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1. Introduction

1.1.  Overview of global cancer epidemiology and etiology

Cancer continues to be one of the leading causes of morbidity and mortality worldwide,
being a major public health and socioeconomic challenge in the 21% century. According to the
reports of Global Cancer Observatory (GLOBOCAN) of the International Agency for Research
on Cancer (IARC), approximately 20 million new cancer cases and more than 9.7 million
cancer-related deaths occurred in 2022 alone, with lung, female breast, colorectal, prostate,
stomach and liver cancers accounting for approximately 50% of new cancer diagnoses and
almost 55% of cancer-related deaths [1]. The expected growth of the cancer burden globally
over the coming decades is significant, driven primarily by demographic changes such as aging
populations and increasing incidence rates of various cancers. Projections indicate that the
annual global cancer burden will continue to rise, with cancer incidence and prevalence
estimated to increase substantially by 2050, particularly among individuals aged 65 and older
[2].

The burden of cancer is not evenly distributed across the world, countries and regions
with higher Human Development Index (HDI) values tend to show higher age-standardized
incidence rates but lower age-standardized mortality rates for many common cancer types. This
pattern arises from the longer life expectancy of the higher-HDI regions, which increases the
chance of developing cancer, more widespread diagnostic services, screening, and generally
better access to effective curative and supportive treatments, leading to improved survival.
Conversely, low- and medium-HDI countries often have lower recorded incidence but
proportionally higher mortality because cancers are more frequently diagnosed at advanced
stages and health-system constraints limit timely, effective treatment [1].

The etiology of cancer is multifactorial, involving both intrinsic genetic susceptibilities
and extrinsic environmental exposures. Well-established risk factors include tobacco use,
alcohol consumption, unhealthy diet, lack of physical activity, and chronic infections such as
human papillomavirus (HPV), hepatitis B and C viruses, and Helicobacter pylori [3,4].

Chronic infections also play a significant role in cancer development, with HPV linked
to cervical and head and neck squamous cell carcinomas, hepatitis B and C viruses to
hepatocellular carcinoma, and H. pylori to gastric cancer [5]. Genetic predisposition, including
germline mutations in tumor suppressor genes such as BRCAI, BRCA2, and TP53, significantly
elevates lifetime risk for specific cancers, particularly breast and gynecological malignancies

[6]. For example, BRCAI and BRCA2 mutation carriers face a lifetime breast cancer risk of
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approximately 65% and 45%, respectively [7]. Germline mutations in TP53, as seen in Li-
Fraumeni syndrome, confer an 80-90% lifetime risk of breast cancer, often with early onset
and multi-organ involvement [8].

Although primary tumors are often treated effectively with surgery or localized therapy,
metastatic disease remains the predominant cause of cancer-related mortality, contributing to
approximately 90% of deaths. [9]. Metastasis involves the dissemination of cancer cells from
the primary tumor to distant organs, where they establish secondary tumors that are difficult to
eradicate and often show resistance to therapy [10]. These secondary lesions compromise organ
function and promote systemic complications, which together drive poor survival outcomes
[11]. Population studies indicate that most cancer fatalities are attributable to metastatic
disease, highlighting its central role in cancer lethality and the urgent need for therapeutic

strategies targeting metastatic progression.

1.2.  Breast cancer epidemiology, etiology and therapeutic options

Breast cancer, with approximately 2.3 million new cases, and more than 665,000 deaths
reported only in 2022, remains the most frequently diagnosed type of cancer and the leading
cause of cancer-related death among women worldwide [1].

This type of cancer arises through a multistep process that includes genetic mutations,
hormonal imbalances, and immune evasion mechanisms. The transformation begins with
ductal hyperplasia, advances through carcinoma in sifu, and may progress to invasive disease
through interactions with the tumor microenvironment and evasion of immune surveillance
[12]. Pathologically, breast cancer is divided into invasive and lobular carcinoma, with further
immunohistochemical subclassification into hormone receptor-positive (HR"), HER2-positive
(HER2"), and triple-negative breast cancer (TNBC). More detailed molecular profiling, such
as PAMS0 and single-cell transcriptomics, has refined breast cancer subtypes into luminal A,
luminal B, HER2-enriched, and basal-like, each with unique clinical implications for treatment
and prognosis [13].

A central feature of HR" breast cancer, particularly estrogen receptor-positive (ER")
tumors, is its dependence on estrogen signaling for growth. ER-positivity, present in about 70-
80% of breast cancers, is typically detected by immunohistochemistry. ER" tumors tend to
grow slower and carry a better prognosis than ER-negative types [14,15]. Importantly, ER-
positivity strongly predicts responsiveness to endocrine (hormonal) therapies, making it a

critical biomarker for treatment planning [16].



Endocrine therapy remains the mainstay for managing ER" breast cancer, both in the
adjuvant and metastatic settings. In premenopausal women, tamoxifen, a selective estrogen
receptor modulator (SERM), is the primary agent of choice. Tamoxifen binds competitively to
the estrogen receptor, blocking estrogen-mediated gene transcription. In postmenopausal
women, aromatase inhibitors (Als), such as anastrozole, letrozole, and exemestane, are
preferred. These agents inhibit the aromatase enzyme, which catalyzes the peripheral
conversion of androgens to estrogens, effectively lowering circulating estrogen levels [17].

For patients at higher risk of recurrence, extended endocrine therapy up to 10 years is
now standard, as longer durations have been shown to reduce recurrence risk and improve
survival [18]. However, resistance to endocrine therapy, either intrinsic or acquired, is a major
barrier to durable responses in the metastatic setting.

To address endocrine resistance, several classes of targeted agents have been developed
and approved. One of the most impactful innovations has been the introduction of cyclin-
dependent kinases 4 and 6 (CDK4/6) inhibitors, such as palbociclib, ribociclib, and abemaciclib
[19]. These agents inhibit CDK4/6, which regulate cell cycle progression. When combined
with endocrine therapy, CDK4/6 inhibitors have demonstrated significant improvements in
progression-free survival and, in some studies, overall survival in metastatic ER" breast cancer
[20]. Notably, abemaciclib has also shown benefit in the adjuvant setting for high-risk early-
stage ER" breast cancer [21].

Another important therapeutic target in ER" breast cancer is the PI3K/AKT/mTOR
pathway, which is frequently activated by oncogenic PIK3CA mutations. Activating mutations
in PIK3CA occur in approximately 40% of ER"/HER2™ breast cancers and are associated with
endocrine therapy resistance [22]. Targeting this pathway has shown clear clinical benefit: the
PI3Ka-selective inhibitor alpelisib, in combination with fulvestrant, significantly improved
progression-free survival in patients with PIK3CA-mutant advanced disease, as demonstrated
in the phase III SOLAR-1 trial [23]. Similarly, inhibition of downstream mTOR signaling with
everolimus combined with exemestane prolonged progression-free survival in patients
previously treated with nonsteroidal aromatase inhibitors, as shown in the BOLERO-2 study
[21].

In further efforts to overcome recurrent ER" breast cancer, fulvestrant, a pure
antiestrogen and one of the earliest selective estrogen receptor degraders (SERDs), represented
a significant milestone in this area. Unlike conventional SERMs, fulvestrant directly binds to
the ER and facilitates its degradation, resulting in more thorough suppression of estrogen

signaling [25]. Approved in 2002, fulvestrant has become a standard therapy for
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postmenopausal women with advanced ER" breast cancer, especially in cases where other
endocrine treatments have failed [23]. However, fulvestrant suffers from poor bioavailability
and requires monthly intramuscular injections, which limit dosing flexibility and patient
convenience. These shortcomings have driven the development of novel SERDs with improved
oral availability and superior pharmacological profiles [27].

In recent years, efforts have increasingly focused on developing next-generation
SERDs with enhanced effectiveness and improved pharmacokinetic properties. Ongoing
research continues to expand the range of SERDs, including both steroidal and non-steroidal
compounds. Elacestrant, the first oral SERD approved for use in patients with ESR1 mutations,
showed superiority over standard endocrine therapy in the phase III EMERALD trial, and
received FDA approval for this indication in 2023 [28,29].

1.3.  Anticancer steroids

Steroids represent a diverse group of biologically active compounds, composed of four
fused rings: three cyclohexane rings (A-, B-, and C-rings) and one cyclopentane ring (D-ring).
This core structure serves as a versatile scaffold, and subtle modifications in functional groups,
oxidation states, or stereochemistry result in a remarkable diversity of steroid molecules,
encompassing hormones such as estrogens, androgens, glucocorticoids, and
mineralocorticoids. Due to their high lipophilicity, steroids easily penetrate cell membranes
and interact with various intracellular targets, including enzymes and receptors such as
aromatase, sulfatase, Sa-reductase, hydroxysteroid dehydrogenase, and steroidal hormone
receptors [30-35]. Moreover, most steroidal compounds are generally associated with
favorable pharmacological properties, including low cytotoxicity and high bioavailability [36].

