME ana-
logue with D-ring expansion. D-Homoestrone was earlier shown to
exert a pronounced antiproliferative effect on HeLa cells by inducing
apoptosis, preceded by cell cycle blockade at the G2/M phase [14].
Our research into its detailed mechanism of anticancer action has
revealed some intriguing differences from that in the case of 2-ME.

Antiproliferative assays have been performed with D-homoestrone
on cervical cancer cell lines with various pathological backgrounds
(HPV-16-positive SiHa and HPV-negative C33A cell lines) compared
to HPV-18-positive HeLa cells. The present and previous results
reveal that the anticancer effect of D-homoestrone is selective for

HeLa cells. Although the expressions of the oncoproteins E6 and E7
are detected in both HPV-positive cervical cell lines, which deregulate
fundamental cellular events such as apoptosis, cell cycle, DNA repair,
senescence and differentiation [reviewed in 30], a slight difference in
the apoptotic machinery of these cell lines can be observed. Ar�e-
chaga-Ocampo et al. [31] reported different expression profiles of
caspases in different HPV-positive cervical cell lines. In HeLa cells
(HPV-18+), caspase-3 and -6 displayed low levels of expression,
whereas caspase-7, -8 and -9 were expressed at high levels. In
contrast, most of the caspases were highly expressed in SiHa cells
(HPV-16+), the exception was caspase-8. This difference might be a
possible explanation of the selective susceptibility of HeLa cells to
D-homoestrone.

2-Methoxyestradiol has been reported to induce the process of
programmed cell death in numerous cancer cell lines, including
HeLa(S3) cells, as demonstrated by flow cytometry, fluorescent
microscopy and DNA fragmentation data [10]. During the investiga-
tion of the mechanism of apoptosis, other research groups reported
that 2-ME is able to activate both the intrinsic [11] and the extrinsic
[32] apoptotic pathway in HeLa cells. The present results on cas-
pase-8 and -9 activity allow the conclusion that the previously dem-
onstrated apoptosis-inducing effect of D-homoestrone develops only
through the activation of the intrinsic pathway, since the activity of
caspase-8 was not altered significantly in HeLa cells after D-homoe-
strone treatment.

A

B

Fig. 6 A representative kinetic curve of the

effects of 250 lM D-homoestrone and
10 lM paclitaxel on tubulin polymerization

(A). Direct effects of 250 and 500 lM D-

homoestrone and 10 lM paclitaxel on the

maximum rate of tubulin polymerization
determined by an in vitro kinetic assay

(B). Results are mean values � SEM of

the data from two separate measure-

ments, n = 4. ns indicates P > 0.05 and
*** indicates P < 0.001 as compared

with the untreated control samples.
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Earlier cell cycle analyses on various cancer cell lines (including
HeLa cells) proved that the proportion of cells in the G2/M phase
increased significantly on exposure to 2-ME [10, 33–35]. Similarly,

5.0 lM D-homoestrone evoked a G2/M phase blockade of HeLa
cells [14]. After Li et al. [10] had established that the G2/M phase
arrest induced by 2-ME was mainly due to the inhibition of mitosis
at the metaphase, the question arose of whether the cell cycle
blockade induced by D-homoestrone develops in the G2 or the M
phase. It was earlier reported that an important detectable ‘label’
on the chromosomes indicates to the cell that duplicated chromo-
somes are ready for segregation. The amount of this molecule,
Ser10 phosphorylated histone H3, reaches its maximum in the
metaphase [36]. Moreover, the presence of phosphorylated histone
H3 is a prerequisite for chromatin condensation, which is regarded
as a sign of the onset of the prophase. In our present investigation,
the analysis of the presence of phosphorylated histone H3 on
Ser10 revealed that the proportion of D-homoestrone-treated HeLa
cells containing this form of the protein was decreased dramatically
as compared with the control cells, suggesting that these cells are
neither able to arrive at the metaphase of cell cycle nor to demon-
strate the initiation of the first step of mitosis. Additionally, 2-ME
significantly increased the proportion of phosphorylated histone H3
as protein compared with that in untreated control samples, indi-
cating an increase in the HeLa cells in the M phase. This result is
in good agreement with the recently published data on the cell
cycle blockade induced by 2-ME. In morphological assays, 2-ME-
induced, abnormal spindle formation was observed in the meta-
phase in HeLa(S3) cells [10]. Furthermore, Choi and Zhu [35]
reported that 2-ME selectively induced a mitotic prometaphase
arrest due to its inhibitory effect on microtubule formation, fol-
lowed by activation of the cyclin B1-CDK1 complex, mediated in
part by c-Jun N-terminal kinase (JNK) and mitotic arrest deficient 2
(MAD2) proteins. These experimental findings allow the conclusion
that 2-ME exerts a cell cycle blockade at the beginning of mitosis
and not in the G2 phase. This difference between the effects of 2-
ME and D-homoestrone at this step of the cell proliferation process
is a crucial one.

The cell cycle is a strictly regulated process which ensures the
development of two completely identical and viable cells. It is
divided into specific phases according to unique intracellular
events, and the transition from one phase to the following one is
governed by cascade mechanisms involving various regulatory pro-
teins (e.g. phosphatases, kinases, etc.). The main executor protein
of the G2/M phase transition is Cdk1, the functional activity of
which is strongly dependent on the expression of cyclin B proteins
[27]. During physiological functioning, this complex phosphorylates
the proteins responsible for mitotic entry and progression. The
effects of 2-ME on Cdk1 expression and activity and on cyclin B1
expression have been widely investigated in numerous cancer cell
lines, but not in HeLa cells. The opposite actions of 2-ME on Cdk1
and cyclin B1 expression have been demonstrated, depending on
the cell type investigated. Gong et al. [34] observed an inhibitory
effect of 2-ME on Cdk1-cyclin B1 activity, followed by a cell cycle
arrest at G2/M in RL95-2 human endometrial cells. Two possible
molecular mechanisms have been proposed to explain the cell cycle
blockade; the direct activation of p53 at Ser15, and the indirect
activation of p53 at Ser20 via the induction of checkpoint kinase 1.
In both cases, upregulation of the downstream p21 results in a

A

B

Fig. 5 Effects of 2.5 and 5.0 lM D-homoestrone on the expression of

phosphorylated (A) and total (B) stathmin protein in HeLa cells after

incubation for 48 hrs, determined by western blot analysis. Results are
mean values � SEM of the data from two separate measurements,

n = 6. ns indicates P > 0.05, * indicates P < 0.05 and ** indicates

P < 0.01 as compared with the untreated control cells. The b-actin
probe was used as internal control. Panels below are representative
membrane pictures.
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decreased activity of Cdk1-cyclin B1. Similarly, a decrease in the
expression of Cdk1 and cyclin B1 protein was demonstrated in
MCF-7 cells as a result of 2-ME treatment [37]. However, two other
research groups reported that 2-ME treatment leads to an
increased level of Cdk1 and cyclin B1 protein or only of cyclin B1
protein in MCF-7 cells [33, 35]. However, it was finally concluded
that the observed effect may be connected with mitotic progression
and not with mitotic entry. In spite of the limitations of the applied
PCR technique, D-homoestrone with a selective antiproliferative
effect on HeLa cells proved to decrease the mRNA expressions of
cyclin B1 and B2 significantly, but not to affect that of Cdk1, sug-
gesting a reduced functional activity of the complex during the
prophase of mitotic entry. The reduced functional activity of the
Cdk1-cyclin B complex was confirmed by investigation of the phos-
phorylated form and the total stathmin expression. Stathmin is one
of the several targets of Cdk1; the phosphorylated form of this pro-
tein becomes inactive, allowing the formation of microtubules from
tubulin heterodimers sequestered earlier by active stathmin, or the
inhibition of its microtubule catastrophe-promoting activity when
cells enter mitosis (i.e. in the prophase) [38]. Our results revealed
a significantly decreased protein expression of phosphorylated (and
therefore inactivated) stathmin after a 48-hrs D-homoestrone treat-
ment, whereas the total stathim expression did not exhibit a
marked change. This suggests that D-homoestrone induces the
expression of active stathmin, resulting in dysregulation of the
dynamic instability of the tubulin-microtubule system.

On the other hand, there is an upstream regulatory system which
is able to influence the activity of the Cdk1-cyclin B complex. The
members of this system include Cdc25B and Cdc25C phosphatases,
which activate Cdk1 by dephosphorylating Tyr15 and Thr14 [39].
Moreover, Cdc25A and B are known to be overexpressed in a diverse
array of human cancers, suggesting an important role of the Cdc25s
in the development of uncontrolled cancer cell division [40]. In our
experiments, the Cdc25B mRNA expression was demonstrated to be
reduced significantly after a 48-hr treatment with 5.0 or 10 lM D-ho-
moestrone, suggesting decreasing enzymatic activity. However, the
change in the mRNA level of Cdc25C, the other phosphatase partici-
pating in the control of entry into mitosis, decreased significantly only
after treatment with the higher dose of D-homoestrone. These find-
ings are consistent with previous results indicating that Cdc25B is the
initial trigger of mitotic onset and its expression starts slightly earlier
than that of Cdc25C [41]. Until recently, the effects of 2-ME on the
activity and/or expression of Cdc25 phosphatases had been only
poorly investigated. In a cell-free experiment, it inhibited the activity
of Cdc25B and C directly [42], and it was also shown to alter the
expression profile of the active or inactive form of Cdc25C in different
cancer cell lines [35, 43, 44].

