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1 INTRODUCTION 

1.1 Epidemiology of malignant disorders 

Cancer represents one of the major health burdens and a leading cause of mortality 

worldwide, responsible for millions of deaths annually. Cancer therapy and research towards 

new anticancer agents has become the focus of drug development since the 1950s, when 

chemotherapy was introduced and the discovery and subsequent clinical use of novel antibiotics 

made most cases of bacterial infections manageable.1,2 

The latest survey of the Global Cancer Observatory (GLOBOCAN) series – published 

by International Agency for Research on Cancer (IARC) – estimated 19.3 million new cancer 

cases and 9.6 million cancer-related deaths in 2020 (Figure 1 and 2). According to these data, 

one in five men or women suffer from cancer during their lifetime and one in eight men or one 

in eleven women succumb to cancer-related illness. The analysis of epidemiological data for 

the last twenty years indicates increasing trends in cancer emergence: approximately 10.1 

million new cancer cases and 6.2 million deaths were reported in 2000, which – compared to 

the latest predictions – corresponds to a ~91% and a ~61% increase in absolute numbers, 

respectively.1,3–7 

 

Figure 1. Global cancer incidence from 2000 to 2020, based on GLOBOCAN cancer statistics of 

World Health Organization (WHO).1,3–7 
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Based on these estimates, the global cancer burden may even reach 28.4 million cases 

by 2040, a 47% rise from 2020. Besides the increasing numbers, this comprehensive overview 

– summarising the available incidence and mortality data of 36 cancer types collected from the 

local registries of 185 countries – revealed causative factors, regional differences and 

emphasized the leading role of breast and gynaecological cancers among women in incidence 

and mortality profiles globally.1 

The complex pathophysiology of breast and gynaecological malignancies has not been 

completeley understood, and is still in forefront of medical research; nevertheless, several risk 

factors have been identified so far. These hereditary (e.g. mutation of BRCA1/BRCA2 genes), 

hormonal (higher overall estrogen exposure, nulliparity, late age at first childbirth, long-term 

hormone therapy), and environmental (Western-style diet, obesity, alcohol consumption, 

external radiation, human papilloma virus [HPV] infection) factors provoke the mutation in the 

DNA content of cells, leading to the evolution of novel functions to avoid programmed cell 

death and the suppressor mechanisms of cell proliferation.8–11 

Among females, breast cancer is the most frequently diagnosed type and the principal 

cause of cancer-related deaths, responsible for 2.26 million new cases and 685,000 deaths, 

while cervical neoplasms are the fourth most common, both in incidence and mortality, with 

approximately 604,000 new cases and 342,000 deaths.3 These two types of malignancies 

dominate the cancer-related mortality of women in majority of the investigated countries, i.e. 

breast cancer in 110 countries and cervical cancer in 36 countries.1 

 

Figure 2. Mortality of cancer from 2000 to 2020 based on GLOBOCAN database of WHO.1,3–7 
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Regarding the causative factors, more than 97% of cervical tumors are caused by 12 

oncogenic types of the HPV virus, especially the HPV16 and HPV18 strains, which are the 

cardinal co-factors of cervical intraepithelial neoplasia (CIN) and cancer in more than 70% of 

cases. Despite population-based screening programs in developed countries and clinically 

proven, highly effective HPV vaccines (bivalent, quadrivalent and nonavalent types), which 

have been commercially available since 2006, cervical cancer is still a global health issue.12–17 

Although a very high proportion of cancer cases may be treated successfully with 

improved survival outcome by early diagnosis (owning to milder symptoms or asymptomatic 

characteristic of the early stages), due to the lack of resources and protocols in many countries, 

neoplasms are often identified only in their advanced stages.18,19 Moreover, success of the 

therapy is limited by de novo or acquired resistances against anticancer drugs. For example, 

70% of breast cancers express hormone receptors, but 30% of these women are threatened by 

poor response to endocryn therapy or the risk of recurrence. In numbers, according to the 

GLOBOCAN survey, 2.26 million women have diagnosed with breast cancer in 2020, so 

approximately 475 000 patients have a chance to failed first line therapy in subsequent 

years.20,21 Furthermore, overall response rate of patients with recurrent or metastatic cervical 

cancer to combination therapy of cisplatin and paclitaxel – which is a standard 

chemotherapeutic regimen in these cases – is only 29.1%–67.0%.22 

Besides rapid advancement in preventive, diagnostic and therapeutic strategies, in the 

light of previously described facts, novel treatment options of breast and cervical tumors are 

eagerly awaited.  
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1.2 Steroids: from natural substances to cancer therapy 

Biologically active molecules with a steroidal framework constitute a diverse and 

extensive group of organic compounds. Hundreds of natural derivatives are found in plants, 

fungi and animals, while preparation of semisynthetic or synthetic analogues is one of the 

prominent fields of pharmaceutical research. 

Without attempting to be comprehensive, steroidal compounds may be classified into 

five distinct groups, depending on number of carbon atoms make up their backbone: 

The cholestane framework – containing 27 carbons (C27) and various opportunities of 

substituation – is a core of several important organic substances, such as cholesterol, which has 

essential role in fluidity of biological membranes and serves as a precursor of hormone sythesis 

in animals and humans.23 Ergosterol is found in the cell membrane of fungi and protozoa, with 

the same functions like cholesterol in animal cells, and this difference serves as basis of several 

antifungal therapies.24 Furthermore, these type of molecules establish an outstandingly diverse 

group of secondary plant metabolites with a broad spectrum of biological activities (e.g., 

antihypertensive, antiasthmatic, anticancer activities among others). Accordingly, dietary 

intake of some of these compounds, such as β-sitosterol (the most abundant), campesterol and 

stigmasterol, may explicate favorable effects on several negative health conditions, for instance 

mitigating the risk of hormone dependent breast cancer.25–27 

The structure of cholane steroids comprises of 24 carbons (C24), their main 

physiological function being the constituents of bile acids and facilitation of fat metabolism 

(e.g. cholic acid, lithocholic acid). Moreover, synthetic anticancer ephrin type-A receptor 2 

(EphA2) antagonist derivatives and analogues with brassinosteroid-like plant hormone 

properties with cholane skeleton have also been described.28,29 

Sexual steroids (estrogens, progestogens, and androgens) are essential parts of human 

hormonal system. These molecules are responsible for proper growth in both sexes, the 

development of secondary sex characteristics, the maintenance of normal reproductive system, 

and they also play a crucial role in the function of many organ system, including cardiovascular 

system, central nervous system and the musco-skeletal system among others.30–33 Plenty of 

these compounds, as well as their semi-synthetic and synthetic derivatives, are used for 

therapeutic purposes, including anabolics, hormonal contraceptives or as part of hormone 

replacement therapy (HRT). Owing to their lipophilic estrane (C18), androstane (C19) and 
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pregnane (C21) skeletons, these molecules have favorable pharmacokinetic and 

pharmacodynamic properties, they can easily penetrate through biological membranes, bind to 

specific nuclear receptors and exert their pharmacological effects on gene expression.34 

Besides their physiological impacts, sexual steroids are also involved in the 

development of numerous hormone-dependent malignancies, such as prostate, breast, 

endometrial cancer or hormone-independent types, e.g., bladder, lung, colorectal and brain 

tumors as well.35–37 In these cases, reduction of hormonal activity is essential in order to 

decelerate or inhibit the progression of cancer. As enzymes of steroid biosynthesis as well as 

their nuclear receptors require ligands with appropriate structural units, a very large number of 

drugs and drug candidates have modified steroidal backbones.38,39 Among the therapeutically-

applied enzyme inhibitors, exemestane, an aromatase inhibitor used in estrogen-dependent 

breast cancer, fulvestrant, an antiestrogenic compound, and abiraterone, an inhibitor of 

CYP17A1 applied in prostate carcinoma, are noteworthy.40–43 

Recent studies suggest that some natural androstanes, as well as their A- or D-ring 

modified derivatives are able to inhibit proliferation of breast or gynaecological cancer cells, 

induce cell cycle disruptions and have proapoptotic, antimigratory and antimetastatic 

properties, without hormonal or antihormonal characteristic (Figure 3). 