The connection between steroids and cancer has been studied extensively. Early
observations showed that castration in animals and humans impacts the development and
function of organs like the prostate and mammary glands [37]. In the 1940s, Charles B.
Huggins was the first to establish the link between prostate cancer progression and sex steroids.
He demonstrated that androgen deprivation, achieved through castration, could serve as an
effective treatment for prostate cancer and metastatic castration-sensitive prostate cancer [38].
Advancements in computational (in silico) technologies have further enhanced our
understanding of how steroids influence cancer cells [39,40]. Sex hormones such as
testosterone and 17B-estradiol (E2) promote cell proliferation and differentiation and regulate

metabolism by binding to androgen and estrogen receptors in the cytoplasm. Upon receptor



binding, these hormone-receptor complexes dimerize and move into the nucleus, where they
provoke conformational changes at certain DNA regions, known as hormone responsive
elements (HREs) [41,42]. This interaction induces local conformational changes in chromatin
and enables the hormone-receptor complexes to function as transcriptional regulators,
activating or repressing genes involved in cell growth [43—45]. This regulatory mechanism is
especially significant in hormone-dependent cancers, which originate in reproductive and
mammary tissues, including ovarian, breast, prostate, and endometrial cancers [46]. In clinical
practice, several antineoplastic agents with a steroidal core structure are in use; these
compounds either inhibit endogenous hormone biosynthesis (e.g., exemestane) or interfere
with hormone-receptor interactions (e.g., fulvestrant, cyproterone acetate) [25,47,48].

Another pioneering observation made by Stenkvist and colleagues showed that women
receiving cardiac glycosides for heart conditions exhibited notably smaller, more uniform
breast tumors, suggesting a potential anticancer effect of these steroid-related compounds [49].
Subsequent studies demonstrated that cardiac glycosides inhibit tumor cell proliferation and
induce apoptosis via pathways including inhibition of Na/K*-ATPase, perturbation of
intracellular ion homeostasis, caspase activation, and modulation of signaling networks like
NF-kB and death receptor pathways [50,51].

Although E2 has traditionally been regarded as a potent mitogenic hormone, some
estrogens display additional biological properties, such as neuroprotective, antiangiogenic, and
anticancer activities. In the early 1990s, an endogenous metabolite of E2, 2-methoxyestradiol
(2-ME2) was identified as an inhibitor of MCF-7 breast cancer cell proliferation. Importantly,
2-ME2 represented the first estrane-based antiproliferative compound demonstrated to act
independently of estrogen receptor subtype binding [52,53].

Given their direct involvement in cancer development, researchers are actively
exploring new steroidal compounds, particularly those structurally related to sex hormones
with potential growth-inhibitory properties. Both natural and synthetic steroid derivatives have
been isolated and tested, and efforts continue to chemically modify known steroid structures to
enhance their antitumor activity [54—-56].

Concerning the biological effects of estrogen-related compounds, our research group
(Zupko and colleagues) has been investigating the in vitro antiproliferative and antimetastatic
potential of this particular group of molecules for more than a decade [57]. In this study, two
sets of estrone-based compounds were employed to assess their antineoplastic potential.
Structural modifications, such as introducing heterocycles, altering the steroidal side chains, or

incorporating heteroatoms within the steroid framework, are known to modulate their
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biological properties [58]. Numerous studies have explored and characterized heteroatom-
containing steroids, many of which exhibit notable cytotoxic effects against various cancer cell
lines [59]. Considering the promising biological relevance of heterocyclic steroids and the
established antiproliferative activity of steroidal derivatives bearing oxazoline or
dihydrooxazine rings at different positions on the sterane scaffold, these compounds emerge as
intriguing candidates for further exploration of their oncopharmacological potential [60,61]. In
this context, we focused on the investigation of the in vitro growth-inhibitory effects of aryl-
substituted oxazolines fused to the estrane D-ring at the sterically accessible 16a and 17a
positions.

Although these compound may exert desirable antineoplastic effects, the basic structure
of these compounds contains a methyl group in the 13 position, identical to the structure of
E2, which means they may even have unfavorable hormonal effects. A strategy to address this
problem is to chemically modify the steroid core of natural estrogens, thereby reducing
unwanted estrogenic activity. Structural studies have shown that inverting the configuration of
estrone at C-13 alters the conformation, and as a result, 13a-estrone analogs lack estrogenic
properties [62,63]. Moreover, several organophosphorus derivatives have been reported to
exhibit notable antiproliferative effects against diverse cancer types [64]. To harness the
advantages of both structural frameworks, we also explored the biological evaluation of
organophosphorus derivatives of 3-methyl and 3-benzyl ethers of the core-modified 16-

methylene-13a-estrone.



2. Aims and Objectives

The primary aim of this study was to determine the antineoplastic potential of several
D-ring-modified estrone 16a,17a-oxazoline and 16-methylene-13a-estrone derivatives. Initial
screening of the test compounds was conducted through an in vitro viability assay using a panel
of human adherent cell lines of female breast, gynecological, and oropharyngeal origin. Further
testing of the most prominent compound included several additional in vitro and in vivo
methodologies to gain insight into its antiproliferative and antimetastatic properties, as well as

its mechanism of action.

Accordingly, detailed objectives of the experiments are clarified as follows:

e To assess the antiproliferative potential of nine D-ring-substituted estrone 16a,17a-
oxazoline derivatives against a panel of human adherent gynecological and female
breast cancer cell lines by means of standard MTT assay. Furthermore, the assessment
of the half maximal inhibitory concentration (ICso) values of the most potent test
compounds.

e To determine the growth-inhibitory potential of fourteen 16-methylene-13a-estrone
derivatives against a panel of human adherent gynecological cancer cell lines by means
of standard MTT assay. Furthermore, the assessment of the ICso values of the most
potent test compounds.

e To evaluate the estrogenic activity of the most effective test compound in vitro using a
luciferase reporter gene assay in a commercially available, stably transfected T47D cell
line.

e To assess estrogenic activity in vivo and to gain insight into the hormonal properties of
the test compound using a uterotrophic assay.

e To investigate the cell cycle arrest potential of the test compound using propidium
iodide-based cell cycle analysis.

e To evaluate the antimetastatic properties of the most potent test compound using wound

healing and Boyden chamber assays.



Materials and Methods

3.1.

Chemical structures of novel D-ring modified estrone derivatives

The tested estrone 16a,17a oxazoline derivatives (Fig. 1) and organophosphorus 16-

methylene-13a-estrone derivatives (Fig. 2) were synthesized by Kiss et al. and Mernyak et al.,
respectively, as described previously [65,66]. For all in vitro experiments, 10 mM stock

solutions of the test compounds were prepared with dimethyl sulfoxide (DMSO).
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Figure 1: Chemical structures of the tested estrone 16a,17a-oxazoline derivatives
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Figure 2: Chemical structures of the tested 16-methylene-13a-estrone derivatives
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3.2.  Cell cultures

Human adherent carcinoma cell lines (HeLa, A2780, T47D, MCF-7, and MDA-MB-

231), and the non-cancerous, immortalized mouse embryonal fibroblast cell line (NIH/3T3)

were purchased from ECACC (European Collection of Authenticated Cell Cultures, Salisbury,
UK). Additional adherent carcinoma cell lines of human origin (SiHa, C33A) and the T47D-

KBIluc cell lines were obtained from ATCC (American Type Culture Collection, Manassas,

VA, USA). Moreover, the oropharyngeal cancer cell lines (UPCI-SCC-131 and UPCI-SCC-

154) were acquired from DSMZ (German Collection of Microorganisms and Cell Cultures

GmbH, Braunschweig, Germany). The key characteristics of the cell lines used in this study

are summarized in Table 1.

Cell line Characteristics
HeLa HPV 18-positive human cervical adenocarcinoma cell line. Highly proliferative, p53
functionally inactivated by HPV E6
SiHa HPV 16-positive human cervical squamous cell carcinoma, with low viral copy number.
Relatively lower proliferative capacity than HeLa.
C33A HPV-negative human cervical carcinoma cell line. Carries mutant p53, allowing assessment
of drug effects independent of HPV oncogene activity.
A2780 Human ovarian carcinoma cell line. Frequently used to study anticancer and hormone-
related effects in gynecological malignancies.
MCF-7 Human breast adenocarcinoma, ER- and PR-positive, HER2-negative. A classical model
for studying estrogen-dependent tumor growth and antiestrogenic compounds.
T47D Human breast ductal carcinoma cell line, ER- and PR-positive, HER2-negative, expressing
mutant p53. Suitable for evaluating hormone-dependent anticancer mechanisms.
MDA-MB-231 Human triple-negative breast cancer cell line (ER-, PR-, HER2-). Highly invasive and

hormone-independent, serving as a contrast to ER-positive breast cancer models

UPCI-SCC-131

HPV-negative human head and neck squamous cell carcinoma cell line.