Our investigation aimed at an understanding of the antiprolifera-
tive mechanism of action of D-homoestrone, additionally demon-
strated its direct effect on tubulin polymerization. 2-ME has been
reported to inhibit tubulin polymerization in consequence of its inter-
action with the colchicine-binding site of b-tubulin [12]. This effect
seems to develop during the initial steps of mitosis, which it may

allow the conclusion that 2-ME causes the cell cycle arrest at the M
phase. In contrast, D-homoestrone did not exhibit any significant
action on tubulin polymerization relative to non-treated control sam-
ples in an in vitro, cell-free experimental setting. This difference is
another significant factor in the comparison of the mechanism of anti-
proliferative action of D-homoestrone with that of 2-ME.

Overall, our current results suggest that D-homoestrone causes a
functional loss of the Cdk1-cyclin B complex, resulting in failure of
the G2/M transition in HeLa cells. In contrast with 2-ME, this mole-
cule does not interfere directly with the dynamic equilibrium of tubu-
lin-microtubule system, but because of the inhibited inactivation of
stathmin it indirectly disturbs the microtubule formation at the begin-
ning of mitotic entry. Finally, our additional experimental data indicate
that D-homoestrone arrests the cell cycle progression immediately
before the HeLa cells start to enter mitosis; this is followed by the
induction of programmed cell death which, unlike the case with 2-ME,
is executed solely via the intrinsic apoptotic pathway. We consider
that this alternative mechanism of anticancer action of D-homoestrone
in HeLa cells is a promising novel feature in the search for lead com-
pounds against human cervical carcinoma.
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Substituted and/or heterocyclic D-homoestrone derivatives were synthetized via the intramolecular cycli-
zation of a d-alkenyl-D-secoaldehyde, -D-secoalcohol or -D-secocarboxylic acid of estrone 3-benzyl ether.
The D-secoalcohol was modified at three sites in the molecule. The in vitro antiproliferative activities of
the new D-homo- and D-secoestrone derivatives were determined on HeLa, MCF-7, A431 and A2780 cells
through use of MTT assay. D-Homoalcohols 3 and 5 displayed cell line-selective cytostatic effects against
ovarian and cervical cell lines, respectively. Two D-secoestrones (6 and 12c) proved to be effective, with
IC50 values comparable with those of the reference agent cisplatin. A selected compound (6) was tested
by tubulin polymerization assay and its cancer specificity was additionally determined by using noncan-
cerous human fibroblast cells.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Structural modifications of 17b-estradiol, a proliferation-induc-
ing compound [1], may lead to antiproliferative estrone derivatives
[2,3]. Substitution at position 2 and/or D-ring expansion usually
reduces the estrogeneity, but enhances the antitumor behavior.
Hillisch et al. recently patented antimitotic 2-substituted D-homo-
estrone-3-sulfamates [4]. We have found that unsubstituted D-
homoestrone exerts a selective cytostatic effect on HeLa cells
(IC50 = 5.5 lM), causing cell cycle arrest in the G2/M phase and
inducing apoptosis, while its 3-methoxy counterpart has no impact
on the proliferation of human reproductive cancer cell lines (HeLa,
MCF-7 and A2780) [5]. We earlier reported an efficient route for
the production of D-homoestrone from natural estrone, via the
key d-alkenyl-D-secoestrone-3-benzyl ether 17-carbaldehyde (1)
[6]. The latter derivative readily takes part in ring-closure reactions
due to the favorable position of its aldehyde and alkenyl moieties.
In a preliminary publication, we described that reduction or oxida-
tion of the aldehyde function of the 3-methoxy counterpart of the
secoaldehyde leads to a secoalcohol or a secocarboxylic acid, which
furnish 16-halomethyl-17-oxa derivatives in haloetherification or
halolactonization processes [7]. In the 3-benzyl ether series only
iodoetherification of the 3-benzyl-secoalcohol was carried out in
order to synthetize cytotoxic estrone-talaromycin hybrids [8].
The resulting diastereomeric mixture of iodomethyl tetrahydropy-
rans was not separated as the new stereogenic center was lost in
the following reaction step. In in vitro cytotoxicity tests of the nat-
ural product hybrids on A549 human lung cancer cells, the effec-
tive dosage for the most potent derivative proved comparable
with that of the well-known anticancer agent cyclophosphamide.
In a continuation of our earlier work, we now set out to produce
3-benzyloxy-D-homoestrone derivatives by the elaborated syn-
thetic routes [6,7], extending the haloetherification and halolact-
onization with selenoetherification and selenolactonization. The
3-benzyl ether protecting group was preferred because of its easy
removal. We planned to examine whether the synthetized D-
homoestrones themselves have antiproliferative properties, with-
out the formation of steroid-toxin hybrids. The potential antitumor
activities of the newly synthetized D-homo derivatives were tested
in vitro on four human reproductive cancer cell lines (HeLa, MCF-7,
A2780 and Ishikawa) and one epidermoid tumor cell line (A431).
Examination of the influence of the protecting group on C-3 and
the substituent on C-16 on the antiproliferative properties was also
projected. The tumor specificity of the potent compounds was
investigated on noncancerous human foreskin fibroblast cells.

Besides the synthesis and pharmacological testing of the D-
homoestrones, we planned to investigate the precursors of the
cyclization reactions and their derivatives. The 3-benzyloxy

http://crossmark.crossref.org/dialog/?doi=10.1016/j.steroids.2014.05.015&domain=pdf
http://dx.doi.org/10.1016/j.steroids.2014.05.015
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secoalcohol was modified at three sites in the molecule: the alco-
holic and/or phenolic hydroxy moiety and the alkenyl side-chain.
The hydroxy groups were esterified under solvent-free microwave
irradiation. The unsaturated side-chain was saturated under the
conditions used for hydrogenolysis of the benzyl ether function.
2. Experimental

2.1. Chemistry

Melting points (mp) were determined with a Kofler hot-stage
apparatus and are uncorrected. Elemental analyses were per-
formed with a Perkin-Elmer CHN analyzer model 2400. Thin-layer
chromatography: silica gel 60 F254; layer thickness 0.2 mm
(Merck); eluents: (A) diisopropyl ether, (B) dichloromethane, (C)
70% dichloromethane/30% hexane, (D) 2% ethyl acetate/98% dichlo-
romethane; detection with iodine or UV (365 nm) after spraying
with 5% phosphomolybdic acid in 50% aqueous phosphoric acid
and heating at 100–120 �C for 10 min. Flash chromatography: silica
gel 60, 40–63 lm (Merck). The reactions under microwave irradia-
tion were carried out with a CEM Corporation focused microwave
system, Model Discover SP. 1H NMR spectra were recorded in
CDCl3 solution (if not otherwise stated) with a Bruker DRX-500
instrument at 500 MHz, with Me4Si as internal standard. 13C
NMR spectra were recorded with the same instrument at
125 MHz under the same conditions. Full scan mass spectra of
the compounds were acquired in the range 50–800 m/z with an
Agilent 500MS Ion trap mass spectrometer equipped with an elec-
trospray ionization source. Analyses were performed in positive
ion mode. The spectra were collected by continuous infusion of
the steroid solution at 10 ng/ll in 1:1 acetonitrile/5 mM ammo-
nium formate (v/v%) at a flow rate of 15 ll/min.

2.1.1. General procedure for the preparation of 17a-hydroxy-D-
homoestrone derivatives 3 and 5

Compound 2 [6] (372 mg, 1.00 mmol) or 4 [6] (284 mg,
1.00 mmol) was dissolved in methanol (20 ml), and potassium
borohydride (270 mg, 5.00 mmol) was added in small portions in
an ice-water bath. The mixture was allowed to stand at room tem-
perature for 3 h, then poured onto ice (20 g) and acidified with
dilute hydrochloric acid to pH 3. The precipitate that separated
out was filtered off, washed until free from acid and dried. The
crude product was subjected to column chromatography.

2.1.1.1. 3-Benzyloxy-17ab-hydroxy-D-homoestra-1,3,5(10),16-tetrae-
ne (3). According to Section 2.1.1, compound 2 (372 mg,
1.00 mmol) was reacted with potassium borohydride (270 mg,
5.00 mmol). After work-up, the crude product was subjected to
column chromatography with dichloromethane as eluent. 3 was
obtained as a white solid (355 mg, 95%). Mp 202–205 �C,
Rf = 0.40A. Anal. Calcd. for C26H30O2: C, 83.38; H, 8.07. Found: C,
83.52; H, 7.95.