Dehydroepiandrosterone, a natural intermediate of steroid biosynthesis, considerably inhibits 

the proliferation of both HPV-positive and HPV-negative human cervical cancer cells and 

reduce their adhesive and migratory capacities via an estrogen and androgen independent 

pathway.44,45 From semi-synthetic and synthetic analogues, potent growth inhibitory effect of 

novel 17-picolyl and 17-picolinylidene androstane derivatives were reported by Jakimov, 

Adjukovic and Djurendic et al. on HeLa, MCF-7, MDA-MB-231, PC3, HT-29 and A549 cell 

lines, while Scherbakov and co-workers demonstrated similar features of several pyrimidine- 

and dihydrotriazine-derivatives in the androstane and estrane series on MCF-7 and MDA-MB-

231 cell lines.46–49 Besides their antiproliferative character, some derivatives such as 

oleandrigenin 3-O-acetate analogues, containing a substituated androstane core, and 17α-

halogenated 19-nortestosterone compounds induce accumulation of cells in the G2/M and sub-

G1 phases of the cell cycle at the expense of the G1 phase on HeLa cells, accompanied by 

down-regulation of anti-apoptotic (Bcl-2, Mcl-1) and tumorigenic (p53, Src kinase) proteins or 

significantly elevated caspase activity.50,51 Due to the fact that metastatic tumors show high 
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mortality rates, pharmacological prevention of metastasis formation is a novel option of 

anticancer therapies. Wang et al. have demonstrated the pronounced antimigratory and anti-

invasive properties of E-salignone amide derivatives – synthesized from epiandrosterone and 

androsterone – on triple-negative MDA-MB-231 breast cancer cells.52 

On the basis of these evidences and findings of our previous studies, the most frequent 

position of modification on androstane skeleton to yield novel antiproliferative agents, are C-2 

or C-3 on the A-ring and C-16 or C-17 on D-ring (Figure 3).53,54 Comprehensive analysis of 

structure-activity relationships proved that the incorporation of bulky heterocyclic moiety on 

the D-ring may result in promising anticancer drug candidates without hormonal activity. 

 

Figure 3. The chemical stucture of leading anticancer androstane derivatives in the described 

references.  
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2 AIMS 

During our experiments, four novel, heterocyclic, D-ring modified androstane 

derivatives were examined. 3β-hydroxy-17-[1’-(4’’-cyanophenyl)-4’-hydroxymethyl-1’H-

pyrazol-3’-yl]androsta-5,16-diene exerted pronounced antiproliferative properties on breast 

cancer cell lines as reported previously.55 The aim of the present study was to examine the 

antiproliferative and antimetastatic characteristics and the underlying mechanism of action of 

these promising compounds with in vitro and in vivo experiments on breast and gynaecological 

tumor cell lines. 

The purposes of the performed experiments were as follows: 

 Caracterization of antiproliferative properties of the tested compounds on breast and 

gynaecological cancer cell lines, and the determination of their IC50 values by 

standard MTT assay. 

 Estimation of tumor selectivity indices on all of the investigated cell lines compared 

to a non-cancerous cell line (NIH/3T3). 

 Detection of apoptosis-inducing effects of the tested compounds, and their pathway 

using Hoechst/propidium iodide and Annexin V/propidium iodide fluorescent 

double staining methods, cell cycle analysis, colorimetric determination of caspase-

3 activity and mitochondrial membrane potential assay (JC-1 assay). 

 Demonstrating the possible androgenic/antiandrogenic activity of the tested 

compounds, owing to the androstane skeleton by yeast androgen screening assay 

(YAS). 

 Examination of the inhibitory effects of the tested compounds to the early steps of 

metastasis formation such as migration, invasion and intravasation, carrying out 

wound-healing, Boyden chamber and circular chemorepellent-induced defects 

(CCIDs) assays. 

 Analysis of expression level of tumor markers upon treatment with the tested 

compounds. 

 Investigation of in vivo administration of the tested compounds on the 4T1 

ortothopic mouse breast cancer model.  
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3 MATERIALS AND METHODS 

3.1 Chemicals 

Synthesis and chemical characterization of 3β-hydroxy-17-[1’-(4’’-cyanophenyl)-4’-

hydroxymethyl-1’H-pyrazol-3’-yl]androsta-5,16-diene (compound 1) were carried out by Éva 

Frank et al. as reported previously.55 Tetrazole (compound 2 and 3) and triazole (compound 4) 

derivatives were prepared by the colleagues of the Department of Chemistry, Biochemistry and 

Environmental Protection, University of Novi Sad, Serbia. The chemical structure of these 

molecules are presented in Figure 4.  

 

Figure 4. Chemical stuctures of the tested compounds (1-4) 

3.2 Cell lines 

HeLa, A2780, MCF-7, T-47D, MDA-MB-231, MDA-MB-361 and NIH/3T3 cell lines 

were purchased from ECACC (European Collection of Cell Cultures, Salisbury, UK), 4T1, 

SiHa and C33A cell lines were acquired from ATCC (American Tissue Culture Collection, 
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Manassas, VA, USA). The T1S1/iLEC cell line was obtained from the Department of 

Pathology, Medical University of Vienna (Vienna, Austria). HeLa, SiHa, C33A, A2780, MCF-

7, T-47D, MDA-MB-231 and NIH/3T3 cells were maintained in Eagle’s Minimal Essential 

Medium (EMEM), supplemented with 10% fetal bovin serum (FBS), 1% non-essential amino 

acid (NEAA) mixture and 1% penicillin, streptomycin and amphotericin B mixture at 37°C in 

a humidified carbon dioxide (CO2) atmosphere. iLEC cells were grown in EGM-2MV (EGM-

2MV BulletKit, Lonza, Basel, Switzerland) medium under the same conditions. MDA-MB-361 

cells were cultivated in L-15 medium, complemented with 20% FBS, 1% NEAA mixture and 

1% antibiotic/antimicotic mixture at 37°C, under humidified carbon dioxide-free 

circumstances. 4T1 mouse breast cancer cells were cultured in RPMI medium containing 10% 

FBS, 1% NEAA mixture and 1% antibiotic solution in CO2 incubator at 37°C. All media, 

supplements, chemicals and kits used during experiments and cell cultures, if otherwise not 

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

Cell line Origin and main characteristic 

MCF-7 

human breast adenocarcinoma, derived from a pleural effusion, which 

expresses estrogen and progesteron receptors 

T-47D 

human ductal carcinoma of the breast, derived from a pleural effusion, 

which expresses estrogen and progesterone receptors with different 

progesterone response than MCF-7 

MDA-MB-361 

estrogen and HER2 receptor positive human breast cancer cell line, derived 

from a brain metastasis 

MDA-MB-231 triple negative human breast cancer cell line 

HeLa HPV-18 positive human cervical carcinoma cell line 

SiHa HPV-16 positive human cervical carcinoma cell line 

C33A HPV-negative human cervical carcinoma cell line 

A2780 human ovarian carcinoma cell line, derived from an untreated patient 

T1S1/iLEC immortalized human lymphatic endothelial cell line 

NIH/3T3 mouse embryonic fibroblast cell line 

4T1 

highly tumorigenic and invasive breast cancer cell line from BALB/cfC3H 

mouse 

Table 1. Origin and main characteristic of the utilized cell lines. 
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3.3 MTT-assay (antiproliferative assay)  

Proliferation and viability of cells upon treatment with the test compounds were 

investigated by the standard MTT assay.56 All cell types were maintained under the cell 

culturing circumstances described previously, and were seeded into 96-well plates at a density 

of 5,000 cells/well, except for the MDA-MB-361 and C33A cells, as they were plated at a 

density of 10,000 cells/well, and were treated with increasing concentrations of the test 

substances (0.1-30 µM). Untreated cells were used as a control and final concentration of 

dimethyl sulfoxide (DMSO) from the stock solutions was lower than 0.3%, so it exerted no 

substantial effect on cell proliferation. After 72 h of incubation, 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/mL in phosphate buffer) was added to 

the wells for 4 h and the precipitated, blue formazan crystals were dissolved in 100 µL DMSO. 

Finally, absorbances, reflected the number of viable cells, were recorded by a microplate reader 

(Stat Fax 2100, Awareness Technologies, Westport, CT, USA) at 545 nm and normalized six-

point dose-response curves were evaluated by GraphPad Prism 5.01 software (GraphPad 

Software, San Diego, CA, USA). 

3.4 Hoechst/Propidium iodide fluorescent double staining  

Apoptosis or necrosis-related changes in cell morphology and membrane integrity were 

investigated by Hoechst 33258 and propidium iodide (PI) fluorescent staining.  

Suspension of MCF-7 and SiHa cells were seeded into 96-well plates (5,000 cells/well) 

and were treated with increasing concentrations (1, 2 and 4 µM) of compound 1 for 24 h. After 

treatment period, cells were stained by lipophilic Hoechst 33258 (5 μg/ml) and hydrophilic PI 

(3 μg/ml) solution for 1 hour in the dark, under cell culturing conditions described above. Next, 

the medium was refreshed on samples, and images (at least 10 per condition) were taken by the 

QCapture Pro software (QImaging, Surrey, BC, Canada) and a Nikon Eclipse TS100 

fluorescence microscope (Nikon Instruments Europe B.V., Amstelveen, The Netherlands) 

equipped with appropriate filters for Hoechst 33258 (excitation: 360/40 nm bandpass filter, 

emission: 460/50 nm bandpass filter and 400 nm dichromatic mirror) and for PI (excitation: 

500/20 nm bandpass filter, emission: 520 nm longpass filter and 515 nm dichromatic mirror). 