UPCI-SCC-154

HPV 16-positive human head and neck squamous cell carcinoma. Enables comparison of
drug responses between HPV-positive and HPV-negative squamous cell carcinomas.

Immortalized mouse embryonic fibroblast cell line, non-tumorigenic. Commonly used as a

NIH/3T3 . .
normal control to assess compound selectivity and cytotoxicity.
ER-positive T47D breast cancer cells stably expressing a luciferase reporter. Enables
T47D-KBluc | functional assessment of estrogen receptor signaling and estrogen-modulating effects of test

compounds

Table 1: Characterization of the cell lines used in this study.
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Cells were cultured and maintained in a Eagle’s minimum essential medium (EMEM;
Capricorn Scientific GmbH, Ebsdorfergrund, Germany) supplemented with 10% fetal bovine
serum (FBS; Capricorn Scientific GmbH, Ebsdorfergrund, Germany), 1% non-essential amino
acids, 1% L-glutamine and 1% antibiotic-antimycotic mixture. Moreover, the T47D-KBluc cell
line, used in the antiestrogenic assay, was cultured in phenol red-free RPMI (Thermo Fisher
Scientific Inc., Waltham, MA, USA) medium supplemented with 10% FBS, 1% non-essential
amino acids, 1% L-glutamine, and 1% antibiotic-antimycotic mixture. All cell lines were
maintained at 37°C in humidified atmospheric air containing 5% CO,. All media and reagents,

unless otherwise indicated, were purchased from Merck Ltd. (Budapest, Hungary).

3.3.  Antiproliferative assay

The antiproliferative activity of the investigated compounds was assessed on a panel of
human gynecological, female breast, and oropharyngeal cancer cell lines. Tumor selectivity
was examined using the immortalized mouse fibroblast cell line NIH/3T3. Cells were seeded
into 96-well plates at a density of 5,000 cells/well, with the exception of C33A cells, which
were seeded at 10,000 cells/well. After 24 h, the medium was replaced with 200 pL of fresh
medium containing the test compounds at concentrations of 10 or 30 uM. Cells were then
incubated for 72 h at 37 °C in a humidified atmosphere with 5% CO.. Cell viability was
determined using the MTT assay by adding 20 pL of a 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-
2,5- diphenyltetrazolium bromide (MTT) solution. Following a 4 h incubation, during which
viable cells reduced MTT to insoluble formazan crystals, the medium was carefully removed,
and the crystals were solubilized in 100 pL of DMSO with shaking at 37 °C for 60 min.
Absorbance was measured at 545 nm using a SPECTROStar Nano microplate reader (BMG
Labtech GmbH, Ortenberg, Germany), with untreated cells serving as the negative control. For
compounds exhibiting significant activity (=50% growth inhibition at 10 or 30 uM), the assay
was repeated using a concentration range of 0.1-30 uM, and ICso values were determined from
sigmoidal concentration-response curves fitted using GraphPad Prism 5.01 (GraphPad
Software, San Diego, CA, USA). All experiments were performed independently in duplicate,
with at least five parallels per condition. Stock solutions (10 mM) were prepared in DMSO,
and the final DMSO concentration did not exceed 0.3%, a level that had no significant effect
on cell proliferation. Cisplatin (Ebewe Pharma GmbH, Unterach, Austria) was used as a

reference compound.
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3.4. Luciferase reporter gene assay

The in vitro antiestrogenic potential of the test compound EDPO and its 3-benzyloxy
counterpart (II/11, 3-BEDPO) were evaluated using the T47D-KBluc cell line, an ERa" breast
cancer model that is stably transfected with an ERE-luciferase reporter gene cassette (Wilson
2004). Cells were seeded into 96-well plates at a density of 50,000 cells per well. After a 72-
hour incubation period, the growth medium was replaced with phenol red-free RPMI
supplemented with 10% charcoal-stripped FBS to eliminate residual estrogenic activity. This
medium replacement was repeated daily for four additional days to ensure intracellular
estrogen depletion.

On the ninth day, cells were exposed to 3.5x107!' M E2 in combination with either
fulvestrant (ranging from 1x107? to 5x10°® M) or the test compounds (ranging from 4x107 to
6x107 M). Following 24 hours of treatment, the medium was removed, and ONE-Glo™ firefly
luciferase reagent (Promega Corp., Madison, WI, USA) was added in accordance with the
manufacturer’s protocol. After a 5-minute incubation, luminescence was measured using a
FLUOstar OPTIMA luminometer (BMG Labtech GmbH, Ortenberg, Germany). All
concentrations were tested in triplicate and independently repeated three times. The resulting
Relative Luminescence Units (RLU) were normalized to percentage values, and sigmoidal

concentration-response curves were generated using GraphPad Prism 9.5.1.

3.5.  Invivo uterotrophic assay

Following the results obtained from the in vitro luminometric assay, we sought to assess
the antiestrogenic activity of the test compound in vivo. The uterotrophic assay was conducted
in accordance with OECD Test Guideline No. 440 (OECD 2007). Female immature Sprague-
Dawley rats (Animalab Ltd., Vac, Hungary), 21 days old and weighing between 3547 g, were
housed under controlled environmental conditions with a 12-hour light—dark cycle and had free
access to tap water and a standard pellet diet (INNOVO Ltd., G6d6ll6, Hungary).

Animals were randomly assigned to five experimental groups, each consisting of 6—7
rats: (1) vehicle control (vegetable oil), (2) E2 group (0.1 pg/g E2), (3) E2 + FULV (0.1 pg/g
E2 + 0.3 png/g fulvestrant), (4) E2 + EDPO (60) (0.1 pg/g E2 + 60 pg/g EDPO), and (5) E2 +
EDPO (600) (0.1 pg/g E2 + 600 ug/g EDPO). Dose selection was based on previously reported
EDso values for E2 and our own in vitro antiestrogenic assay data [67]. All compounds were

dissolved or suspended in vegetable oil.
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Treatments were administered once daily for three consecutive days via subcutaneous
injection, with dosages adjusted according to individual body weights. On the fourth day,
animals were euthanized under deep anesthesia (2.5% isoflurane; AErane liquid for inhalation,
Baxter Hungary Ltd., Budapest, Hungary), and uterine tissues were carefully excised. Wet
uterine weights were recorded, and the results were compared to those of the positive control
group. The experiment study was approved by the National Food Chain Safety Office (permit
number: 1V./397/2023).

3.6.  Cell cycle analysis

To investigate the potential mechanism of action of EDPO, cell cycle distribution was
analyzed in the ERa" breast cancer cell line T47D [68]. Cells were seeded into 24-well plates
at a density of 2.5x10° cells per well and allowed to adhere overnight. Subsequently, they were
treated with EMEM containing increasing concentrations of EDPO (1.75, 3.5, and 7 uM) or
fulvestrant (5 uM) for 12, 24, 48, and 72 hours. The selected concentrations were determined
based on the previously established ICso value of EDPO and published data [66,69].

After treatment, cells were collected and centrifuged at 1500 RPM for 10 minutes at
room temperature. The supernatant was discarded, and the resulting cell pellets were fixed in
cold 70% ethanol. Fixed samples were centrifuged again, resuspended, and stained with a
propidium iodide (PI) solution containing 10 pg/mL PI, 10 ng/mL RNase A, and 0.1% sodium
citrate for 30 minutes in the dark at room temperature. DNA content was then quantified using
a CytoFLEX Flow Cytometer equipped with CytExpert software (Beckman Coulter, Inc.,
Indianapolis, IN, USA), acquiring 20,000 events per sample.

Data were analyzed using ModFit LT 3.3.11 (Verity Software House, Topsham, ME,
USA) and GraphPad Prism 5.01. Untreated cells served as controls. The sub-G1 cell population
was identified as apoptotic cells. Each experiment was performed twice, with four parallel

replicates per condition.

3.7.  Cell migration (wound healing) assay

The antimigratory activity of the test compound was evaluated using a wound healing
assay with specialized two-chamber inserts (ibidi GmbH, Grifelfing, Germany) [70]. UPCI-
SCC-131 and T47D cells were seeded into both chambers at a density of 35,000 cells per
chamber and incubated overnight under standard culture conditions to allow proper cell

attachment to the plate surface. After incubation, the inserts were carefully removed, and wells
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were rinsed twice with 0.5 mL of phosphate-buffered saline (PBS) to eliminate unattached cells
and debris.