1H NMR d ppm 0.83(s, 3H, 18-H3), 2.83(m, 2H, 6-H2), 3.94(s, 1H,
17a-H), 5.04(s, 2H, OCH2), 5.52(m, 1H) and 5.74(m, 1H): 16-H and
17-H, 6.71(d, 1H, J = 2.3 Hz, 4-H), 6.78(dd, 1H, J = 8.5 Hz, J = 2.3 Hz,
2-H), 7.23(d, 1H, J = 8.5 Hz, 1-H), 7.24(m, 1H, 40-H), 7.34(m, 2H, 30-
H and 50-H), 7.42(m, 2H, 20-H and 60-H). 13C NMR d ppm 11.0(C-18),
26.2(2C), 27.1, 30.1, 37.4(C-13), 37.5, 39.8, 43.0, 43.8, 70.0(OCH2),
78.1(C-17a), 112.4(C-2), 114.5(C-4), 126.4(C-1), 127.4(2C: C-20,60),
127.7, 127.8(C-40), 128.5(2C: C-30,50), 130.1, 133.0(C-10), 137.3(C-
10), 137.9(C-5), 156.8(C-3). MS m/z (%): 375 (100), 397 (54), 91 (42).

2.1.1.2. 3,17ab-Dihydroxy-D-homoestra-1,3,5(10)-triene (5). Accord-
ing to Section 2.1.1, compound 4 (284 mg, 1.00 mmol) was reacted
with potassium borohydride (270 mg, 5.00 mmol). After work-up,
the crude product was subjected to column chromatography with
dichloromethane as eluent. 5 was obtained as a white solid
(243 mg, 85%). Melting point 208–209 �C [9]: mp 209–210 �C.
Compound 5 is identical with the compound described in [9]. Anal.
Calcd. for C19H26O2: C, 79.68; H, 9.15. Found: C, 79.92; H, 9.05.

1H NMR (DMSO-d6) d ppm 0.73(s, 3H, 18-H3), 2.67(m, 2H, 6-H2),
4.29(m, 1H, 17a-H), 6.42(m, 1H, 4-H), 6.50(m, 1H, 2-H), 7.05(m, 1H,
1-H), 8.96(s, 1H, 3-OH).

2.1.2. 3-Benzyloxy-13a-hydroxymethyl-14b-(prop-2-en-yl)-des-D-
estra-1,3,5(10)-triene (6)

Compound 1 (374 mg, 1.00 mmol) was dissolved in a 1:1 mix-
ture of dichloromethane and methanol, and potassium borohy-
dride (270 mg, 5.00 mmol) was added in small portions in an ice-
water bath. The mixture was allowed to stand at room temperature
for 0.5 h, then diluted with water and extracted with dichloro-
methane. The combined organic phases were washed with water
until neutral and dried over sodium sulfate, and the crude product
was subjected to column chromatography with dichloromethane
as eluent. 6 was obtained as a white solid (327 mg, 87%). Oil,
Rf = 0.53D. Anal. Calcd. for C26H32O2: C, 82.94; H, 8.57. Found: C,
83.05; H, 8.45. 1H NMR d ppm 0.80(s, 3H, 18-H3), 2.85(m, 2H, 6-
H2), 3.30 and 3.61(2 �m, 2 � 1H, 17-H2), 5.03(m, 2H, 16a-H2),
5.04(s, 2H, OCH2), 5.93(m, 1H, 16-H), 6.73(d, 1H, J = 2.3 Hz, 4-H),
6.79(dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.22(d, 1H, J = 8.5 Hz, 1-
H), 7.32(t, 1H, J = 7.3 Hz, 40-H), 7.38(t, 2H, J = 7.3 Hz, 30-H and 50-
H), 7.43(d, 2H, J = 7.3 Hz, 20-H and 60-H), 13C NMR d ppm 16.2(C-
18), 26.2, 27.6, 30.4, 32.4, 35.9, 38.9(C-13), 41.2, 43.5, 44.3,
70.0(OCH2), 71.0(C-17), 112.4(C-2), 114.3(C-16a), 114.4(C-4),
126.4(C-1), 127.4(2C: C-20,60), 127.8(C-40), 128.5(2C: C-30,50),
133.1(C-10), 137.3(C-10), 138.0(C-5), 140.5(C-16), 156.8(C-3). MS
m/z (%): 431 (100).

2.1.3. 3-Benzyloxy-14b-(prop-2-en-yl)-des-D-estra-1,3,5(10)-trien-
13a-carboxylic acid (7) and 3-benzyloxy-14b-(prop-2-en-yl)-des-D-
estra-1,3,5(10)-trien-13a,9a-carbolactone (8)

Compound 1 (374 mg, 1.00 mmol) was dissolved in acetone
(3 ml), then cooled in an ice-water bath and Jones reagent
(0.4 ml, 8 N) was added in three portions. The reaction mixture
was allowed to stand at room temperature for 4 h, then diluted
with water and extracted with diethyl ether. The combined organic
phases were washed with water until neutral and dried over
sodium sulfate, and the crude product was subjected to column
chromatography with dichloromethane as eluent. The first-eluted
8 was obtained as a white solid (144 mg, 37%). Mp 110–118 �C,
Rf = 0.63D. Anal. Calcd. For C26H28O3: C, 80.38; H, 7.26. Found: C,
80.45; H, 7.12. 1H NMR d ppm 1.22(s, 3H, 18-H3), 2.73(m, 2H, 6-
H2), 5.05(s, 2H, OCH2), 5.09–5.16(overlapping multiplets, 2H,
16a-H2), 5.85(m, 1H, 16-H), 6.71(d, 1H, J = 2.3 Hz, 4-H), 6.85(dd,
1H, J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.26(d, 1H, J = 8.5 Hz, 1-H), 7.34(t,
1H, J = 7.3 Hz, 40-H), 7.39(t, 2H, J = 7.3 Hz, 30-H and 50-H), 7.42(d,
2H, J = 7.3 Hz, 20-H and 60-H), 13C NMR d ppm 18.6(C-18), 25.3,
26.8, 30.1, 31.9, 34.5, 40.4(C-13), 44.7, 45.2, 69.9(OCH2), 80.6(C-
9), 113.5(C-2), 114.3(C-4), 117.0(C-16a), 127.4(2C: C-20,60),
127.9(C-40), 128.5(2C: C-30,50), 129.1(C-1), 130.2(C-10), 136.2(C-
16), 136.9(C-10), 139.3(C-5), 158.7(C-3), 178.2(C-17). MS m/z (%):
446 (100), 411 (42).

Continued elution yielded 7, which was obtained as a white
solid (223 mg, 57%). Mp 120–122 �C. Rf = 0.32D. Anal. Calcd. for
C26H30O3: C, 79.97; H, 7.74. Found: C, 80.03; H, 7.68., 1H NMR d
ppm 1.19(s, 3H, 18-H3), 2.84(m, 2H, 6-H2), 5.01(m, 2H, 16a-H2),
5.05(s, 2H, OCH2), 5.88(m, 1H, 16-H), 6.73(d, 1H, J = 2.3 Hz, 4-H),
6.80(dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.20(d, 1H, J = 8.5 Hz,
1-H), 7.32(t, 1H, J = 7.3 Hz, 40-H), 7.39(t, 2H, J = 7.3 Hz, 30-H and
50-H), 7.43(d, 2H, J = 7.3 Hz, 20-H and 60-H), 13C NMR d ppm
15.0(C-18), 25.8, 27.1, 28.7, 30.2, 35.7, 37.4, 40.9, 43.0, 45.4,
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47.4(C-13), 70.0(OCH2), 112.5(C-2), 114.5(C-4), 115.3(C-16a),
126.4(C-1), 127.4(2C: C-20,60), 127.9(C-40), 128.5(2C: C-30,50),
132.4(C-10), 137.2(C-10), 137.9(C-5), 138.8(C-16), 156.8(C-3),
184.5(C-17). MS m/z (%): 435 (100).

2.1.4. 3-Benzyloxy-16b-bromomethyl-17-oxa-D-homoestra-1,3,5(10)-
triene (9a)

Compound 6 (188 mg, 0.50 mmol) was dissolved in dichloro-
methane (5 ml), then cooled in an ice-salt bath to �15 �C, and
N-bromosuccinimide (89 mg, 0.50 mmol) was added in three
portions. The mixture was stirred for 30 min, the solvent was evap-
orated off and the residue was subjected to column chromatogra-
phy with 70% dichloromethane/30% hexane, yielding 9a as a
white solid (155 mg, 68%). Mp 107–108 �C, Rf = 0.51C. Anal. Calcd.
for C26H31BrO2: C, 68.57; H, 6.86. Found: C, 68.82; H, 6.75. 1H
NMR d ppm 1.01(s, 3H, 18-H3), 2.84(m, 2H, 6-H2), 3.17(m, 1H)
and 3.58(overlapping multiplets, 2H): 17-H2 and 16-H, 3.46(m,
2H, 16a-H2), 5.04(s, 2H, OCH2), 6.73(d, 1H, J = 2.3 Hz, 4-H),
6.79(dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.21(d, 1H, J = 8.5 Hz,
1-H), 7.30(t, 1H, J = 7.3 Hz, 40-H), 7.37(t, 2H, J = 7.3 Hz, 30-H and
50-H), 7.42(d, 2H, J = 7.3 Hz, 20-H and 60-H), 13C NMR d ppm
16.5(C-18), 25.5, 25.7, 28.8, 29.9, 34.0(C-13), 35.1, 36.2, 38.5,
43.7, 47.2, 69.9(OCH2), 77.6(C-16), 79.9(C-17), 112.4(C-2),
114.6(C-4), 126.1(C-1), 127.4(2C: C-20,60), 127.8(C-40), 128.5(2C:
C-30,50), 132.8(C-10), 137.3(C-10), 137.8(C-5), 156.8(C-3). MS m/z
(%): 457 (63), 455 (100), 453 (37).