Nuclei emitting fluorescence were counted and the proportion of intact, apoptotic and necrotic 

cell populations were expressed as percentages. 
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3.5 Apoptosis Assay 

For more detailed separation of early- and late apoptotic subpopulations, Annexin V-

Alexa488/PI fluorescent staining, complemented with flow cytometric detection – which is 

appropriate to analysis of larger event numbers per sample – were used. 

MCF-7, MDA-MB-231 and SiHa cells were seeded at a density of 80,000 cells/well, 

while C33A cells were plated at a density of 120,000 cells /well into 24 well cell culture plates 

and were treated with different concentrations (1, 2, 4 and 8 µM) of the test compound (1) for 

24 h. Next, cells were washed with PBS, harvested with trypsin and pooled with the collected 

supernatants. Samples were centrifuged at 300 × g at room temperature for 5 minutes, and 

pellets were resuspended in Annexin V binding buffer (0.01 M HEPES, 0.14 M NaCl and 2.5 

mM CaCl2) accompained by staining procedure with Annexin V-Alexa488 (LifeTechnologies, 

Waltham, MA, USA) and propidium iodide (10 µg/ml) solution in the dark at room temperature 

for 15 minutes. For each sample, 10 000 events were detected by FACSCalibur cytofluorimeter 

(BD Biosciences, San Jose, CA, USA) and data were analysed by CellQuestTM software (Becton 

Dickinson, Franklin Lakes, NJ, USA). 

3.6 Cell cycle analysis  

In order to determine the influence of compound 1 to cell cycle of breast- and cervical 

tumor cells, cell cycle analyses were performed on four cell lines as described previously.57 

Briefly, MCF-7, MDA-MB-231, SiHa and C33A cells were seeded onto 24-well plates (80,000 

cells/well or 120,000 cells/well) and were exposed to the same concentration range (1, 2, 4 and 

8 µM) of our drug candidate described for the previous experiment for 48 h or 72 h. The samples 

were washed with phosphate-buffered saline (PBS), collected, pooled with the corresponding 

supernatants and centrifuged at 300 × g at room temperature for 5 min. The DNA content of 

resuspended cells were labelled with PI in DNA staining solution (10 μg/mL PI, 0.1% Triton-

X, 10 μg/mL RNase A, and 0.1% sodium citrate dissolved in PBS) for 30 min in the dark, at 

room temperature. Analysis of at least 20,000 events/sample were carried out by the 

FACSCalibur flow cytometer and the Kaluza Analysis Software (Beckman Coulter, Brea, CA, 

USA). Untreated cells were applied as control and hypodiploid sub-G1 phases were considered 

as natural outcome of apoptosis. 
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3.7 Determination of caspase-3 activity 

Changes in activity of caspase-3 – an executioner enzyme of apoptotic programmed cell 

death – were determined with a commercially-available colorimetric assay. 

SiHa cells were grown in cell culture flasks at a density of 107 cells/flask as control and 

1,5x107 cells/flask as treated samples under standard cell culturing conditions and treated (1, 2 

or 4 µM) for 24, 48 and 72 h. Thereafter, cells were collected with a special cell scraper tool 

and counted. Samples were centrifuged on 940 × g at 4°C for 15 min, supernatants were gently 

removed and cells were lysated by required (100 µL/107 cells) amount of lysis buffer of the kit 

on ice for 20 min. Next, lysates were centrifuged (16.000 × g, 4°C, 15 min) and 5 µL portions 

of the supernatants were incubated overnight with 10 µL substrate (acetyl-Asp-Glu-Val-Asp-

p-nitroanilide) and 90 µL assay buffer in 96-well plate at 37°C according to the manufacturer's 

protocol. Finally, absorbance values of the colorful substrate cleaved by caspase-3 in samples 

were detected at 405 nm with a microplate reader. 

3.8 Mitochondrial membrane potential assay (JC-1 staining) 

By JC-1 staining with flow cytometric detection, activation of the intrinsic pathway of 

apoptosis via damage of the mitochondrial membrane was demonstrated experimentally, as 

described previously.58 MCF-7, MDA-MB-231, SiHa and C33A cells were grown and 

harvested under standard cell culturing conditions, and were seeded onto 24 well plates 

(Corning Life Sciences, Corning, NY, USA). From MCF-7 and MDA-MB-231 cell lines, 105 

cells/well were seeded, while from the SiHa and C33A cell lines, 80,000 and 120,000 cells/well 

were applied, and the same concentrations (1, 2, 4 and 8 µM) of the test compound were used 

as in the apoptosis assay. After 12 h (MCF-7, MDA-MB-231) or 24 h (SiHa, C33A) treatment 

of compound 1, samples were washed, collected and centrifuged at 600 × g for 5 minutes. After 

that, pellets were resuspended and stained with JC-1 (Chemodex, St. Gallen, Switzerland) 

solution (5 μg/ml) for 5 minutes at 37°C. Finally, red and green fluorescence of the cells were 

investigated on FL2 (585/42 nm) - FL1 (530/30 nm) channels by the FACSCalibur flow 

cytometer. In each analysis, 10,000 events were recorded and data were evaluated by 

CellQuestTM software. 
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3.9 Yeast Androgen Screen assay (YAS) 

A yeast-based microplate assay (XenoScreen YES/YAS kit, Xenometrix AG, Allschwil, 

Switzerland) was performed to reveal potential hormonal or antihormonal activity of compound 

1, owing to its androstadiene skeleton. The colorimetric method is based on genetically 

modified yeast cells (Saccharomyces cerevisiae) bearing the sequence of the human androgenic 

receptor gene integrated into their DNA, as well as an expression plasmid containing the lacZ 

reporter gene, encoding for the β-galactosidase enzyme and androgen responsive elements. The 

yeast cells were grown in growth medium of the kit in humidified air at 31°C on an orbital 

shaker, until the adequate cell density had been reached. Next, they were plated onto assay 

plates and were incubated in the presence of the CPRG substrate (chlorophenol red-β-D-

galactopyranoside) and the test substance (ranging from 1 µM to 10 mM) and/or 5α-

dihydrotestosterone (DHT) used as reference agent (ranging from 1 nM to 1 µM), for 2 days. 

For the purposes of determining the antagonistic effect of the compound, the medium was 

supplemented with DHT, and flutamide (concentrations ranging from 10 µM to 10 mM) was 

used as positive control, while for the demonstration of agonistic potency, DHT was applied 

separately as a reference agent. Androgenic activity triggers the expression of β-galactosidase 

from the reporter gene and this enzyme can convert the yellow CPRG substrate into a red 

product. Absorbance of samples were detected at 570 nm and 690 nm and the results were 

calculated with the Excel calculation workbook by Xenometrix, as based on the manufacturer’s 

protocol. 

3.10 Wound-healing assay 

As they constitute some of the initial steps of metastasis development, migration of 

malignant cells was investigated by a wound-healing assay. In our experiments, 20,000 MCF-

7 cells per well and 25,000 SiHa cells per well were implanted in special silicon inserts (Ibidi 

GmbH, Gräfelfing, Germany), which were placed onto 24-well plates in standard EMEM 

medium, containing 10% FBS. After overnight incubation, inserts were removed cautiously and 

the confluent monolayers with certain cell-free areas were washed with PBS. Cells were treated 

with sub-antiproliferative concentrations of compound 1 (MCF-7: 0.1 and 0.3 µM; SiHa: 0.01 

and 0.03 µM) in EMEM medium containing 2% FBS, and images were taken by a Nikon 

Eclipse TS100 microscope 0, 24 and 48 h post-treatment. Untreated cells were used as control 
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and rate of wound-closure (i.e. reduction in size of the cell-free gaps) were measured by ImageJ 

software (National Institutes of Health, Bethesda, MD, USA).  

3.11 Boyden chamber assay 

The anti-invasive potential of compound 1 was tested by the Boyden chamber assay on 

highly invasive, triple negative MDA-MB-231 breast carcinoma cell line and HPV-positive 

SiHa cells. 