Cells were then treated with fresh medium containing 2% FBS and sub-antiproliferative
concentrations of the test compound (half of the ICso and the ICso values (2.5 and 5 pM for
UPCI-SCC-131; 3.5 and 7 uM for T47D cells [66]) and incubated for an additional 24 or 48
hours. Cell migration into the wound area was monitored using a phase-contrast inverted
microscope (Nikon Eclipse TS100, Nikon Instruments Europe, Amstelveen, The Netherlands).
Representative images were captured for each condition using a CCD camera (QImaging
MicroPublisher Color RTV5.0, Teledyne Photometrics, Tucson, AZ, USA) to evaluate the
degree of wound closure.

The percentage of cell migration was quantified at 0, 24, and 48 hours by measuring
the remaining cell-free area and comparing these values to untreated controls at the
corresponding time points using ImageJ software (National Institutes of Health, Bethesda, MD,
USA). All migration assays were performed twice, each with four parallel replicates per

treatment.

3.8.  Transwell invasion (Boyden chamber) assay

To assess the effect of the test compound on the invasive potential of T47D cells, a
Boyden chamber invasion assay was performed. Specialized inserts equipped with a thin PET
membrane coated with a Matrigel basement matrix (BioCoat® Matrigel® Invasion Chambers
with 8.0 um PET Membrane, Corning Inc., Corning, NY, USA) were used for this purpose.
Prior to seeding, the chambers were rehydrated with serum-free EMEM for 2 hours at 37°C.

T47D cells were suspended in serum-free EMEM containing the test compound at sub-
antiproliferative concentrations (half of the ICso and the ICso values (3.5 and 7 uM, respectively
[44]) and seeded into the upper chamber at a density of 2.2x10° cells per insert. The lower
chambers were filled with EMEM supplemented with 10% FBS, serving as a chemoattractant.
Untreated cells served as negative controls. Following a 48-hour incubation, the medium was
removed and non-invading cells were gently wiped from the inserts using cotton swabs.

Cells that had migrated through and adhered to the lower membrane surface were
washed twice with PBS, fixed in ice-cold 96% ethanol, and stained with 1% crystal violet for
30 minutes in the dark. After staining, images of the entire membrane were captured using a
microscope equipped with a CCD camera. Quantitative analysis was performed using ImageJ

software (National Institutes of Health, Bethesda, MD, USA), where the total invaded cell area
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was measured and expressed as a percentage relative to the control group. Each experiment

was conducted twice, with duplicate samples for every treatment condition.

3.9.  Statistical analysis

Statistical evaluation of the results was performed by one-way analysis of variance
(ANOVA) followed by Newman-Keuls Multiple Comparison Test using the GraphPad Prism
5.01 or 9.5.1. Data were expressed as mean =+ standard error of the mean (SEM) or mean =+

standard deviation (SD).
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4. Results

4.1.  Antiproliferative assay

As previously described, two sets of D-ring modified estrone derivatives were included
in this study. Initial screening of the test compounds was performed using standard MTT assay.
As a first step, all compounds were applied in 10 uM and 30 uM concentration to assess their
growth-inhibitory potential. Furthermore, ICso values were determined only for compounds

that inhibited cell growth by at least 75%.

4.1.1. Estrone 16a,17a-oxazoline derivatives

The growth-inhibitory effects of newly synthesized D-ring-modified estrogen
analogues were evaluated using a panel of human gynecological cancer cell lines, including
cervical (HeLa, SiHa, and C33A), ovarian (A2780), and breast (MCF-7, MDA-MB-231, and
T47D) cancer cells (Table 2). These test compounds, derived from 16a-azido-3-methoxyestra-
1,3,5(10)-trien-17a-0l, feature a D-ring-fused oxazoline ring with a substituted 2'-phenyl
group. Based on growth inhibition percentages and ICso values, we determined that the test
compounds displayed low to moderate antiproliferative activity across all examined cell lines.
At a concentration of 30 uM, the compounds inhibited cell growth by approximately 70-80%.
ICso values were only determined for compounds I/6e and I/6g, as only these exceeded 75%
inhibition at 30 puM: I/6e showed an ICso value of 13.0 uM in HeLa cells, and I/6g showed an
ICso value of 16.5 uM in MCF-7 cells. No considerable differences in overall activity were

observed between the compounds' effects on cervical, ovarian, or breast cancer cells.

4.1.2. 16-methylene-13a-estrone derivatives

In the present study, the in vitro antiproliferative activity of twelve newly synthesized
16-substituted, 13a-estrone-based a- and B-ketophosphine oxides (II/9-20) and their precursors
(II/4 and II/5) were evaluated using a panel of human gynecological cancer cell lines, including
cervical (HeLa, SiHa, and C33A), ovarian (A2780), and breast (MCF-7, MDA-MB-231, and
T47D) cancer cells as well as oropharyngeal squamous cell carcinoma cell lines (UPCI-SCC-
131 and UPCI-SCC-154). Non-cancerous mouse embryo fibroblast (NIH/3T3) cells were used

to assess tumor selectivity (Table 3).
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Conc. Growth inhibition; % + SEM [calculated ICso value; pM]
Comp.
(uM) .
Hela SiHa C33A A2780 MCEF-7 MDA-MB-231 T47D
12 10 - - - - - - -
30 31.46+2.85 - 33.57+1.81 26.16 £ 1.62 23.29+£2.10 34,70 £ 1.95 36.49 +£2.46
” 10 31.50 £ 1.68 - - - 20.22 +£1.37 - 21.66 +2.55
a
30 48.07 £ 1.69 3445+ 1.13 20.66 + 1.98 - 45.05 +2.00 39.89 £2.47 48.30+2.71
10 - - - - - - -
1/6b
30 55.89 +0.59 23.94+2.19 61.77+2.70 31.71 £2.32 26.64 +3.05 30.94 £ 1.98 34.07 +£2.36
Ve 10 37.18 £2.99 36.10 £ 0.67 - - 27.32+2.93 38.88 £ 1.18 -
c
30 62.30 £ 1.43 54.93 +£0.91 23.18+1.12 32.52+2.38 50.62 +3.12 67.33 +1.80 43.47+£2.39
10 - - - - - - -
I/6d
30 49.50 £ 0.96 28.14 £ 1.54 42.38+£2.67 - 49.46 £ 0.57 36.20 +1.41 49.70 £ 0.48
10 35.02+2.41 48.83 +£1.81 2438 +2.26 28.65+ 1.44 51.30 +£2.03 38.98 +1.25 49.10 +£2.62
I/6e 30 76.75+£1.12 67.91+1.15 50.34+1.40 43.57+£3.10 71.07 £1.39 68.75+1.15 73.70 £ 1.31
[12.97]
et 10 - 29.73 £ 0.69 - - 23.68 +1.03 35.02+1.94 28.24 £2.48
30 43.68 +3.11 53.05+1.11 39.65+2.26 33.91+3.18 51.78 £ 1.47 60.63 +2.30 4520+ 1.29
10 32.88+1.43 43.04 £2.13 28.87+291 34.55+2.60 42.88 +2.08 2239+ 1.24 39.00+1.76
1/6g 30 52.03+2.63 72.61 £1.79 46.62 £2.52 65.92 +£2.27 80.76 + 1.46 35.54 £1.98 72.66 +1.94
[16.52]
10 42.61 £2.33 88.64 £ 0.50 85.98 +1.05 83.6+1.2 66.91 +1.81 - 51.00 £ 2.02
CIS 30 99.93 £ 0.26 90.18 + 1.78 98.66 +0.21 95.0+0.3 96.80 + 0.35 71.47+£1.20 57.95+145
[12.43] [7.84] [4.13] [1.30] [5.78] [19.13] [9.78]

Table 2: Antiproliferative activity of the tested estrone 16a,17a-oxazoline derivatives (—: Growth inhibition is less than 20%)

17




Growth inhibition; % = SEM [calculated ICs, value; pM]