2.1.5. 3-Benzyloxy-16b-iodomethyl-17-oxa-D-homoestra-1,3,5(10)-
triene (9b) and 3-benzyloxy-16a-iodomethyl-17-oxa-D-homoestra-
1,3,5(10)-triene (10b)

Compound 6 (188 mg, 0.50 mmol) was dissolved in diethyl
ether (2 ml), and water (0.7 ml), sodium hydrogencarbonate
(84 mg, 1.00 mmol) and iodine (127 mg, 0.50 mmol) were then
added. The mixture was stirred for 1 h at room temperature,
diluted with water and extracted with diethyl ether. The organic
phase was separated and washed with a saturated solution of
sodium thiosulfate and then with water. The organic phase was
dried over sodium sulfate and evaporated, and the residue was
subjected to column chromatography with 70% dichloromethane/
30% hexane. 9b eluted first as a white solid (127 mg, 50%). Mp
105–108 �C, Rf = 0.51C. Anal. Calcd. for C26H31IO2: C, 62.15; H,
6.22. Found: C, 62.02; H, 6.35. 1H NMR d ppm 1.01(s, 3H, 18-H3),
2.85(m, 2H, 6-H2), 3.18 and 3.58(2 �m, 2 � 1H, 17-H2), 3.26–
3.33(overlapping multiplets, 3H, 16a-H2 and 16-H), 5.04(s, 2H,
OCH2), 6.73(d, 1H, J = 2.3 Hz, 4-H), 6.79(dd, 1H, J = 8.5 Hz,
J = 2.3 Hz, 2-H), 7.21(d, 1H, J = 8.5 Hz, 1-H), 7.32(t, 1H, J = 7.3 Hz,
40-H), 7.38(t, 2H, J = 7.3 Hz, 30-H and 50-H), 7.43(d, 2H, J = 7.3 Hz,
20-H and 60-H), 13C NMR d ppm 10.6(C-16a), 16.7(C-18), 25.4,
25.7, 29.9, 30.5, 33.9(C-13), 35.0, 38.5, 43.7, 47.2, 69.9(OCH2),
77.4(C-16), 79.9(C-17), 112.4(C-2), 114.6(C-4), 126.1(C-1),
127.4(2C: C-20,60), 127.8(C-40), 128.5(2C: C-30,50), 132.8(C-10),
137.3(C-10), 137.8(C-5), 156.8(C-3). MS m/z (%): 504 (32), 503
(100), 214 (21), 113 (26).

Continued elution yielded 10b as a white solid (64 mg, 25%). Mp
112–113 �C, Rf = 0.47C. Anal. Calcd. for C26H31IO2: C, 62.15; H, 6.22.
Found: C, 62.28; H, 6.18. 1H NMR d ppm 1.02(s, 3H, 18-H3), 2.84(m,
2H, 6-H2), 3.20(m, 2H, 16a-H2), 3.40 and 3.56(2 �m, 2 � 1H, 17-
H2), 4.23(m, 1H, 16-H), 5.04(s, 2H, OCH2), 6.72(d, 1H, J = 2.3 Hz,
4-H), 6.79(dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.24(d, 1H,
J = 8.5 Hz, 1-H), 7.32(t, 1H, J = 7.3 Hz, 40-H), 7.38(t, 2H, J = 7.3 Hz,
30-H and 50-H), 7.43(d, 2H, J = 7.3 Hz, 20-H and 60-H), 13C NMR d
ppm 6.9(C-16a), 15.9(C-18), 25.3, 25.6, 29.8, 30.5, 34.2(C-13),
35.5, 38.3, 41.7, 43.7, 69.9(OCH2), 72.5(C-17), 73.7(C-16),
112.4(C-2), 114.6(C-4), 126.0(C-1), 127.4(2C: C-20,60), 127.8(C-40),
128.5(2C: C-30,50), 132.8(C-10), 137.3(C-10), 137.8(C-5), 156.8(C-
3). MS m/z (%): 504 (30), 503 (100).
2.1.6. 3-Benzyloxy-16b-phenylselenylmethyl-17-oxa-D-homoestra-
1,3,5(10)-triene (9c) and 3-benzyloxy-16a-phenylselenylmethyl-17-
oxa-D-homoestra-1,3,5(10)-triene (10c)

Compound 6 (188 mg, 0.50 mmol) was dissolved in acetonitrile
(5 ml), and phenylselenyl bromide (118 mg, 0.50 mmol) was added
in three portions. After stirring for 1 h at room temperature, potas-
sium carbonate (70 mg, 0.50 mmol) was added and the stirring
was continued for 1 h. The solvent was evaporated off and the res-
idue was subjected to column chromatography with 70% dichloro-
methane/30% hexane. 9c eluted first as a white solid (192 mg, 36%).
Mp 135–137 �C, Rf = 0.47C. Anal. Calcd. for C32H36O2Se: C, 72.30; H,
6.83. Found: C, 72.44; H, 6.95. 1H NMR d ppm 1.01(s, 3H, 18-H3),
2.83(m, 2H, 6-H2), 3.06(m, 1H) and 3.14(overlapping multiplets,
2H) and 3.55(overlapping multiplets, 2H): 16-H and 16a-H2 and
17-H2, 5.04(s, 2H, OCH2), 6.72(d, 1H, J = 2.3 Hz, 4-H), 6.79(dd, 1H,
J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.21(d, 1H, J = 8.5 Hz, 1-H), 7.24–
7.28(overlapping multiplets, 3H) and 7.54(m, 2H): 200,300,400,500,
600-H, 7.32(t, 1H, J = 7.3 Hz, 40-H), 7.38(t, 2H, J = 7.3 Hz, 30-H and
50-H), 7.43(d, 2H, J = 7.3 Hz, 20-H and 60-H), 13C NMR d ppm
16.6(C-18), 25.5, 25.7, 29.9, 30.3, 33.8, 34.0(C-13), 35.2, 38.5(C-8),
43.7(C-9), 47.4(C-14), 69.9(OCH2), 77.9(C-16), 80.0(C-17),
112.4(C-2), 114.6(C-4), 126.1(C-1), 126.7(2C: C-20,60), 127.4(2C:
C-30,50), 127.8(C-40), 128.5(2C: C-300,500), 129.0(C-400), 130.8(C-100),
132.5(2C: C-200,600), 132.9(C-10), 137.3(C-10), 137.8(C-5), 156.8(C-3).
MS m/z (%): 550 (34), 549 (100).

Continued elution yielded 10c (192 mg, 36%). Mp 142–143 �C,
Rf = 0.40C. Anal. Calcd. for C32H36O2Se: C, 72.30; H, 6.83. Found: C,
72.38; H, 6.95. 1H NMR d ppm 1.00(s, 3H, 18-H3), 2.80(m, 2H, 6-
H2), 3.11 and 3.40(2�m, 2� 1H, 16a-H2), 3.19 and 3.32(2� d,
2� 1H, J = 11.2 Hz, 17-H2), 4.24(m, 1H, 16-H), 5.03(d, 2H, OCH2),
6.71(d, 1H, J = 2.3 Hz, 4-H), 6.78(dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H),
7.19(d, 1H, J = 8.5 Hz, 1-H), 7.22–7.26(overlapping multiplets. 3H):
300,400,500-H, 7.32(t, 1H, J = 7.2 Hz, 40-H), 7.38(t, 2H, J = 7.2 Hz, 30-H
and 50-H), 7.43(d. 2H, J = 7.2 Hz, 20-H and 60-H), 7.54(m, 2H, 200-H
and 600-H), 13C NMR d ppm 16.1(C-18), 25.4, 25.5, 25.9, 29.4(C-
16a), 29.8(C-6), 34.2, 35.6, 38.4(C-8), 41.8(C-9), 43.7(C-14),
69.9(OCH2), 72.8(C-17), 73.1(C-16), 112.4(C-2), 114.6(C-4), 126.1
(C-1), 126.9(2C: C-20,60), 127.4(2C: C-30,50), 127.8(C-40), 128.5(2C:
C-300,500), 12.91(C-400), 130.1(C-100), 132.7(2C: C-200,600), 132.9(C-10),
137.3(C-10), 137.9(C-5), 156.8(C-3). MS m/z (%): 549 (100).