After prehydration of a polyethylene terephthalate (PET) membrane (8 μm pore size) 

and the thin layer of matrigel basement matrix (2 h, serum-free EMEM) in special Boyden 

chamber inserts (BioCoat™ Matrigel® Invasion Chambers, Corning Inc, Corning, NY, USA) 

placed onto a 24 well plate, cell suspension (50,000 cells/insert from both cell lines) prepared 

in serum-free EMEM with sub-antiproliferative concentrations (MDA-MB-231: 0.1 and 0.3 

µM; SiHa: 0.01 or 0.03 µM) of the test substance was nested in the upper compartments. 

Untreated cells were used as controls, and EMEM medium supplemented with 10% FBS was 

applied as a chemoattractant in the lower chambers. After 24 h incubation, supernatants and 

non-invading cells were removed cautiously with a cotton swab. Next, cells were washed with 

PBS twice, fixed in ice cold 96% ethanol and were stained by 1% crystal violet dye for 30 

minutes in the dark. At least 3 images per chamber were taken by the Nikon Eclipse TS100 

microscope and the number of invading cells were counted. 

3.12 Circular chemorepellent-induced defects assay (CCIDs) 

Anti-intravasative properties of compound 1 were studied by a circular chemorepellent-

induced defects assay as a 3D, co-culture model for the early steps of metastasis development. 

Initially, MCF-7 cells suspended in EMEM medium, complemented with standard supplements 

and a methylcellulose solution in the final concentration of 0.3% in a density of 3000 cells/well 

was plated onto U-bottom 96-well plates. Plates were centrifuged on 300 × g for 15 minutes at 

room temperature, and incubated for 3 days to form spheroids. 

Non-cancerous human lymphendothelial cells (iLEC) were seeded onto 24-well plates 

and grown to approximately 100% of confluency. Before measurement, iLEC monolayer were 

stained with CellTracker Green dye (ThermoFisher Scientific, Waltham, MA, USA) for 1 hour 

at 37°C. The endothelial barriers and selected tumor spheroids were washed with PBS and pre-

incubated with compound 1 or defactinib (1, 2, 4, 8 and 16 µM) or epiandrosterone (2, 5, 10, 
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20 and 40 µM) used as reference agents, for 20 minutes, separately. After pretreatment, the 

spheroids were placed upon the iLEC cell monolayer and incubated for 4 hours, in the presence 

of the test compounds. As control samples, spheroids and iLEC monolayer treated by a medium 

supplemented with 0.1% DMSO were applied. Finally, images of at least 12 spheroids per 

condition were taken by fluorescent Axiovert microscope (Zeiss GmbH, Jena, Germany) and 

image analysis of cell-free areas was carried out by Zen Little 2012 software (Zeiss GmbH, 

Jena, Germany). 

3.13 Single cell mass cytometry 

Single cell mass cytometry was performed as described previously.57 Briefly, MDA-

MB-231 cells were seeded (4 × 105 cells/well in 6-well plates) and were incubated with 8 µM 

of compound 1 for 72 h and untreated cells were used as controls. After treatment, cells were 

washed with PBS, collected by Accutase (Corning Life Sciences, Corning, NY USA) and three 

technical replicate wells were pooled and were centrifuged (5 min, 350 × g) as a sample. Pellets 

were suspended in PBS and cells were counted by a Bürker chamber and trypan blue viability 

dye. To demonstrate viability of the cells, cisplatin staining (5 µM 195Pt, Fluidigm, San 

Francisco, CA, USA) was carried out for 3 min on ice in 300 µL PBS. Samples were diluted 

with 1,500 µL Maxpar Cell Staining Buffer (MCSB, Fluidigm), centrifuged at 350 × g for 5 

min and were incubated with TruStain FcX (Biolegend, San Diego, CA, USA), 2.5 µL in 50 

µL MCSB (PBS containing blocking proteins) for 10 min to prevent non-specific binding of 

the antibodies. Samples were centrifuged (350 × g, 5 min), suspended in 50 µL MCSB, and the 

resultant antibody mix (Table 1) was added to 50 µL of fresh master pool of antibodies. Some 

of the applied antibodies were produced by the conjugation of the antibodies with metal tags 

in-house (anti-CA9, anti-GLUT1, anti-MCT4 and anti-TMEM45A), using a Maxpar metal 

labelling kit, according to the protocol of the manufacturer (Fluidigm). Prior to the experiment, 

optimal dilution of the antibodies was ascertained by titration. 
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Catalogue Number Supplier Target Metal Tag 

3170009B Fluidigm EGFR 170Er 

3156026B Fluidigm CD274 (PD-L1) 156Gd 

3141006B Fluidigm CD326 (EpCam) 141Pr 

MAB1418 R&D Systems GLUT1 154Sm 

sc-376140 Santa Cruz Biotech. MCT4 171Yb 

3162027A Fluidigm Pan-Keratin 162Dy 

3149018B Fluidigm CD66-a,c,e 149Sm 

3153026B Fluidigm Galectin-3 (Gal-3) 153Eu 

orb357227 Biorbyt TMEM45A 169TM 

Table 2. Antibodies used for mass cytometry 

After 60 min of incubation at 4°C, the cells were washed by 2 mL MCSB and 

centrifuged at 300 × g for 5 min twice, and the pellets were re-suspended in the residual volume. 

Fixation of the samples was accomplished in 1.6% formaldehyde (freshly diluted from 16% 

Pierce formaldehyde with PBS, Thermo Fisher Scientific) at room temperature for 10 min. 

Next, the cells were centrifuged at 800 × g for 5 min, and the Cell-ID DNA intercalator 

(191Ir/193Ir, Fluidigm) in Maxpar Fix and Perm buffer (Fluidigm) was added (1:1,000 dilution) 

to the samples for overnight incubation at 4°C. After additional washing steps with MCSB, the 

samples were centrifuged at 800 × g for 5 min and the pellets were suspended in 1 mL PBS (for 

WB injector). For the measurement, the cell number was set to 0.3 × 106/mL in a cell acquisition 

solution (CAS, Fluidigm), containing 10% EQ Calibration Beads (Fluidigm) and the samples 

were percolated with 30 µm gravity filter (Celltrics, Sysmex Partec, Kobe, Japan). After manual 

gating using the 191Ir and 193Ir DNA intercalators, singlets excluded cell debris and aggregates 

were analysed by the Cytobank platform (Beckman Coulter). Next, cells expressed the 

examined markers (untreated and subpopulation with enhanced drug-sensitivity [195Pt+]) were 

manually gated and the t-SNE (t-distributed stochastic neighbour embedding) analysis 

(iterations = 1,000, perplexity = 30, theta = 0.5), was performed on 1.5 × 104 events. The 

percentages of cells positive for a specified marker were presented on before-after plots. Three 

biological replicate experiments were performed and demonstared. 

3.14 In vivo mouse model of breast cancer 

Even the most sophisticated in vitro experiments are unable to represent the exact effects 

of a drug candidate in a living system, such as in body of animals or humans. Therefore, 

antitumoral properties of our test substance were tested in an orthotopic 4T1 mouse breast 
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cancer model in vivo as reported earlier.59 The experiments were accomplished in accordance 

with the EU rules (2010/63/EU) on animal experimentation and ethics. The experimental 

protocol was approved by the responsible governmental agency (National Food Chain Safety 

Office) in concordance with the ethical clearance No. XXIX./128/2013. 

BALB/c mice (7 animals per group, weighing 18–26 g) were housed in sterile, IVC cage 

system, equipped with a HEPA filter at ambient temperature of 25°C. At the first day of the 

experiment, 120,000 4T1 breast carcinoma cells per animal, collected from fresh cell culture 

and suspended in FBS-free RPMI medium, were injected into the mammary pad of the mice. 

On the 12th day of the experiment, animals were randomized into two groups (n=7) and 

the mean tumor size of each group was between 22 and 25 mm3. Members of the test group 

were treated intraperitoneally with 25 mg/kg dose of compound 1 (determined in preliminary 

toxicology), dissolved in mixture of DMSO : Solutol HS 15 : saline (1:3:10) once per day, five 

times per week for 2 weeks. Animals of the control group were treated with the vehicle mixture. 

Tumor size (d2 x D x 0.5, where d and D are minor and major tumor diameters, respectively) 

and body mass were determined daily, and on the 15th day of treatment period, animals were 

terminated. Finally, weight of the surgically removed tumor tissues were measured. 

3.15 Statistical analysis 

For statistical analyses, GraphPad Prism version 5.01 software was used. The statistical 

significance was estimated by one-way analysis of variance (ANOVA), followed by the 

Dunnett post-test. In the Results section, all data are presented as means ± SEM of at least three 

replicates. *, ** and *** indicate p<0.05, p<0.01 and p< 0.001 compared to control samples, 

respectively.  
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4 RESULTS 

4.1 MTT assay 

In case of compound 1, previous experimental data evidenced promising 

antiproliferative activity on breast cancer cell lines. For further examinations, MTT assay were 

carried out on three cervical and one ovarian cancer cell lines, and the newly synthesized 

compound 2, 3 and 4 were tested on four breast cancer cell lines as well. The calculated IC50 

values (defined as the concentration of the compound which can inhibit cell proliferation by 

50% compared to untreated cells) of the test substances and cisplatin used as positive control, 

are presented in Table 2. 