Conc.
Comp.
M) ngg;l SEECIIS 4 Hela SiHa C33A A2780 MCF-7 MDA-MB-231 T47D NIH/3T3
10 99.80 + 0.36 9729+ 1.10 85.11+2.44 97.44 +0.54 99.57 +0.61 96.90 + 1.52 99.52+0.51 99.97 +0.71 99.68 + 0.74 101.1 +0.67
11/4 30 99.88 +0.39 97.81 +0.65 99.43 +0.28 99.28 + 0.42 99.55 +0.39 100.5 +0.22 99.83 +0.44 94.64 +2.26 99.92 +0.71 100.9 +0.71
[3.17] [5.15] [4.45] [3.31] [3.60] [6.24] [3.70] [3.97] [3.46] [2.79]
10 99.54 +0.33 96.40 + 0.89 75.07 +3.73 98.98 +0.26 93.88 +2.56 94.85+2.13 99.70 + 0.43 97.15+ 1.46 100.2 +0.28 100.8 +0.16
/5 30 99.94 + 0.44 100.3 +0.82 99.65 +0.25 99.97 +0.42 100.0 £ 0.23 100.9+0.18 100.6 + 0.31 98.57 +0.89 101.3 +0.47 100.3 +0.25
[2.38] [4.50] [6.99] [2.30] [3.75] [6.70] [3.35] [4.07] [3.47] [2.74]
/9 10 63.42 + 1.41 - - - - 4723 +2.75 21.29+2.79 - 57.45+3.15 -
(EDPO) 30 99.35 +0.27 99.82 4+ 1.48 97.59+0.73 96.49 + 1.24 97.85+0.32 98.99 £ 0.41 93.08 £ 1.60 99.03 £0.73 93.77 £0.55 96.55+0.86
[5.30] [13.49] [12.90] [13.79] [13.32] [11.74] [13.67] [23.49] [7.20] [20.44]
1o 10 39.82+1.36 - - - 21.96 + 1.84 - - - - ND
30 72.93 +1.70 24.32+2.84 21.53 +£2.99 - 27.25+1.85 64.25 +2.65 35.85+3.30 - 61.09 + 1.06
i 10 20.86 + 1.67 - - - - - - - 24.70 + 1.70 ND
30 62.45 +1.40 38.56 +2.60 23.80+2.11 30.22 +2.99 40.26 + 0.95 2191 +2.63 37.06 +0.72 - 58.96 + 1.38
10 4938 £2.06 - - - - - - - 31.38 +1.55 -
/12 30 90.01 + 1.15 75.46 + 1.84 96.39 + 1.88 94.83 + 1.48 97.68 + 0.85 97.14 + 0.55 90.19 + 1.61 84.01 +2.61 75.02 + 1.65 4834+ 1.65
[14.18] [29.83] [13.62] [14.12] [13.63] [28.46] [16.42] [24.46] [16.97] [30.85]
10 29.88 + 1.21 - - - - - - - 26.68 +1.95 -
1113 30 97.02+0.43 75.94 +1.93 95.69 + 0.69 92.90 + 0.85 96.31 + 0.46 97.77 +0.35 84.92 +2.54 95.56 + 0.67 89.82 +0.68 89.76 + 0.49
[12.28] [21.51] [14.34] [13.72] [14.51] [23.75] [14.75] [25.81] [13.58] [19.27]
10 48.75+1.50 - - - 26.86 +£2.13 - - - 22.60 + 1.33 -
11/14 30 97.29 +1.38 87.05+1.16 99.14 +0.37 92.97 +1.37 101.1+0.24 100.3 +£0.22 89.98 +2.88 98.22+0.39 85.98 +1.51 52.71 +2.87
[10.92] [11.38] [12.22] [11.75] [10.93] [21.46] [14.37] [17.59] [13.85] [29.64]
/15 10 24.60 + 1.39 - - - - - - - 39.07 +2.01 ND
30 60.22 +1.32 34.66 + 1.36 27.44 +1.57 - 26.94 + (.84 49.39 +2.06 - - 58.50 + 0.80
/16 10 49.45+227 - - - - - - - 23.63+1.22 ND
30 67.44 +1.11 31.55+2.41 31.83£2.27 - 59.09 = 0.69 67.27 +3.04 - - 64.48 + 1.60
10 26.48 +1.70 - - - - - - - -
w17 30 4531+ 1.84 20.26 + 2.69 - - - - - - 27.12+2.93 ND
10 46.39+1.19 - - - - - - - -
118 30 64.55+1.29 - - — 20.25 + 1.01 — — — — ND
/19 10 - 34.27 +2.80 3096+ 1.11 2324+ 136 28.08 + 1.39 - 31.84 £2.47 - 59.44 +2.44 ND
30 40.98 +2.94 48.81+2.15 48.89 + 0.90 40.30 + 2.00 34.69 = 1.70 28.51 +£2.35 40.60 +1.71 - 62.41 +1.70
/20 10 48.25 + 1.46 30.97 +2.54 - - 27.94 +0.89 - 28.24 + 1.66 - 66.09 +0.76 ND
30 61.12+1.32 28.72+ 1.11 - - 26.53 + 1.06 - 22.21+2.78 - 68.56 + 1.81
10 95.63 +1.49 87.40 = 1.72 42.61 233 88.64 = 0.50 85.98 = 1.05 83.6+1.2 66.91 = 1.81 - 40.41+1.25 76.74+1.26
CIS 30 95.09 +1.57 92.72 +1.67 99.93 +0.26 90.18 +1.78 98.66 +0.21 95.0+0.3 96.80 + 0.35 7147 +1.20 56.84 +1.16 96.90 + 0.25
[1.22] [1.29] [12.43] [7.84] [4.13] [1.30] [5.78] [19.13] [19.24] [4.73]

Table 3: Antiproliferative activity of the tested 16-methylene-13a-estrone derivatives (—: Growth inhibition is less than 20%; ND: not determined)
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Based on the calculated ICso values (if determined), the precursor molecules 1I/4 and
II/5 demonstrated high antiproliferative activity (ICso: 2.30-6.99 uM) against all tested cell
lines. In most cancer cell lines, the growth-inhibitory effects of these compounds were similar
to those of the positive control, cisplatin. However, in the cases of HeLa, SiHa, and MDA-MB-
231 cells, compounds 11/4 and II/5 demonstrated greater potency, with ICso values 2-5 times
lower. Conversely, these agents also suppressed the proliferation of non-cancerous cells at
concentrations comparable to those required for cancer cells, indicating a lack of tumor
selectivity.

In the case of the C-16 substituted derivatives of the precursor molecules, marked
differences can be observed in their antiproliferative potential against the tested cell lines. The
twelve phosphine oxide derivatives were divided into three structural groups according to their

C-16 substituents:

1) Di(naphthalen-2-yl) derivatives (II/17-20): Compounds II/17 and 1I/18 (3-methoxy
derivatives) displayed negligible growth inhibition on most cell lines but showed
relatively higher activity against UPCI-SCC-131 cells. The corresponding 3-benzyloxy
analogues (II/19, 11/20) demonstrated stronger antiproliferative effects, particularly

against T47D breast cancer cells.

2) Di-para-tolyl derivatives (II/13—16): Among these, the 3-benzyloxy derivatives (II/15
and II/16) showed moderate activity, while the 3-methoxy analogues (II/13 and 11/14)
were among the four most potent phosphine oxides, with ICso values between 10 and
25 puM. Their activity was strongest on UPCI-SCC-131 and T47D cells. Importantly,
their ICso values on NIH/3T3 cells (19.27 uM and 29.64 uM, respectively) were higher
than on most cancer cell lines, indicating improved tumor selectivity compared to

parent compound [1/4.

3) Diphenyl derivatives (II/9-12): The 3-methoxy-16a-isomer, compound II/9 (EDPO)
showed the most significant antiproliferative activity against the UPCI-SCC-131 and
T47D cell lines, with ICso values of 5.3 and 7.2 puM, respectively. EDPO also
demonstrated substantial tumor selectivity, showing an ICso value of 20.44 pM on
NIH/3T3 cells that was approximately four times higher than on UPCI-SCC-131 cells
and three times higher than on T47D cells. The 3-benzyloxy compounds (II/11 and
1I/12) displayed differing activities depending on the orientation of their substituents;

compound II/12 (16B-isomer) was more active overall, though less selective.
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After a thorough examination of the results of the MTT assay, we have shifted our focus
to the most effective compound, EDPO. The test compound, which exerted a substantial
inhibitory effect on the proliferation of the ERa+ T47D and UPCI-SCC-131 cells, also
demonstrated a moderate inhibitory effect against the ERa+ MCF-7 cells (ICso = 13.7 uM),
and relatively low inhibitory effect on MDA-MB-231 triple-negative breast cancer cells (ICso
=23.5 uM). Notably, EDPO displayed up to 1.50-, 2.83- and 3.85-fold greater potency against
MCEF-7, T47D and UPCI-SCC-131 cells, respectively, in comparison to its effect on non-
cancerous mouse fibroblast cells (NIH/3T3; IC50 = 20.4 uM), indicating substantial tumor
selectivity. These results demonstrate that EDPO may selectively inhibit the proliferation of
ERo+ cancer cells. Based on these results, where we observed a negative correlation between
ERa-positivity and the ICso value of EDPO measured on the breast cancer cell lines, we

hypothesized that our compound may exert its effect through the ERa-signaling.