2.1.7. 3-Benzyloxy-16b-bromomethyl-17-oxa-D-homoestra-1,3,5(10)-
trien-17a-one (11a)

Compound 7 (195 mg, 0.50 mmol) was dissolved in dichloro-
methane (5 ml), and N-bromosuccinimide (89 mg, 0.50 mmol)
was added. The mixture was stirred at room temperature for 1 h.
The solvent was evaporated off and the residue was subjected to
column chromatography with dichloromethane as eluent. 11a
was obtained (193 mg, 82%). Mp 150–155 �C, Rf = 0.63D. Anal.
Calcd. for C26H29BrO3: C, 66.53; H, 6.23. Found: C, 66.72; H, 6.35.
1H NMR d ppm 1.26(s, 3H, 18-H3), 2.88(m, 2H, 6-H2), 3.56–
3.62(overlapping multiplets, 2H, 16a-H2), 4.54(m, 1H, 16-H),
5.04(s, 2H, OCH2), 6.74(d, 1H, J = 2.3 Hz, 4-H), 6.80(dd, 1H,
J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.22(d, 1H, J = 8.5 Hz, 1-H), 7.32(t, 1H,
J = 7.3 Hz, 40-H), 7.38(t, 2H, J = 7.3 Hz, 30-H and 50-H), 7.42(d, 2H,
J = 7.3 Hz, 20-H and 60-H), 13C NMR d ppm 18.5(C-18), 25.4, 26.2,
26.3, 29.7, 34.2, 35.3, 37.7, 41.3(C-13), 42.6, 43.1, 70.0(OCH2),
78.3(C-16), 112.6(C-2), 114.6(C-4), 126.2 and 127.4(2C) and
127.9 and 128.5(2C): C-1,20,30,40,50,60, 131.9(C-10), 137.2(C-10),
137.4(C-5), 157.0(C-3), 176.3(C-17). MS m/z (%): 491 (63), 469
(100).

2.1.8. 3-Benzyloxy-16b-iodomethyl-17-oxa-D-homoestra-1,3,5(10)-
trien-17a-one (11b)

Compound 7 (195 mg, 0.50 mmol) was dissolved in a 1:1 mix-
ture (5 ml) of dichloromethane and tetrahydrofuran, and saturated
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sodium hydrogencarbonate solution (10 ml, pH = 9) and iodine
(127 mg, 0.50 mmol) were added. The mixture was stirred for 1 h
at room temperature, diluted with water and extracted with
dichloromethane. The organic phase was separated out and
washed with a saturated solution of sodium thiosulfate and with
water. The organic phase was dried over sodium sulfate and evap-
orated, and the residue was subjected to column chromatography
with dichloromethane as eluent. 11b was obtained (217 mg, 84%).
Mp 158–160 �C, Rf = 0.66D. Anal. Calcd. for C26H29IO3: C, 60.47; H,
5.66. Found: C, 60.32; H, 5.75. 1H NMR d ppm 1.26(s, 3H, 18-H3),
2.89(m, 2H, 6-H2), 3.43(m, 2H, 16a-H2), 4.22(m, 1H, 16-H),
5.04(s, 2H, OCH2), 6.73(d, 1H, J = 2.3 Hz, 4-H), 6.80(dd, 1H,
J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.21(d, 1H, J = 8.5 Hz, 1-H), 7.32(t, 1H,
J = 7.3 Hz, 40-H), 7.38(t, 2H, J = 7.3 Hz, 30-H and 50-H), 7.42(d, 2H,
J = 7.3 Hz, 20-H and 60-H), 13C NMR d ppm 9.3(C-16a), 18.7(C-18),
25.4, 26.3, 28.2, 29.7, 34.2, 37.7, 41.2(C-13), 42.7, 43.2,
69.9(OCH2), 78.3(C-16), 112.6(C-2), 114.6(C-4), 126.2 and
127.4(2C) and 127.9 and 128.5(2C): C-1,20,30,40,50,60, 131.9(C-10),
137.2(C-10), 137.3(C-5), 156.9(C-3), 176.4(C-17). MS m/z (%): 517
(58), 113 (100).

2.1.9. 3-Benzyloxy-16b-phenylselenylmethyl-17-oxa-D-homoestra-
1,3,5(10)-trien-17a-one (11c)

Compound 7 (195 mg, 0.50 mmol) was dissolved in acetonitrile
(5 ml), and phenylselenyl bromide (118 mg, 0.50 mmol) was added
in three portions. After stirring for 1 h at room temperature, potas-
sium carbonate (70 mg, 0.5 mmol) was added and the stirring was
continued for 1 h. The solvent was evaporated off and the residue
was subjected to column chromatography with dichloromethane
as eluent. 11c was obtained (216 mg, 79%). Mp 175–178 �C,
Rf = 0.66D. Anal. Calcd. for C32H34O3Se: C, 70.45; H, 6.28. Found:
C, 70.62; H, 6.14. 1H NMR d ppm 1.26(s, 3H, 18-H3), 2.86(m, 2H,
6-H2), 3.15 and 3.29(2 �m, 2 � 1H, 16a-H2), 4.52(m, 1H, 16-H),
5.04(s, 2H, OCH2), 6.73(d, 1H, J = 2.3 Hz, 4-H), 6.80(dd, 1H, J =
8.5 Hz, J = 2.3 Hz, 2-H), 7.21(d, 1H, J = 8.5 Hz, 1-H), 7.26–7.34(over-
lapping multiplets, 4H: 40,300,400,500-H), 7.39(t, 2H, J = 7.3 Hz, 30-H
and 50-H), 7.43(d, 2H, J = 7.3 Hz, 20-H and 60-H), 7.56(m, 2H, 200-H
and 600-H). 13C NMR d ppm 18.6(C-18), 25.4, 26.2, 27.4, 29.7, 33.3,
34.2, 37.8, 41.3(C-13), 42.7, 43.5, 69.9(OCH2), 79.9(C-16), 112.2(C-
2), 114.6(C-4), 126.2 and 127.4(3C) and 127.9 and 128.5(2C)
and 129.3(2C): C-1,20,30,40,50,60,300,400,500, 129.6(C-100), 132.0(C-10),
132.8(2C: C-200,600), 137.2(C-10), 137.4(C-5), 157.0(C-3), 176.8(C-17).
MS m/z (%): 569 (100), 567 (53), 501 (47), 91 (42).

2.1.10. General procedure for the preparation of derivatives 12a and
12d

A suspension of 6 (188 mg, 0.50 mmol) or 12c (210 mg, 0.50
mmol) and Pd/C (0.30 g, 10%) in ethyl acetate (20 ml) was sub-
jected to 20 bar of hydrogen pressure at room temperature for 3
h. The catalyst was then removed by filtration through a short
pad of silica gel. After evaporation of the solvent in vacuo, the crude
product was subjected to column chromatography with dichloro-
methane as eluent.

2.1.10.1. 3-Hydroxy-13a-hydroxymethyl-14b-propyl-des-D-estra-1,3,
5(10)-triene (12a). According to Section 2.1.10, compound 6
(188 mg, 0.50 mmol) was subjected to hydrogenolysis. The chro-
matographic purification of the crude product yielded 12a
(118 mg, 87%). Mp 60–62 �C, Rf = 0.17D. Anal. Calcd. for C19H28O2:
C, 79.12; H, 9.78. Found: C, 78.95; H, 9.86. 1H NMR d ppm 0.77(s,
3H, 18-H3), 2.82(m, 2H, 6-H2), 3.35 and 3.52(2 � d, 2 � 1H,
J = 10.9 Hz, 17-H2), 6.56(d, 1H, J = 2.3 Hz, 4-H), 6.63(dd, 1H,
J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.16(d, 1H, J = 8.5 Hz, 1-H), 13C NMR d
ppm 14.7 and 15.9: C-18 and Ac–Me, 25.0, 26.4, 27.4, 30.5,
31.2, 35.6, 38.8(C-13), 41.8, 43.5, 45.3, 71.4(C-17), 112.8(C-2),
114.9(C-4), 126.7(C-1), 132.9(C-10), 138.3(C-5), 153.5(C-3). MS
m/z (%): 289 (100).
2.1.10.2. 13a-Acetoxymethyl-3-hydroxy-14b-propyl-des-D-estra-1,3,
5(10)-triene (12d). According to Section 2.1.10, compound 12c
(210 mg, 0.5 mmol, described in Section 2.1.11) was subjected to
hydrogenolysis. The chromatographic purification of the crude
product yielded 12d (145 mg, 88%). Mp 84–90 �C, Rf = 0.37D. Anal.
Calcd. for C21H30O3: C, 76.33; H, 9.15. Found: C, 76.45; H. 9.22.
1H NMR d ppm 0.83(s, 3H, 18-H3), 2.09(s, 3H, Ac–Me), 2.82(m,
2H, 6-H2), 3.86 and 3.92(2 � d, 2 � 1H, J = 11.2 Hz, 17-H2), 4.75(s,
1H, OH), 6.56(d, 1H, J = 2.3 Hz, 4-H), 6.63(dd, 1H, J = 8.5 Hz,
J = 2.3 Hz, 2-H), 7.16(d, 1H, J = 8.5 Hz, 1-H), 13C NMR d ppm 14.5
and 15.9: C-18 and Ac–Me, 24.8, 26.3, 27.3, 30.5, 31.3, 36.0,
37.4(C-13), 41.7, 43.4, 45.8, 72.3(C-17), 112.7(C-2), 114.9(C-4),
126.7(C-1), 132.7(C-10), 138.2(C-5), 153.4(C-3), 170.0(Ac-CO). MS
m/z (%): 385 (100).
2.1.11. General procedure for the synthesis of derivatives 12c and 12b
Compound 6 (188 mg, 0.50 mmol) or 12a (145 mg, 0.50 mmol)