Cell line Calculated IC50 value (μM) 

Compound 1 2 3 4 CIS 

HeLa 1.13 >30 >30 >30 13.75 

SiHa 0.78 >30 >30 >30 13.51 

C33A 1.72 >30 >30 >30 3.09 

A2780 2.34 >30 >30 29.58 1.30# 

MCF-7 1.40* >30 >30 >30 5.78# 

T47D 1.20* >30 >30 >30 9.78# 

MDA-MB-361 1.60* >30 >30 >30 3.74# 

MDA-MB-231 1.80* >30 >30 >30 19.13# 

Table 2. Calculated IC50 values of compound 1-4 and cisplatin (CIS) determined on eight human breast 

or gynaecological cancer cell lines. * and # are data from literature.51,55 

Compound 1 exerted considerable antiproliferative activity against breast and cervical 

cancer cell lines, while compound 2, 3 and 4 showed no substantial effect on cell proliferation; 

thus, compound 1 was selected for further experimentation. For comparison, the IC50 values of 

therapeutically applied cisplatin used as reference agent, are presented for the same cell lines. 

Furthermore, inhibition of cell proliferation, as well as tumor selectivity, is a crucial 

concern during the research for novel antineoplastic agents. In order to obtain information about 

tumor-selectivity, quotients of IC50 values obtained on cancerous and non-cancerous (NIH/3T3) 

cells were prepared (Table 3.). In case of compound 1, these tumor selectivity indices were <1 

but >0.1, which indicate moderate selectivity. 
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Cell line IC50 malignant/IC50 NIH 3T3 IC50 CIS/IC50 NIH 3T3 

HeLa 0.301 5.098 

SiHa 0.208 5.009 

C33A 0.459 1.146 

A2780 0.624 0.482 

MCF-7 0.373 2.14 

T47D 0.320 3.63 

MDA-MB-361 0.427 1.39 

MDA-MB-231 0.480 7.09 

Table 3. Tumor selectivity indices of compound 1 on the utilized cell lines calculated by the following 

equation: IC50 [cancerous]/ IC50 [non-cancerous]. 

4.2 Hoechst/Propidium iodide fluorescent double staining  

Changes in cell morphology and the membrane integrity of MCF-7 and SiHa cells were 

observed 24 h post-treatment. Fluorescent images revealed decreased number of viable cells, 

and significant elevation in the number of nuclei emitting light blue fluorescence due to DNA 

condensation in early apoptosis and red fuorescence in secondary necrotic cells with damaged 

cell membrane in a concentration-dependent manner (Figure 5). Statistical evaluation 

confirmed an increase in early apoptotic cells by 10.9%, and of secondary necrotic nuclei by 

16.0% at the highest concentration in MCF-7 cells. In case of SiHa cells, proportion of these 

subpopulations elevated by 15.2% and 34.2% at the same concentration, respectively. 
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Figure 5. Compound 1 induced apoptosis in breast and cervical cancer cells. Intact (a), early apoptotic 

(b), late apoptotic (c) and necrotic (d) MCF-7 nuclei exposed to 2 µM of compound 1 for 24 h and 

stained by Hoechst 33258 (blue fluorescence, A, C) and PI (red fluorescence, B, D) were visualized by 

fluorescent microscopy at 400× magnification. The ratio of intact, apoptotic and necrotic cell 

populations is presented in percentage in MCF-7 (E) and SiHa (F) samples. *, ** and *** indicate 

significant differences between compound 1 treated and untreated control samples at p<0.05, p<0.01 

and p<0.001, respectively.  
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4.3 Apoptosis assay 

For detailed assessment of induced apoptotic and necrotic cell populations and to 

separate early vs. late apoptotic events more precisely, Annexin V-Alexa488/PI fluorescent 

double staining were performed after 24 h treatment. In all cancer cell lines, compound 1 

triggered a concentration-dependent elevation of phosphatidylserine exposure as an indicator 

of apoptotic process (early apoptosis: AnnV+/PI–; late apoptosis: AnnV+/PI+) without 

presence of massive necrotic cell population (necrosis: AnnV–/PI+) (Figure 6). In case of SiHa 

cells amount of early and late apoptotic cells increased by 5.4% and 16.8%, while in C33A 

samples number of early apoptotic cells did not change but late apoptotic events elevated by 

35.4% at 8 µM. Furthermore, proportion of the late apoptotic cell populations were significantly 

elevated in breast cancer cell lines (MCF-7 and MDA-MB-231) by 26.5% and 24.1% at the 

highest applied concentration, respectively. 

 

Figure 6. Compound 1 induced accumulation of early and/or late apoptotic cell populations. Changes 

in intact (AnnV–/PI–), early apoptotic (AnnV+/PI–), late apoptotic (AnnV+/PI+), and necrotic (AnnV–

/PI+) populations of MCF-7 (A), MDA-MB-231 (B), SiHa (C) and C33A (D) cells are presented in 

percentage. Concentration-dependent alterations were observed in the rate of early and late apoptotic 

and necrotic cell fractions 12 h post-treatment in breast carcinoma and 24 h post-treatment in cervical 

cancer cell lines. *, ** and *** indicate p<0.05, p<0.01 and p<0.001, respectively. 
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4.4 Cell cycle analysis 

In order to obtain information about mechanism of action, cell cycle disturbances were 

analysed by flow cytometry. Concentration-dependent elevation of hypodiploid sub-G1 

population, regarded as marker of apoptotic process, were recorded at ≥2 µM in all of the four 

examined cell lines (MCF-7, MDA-MB-231, SiHa, C33A) after 48 h treatment (Figure 7). 

Numerically, compound 1 induced accumulation of natural outcome of apoptosis by 

approximately 20% in MCF-7, by 14% in MDA-MB-231, by 17% in SiHa and by 17% in C33A 

cell lines at the highest concentration. 

 

Figure 7. Compound 1 caused significant and concentration-dependent elevation in proportion of 

hypodyploid sub-G1 phase. As a sign of programmed cell death, sub-G1 fractions were determined after 

48 h treatment in MCF-7 (A) and MDA-MB-231 (B) breast cancer cells and SiHa (C) and C33A (D) 

cells derived from malignant human cervical tissue. *, ** and *** indicate p<0.05, p<0.01 and p<0.001 

respectively, compared to the untreated cells. 

Besides these findings, significant accumulation of cells in G2/M phase to the detriment 

of G0/G1 phase were observed in all examined malignant cell lines (Figure 8). In case of MDA-
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MB-231 cells – due to their lesser sensitivity against the test substance – experiments were 

repeated after 72 h incubation with compound 1, while on other cell lines, cell cycle analyses 

were accomplished 48 h post-treatment. 

 

Figure 8. Test compound 1 induced cell cycle disturbances via accumulation of cells in the G2/M phase 

and reduction of the G0/G1 phase. Experiments were carried out on MCF-7 (A), SiHa (C) and C33A 

(D) cell lines 48 h post-treatment, while in the case of triple negative breast cancer cell line (B), 72 h 

incubation time showed favourable effect. *, ** and *** indicate p<0.05, p<0.01 and p<0.001 

respectively, compared to the untreated control. 

4.5 Determination of caspase-3 activity 

The significant, concentration-dependent increase in the ratio of sub-G1 phase, regarded 

as the apoptotic cell fraction during cell cycle analysis, clearly demonstrated the ability of the 

tested compound to induce programmed cell death (Figure 9). To further confirm this 

phenomenon, changes in the activity of major executive proapoptotic enzyme, caspase-3, were 

quantified. The androstadiene analogue, compound 1 enhanced the caspase-3 activity by 1.6 to 

2.6-fold after 24, 48 and 72h exposure at ≥2 μM concentrations on the SiHa cell line. 
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Figure 9. During colorimetric determination, caspase-3 activity was elevated after compound 1 

treatment. Time and concentration-dependent changes in enzymatic activity were detected in SiHa cells 

24 h (A), 48 h (B) and 72 h (C) post-treatment. ** and *** represent p<0.01 and p<0.001 respectively, 

compared to the untreated control. 