4.2.  Luciferase reporter gene assay

To address our hypothesis, the antiestrogenic properties of the investigational
compound EDPO were evaluated in comparison with fulvestrant using the T47D-KBluc cell
line, which harbors an integrated estrogen-responsive luciferase reporter. To further explore
structure-activity relationships, effects of 3-BEDPO on transcriptional activity was also
examined over the same concentration range. Preliminary experiments established 3.5 x 101!
M E2 as the concentration inducing maximal transcriptional activation. The concentrations
required to achieve 50% inhibition of ERa-mediated transcription (ICso values) were
determined to be 10 M for fulvestrant and 10~ M for EDPO, whereas an ICso value could not
be determined for 3-BEDPO within the applied concentration range (Fig. 3). Collectively, these
findings indicate that EDPO, but not 3-BEDPO, acts as an effective ERa antagonist, displaying

a concentration-dependent inhibitory profile comparable to that of fulvestrant.
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Figure 3: Concentration-response curves for the inhibition of ERE-Luciferase by fulvestrant, EDPO, and
3-BEDPO. T47D-KBluc cells were treated and co-incubated with E2 and the test compounds for 24 hours. Data
points represent the mean + SEM of at least three independent experiments.

4.3.  Invivo uterotrophic assay

In this study, the antiestrogenic activity of EDPO was evaluated using an in vivo
uterotrophic bioassay in a rodent model. Administration of E2 (0.1 pg/g) produced an
approximately 6-fold increase in uterine weight relative to the vehicle control group. Co-
treatment with fulvestrant (0.3 pg/g) reduced the E2-induced uterine hypertrophy by about
50%. Comparable to fulvestrant, EDPO significantly attenuated E2-driven uterine growth in a
dose-dependent manner. Uterine weights in all test groups differed significantly from those in
the positive control group, treated with E2 alone. Moreover, significant differences were
observed between the lower EDPO dose and the fulvestrant group, as well as between the low-
and high-dose EDPO groups, whereas no significant difference was detected between the
fulvestrant-treated group and the higher EDPO dose group (Fig. 4A). Consistent with these
quantitative findings, pronounced macroscopic differences in uterine morphology were evident
among the treatment groups (Fig. 4B). Collectively, these results demonstrate that EDPO

effectively suppresses ER-mediated uterine tissue growth in vivo.
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Figure 4: Effects of fulvestrant and EDPO on uterine weight of female, immature Sprague-Dawley rats. A:
Wet uterine weights are represented as mean = SD in mg normalized for 100 g of animal body weight. One-way
ANOVA was used for statistical analysis, and significant differences are indicated with ** at p < 0.001 vs. vehicle
group; *** at p <0.001 vs. E2 group; x at p <0.05 for E2 + FULV vs. E2 + EDPO (60) and E2 + EDPO (60) vs.
E2 + EDPO (600) group; ns: not significant, (n = 6). B: Uterine appearances in response to (a) vehicle, (b) E2 (0.1
ug/g), (c) E2 (0.1 pg/g) + FULV (0.3 pg/g), (d) E2 (0.1 ug/g) + EDPO (60 ug/g) and (e) E2 (0.1 pg/g) + EDPO
(600 pg/g).

4.4. Cell cycle analysis

To evaluate the effect of EDPO on cell cycle dynamics, propidium iodide-based flow
cytometric analysis was conducted using the T47D cell line. Cells were treated with increasing
concentrations of the test compound, and with fulvestrant (5 uM) included as a positive control.
The data revealed clear time- and concentration-dependent effects. EDPO treatment resulted
in cell cycle arrest at the G1 phase, as demonstrated by a significant expansion of the G1
population and a concomitant reduction in the S-phase fraction across all investigated time
points. This G1 phase arrest was most evident after 24 hours of exposure, during which a
pronounced accumulation of cells in the G1 phase was observed at every concentration tested.
(Fig. 5).
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Figure 5: EDPO-induced cell cycle disturbance in the G1 phase compared to fulvestrant observed after 12
(A), 24 (B), 48 (C), and 72 hours (D) of incubation on T47D cells. One-way ANOVA was used for statistical
analysis, with *, ** and *** indicating significance at p < 0.05, p <0.01, and p < 0.001, respectively, compared
to the non-treated control samples. Results are from at least two independent experiments performed in
quadruplicates.
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4.5.  Cell migration (wound healing) assay

To assess the antimigratory potential of EDPO, a wound healing assay was conducted
in UPCI-SCC-131 and T47D cell lines under serum-reduced conditions (2% FBS). Migration
was quantified by image-based measurement of the cell-free area at 0, 24, and 48 hours
following exposure to the compound. Despite the marked differences in migratory capacity
between the two cell lines, EDPO treatment significantly impaired cell migration in both UPCI-
SCC-131 and T47D cells. In UPCI-SCC-131 cells, significant inhibition was observed at both
tested concentrations after 24 hours of treatment, whereas at 48 hours, only the higher

concentration produced a statistically significant reduction in migration (Fig. 6).
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Figure 6: Antimigratory effect of EDPO measured by wound healing assay. A: Effects of EDPO on UPCI-
SCC-131 cell migration after 24 and 48 hours of incubation. One-way ANOV A was used for statistical analysis,
with ** and *** indicating significance at p < 0.01 and p < 0.001, respectively, compared to the non-treated
control samples. Results are from at least two independent experiments performed in quadruplicates. B:
Representative images of the antimigratory effects of EDPO after 0, 24, and 48 hours of incubation. Scale bar:
250 pm
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In contrast, the T47D cell line showed less pronounced alterations in migratory behavior
following treatment; however, these changes remained statistically significant at both
concentrations and across all incubation periods examined (Fig. 7). Overall, these data
demonstrate that EDPO markedly reduces the migratory capacity of the analyzed tumor cell

lines in a time- and dose-dependent manner.
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Figure 7: Antimigratory effect of EDPO measured by wound healing assay. A: Effects of EDPO on T47D
cell migration after 24 and 48 hours of incubation. One-way ANOVA was used for statistical analysis, with **
and *** indicating significance at p < 0.01 and p < 0.001, respectively, compared to the non-treated control
samples. Results are from at least two independent experiments performed in quadruplicates. B: Representative
images of the antimigratory effects of EDPO after 0, 24, and 48 hours of incubation. Scale bar: 250 um
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4.6.  Transwell invasion (Boyden chamber) assay

The antimetastatic potential of EDPO was evaluated using a transwell migration assay
in the T47D cell line. Whole-membrane imaging was performed, and cellular invasion was
quantified based on the invaded area. Compared to untreated controls, EDPO treatment resulted
in a significant decrease in invasive capacity at both tested concentrations. Specifically, the
compound reduced the extent of cell invasion to approximately 50% of control levels; however,

this inhibitory effect did not display a statistically significant dose-dependent trend (Fig. 8).
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Figure 8: Effect of EDPO on the invasive capacity of T47D cells measured by transwell migration (Boyden
chamber) assay. A: Effect of EDPO on T47D cell invasion after 48 hours of incubation. One-way ANOVA was
used for statistical analysis, with *** indicating significance at p < 0.001, compared to the non-treated control
samples. Results are from at least two independent experiments performed in duplicates. B: Representative images
of the non-treated samples (a) and the anti-invasive effects of EDPO at 3.5 uM (b) and 7 uM (c) concentration
after a 48-hour incubation period.
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5. Discussion

Estrogen receptor-positive breast cancer accounts for roughly 70% of breast
malignancies and remains fundamentally driven by estrogen signaling through ERa, which
regulates genes involved in cell proliferation, survival, and metastatic progression. Although
endocrine therapies such as SERMs, Als, and SERDs have substantially reduced mortality and
recurrence risk, intrinsic and acquired resistance is pervasive and limits long-term efficacy. Up
to 30-50% of patients relapse despite initial responsiveness, reflecting adaptive changes in
receptor signaling, engagement of alternative proliferative pathways, and modifications in ERa
itself that allow tumor growth independent of classical estrogen stimulation [71,72].

Endocrine resistance arises through multiple, often interconnected processes:
hypersensitivity of ER to low estrogen levels, ligand-independent receptor activation,
alterations in coactivator/corepressor interactions, and crosstalk with growth factor pathways,
all of which contribute to sustained proliferative signaling despite blockade of conventional
estrogen pathways [73]. These adaptations are compounded by the selective pressure exerted
by prolonged hormone therapy, promoting cell populations that bypass estrogen dependence
or exploit compensatory survival mechanisms.