and acetic anhydride (0.1 ml, 1 mmol) were mixed with silica gel
(500 mg), placed into a pressure tube equipped with a stirrer bar
and inserted into the cavity of a Discover SP microwave system
apparatus. The mixture was heated at 160 �C for 5 min, then
poured onto water and extracted with diethyl ether. The organic
phase was washed with water until neutral, dried over anhydrous
sodium sulfate, filtered and evaporated. The crude product was
subjected to column chromatography.
2.1.11.1. 3-Acetoxy-13a-acetoxymethyl-14b-propyl-des-D-estra-1,3,
5(10)-triene (12b). According to Section 2.1.11, compound 6
(188 mg, 0.50 mmol) was reacted with acetic anhydride (0.1 ml,
1 mmol) in a microwave reactor. The crude product was subjected
to column chromatography with dichloromethane as eluent, yield-
ing 12b (160 mg, 86%). Oil, Rf = 0.69D. Anal. Calcd. for C23H32O4: C,
74.16; H, 8.66. Found: C, 74.25; H, 8.82. 1H NMR d ppm 0.83(s, 3H,
18-H3), 2.09 and 2.28(2 � s, 2 � 3H, 2 � Ac–Me), 2.86(m, 2H, 6-H2),
3.86 and 3.92(2 � d, 2 � 1H, J = 11.3 Hz, 17-H2), 6.79(d, 1H,
J = 2.3 Hz, 4-H), 6.83(dd, 1H, J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.27(d,
1H, J = 8.5 Hz, 1-H), 13C NMR d ppm 14.1 and 15.5 and 20.7: C-18
and 17-Ac–Me and 3-Ac–Me, 24.4, 25.8, 26.8, 30.0, 30.9, 35.6,
36.9(C-13), 40.9, 43.3, 45.4, 71.7(C-17), 118.2, 120.9, 126.2(C-4),
137.6 and 137.8: C-5 and C-10, 148.0(C-3), 169.4 and 170.9: C-
17-Ac-CO and C-3-Ac-CO. MS m/z (%): 427 (100).
2.1.11.2. 13a-Acetoxymethyl-3-benzyloxy-14b-(prop-2-en-yl)-des-D-
estra-1,3,5(10)-triene (12c). According to Section 2.1.11, compound
12a (145 mg, 0.50 mmol) was reacted with acetic anhydride
(0.1 ml, 1 mmol) in a microwave reactor. The crude product of
12c was subjected to column chromatography with 2% ethyl ace-
tate/98% dichloromethane as eluent, yielding 12c (191 mg, 91%).
Mp 90–92 �C, Rf = 0.78D. Anal. Calcd. for C28H34O3: C, 80.35; H,
8.19. Found: C, 80.12; H, 8.22. 1H NMR d ppm 0.87(s, 3H, 18-H3),
2.09(s, 3H, Ac–Me), 2.85(m, 2H, 6-H2), 3.84 and 4.00(2 � d,
2 � 1H, J = 11.2 Hz, 17-H2), 4.97(m, 2H, 16a-H2), 5.04(s, 2H,
OCH2), 5.84(m, 1H, 16-H), 6.72(d, 1H, J = 2.3 Hz, 4-H), 6.79(dd,
1H, J = 8.5 Hz, J = 2.3 Hz, 2-H), 7.21(d, 1H, J = 8.5 Hz, 1-H), 7.30(t,
1H, J = 7.3 Hz, 40-H), 7.38(t, 2H, J = 7.3 Hz, 30-H and 50-H), 7.43(d,
2H, J = 7.3 Hz, 20-H and 60-H), 13C NMR d ppm 16.2 and 20.9: C-
18 and Ac–Me, 26.2, 27.5, 30.4, 32.7, 36.3, 37.6(C-13), 41.3, 43.4,
44.8, 69.9(OCH2), 71.9(C-17), 112.4(C-2), 114.4(C-16a), 114.5(C-
4), 126.4(C-1), 127.4(2C: C-20,60), 127.8(C-40), 128.5(2C: C-30,50),
132.9(C-10), 137.3(C-10), 137.9(C-5), 139.7(C-16), 156.8(C-3),
171.2(C-17). MS m/z (%): 431 (100).
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2.1.12. Synthesis of 3-benzyloxy-13a-(p-tolylsulfonyloxymethyl)-14b-
(prop-2-en-yl)-des-D-estra-1,3,5(10)-triene (12e)

Compound 6 (188 mg, 0.50 mmol) was dissolved in pyridine
(3 ml), then cooled in an ice-water bath and 286 mg (1.50 mmol)
of p-tolylsulfonyl chloride was added in small portions. After stir-
ring for 3 h at room temperature, the reaction mixture was diluted
with water (50 ml) and extracted with dichloromethane. The
organic phase was washed with water until neutral, dried over
anhydrous sodium sulfate, filtered and evaporated. The crude
product was subjected to flash chromatography with dichloro-
methane as eluent, yielding 12e (252 mg, 95%). Mp 105–110 �C,
Rf = 0.82D. Anal. Calcd. for C33H38O4S: C, 74.68; H, 7.22. Found: C,
74.83; H, 7.35. 1H NMR d ppm 0.81(s, 3H, 18-H3), 2.47(s, 3H, Ts-
Me), 2.82(m, 2H, 6-H2), 3.74 and 3.90(2 � d, 2 � 1H, J = 9.4 Hz,
17-H2), 4.92(m, 2H, 16a-H2), 5.03(s, 2H, OCH2), 5.75(m, 1H, 16-
H), 6.71(d, 1H, J = 2.3 Hz, 4-H), 6.78(dd, 1H, J = 8.5 Hz, J = 2.3 Hz,
2-H), 7.18(d, 1H, J = 8.5 Hz, 1-H), 7.32(t, 1H, J = 7.3 Hz, 40-H),
7.36–7.39(overlapping multiplets, 4H: 30,50,300,500-H), 7.43(d, 2H,
J = 7.3 Hz, 20-H and 60-H), 7.82(d, 2H, J = 8.2 Hz, 200-H and 600-H),
13C NMR d ppm 15.7 and 21.4: C-18 and Ts-Me, 25.7, 27.1, 30.1,
32.4, 35.6. 37.9(C-13), 40.7, 42.8, 43.8, 69.7(OCH2), 76.5(C-17),
112.2(C-2), 114.2(C-4), 114.5(C-16a), 126.1 and 127.2(2C) and
127.6 and 127.7(2C) and 128.3(2C): C-1,20,30,40,50,60,200,600,
129.5(2C: C-300,500), 132.4(C-10), 132.7(C-100), 137.0(C-10), 137.6(C-
5), 138.9(C-16), 144.4(C-400), 156.5(C-3). MS m/z (%): 530 (100),
552 (45).

2.2. Antiproliferative (MTT) assay

The growth-inhibitory effects of the test compounds were
determined on HeLa, MCF-7, A2780, Ishikawa and A431 cells iso-
lated from cervical, breast, ovarian, endometrial and skin cancer,
respectively. These cell lines were obtained from the European Col-
lection of Cell Cultures, Salisbury, UK. The cells were cultivated in
minimal essential medium (Sigma-Aldrich, Budapest, Hungary)
supplemented with 10% fetal bovine serum, 1% non-essential
amino acids and an antibiotic-antimycotic mixture. All media
and supplements were obtained from Life Technologies (Paisley,
Scotland, UK). All cell types were seeded into 96-well plates at a
density of 5000 cells/well and incubated with increasing concen-
trations (0.1–30 lM) of the compounds at 37 �C under cell cultur-
ing conditions. After a 72-h incubation, cells were treated with
5.0 mg/ml MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium 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 [10]. Sigmoidal concentration–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). Cisplatin was used as a positive control in the
same concentration range as the test compounds.

To determine the selective cytotoxic effect, compound 6 was
subjected to the MTT assay with intact, noncancerous, human fore-
skin cells under the same experimental conditions.

2.3. Tubulin polymerization assay

The effect of 3-benzyloxy-D-secoalcohol (6) on tubulin polymer-
ization was tested with the Tubulin Polymerization Assay Kit
(Tebu-bio, Le Perray-en-Yvelines, France) according to the manu-
facturer’s recommendations. Briefly, 10 ll of a 0.1 or 0.2 mM solu-
tion of the test compound (6) was placed on a prewarmed (37 �C),
UV-transparent microplate. 10 ll 10 lM paclitaxel and 10 ll Gen-
eral Tubulin Buffer were used as positive and negative control,
respectively. 100 ll 3.0 mg/ml tubulin in 80 mM PIPES pH 6.9,
2 mM MgCl2, 0.5 mM EGTA, 1 mM GTP, 10.2% glycerol was added
to each sample, and the microplate was immediately placed into
a prewarmed (37 �C) UV-spectrophotometer (SpectoStarNano,
BMG Labtech, Ortenberg, Germany) to start the recording reaction.
A 60-min kinetic measurement protocol was applied to determine
the absorbance of the reaction solution per minute at 340 nm. For
evaluation of the experimental data, a tubulin polymerization
curve was used in which optical density was plotted against time,
and the maximum reaction rate (Vmax: Dabsorbance/min) was cal-
culated. Differences between absorbances determined at two con-
secutive timepoints were calculated and the highest difference was
taken as the Vmax of the tested compound in the tubulin polymer-
ization reaction. Each sample was prepared in two parallels. For
statistical evaluation, Vmax data were analyzed by the unpaired
Student’s t-test by using Prism 4 software. The Vmax values of the
tested compounds were compared with the rate of the basal tubu-
lin polymerization (i.e. the untreated control).
2.4. Docking calculations

Docking calculations were carried out according to the Docking-
Server methodology [11]. The MMFF94 force field [12] was used for
energy minimization of the ligand molecule by using DockingServ-
er. PM6 semiempirical charges calculated by MOPAC2009 [13]
were ascribed to the ligand atoms. Nonpolar hydrogen atoms were
merged, and rotatable bonds were defined.