4.6 Mitochondrial membrane potential assay (JC-1 staining) 

Origin of the induced programmed cell death, revealed by fluorescent double staining, 

cell cycle analysis and caspase-3 assay earlier, was determined by mitochondrial membrane 

potential assay. In MCF-7, MDA-MB-231, SiHa and C33A samples stained by JC-1 dye, a 

concentration-dependent elevation in the percentage of subpopulations emitting green 

fluorescence were detected (Figure 10). In case of the MCF-7 and MDA-MB-231 cell lines, 

ratios of cells with depolarized mitochondrial membranes significantly increased by 16% and 

4%, respectively, at the highest applied concentration compared to untreated cells 12 h post-

treatment. In case of SiHa and C33A cells, pronounced elevation in proportion of cells with 

disrupted mitochondrial membrane potential was recorded after 24 h of treatment at the same 

concentration (numerically, increased by approximately 46% in SiHa and by 35% in C33A 

cells). 
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Figure 10. Compound 1 generated disturbances of mitochondrial membrane potential in breast and 

cervical cancer cell lines. Considerable, concentration-dependent alterations in mitochondrial membrane 

integrity were observed in MCF-7 (A) and MDA-MB-231 cells (B) 12 h post-treatment and in SiHa (C) 

and C33A cells (D) after 24 h incubation with the test substance. *, ** and *** represent p<0.05, p<0.01 

and p<0.001 respectively, compared to the control. 

4.7 Yeast androgen screen assay (YAS) 

To confirm the hypothesized mechanism of action, which corresponds to antitumor 

activity without a hormonal background based on previous structure-activity relationships and 

literature data, the YAS assay was performed. In the presence of an androgen-sensitive, 

genetically modified yeast strain (S. cerevisiae), no substantial androgenic or antiandrogenic 

activity of compound 1 were identified compared to 5α-dihydrotestosterone (DHT) in the 

agonistic and to flutamide in antagonistic determination, used as reference agents after 48 h 

exposure (Figure 11). 
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Figure 11. Compound 1 exerted no substantial agonistic or antagonistic activity on androgenic receptor 

in YAS assay. The hormonal potential was determined compared to DHT (A) and antihormonal effects 

were examined in the presence of DHT compared antiandrogenic activity of flutamide used as a 

reference agent (B) on a genetically modified S. cerevisiae strain 48 h post-treatment. 

4.8 Wound-healing assay 

To characterize the antimetastatic profile of compound 1, inhibition of collective cell 

migration as one of the main hallmarks of metastatis formation, was quantified. Alterations in 

the cell migratory capacity in response to experimental application of sub-antiproliferative 

concentrations of the test compound were assessed by wound-healing assay. 

Image analysis confirmed noteworthy decrease in migratory capacity of MCF-7 cells by 

30.8% and 22.8% at 0.3 µM compared to control after 24 or 48 h treatment (Figure 12). 

Similarly, influence of compound 1 to migration of SiHa cells manifested in a significant 

reduction of wound-closure by 9.0% and 21.7% at 0.03 µM 24 h or 48 h post-treatment, 

respectively. 
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Figure 12. Compound 1 significantly reduced the migrative capacity of breast and cervical cancer cells. 

Rates of wound closure in MCF-7 (A, B) and SiHa (C, D) samples expressed in percentage were greatly 

decelerated after exposed to low concentrations of the test substance for 24 h (A, C) or 48 h (B, D). 
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Representative images of SiHa cells from 0, 24 and 48 h of treatment (E). *, ** and *** indicate p<0.05, 

p<0.01 and p<0.001 respectively, compared to the control. 

4.9 Boyden chamber assay 

As a model of cell invasion via the basement membrane, special inserts containing 

matrigel membrane pre-coated with extracellular matrix proteins mimicking the environment 

of primary tumor, were used. In this system, the number of invading MDA-MB-231 triple 

negative breast cancer cells were decreased by approximately 70% at 0.3 µM (Figure 13). 

Furthermore, number of invading cervical SiHa cells were significantly diminished by 48.9% 

after application of 0.03 µM of compound 1 for 24 h. 

 

Figure 13. Compound 1 significantly reduced the invasivness of triple negative breast cancer cells and 

HPV-16 positive cervical cancer cells. Anti-invasive properties of the test substance were demonstrated 

by considerable decrease in percentage of invading MDA-MB-231 (A) and SiHa (B) cells in the treated 

samples compared to untreated control and representative images about MDA-MB-231 cells 24 h post-

treatment (C). Data indicate mean ± SEM. * and *** represent p<0.05 and p<0.001 respectively. 
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4.10 CCIDs assay 

To assess the effects on intravasation rate, the CCIDs assay as a 3D model of 

biochemical interactions between malignant cells and lymphendotelial monolayer were 

accomplished after short-term incubation with the test substance. Accordingly, cancer 

spheroids – consisting of MCF-7 cells – induced gap-formation in the monolayer of iLEC cells; 

this process was significantly inhibited by treatment with compound 1 or defactinib, which 

served as positive control (Figure 14). These findings were evidenced by a decrease in size of 

cell-free areas underneath the tumor spheroids in a concentration-dependent manner at ≥2 µM, 

which were comparable with the effect of defactinib, a potent focal adhesion kinase (FAK) 

inhibitor agent. However, the structurally-similar epiandrosterone, only exerted a minor anti-

invasive effect at 40 µM. 

 

Figure 14. Compound 1 exerted an anti-invasive characteristic comparable with defactinibe, a potent 

FAK inhibitor (D, representative images of cancer spheroids and cytotracker-stained endothelial 

monolayer). Our test substance (A) and defactinib (B) decreased size of cell-free areas at 2 µM 4 h post-

treatment, while structurally related epiandrosterone (C) showed significant anti-invasive effect at 20-
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fold higher concentration only on MCF-7/iLEC model. ** and *** indicate p<0.01 and p<0.001 

respectively, compared to the control. 

4.11 Single cell mass cytometry 

To characterize the tumor marker profile of chemosensitive subpopulations of the 

MDA-MB-231 cell line, nine carcinoma markers were investigated at single cell resolution. 

The multidimensional analysis, the visualization of t-distributed stochastic neighbour 

embedding (viSNE) demonstrated the clonal heterogeneity of single-cell effects induced by 

compound 1, based on the area of viSNE plots. The colour shifts of single cells recorded after 

72 h of treatment are proportional to the expression level of the examined carcinoma markers, 

characterizing the various subpopulations of MDA-MB-231 cells (Figure 15/A). Substantial 

decrease was detected in the percentage of cells positive for EGFR, CD274 (PD-L1), and 

CD326 (EpCAM) within the drug-sensitive population upon the treatment of compound 1, as 

determined by manual gating. On the other hand, elevated expression levels of GLUT1, MCT4, 

Pan-Keratin, CD66 (a,c,e), Gelactin-3 and TMEM45A were observed in the chemosensitive 

populations(Figure 15/B). 
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Figure 15. Representative multidimensional visualization at single cell resolution of changes in the 

levels of 9 carcinoma marker proteins, induced by compound 1 in the MDA-MB-231 cell line (A). After 

the 72 h incubation with 8 µM of compound 1, the percentage of cells positive for EGFR, CD274 and 

CD326 reduced and the percentage of cells positive for GLUT1, MCT4, Pan-Keratin, CD66(a,c,e), 

Galectin-3, TMEM-45A elevated in the chemosensitive subpopulation (B). *, ** and *** indicate 

p<0.05, p<0.01 and p<0.001, respectively, compared to control.  

A 
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4.12 In vivo mouse breast cancer model 

The 4T1 mouse breast cancer model as an appropiate in vivo model of highly invasive, 

advanced stage human breast cancer was selected to prove the antitumoral effect of compound 

1. After 2 weeks of intraperitoneal administration of 25 mg/kg dose, a significant reduction in 

weight of the induced tumor tissues (control group: 971.8 ± 82.56 mg and treated group: 504.1 

± 76.56 mg) was observed (Figure 16). In addition, noteworthy deceleration in tumor growth 

rate was revealed in the treated group from the fourth day of the application period, compared 

to the control animals without provoking of severe, life-threatening side effects. 

 

Figure 16. Tumor growth rate significantly reduced after treatment with compound 1. After 14 days of 

intraperitoneal application, the mean weight of surgically removed tumor tissues (n=7) were 

considerable decreased in the experimental group (A, C). Tumor growth curves (B) demonstrate a 

significant growth inhibitory effect of compound 1 in vivo. *, ** and *** indicate p<0.05, p<0.01 and 

p<0.001 respectively, compared to the control.  
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5 DISCUSSION 

Natural steroids, such as cholesterol, ergosterol, different types of fitosterols or human 

steroidal hormones are all essential facilitators in several biological processes. In the human 

body, sexual steroids exhibit great impact on cell proliferation, but precisely because of this, 

they may also be responsible for the development and progression of several hormone-

dependent malignancies, such as breast or prostate cancer. On the other hand, modification of 

their structure at relevant positions, especially on the A- and/or D-ring, may yield novel 

anticancer agents, preserving favorable pharmacological and pharmacokinetic properties of the 

steroid skeleton.39 Some of these derivatives are already an integral part of antitumoral therapy 

(e.g., abiraterone) or are currently undergoing evaluation in clinical trials (e.g., galeterone). 