Concurrently, the clinical landscape demonstrates that even next-generation targeted
endocrine agents, including oral SERDs and combination regimens (e.g., CDK4/6 or PI3K
inhibitors), while advancing progression-free survival, do not fully eliminate resistance or
recurrence risk, and often add significant toxicity [74]. This ongoing challenge underscores the
need for therapeutics that retain or enhance anti-ER activity while mitigating pathways of
resistance and systemic adverse effects.

Rational design of novel steroid-based compounds may offer a compelling strategy to
address these issues. Structural modification of steroid scaffolds can theoretically yield agents
that inhibit ERa-signaling (even through non-canonical pathways), suppressing proliferative
transcriptional programs, evading receptor mutations, and interacting with auxiliary targets
involved in survival and metastatic phenotypes. Unlike traditional SERMs or Als, such
compounds may combine receptor antagonism with unique pharmacodynamic profiles,
potentially reducing compensatory activation of alternative pathways driving endocrine escape.

In the present study, two sets of D-ring modified estrone-derivatives were employed to
assess their antiproliferative efficacy against various female breast, gynecological and

oropharyngeal cell lines. The most effective derivative, compound II/9 (EDPO) was assayed
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using other in vitro and in vivo methodologies in order to determine its possible mechanism of
action.

The growth inhibition data allowed for the ranking of compound efficacy within each
of the investigated cell lines, revealing structure-activity relationships among the azido alcohol
derivatives I/6a—6g. In general, converting the azido alcohol I/2 into a D-ring-fused oxazoline
slightly enhanced antiproliferative activity; for example, compound I/6a in HeLa cells.
Additionally, halogen substitution on the phenyl ring (compounds I/6b, 1/6¢c, and 1/6d)
improved activity, particularly in HeLa and C33A cells. Among these, chlorine substitution
resulted in the greatest enhancement across multiple cell lines.

The most pronounced antiproliferative effects were observed in compounds bearing 4"'-
nitrile, 4"-nitro, or 4"-methoxy substituents, as these appeared most frequently among the top
three most active compounds in each cell line (three, six, and seven occurrences, respectively).
Compound 1/6g (with a 4"-nitro group) was most effective against SiHa, A2780, and MCF-7
cells, while compound I/6e (bearing a 4”-methoxy group) showed the highest activity against
HeLa and MDA-MB-231 cells. Notably, the ICso of I/6e on HeLa cells (12.9 uM) was
comparable to that of cisplatin (12.4 uM), a clinically used positive control for gynecological
cancers. Both I/6e and I/6g demonstrated similar efficacy in T47D breast cancer cells.

In summary, while the synthesized D-ring-fused 2'-phenyl oxazoline derivatives of
16a,17a-azido alcohol I/2 exhibited only moderate antiproliferative effects on gynecological
cancer cell lines, systematic chemical modifications of the D-ring-fused 2'-phenylestrane
scaffold significantly influenced biological activity. Among them, the 4"”"-methoxy-substituted
compound I/6e stands out as a promising lead for the development of novel estrane-based
anticancer agents with enhanced potency. While these current findings are encouraging, due to
the limited number of analogues evaluated, it cannot be stated with high confidence that this
type of modification on the D-ring favorably influences the extent of the antiproliferative
effect. Investigation of a broader and more diverse molecular library would be required to
validate this structure-activity relationship.

Concerning the biological properties of the 16-methylene-13a-estrone derivatives, the
results indicate that modifications at the C-3, C-16, and C-17 positions of the 13a-estrone
scaffold significantly influence both cytostatic potency and tumor selectivity. Consistent with
our findings, the presence of a 3-methoxy substituent was shown to be beneficial for
antiproliferative activity and selectivity.

Among the tested compounds, II/9 (EDPO) exhibited the most favorable combination
of activity and selectivity, with ICso values comparable to cisplatin on UPCI-SCC-131 and
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T47D cells. The presence of bulky substituents such as naphthyl groups at C-16 substantially
reduced antiproliferative potency, likely due to steric effects interfering with molecular
interactions. In contrast, the orientation of smaller substituents (para-tolyl or phenyl) had
minimal influence, suggesting that steric bulk, rather than stereochemistry, primarily
determines biological activity at this site.

The consistent sensitivity of UPCI-SCC-131 and T47D cells to several phosphine oxide
derivatives suggests potential cell line-specific susceptibility linked to their molecular profiles.
Overall, these findings highlight that targeted modifications at the A- and D-rings of the 13a-
estrone core, particularly introduction of a 3-methoxy group, can yield cytostatic agents with
improved selectivity. Moreover, after a thorough examination of the results, we also concluded
that the lead compound of the series (EDPO) emerged as particularly promising, displaying
low micromolar ICso values in the ERa-positive T47D and MCF-7 breast cancer cell lines,
while its efficacy was markedly reduced, by approximately 3.3 and 1.7-fold, respectively, in
the triple-negative MDA-MB-231 cell line, which lacks ERa expression [75]. This differential
sensitivity suggested that the presence of ERa may contribute to the compound’s mechanism
of action. The selective potency toward ERa-positive models therefore provided a strong
rationale to hypothesize that the compound may exert its antiproliferative effects, at least in
part, through modulation of the estrogen receptor signaling pathway. This conclusion guided
the design and implementation of subsequent experiments aimed at elucidating the compound’s
suspected mechanism of action.

Estrogen and ERa are central regulators in the onset and progression of ER" breast
cancers. The ERa signaling cascade controls the transcription of numerous genes involved in
cell proliferation, differentiation, and survival [76]. Consequently, interference with this
pathway at various molecular stages has been established as an effective therapeutic strategy
to counteract estrogen-driven tumor growth and metastasis.

To investigate the impact of different compounds on ERa-mediated transcriptional
activity, the T47D-KBluc reporter cell line was employed. This cell model is designed to
quantitatively assess the modulation of estrogen receptor signaling through a luciferase reporter
gene under the control EREs [77]. In this system, the compound EDPO demonstrated a clear
inhibitory effect on E2-induced transcriptional activation, comparable to that of the well-
characterized antiestrogen fulvestrant. This indicates that EDPO efficiently suppresses ERa-
dependent gene expression. In contrast, its structural analog 3-BEDPO, which carries a 3-

benzyloxy substitution, exhibited a substantially weaker antagonistic activity as measured by
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the luminometric assay. This reduced efficacy aligns well with its lower antiproliferative
potential observed in T47D breast cancer cells.

The uterotrophic assay in immature rats is a widely accepted in vivo model for
evaluating the estrogenic or antiestrogenic properties of compounds [50]. In this study, we
showed that EDPO reduces E2-induced uterine growth in a dose-dependent manner. The
observed decrease in uterine weight indicates that EDPO effectively mitigates ERa activity
under physiological conditions, demonstrating a potency similar to that of a well-established
chemotherapeutic agent.

In our latest report, in collaboration with Hetényi and colleagues (Pharmacoinformatics
Unit, Department of Pharmacology and Pharmacotherapy, Medical School, University of
Pécs), the computational model of molecular docking of EDPO to ERa was also discussed. The
in silico experimental results demonstrated that EDPO and fulvestrant display comparable
binding profiles to ERa [79]. In the natural ligand (E2)-hERa complex, Helix 12 (H12)
stabilizes in an agonistic conformation that enables coactivator binding and transcriptional
activation [80—82]. In contrast, SERMs and SERDs such as raloxifene and fulvestrant disrupt
this configuration by forming hydrogen bonds that displace H12, thereby blocking coactivator
interaction and inducing antiestrogenic effects [80,82]. Docking results showed that fulvestrant
and EDPO form similar stabilizing H-bonds with residues E353 and R394, crucial for ligand
affinity and receptor stabilization [83], while 3-BEDPO lacks these key interactions. Moreover,
EDPO forms an additional H-bond with T347, which may further prevent the agonistic
positioning of H12 [84]. In contrast, 3-BEDPO’s weaker van der Waals interactions likely fail
to disrupt the receptor’s active conformation, explaining its lack of antiestrogenic activity [79].

Taken together, findings from the three complementary approaches provide strong
evidence that EDPO mediates its antiestrogenic activity by interfering with the ERa and its
downstream signaling pathway.