Docking calculations were carried out on the tubulin structure
with the pdb code 1Z2B. Essential hydrogen atoms, Kollman united
atom type charges and solvation parameters were added with the
aid of AutoDock tools [14]. Affinity (grid) maps of 25 � 25 � 25 Å
grid points and 0.375 Å spacing were generated by using the Auto-
grid program [14]. The simulation box center was set to the center
of the crystallized ligand. AutoDock parameter set- and distance-
dependent dielectric functions were used in the calculation of
the van der Waals and the electrostatic terms, respectively.

Docking simulations were performed by using the Lamarckian
genetic algorithm and the Solis & Wets local search method [15].
The initial positions, orientations and torsions of the ligand mole-
cules were set randomly. Each docking experiment involved 50 dif-
ferent runs that were set to terminate after a maximum of
2.5 � 106 energy evaluations. The population size was set to 150.
During the search, a translational step of 0.2 Å and quaternion
and torsion steps of 5 were applied.
3. Results and discussion

3.1. Synthesis of D-homo- and D-secoestrones

The literature reveals several synthetic approaches for the for-
mation of D homologs of estrone. The total synthesis of D-homoe-
strone (4) was first reported by Ananchenko et al. [16]. Semi-
synthetic methods, and particularly the ring expansion of five-
membered ring D of estrone analogs, are complex, multistep reac-
tions and therefore exhibit low efficiency [17]. We recently devel-
oped an efficient route for the synthesis of D-homoestrone (4) from
a d-alkenyl-D-secoestrone-3-benzyl ether (1), which is available in
several steps from estrone 3-benzyl ether via a Grob fragmentation
as key step [6,18]. In the present work we used the D-secoaldehyde
(1) for the synthesis of D-homoestradiol (5), as the impact of 5 on
the proliferation of the human cancer cell lines HeLa, MCF-7,
A2780, Ishikawa and A430 does not appear to have been described
in the literature. The intramolecular Prins cyclization of 1 with 1.1
equivalents of p-toluenesulfonic acid and the subsequent Jones
oxidation (and simultaneous b-elimination of the tosyloxy group)
led to the desired a,b-unsaturated ketone (2, Scheme 1). The
hydride reduction of 2 selectively yielded its 17ab-hydroxy
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derivative (3). During the hydrogenation of 2, hydrogenolysis of
the 3-benzyl group and saturation of the 16,17-double bond
occurred, leading to D-homoestrone (4), hydride reduction of
which selectively yielded 17ab-hydroxy-D-homoestradiol (5).

Hydride reduction of the D-secoaldehyde (1) with potassium
borohydride or the oxidation of 1 with Jones reagent (8 N) was car-
ried out in order to obtain the 3-benzyloxy-D-secoalcohol (6) and
the 3-benzyloxy-D-secocarboxylic acid (7), which can be used as
starting materials for electrophile-induced ring-closure reactions
(Scheme 2). Jones oxidation of the aldehyde function in 1 was
accompanied by the formation of a bridged lactone 8, similarly
as described earlier [7]. It was previously shown that the secoalde-
hyde in the 3-methoxy 13b-estrone and 13a-estrone series readily
cyclizes and furnishes 17-oxa-D-homo-tetrahydropyrans or
17-oxa-D-homo-d-lactones (NBS or I2 were used as electrophile
triggers). In the present work, we carried out halo- or selenoethe-
rification and halo- or selenolactonization reactions to obtain
16-halomethyl- or 16-phenylselenylmethyl-substituted 17-oxa-D-
homo-3-benzyl ethers. Bromoetherification of 6 with an equimolar
amount of NBS in MeCN afforded 9a (Scheme 1, Table 1, Entry (1).
The reaction was carried out at �15 �C to avoid the formation of 2-
bromo derivatives by electrophile substitution. A 2:1 diastereo-
meric ratio was observed in the iodoetherification with iodine,
yielding a mixture of 9b and 10b (Table 1, Entry (2). The applica-
tion of phenylselenyl bromide as electrophile trigger led to a differ-
ent isomeric ratio (9c + 10c = 1:1, Table 1, Entry (3). The
configuration at C-16 in the tetrahydropyrans 10 was established
from NOESY experiments, which demonstrated a crosspeak
between the multiplet of 16-H and the singlet of the angular
methyl group. The orientation of the 16a substituent in the minor
diastereomers (10) is therefore the opposite (a) of that of the angu-
lar methyl group. The electrophile-induced cyclizations of the
secocarboxylic acid 7 furnished one diastereomer 11 stereoselec-
tively (Table 1, Entries 4–6). NOESY experiments revealed the b-
position for the 16 substituent. These results are in good agree-
ment with the earlier observations in the 3-methoxy series [7].

For functionalization of the alcoholic and phenolic hydroxy
groups in the secoalcohol 6 (Fig. 1, Table 2), esterification was car-
ried out by using acetic anhydride under microwave irradiation on
a solid support, since microwave heating is a very effective and
non-polluting method of activation. Irradiation under solvent-free
conditions usually leads to higher conversions and shorter reaction
times and has several environmental advantages (green chemistry)
[19]. 6 was subjected to hydrogenolysis in order to remove the
benzyl protecting group and to saturate the alkenyl side-chain
(Table 2, Entry 1). The resulting diol 12a was acetylated with acetic
anhydride on a silica gel support in a microwave reactor, yielding
12b (Table 2, Entry 2). The partially acetylated 12c was synthetized
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from the secoalcohol 6 by microwave-induced acetylation (Table 2,
Entry 3). Removal of the benzyl ether group from 12c led to 12d
(Table 2, Entry 4). Tosylation of 6 furnished 12e (Table 2, Entry 5).

3.2. Determination of antiproliferative properties of the newly
synthetized compounds (6–12) and the effect of secoalcohol 6 on
tubulin polymerization

Microtubuli are polymers of tubulin, which in turn is a dimer
involving an a unit and a b unit. They have a wide range of biolog-
ical functions, including maintenance of the cytoskeleton and the
organization of intracellular transport, but the formation of mitotic
spindles is generally regarded as the most relevant and is the most
intensively investigated aspect [20]. A variety of cytotoxic agents
such as colchicine, vinca alkaloids, taxans, combrestatin and 2-
methoxyestradiol (2ME) influence the equilibrium between the
polymerization and degradation of the microtubuli, and are there-
fore able to influence cell division in a cell cycle phase-specific
manner [21]. It has recently been established that some agents that
interact with tubulin are also able to target the vascular system of
tumors [22], causing vasculature recession or vasculature ‘normal-
ization’ [23]. 2ME, a well-known nonpolar endogenous metabolite
of 17b-estradiol, is a potent antiproliferative, apoptotic and antian-
giogenic agent in vitro and in vivo at pharmacological concentra-
tions [24]. Investigation of its antitumor activity on different
malignancies in clinical studies revealed that 2ME can be tolerated
up to very high doses (e.g. 1200 mg/day) [25,26]. The most impor-
tant mechanisms of its action seem to be the inhibition of neoan-
giogenesis, microtubule disruption and the upregulation of
factors regulating extrinsic and intrinsic apoptotic pathways [27].
Cushman et al. reported that 2-ethoxyestradiol is a more potent
cytotoxic agent than 2ME in cancer cell cultures, and is also a tubu-
lin polymerization inhibitor [28]. Hillisch et al. patented the find-
ing that some D-homoestra-1,3,5(10)-trien-3-yl 2-substituted
sulfamates are potential pharmaceuticals for the treatment of
tumorous diseases [4] by acting as tubulin polymerization inhibi-
tors. We recently characterized the antitumor activities of 13-epi-
mers of D-homoestrone and their 3-methyl ether counterparts on
HeLa, MCF-7 and Ishikawa cells, providing the first evidence that
D-homoestrone selectively suppresses HeLa cell proliferation and
modulates cell cycle progression, leading to the accumulation of
cells in the G2/M phase. Moreover, no significant in vivo estrogenic
activity was observed as concerns the weight gain of the uterine
tissue of gonadectomized rats after a 7-day treatment with D-
homoestrone. The 3-methyl ether and 13-epi counterparts did
not display any effect on the proliferation of the tested cells [5].