Accordingly, many steroid analogues used in this and other therapeutic fields have a common 

property, i.e. they are generally substituted at the C-17 position of the D-ring with an exo-

heterocyclic ring, which alters the binding affinity of the compound to the receptors and other 

cellular compartments, and their spectrum of biological activity.60 Numerous studies of 

structure-activity relationships have confirmed considerable changes in biological properties 

after incorporation of various substituents, including heteroaromatic rings at C-17 

position.43,61,62 From these semisynthetic analogues, androstane derivatives are less studied 

chemical entities than their counterparts from the estrange series, but their favourable anticancer 

effects were highlighted by several studies. Thiazolo-androstenone derivatives synthesized by 

Ali et al., exerted pronounced antiproliferative activity against five leukaemia, two non-small 

cell lung cancer, four colon cancer, four central nervous system cancer, five melanoma, two 

ovarian cancer, six renal cancer, two prostate cancer and three breast cancer cell lines from the 

cancer panel of National Cancer Institute (NCI), containing 60 cell lines.63 Another promising 

library of steroids from the androstane and estrane series, bearing pyrimidine- and 

dihydrotriazine moiety were reported by Scherbakov et al. and their lead molecule showed high 

selectivity towards the MCF-7 breast cancer cell line.49 Novel isatin conjugates, derived from 

epiandrosterone or androsterone with antineoplastic potential were tested against gastric cancer 

(SGC-7901), melanoma (A875) and hepatocellular liver carcinoma (HepG2) cell lines, in a 

report published by Ke and co-workers.64 Furthermore, our previous works demonstrated 

antitumoral properties of D-ring modified androstane derivatives as well. Among others, 
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outstanding antiproliferative influence of novel 17α-halogenic 19-nortestosterone analogues, 

17β-pyrazol-5'-ones in the Δ5-androstane series and 17-5′-(1′,2′,4′)-oxadiazolyl androstenes 

were demonstrated against human breast and gynaecological cancer cell lines in our studies 

earlier.51,65,66 Based on these facts, our previous results and literature data, D-ring substituted 

or fused androstane analogs containing a heterocyclic ring of pyrazole, triazole or tetrazole were 

designed and synthesized as reported earlier.51,65,66 

The aim of the present study was to evaluate the pharmacological potential of four D-

ring modified androstane derivatives, with special regard to their antiproliferative and 

antimetastatic properties on breast and gynaecological cancer cells. 

Out of the four compounds described above, only compound 1 exerted considerable 

growth inhibition after 72 h of treatment in a standard MTT assay. The antiproliferative effect 

of compound 2, 3 and 4 did not reach the threshold of at least 50% of inhibition at 30 µM 

concetration in most of the cases. IC50 values of the candidate compound (1) were lower than 2 

µM on cervical and breast cancer cell lines, which exhibits at least a two-fold increase in 

sensitivity, compared to the impact of therapeutically-applied cisplatin used as a reference 

agent. These results are also comparable to the structurally-related molecules and abiraterone 

presented earlier, therefore, this compound was selected as the focus of our further 

studies.55,67,68 

Tumor selectivity is one of the most important criterias for safe administration of 

antineoplastic drugs. Accordingly, antiproliferative analysis of our test substance was extended 

to non-cancerous fibroblast cells as well. Tumor selectivity indices of compound 1 calculated 

as described above, were ranged from 0.2 to 0.7; in contrast, indices of cisplatin presented with 

an absolute lack of selectivity, which manifested in higher values than 1.1 on cervical and breast 

cancer cells. 

In order to identify the causative factors of inhibition upon cell proliferation, 

morphological signs of programmed cell death were examined by fluorescent double staining 

methods. Chromatin condensation in early apoptotic cells and loss of membrane integrity in 

necrotic and secondary necrotic cells were visualised under a fluorescent microscope by 

Hoechst33258/PI staining after 24 h incubation with the test substance, which indicated a 

significant increase in apoptotic and necrotic cell population as well in MCF-7 and SiHa 

samples. To resolve limitations of this microscopic method, and for an even more detailed 
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separation of different cell fraction such as early vs. late apoptotic and necrotic cells, Annexin 

V-Alexa488/PI fluorescent double staining were performed by flow cytometry. Significantly 

elevated subpopulations of late apoptotic (AnnV+/PI+) cells were detectable at ≥2 µM without 

greater accumulation of necrotic (AnnV–/PI+) cells on all of the utilized cell lines. In addition, 

a proapoptotic characteristic was confirmed by the elevated proportion of sub-G1 subpopulation 

in the cell cycle analysis on the utilized four malignant cell lines (MCF-7, MDA-MB-231, 

C33A, SiHa) as well. In our previous studies, D-ring-modified androstane derivatives typically 

induced significant cell cycle disruptions after 48 h of treatment, so our experiments were 

performed after 48 or 72 h incubation when it was necessary.46,51 In all cases, a considerable 

arrest and accumulation of cells in the G2/M phase were observed in the expense of cells in the 

G0/G1 phase, accompanied by noteworthy, concentration-dependent elevation in the proportion 

of hypodiploid sub-G1 fractions regarded as the natural outcome of apoptosis.  

Nevertheless, the development of morphological changes during apoptosis may be 

traced back to multistep protein-protein interactions, including activation of the caspase 

cascade. A major enzyme of the execution phase, responsible for chromatin condensation and 

DNA fragmentation, is caspase-3; the activity of this enzyme was elevated to more than 1.5-

fold after 24, 48 and 72 h exposure to 2 µM of compound 1. Although, the caspase-3 enzyme 

may be activated during both the intrinsic and the extrinsic pathway of apoptosis, JC-1 staining 

indicated a disruption of mitochondrial membrane potential and integrity after 12 hours of 

exposure on breast carcinoma cell lines and after 24 h of treatment on cervical cell lines, 

corroborating the intrinsic origin of apoptosis. 

Stuctures of nuclear hormone receptors are very conservative, with 12 helices forming 

a hydrophobic pocket in their ligand-binding region, where ligands make different contacts with 

amino-acid residues, promoting conformational changes. In addition, for the activation of 

androgen receptors, hydrophobic interactions or hydrogen bonding between the 3-keto group 

and side chains of residues Q711 and R752, as well as between the 17β-OH group and side 

chains of N705 and T877 – or moieties mimicking these bonds – are crucial.40,69 If new 

chemicals without hormonal activity would be synthesized, then these structural requirements 

should be avoided. Based on previous results and structure-activity relationships, we 

hypothesize that a bulky steric structure such as the 1'-4''-cyanophenyl-4'-hydroxymethyl-1'H-

pyrazol-3'-yl moiety at position C-17 of the androstadiene skeleton, may diminish or prevent 
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binding of the test compound to the androgen receptor. Lack of androgen activity have been 

confirmed by YAS assay on a genetically modified S. cerevisiae strain. Androgenic and 

antiandrogenic activity of our test substance was found to be negligible, compared to the effect 

of reference agents, DHT and flutamide. 

According to several epidemiological and clinical surveys, a remarkable proportion of 

cancer-related deaths can be attributed to metastasis formation.70,71 For example, the examined 

MDA-MB-361 human breast cancer cell line is derived from a brain metastasis. For a long time, 

17β-estradiol has been known to stimulate proliferation of malignant tissues and cells; 

conversely, the androgen hypothesis, explains the role of testosterone and its active metabolite, 

5α-dihydrotestosterone, in the progression of prostate cancer and the subsequent spread of the 

primary tumor cells to distant organs. However, nowadays more and more contradictory studies 

are being published about the effects of androgens on metastasis formation and progression. 