In the present study, we tested D-homoestrone derivatives that
are readily available via the D-homoestrone synthetic pathway [5].
Compounds 2–5 differ only in the functional groups on C-3 and C-
17a, and possess no other substituents. In vitro antiproliferative
tests were carried out on a panel of human adherent cancer cell
lines (Table 3). Compounds 3 and 5 proved to exert substantial
cell-line selective antiproliferative activities against ovarian and
cervical cancer cell lines, respectively. 17ab-D-Homoestradiol (5)
behaved similarly to D-homoestrone (4) [5]. The 3-benzyl ether
of the unsaturated ketone 2 was not active. As concerns the results
for 2–5 and D-homoestrone-3-methyl ether [5], three of the five
tested 13b-methyl-D-homoestrone derivatives are potent selective
cytotoxic agents, acting in the low micromolar range. The nature of
the protecting group at position 3 has a great influence on the anti-
proliferative properties.

Möller et al. found that some 2- and/or 16-halogenated D-
homoestrone derivatives are efficient inhibitors of 17b-hydroxy-
steroid dehydrogenase type 1, and their binding affinity to human
estrogen receptor a is reduced by 100- to 1000-fold relative to that
of estradiol [29]. Accordingly, such modified D-homoestrone
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Table 1
Synthesis of D-homoestrone derivatives (9–11).

Entry Starting secosteroid Electrophilic reagent Product Yield (%)

1 6 NBS 9a 68
2 6 NIS 9b + 10b 50 + 25
3 6 PhSeBr 9c + 10c 36 + 36
4 7 NBS 11a 82
5 7 NIS 11b 84
6 7 PhSeBr 11c 79
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Fig. 1. The synthetized D-secoestrone derivatives.

Table 2
Synthesis of D-secoestrone derivatives (12).

Entry Substrate Reagent Reaction conditions Product Yield (%)

1 6 H2, Pd/C 10 bar, rt 12a 87
2 12a Ac2O MW, 5 min, 160 �C 12b 86
3 6 Ac2O MW, 5 min, 160 �C 12c 91
4 12c H2, Pd/C 10 bar, rt 12d 88
5 6 TsCl 3 h, rt 12e 95

Table 3
Antiproliferative properties of the synthetized compounds.

Calculated IC50 values (lM)

HeLa MCF-7 A2780 A431 Ishikawa

2 >30 >30 >30 >30 >30
3 18.9 13.9 3.0 11.3 >30
5 3.5 >30 >30 >30 >30
6 13.2 6.4 12.0 5.4 7.3
7 >30 >30 >30 >30 >30
8 >30 >30 20.6 >30 >30
9a >30 >30 >30 >30 >30
9b >30 >30 >30 >30 >30
9c >30 >30 >30 >30 >30
10b >30 >30 >30 >30 >30
10c >30 >30 >30 >30 >30
11a >30 >30 19.2 >30 >30
11b >30 24.1 >30 >30 >30
11c >30 >30 >30 >30 >30
12a >30 >30 >30 >30 >30
12b >30 >30 >30 >30 >30
12c 14.9 7.9 14.4 7.3 9.5
12d >30 23.3 >30 >30 >30
12e >30 >30 >30 >30 >30
Cisplatin 5.3 7.3 0.7 8.9 3.5

⁄Mean values from two independent determinations with five parallel wells;
standard deviation <15%.

134 E. Mernyák et al. / Steroids 87 (2014) 128–136
derivatives may be used for the treatment of estradiol-dependent
diseases. Those previous results led us to examine the antiprolifer-
ative properties of the synthetized halogen-containing D-homoe-
strones. The 16-halomethyl-17-oxa-D-homosteroids (9–11) and
their starting compounds (6, 7) were tested in vitro. None of the
16-halomethyl derivatives influenced the proliferation of the
tested tumor cells, but the secoalcohol (6) proved to be effective
against all the cell lines, and especially on the estrogen receptor-
positive breast adenocarcinoma (MCF-7), skin epidermoid (A431)
and endometrial (Ishikawa) carcinoma cells (IC50 = 5–8 lM). Struc-
tural modifications of secoalcohol 6 at three sites in the molecule
yielded diverse derivatives (12) which displayed different effects
on the proliferation of the cell lines. Acetylation of the 17-
OH group led to the 17-acetoxy-3-benzyl ether (12c) which
exhibited similar antiproliferative action to that of its 17-hydroxy
counterpart (6), whereas the 17-tosyl ester (12d) appeared to be
inactive. Removal of the 3-benzyl protecting group and simulta-
neous saturation of the propenyl side-chain furnished 12a, which
demonstrated complete loss of the growth-inhibitory behavior,
and the 16-acetoxy-3-ol (12d) and the 3,17-diacetate (12b) were
also totally inactive. The results of the MTT assays for the secoe-
strones 6 and 12 indicate that the benzyl ether protecting group
is necessary for the antiproliferative activity, which is greatly
affected by the nature of the 17-functional group.

We are not aware of literature reports of effective antitumor
D-secoestrone derivatives against the HeLa, MCF-7, A2780, A431
and Ishikawa cell lines. Saloranta et al. described 17-homoallylic
D-secoestrones with low antitumor potentials on these cell lines
(IC50 > 30 lM) [30]. D-Secoestrone nitriles were recently tested
in vivo for estrogenic activity. Opening of ring D resulted in com-
plete loss of the estrogenic activity, whereas some derivatives
exerted moderate antiestrogenic effects [31–33]. As D-secoestrone
derivative 6 suppresses the proliferation of MCF-7, A431 and
Ishikawa cells, it was selected for additional in vitro experiments.



Table 4
Proliferation-inhibitory effects of compound 6 and cisplatin on noncancerous human
foreskin fibroblast cells, determined in the 72-h antiproliferative assay described in
Section 2.2.

Compound Applied concentration
(lM)

% Inhibition of
proliferation ± SEM*

6 3.0 8.3 ± 1.2
10.0 17.7 ± 2.1

Cisplatin 3.0 12.5 ± 1.7
10.0 22.1 ± 4.6

* Mean values from two independent determinations with five parallel wells.
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Since tumor specificity is one of the greatest challenges facing new
anticancer drug candidates, this feature was additionally investi-
gated for 6. When intact, noncancerous human foreskin fibroblast
cells were incubated with 3.0 or 10 lM 6 for 72 h, a weak prolifer-
ation-inhibiting effect (8.3% and 17.7% inhibition, respectively) was
detected (Table 4). Cisplatin, our positive control molecule, elicited
similar inhibitory activity on fibroblast cell proliferation at these
concentrations. Although the tumor specificity of secoestrone 6
does not differ significantly from that of cisplatin, a compound
generally used in the therapy of cancerous diseases of female
reproductive organs, it may be noted that to date there have been
no reports of the tumor specificity of D-secoestrone derivatives
with potent antitumor activity.
Fig. 2. Effects of compound 6 on the calculated maximum reaction rate (Vmax) of in vitro
100 or 200 lM of 6 and 10 lM paclitaxel (Panel A). Calculated Vmax values of tubulin po
samples. The experiment was performed in two parallels. Each bar denotes the mean
control values.

Fig. 3. Interactions of ligand 6 at the c
Various cytotoxic estrones behave as tubulin polymerization
inhibitors [3,29,34,35], and there is evidence relating to a B-homo-
estrone derivative which enhances tubulin assembly and stabilizes
microtubules similarly to paclitaxel [36]. However, no information
was previously available on the impact of D-secoestrones on tubu-
lin polymerization. We present here data on the effect of a D-seco-
alcohol (6) on the kinetics of in vitro tubulin polymerization. Our
test compound (6) significantly enhanced the maximum rate
(Vmax) of formation of microtubules (Fig. 2).

This significant increase in Vmax might be due to the interaction
of compound 6 with the colchicine binding site of tubulin, as pre-
viously reported for several estrone analogs [36]. To determine
whether compound 6 interacts with tubulin, it was docked into
both the colchicine and the vinblastine binding sites of tubulin.
Molecular docking calculations were carried out using the avail-
able crystal structure of tubulin crystallized with both colchicine
and vinblastine (PDB code: 1Z2B) [37]. The results revealed that
both the interaction energy and the frequency of docking suggest
more favorable binding of the ligand at the colchicine binding site.
The interactions of the ligand at the binding site are presented in
Fig. 3. Compound 6 is seen to be stabilized mainly by hydrophobic
interactions between the hydrophobic amino acids at the binding
site and the hydrophobic ring of the ligand: LEU-248, ALA-250,
LEU-255, ALA-316, VAL-315 and MET-299 in the B chain and
VAL-181 in the A chain are within interacting distance. The
microtubule formation. Kinetic curves of tubulin polymerization in the presence of
lymerization (Panel B). Control: untreated samples, PAC: 10 lM paclitaxel-treated

± SEM, n = 4. *and **indicate p < 0.05 and p < 0.01, respectively, compared with the

olchicine binding site of tubulin.
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alcoholic oxygen of the ligand accepts a hydrogen-bond from the
amide nitrogen of ASN101 in the A chain, whereas the oxygen is
donated to GLN11 in the A chain.
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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.
ttp://dx.doi.org/10.1016/j.jsbmb.2012.04.009
© 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
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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).
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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
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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
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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.
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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.
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