While in some studies, testosterone did not increase the size of metastases in vivo, even going 

so far as having it accepted in protocols for the treatment of metastatic breast cancer more than 

four decades ago. Other studies suggested that androgens, via their nuclear receptor, induce 

genomic binding to estrogen receptors and regulate the transcription of genes that promote 

breast cancer cell proliferation, motility, invasion, and survival; therefore, progression of 

estrogen receptor positive breast cancer may be improved by antiandrogen administration.36,72,73 

As metastasis formation is highly associated with poor prognosis of patients, the prevention or 

inhibition of this multistep process is crucial in the future of tumor therapy. In the first stage of 

metastasis progression, the migration of cancer cells to neighbouring tissues and the invasion 

through the basement membrane occurs. In the in vitro experimental systems, the drug 

candidate (1) significantly inhibited migration of SiHa and MCF-7 cells and invasion of highly 

invasive MDA-MB-231 and SiHa cells at sub-antiproliferative, nanomolar concentrations even 

after 24 h of treatment. Migrated cells have to enter the circulatory system by intravasation into 

the lymphatic system or blood vessels. During intravasation, cancer cells or cell aggregates 

interact with the endothelial barrier and induce a gap formation on it via different biochemical 

reactions and signal transduction pathways.74 In a 3D, co-culture CCIDs assay, compound 1 

reduced the size of cell free-areas on a lymphatic endothelial monolayer underneath the MCF-

7 tumor emboli by 30% after 4 h of treatment at 8 µM and showed comparable inhibition to 

defactinib, a potent FAK-inhibitor at lower concentrations. These values are more pronounced 
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than inhibition by epiandrosterone, a structural analogue, in the same system. Epiandrosterone 

is known as an L-type Ca2+-channel inhibitor, which effect was demonstrated in similar 

experimental system, where this substance reduced the elevated intracellular Ca2+ levels 

induced by 12(S)-HETE.75 Therefore, the antimetastatic mechanism of action of our test 

compound (1) is presumably related to other or additional reactions than the inhibition of Ca2+-

channels alone, which require further investigations. 

Expression level of cell surface markers such as EGFR, CD274 or CD326, associated 

with the malignant characteristic of solid tumors, may carry important data about the 

chemosensitivity of the cells and their mechanisms of adaptation upon a treatment.76–78 

Treatment with compound 1 decreased the expression of EGFR, CD274, and CD326 in the 

sensitive subpopulations of MDA-MB-231 cells, while increased level of GLUT1, MCT4 Pan-

Keratins (the clone C11 antibody detects keratins: 4, 5, 6, 8, 10, 13 and 18), CD66, Gal-3, and 

TMEM45A were observed. These data probably indicate the increased chemosensitivity and 

the metabolic reprogramming of cells as a compensatory mechanism, activated upon the test 

substance-induced oxidative stress.79–84 Interestingly, the population of CD66(a,c,e)-positive 

cells showed overlapping with the TMEM45A-positive cells. 

Finally, exceeding the possibilities offered by in vitro methods, antitumor properties of 

the examined androstadiene derivative (1) were tested on the 4T1 breast cancer model, induced 

in mammary pad of BALB/c mice.85,86 This in vivo model is corresponded to advanced stage, 

highly invasive, triple-negative human breast cancer. After 2 weeks of intraperitoneal 

administration, size of developing tumors were approximately 50% relative to control samples 

without severe, life-threatening side effects. 

In conclusion, our experimental data revealed favorable antiproliferative and 

antimetastatic characteristics of 3β-hydroxy-17-[1’-(4’’-cyanophenyl)-4’-hydroxymethyl-1’H-

pyrazol-3’-yl]androsta-5,16-diene, while D-ring fused triazole and tetrazol derivatives did not 

exert similar properties. Proapoptotic properties via activation of the intrinsic pathway with 

moderate tumor selectivity and potent antimigratory, anti-invasive and anti-intravasative 

effects, without hormonal potential have been identified as part of the mechanism of action. In 

the light of these results, substituation of androsta-5,16-diene framework at C-17 position with 

heterocyclic moieties containing nitrogen atoms should be considered for the design and 

synthesis of novel, effective antitumor agents.  
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6  SUMMARY 

In conclusion, the principal results of our experiments are the following: 

 From the four examined novel androstane derivatives, compound 1 exerted 

pronounced antiproliferative properties on breast and gynecological malignant cell 

lines (HeLa, SiHA, C33A, A2780, MCF-7, T47D, MDA-MB-231, MDA-MB-361). 

Calculated IC50 values were lower than 2 μM on the investigated cervical and breast 

cancer cell lines.  

 Tumor selectivity indices were between 0.2 and 0.7, which represent moderate 

tumor selectivity.  

 Fluorescent double staining, carried out by fluorescent microscopy and flow 

cytometry, highlighted the proapoptotic properties of compound 1, which were 

confirmed by elevated sub-G1 cell population in cell cycle analysis and increased 

caspase-3 activity. Mitochondrial origin of programmed cell death was identified by 

JC-1 staining. 

 Becuse of D-ring modified androstane skeleton, hormonal activity of the tested 

substance was investigated on an androgen sensitive, genetically modified S. 

cerevisiae strain. Compund 1 did not indicate any androgenic or antiandrogenic 

potential, compared to 5α-dihydrotestosterone or flutamide used as reference agents. 

 Antimetastatic characteristic of our test substance was demonstrated by inhibiting 

of cell migration, invasion and intravasation at sub-antiproliferative concentrations 

in 2D and 3D in vitro assays (wound-healing, Boyden chamber, CCIDs). 

 As a possible sign of increased chemosensitivity and metabolic reprogramming of 

the sensitive subpopulations of MDA-MB-231 cells upon treatment with compound 

1, changed expression level of nine cell surface markers were observed. 

 Application of compound 1 in ortothopic 4T1 mouse mammary tumor model, which 

is an in vivo reproduction of clinically-relevant triple negative human breast cancer, 

caused a significant reduction in the size of induced primary tumors. 

In summary, the examined D-ring modified androstadiene analogue, containing 

pyrazole substituent at position C17, exerted potent aniproliferative and antimetastatic 
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properties on breast and gynaecological cancer cell lines in vitro and in vivo; therefore, it should 

be considered as a prototype for the design of novel, promising anticancer steroidal agents 

without hormonal activity.  
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7 GLOSSARY OF ACRONYMS AND ABBREVIATIONS 

 12(S)-HETE: 12S-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid 

 ANOVA: analysis of variance 

 ATCC: American Type Culture Collection 

 BALB/c: albino, laboratory-bred strain of the house mouse 

 Bcl-2: B-cell lymphoma 2 protein 

 BRC1/BRC2: breast cancer type 1 susceptibility protein gene / breast cancer type 2 

susceptibility protein gene 

 CCIDs: circular chemorepellent-induced defects assay 

 CD274/PD-L1: cluster of differentiation 274 / programmed death-ligand 1 

 CD326/EpCAM: cluster of differentiation 326 / epithelial cell adhesion molecule 

 CD66(a,c,e): carcinoembryonic antigen-related cell adhesion molecules 

 CO2: carbon dioxide 

 CPRG: chlorophenol red-β-D-galactopyranoside 

 CYP17A1: steroid 17α-hydroxylase/17,20 lyase 

 DHT: 5α-dihydrotestosterone 

 DMSO: dimethyl sulfoxide 

 DNA: deoxyribonucleic acid 

 ECACC: European Collection of Authenticated Cell Cultures 

 EGM-2MV: Microvascular Endothelial Cell Growth Medium-2 

 EMEM: Eagle’s Minimum Essential Medium 

 EphA2: ephrin type-A receptor 2 

 FAK: focal adhesion kinase 

 FBS: fetal bovine serum 

 G1: first growth phase in cell cycle 

 G2/M: second growth phase in cell cycle with double DNA content / mitotic phase 

 Gal-3: Galectin-3 

 GLOBOCAN: Global Cancer Observatory 

 GLUT1: glucose transporter 1 
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 HEPA: high-efficiency particulate absorbing filter 

 HEPES: 2-[4-(2-Hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid 

 HPV: human papillomavirus 

 HER2: human epidermal growth factor receptor 2 

 IARC: International Agency for Research on Cancer 

 IC50: half maximal inhibitory concentration 

 IVC: individually ventilated cage 

 JC-1: 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethyl-benzimidazolylcarbocyanine iodide, 

fluorescent dye 

 L-15: Leibovitz's L-15 medium, designed to be used for cell cultures without 

additional CO2 in their atmosphere 

 Mcl-1: induced myeloid leukemia cell differentiation protein 

 MCSB: Maxpar Cell Staining Buffer  

 MCT4: monocarboxylate transporter 4 

 MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

 p: p-value, level of statistical significance 

 p53: cellular tumor antigen p53 

 PBS: phosphate buffer solution 

 PET: polyethylene terephthalate 

 RPMI: Roswell Park Memorial Institute medium 

 S: phase of DNA replication 

 SEM: standard error of the mean 

 Src: proto-oncogene tyrosine-protein kinase Src, non-receptor tyrosine kinase protein 

 Sub-G1: hypodiploid cell fraction 

 TMEM45A: transmembrane protein 45A 

 WHO: World Health Organization 

 YAS: yeast androgen screen assay  
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