It is well established that estrogen-driven cell proliferation is mediated by the rapid
upregulation of key cell cycle regulators such as Cyclin D1, MDM2, and the early activation
of the proto-oncogene c-Myc, all of which play crucial roles in facilitating the transition
through the G1/S checkpoint [85-87]. Cyclin DI, when complexed with CDK4/6,
phosphorylates the retinoblastoma protein (pRb), leading to the release of E2F1 and subsequent
transcriptional activation of genes required for S-phase entry, including Cyclin E [88]. Cyclin
E then associates with CDK2, further phosphorylating pRb and amplifying E2F1-mediated

transcription [89].
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In opposition to these proliferative signals, the p53—p21 pathway acts as a key
regulatory checkpoint. Upon genotoxic stress, pS3 activates the transcription of p21, which
inhibits the Cyclin D1-CDK4/6 and Cyclin E-CDK2 complexes, thereby maintaining pRb in
its hypophosphorylated, growth-suppressive state and halting E2F1-driven G1/S progression
[90]. Conversely, c-Myc promotes cell cycle progression by repressing p21 expression, thereby
sustaining cyclin-CDK activity at the G1/S boundary. Meanwhile, the human homolog of
murine double minute 2 (MDM?2), which is generally overexpressed in tumors, acts as a
negative regulator of p53, promoting the degradation of pRb and p21 while also enhancing
E2F1 activity [87].

Previous research demonstrated that fulvestrant decreases MDM?2 protein levels by
enhancing its turnover, ultimately resulting in G1 phase arrest [69]. In our experiments, both
EDPO and fulvestrant similarly induced pronounced G1 arrest in T47D cells. Together with
our earlier findings, these results further substantiate the antiestrogenic character of EDPO,
suggesting that its inhibitory effect on cell proliferation may be mediated through disruption of
this cell cycle regulatory network (Fig. 9A).

In ERa" breast cancer, E2 not only promotes cell proliferation but also induces
morphological changes that enhance cellular motility and invasiveness through ERa-dependent
signaling [91]. Mechanistically, activation of ERa initiates a Gai/GPy-mediated signaling
cascade that promotes the assembly of a multiprotein complex consisting of ERa, c-Src,
phosphoinositide 3-kinase (PI3K), and focal adhesion kinase (FAK). This interaction results in
the phosphorylation of FAK, which subsequently activates neural Wiskott-Aldrich syndrome
protein (N-WASP). At the same time, PI3K catalyzes the production of phosphatidylinositol-
3,4,5-trisphosphate (PIP3), promoting the recruitment and activation of cdc42. Once activated,
cdc42 cooperates with phosphatidylinositol-4,5-bisphosphate (PIP2) to further stimulate N-
WASP, which in turn regulates the actin-related protein 2/3 (Arp2/3) complex, driving actin
filament branching and plasma membrane remodeling [92] (Fig. 9B). These cytoskeletal
rearrangements are essential for the migratory and invasive behavior of cancer cells,
particularly in ERa" breast tumors. Given that enhanced migration and invasion of cancer cells
underpin metastatic progression, the primary cause of cancer-related mortality, agents that
effectively inhibit these processes represent promising candidates for anticancer therapy.

Previous studies have shown that antiestrogenic agents can effectively suppress ERa-
mediated migration and invasion of breast cancer cells [93]. Moreover, ERa has been detected
and found to be functionally active in head and neck squamous cell carcinoma (HNSCC) cell

lines, where it contributes to their proliferative and invasive properties [94]. Considering that
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ERa-dependent FAK phosphorylation and focal adhesion turnover are pivotal for cancer cell
motility, the inhibitory effects observed for our compound likely result from interference with
these signaling mechanisms. This suggests that EDPO holds therapeutic potential for limiting
the progression and metastatic spread of both ER" breast cancer and HNSCC.

Moreover, in collaboration with Puskds and colleagues (Avidin Ltd., Szeged), it was
also established that EDPO effectively inhibits tumor growth in a 4T1 murine TNBC model
[79]. While ERa-negative cancers, including triple-negative breast cancers (TNBCs), are
traditionally considered estrogen-insensitive, recent studies show that estrogens modulate the
immune environment to promote tumor progression. In the bone marrow, E2 drives myeloid
progenitors to differentiate into myeloid-derived suppressor cells (MDSCs), which migrate to
the tumor microenvironment (TME) and suppress cytotoxic T lymphocyte (CTL) activity
[95,96]. Estrogens can also directly inhibit CTLs by blocking the autocrine interleukin-2
signaling. In a 4T1 TNBC mouse model, blocking estrogen signaling with fulvestrant
decreased tumor growth, increased CTL infiltration, and shifted the TME toward a pro-
immunogenic state with elevated effector molecules like granzyme B, perforin 1, and
interferon-y [96]. The previously described antitumor effect of EDPO can be explained by this
mechanism (Fig. 9C).

In conclusion, our findings highlight a rational strategy for the development of targeted
anticancer agents based on structurally modified estrone derivatives. In particular, the emphasis
on D-ring modifications provides a promising framework for drug design, offering new
opportunities to generate effective therapeutic candidates against both hormone-dependent and

hormone-independent malignancies.
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Figure 9: Proposed mechanism of action of EDPO on ERo+ and triple-negative breast cancer (TNBC)
based on experimental and literature data. A: Antiproliferative effect against ERa+ breast cancer cells.
Estrogen signaling drives G1/S transition by inducing Cyclin D1 and c-Myec, ultimately activating cyclin-CDK
complexes to inactivate pRb and release E2F 1, while simultaneously suppressing the p53-p21 axis through the
induction of MDM2. EDPO may counteract this pathway by blocking ERa-driven transcription, reducing CDK
activity, stabilizing p53, and restoring checkpoint control. B: Antimetastatic effect against ERa+ breast cancer
cells. ERa promotes migration via non-genomic signaling, where estrogen-ERa activates G-proteins and c-Src,
leading to PIP3 generation, FAK-mediated adhesion turnover, and Cdc42/Arp2/3-driven actin remodeling. This
cascade reorganizes the cytoskeleton to enhance motility. EDPO is proposed to inhibit this ER-dependent
pathway, thereby suppressing cell migration. C: Antitumor effect against TNBC cells. Estrogen-induced dual
inhibitory action on CTLs through the mobilization of MDSCs and direct blockade of autocrine IL-2 signaling.
EDPO is suggested to counteract the effects of E2, thereby shifting the tumor microenvironment toward a pro-
immunogenic state and impairing tumor growth.
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6. Summary

In this thesis, two distinct groups of D-ring-modified estrone derivatives, 16a,17a-
oxazolines and 16-methylene-13a-estrone-based organophosphorus compounds were
evaluated for their antiproliferative and antimetastatic potential in breast, gynecological, and
oropharyngeal cancer models. Through a systematic comparison of structure-activity
relationships, the aim of this work was to identify lead molecules with improved potency and
tumor selectivity and to elucidate their possible mechanisms of action.

Initial viability assays demonstrated that several of the newly synthesized compounds
exert moderate growth-inhibitory effects; however, among all derivatives tested, the
organophosphorus compound I1/9 (EDPO) emerged as the most promising candidate. EDPO
displayed low micromolar ICso values, particularly in ERa-positive breast cancer cell lines
(T47D and MCF-7), while exhibiting markedly reduced activity in ER-negative models in
vitro. This selectivity pattern strongly suggested that its mechanism of action may be linked to
modulation of estrogen receptor signaling.

Subsequent mechanistic studies supported this hypothesis. In the T47D-KBluc reporter
cell line, EDPO effectively suppressed estrogen-induced transcriptional activity in a
concentration-dependent manner, exhibiting functional antagonism comparable to that of
fulvestrant. Its antiestrogenic properties were further confirmed in vivo, where EDPO
significantly reduced E2-induced uterine growth in a dose-dependent manner in the immature
rat uterotrophic assay. These results demonstrate that EDPO interferes with ERa signaling
under both experimental and physiological conditions.

Analysis of cell cycle distribution revealed that EDPO induces a pronounced G1 phase
arrest, consistent with the inhibition of ER-mediated proliferative pathways. Furthermore,
EDPO significantly impaired cancer cell motility and invasiveness in wound-healing and
transwell assays, indicating additional antimetastatic potential. Complementary in silico
docking studies suggested that EDPO forms key stabilizing interactions within the ERa ligand-
binding domain, interactions that are absent in structurally related but biologically weaker
analogs, providing a molecular explanation for its observed biological activity. Moreover,
when employed in a rodent TNBC model, EDPO significantly suppressed tumor growth, likely
by inhibiting estrogen signaling. Although TNBC is ERa-negative, estrogens promote tumor
progression by suppressing antitumor immunity through MDSC expansion and direct

inhibition of cytotoxic T lymphocytes. In line with this, estrogen blockade reduced tumor
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growth, increased CTL infiltration, and induced a pro-immunogenic tumor microenvironment,
providing a mechanistic explanation for EDPO’s antitumor effect.

Overall, this work demonstrates that targeted chemical modification of the estrone
scaffold can yield derivatives with improved anticancer efficacy and tumor selectivity. Among
the tested compounds, EDPO emerges as a compelling lead with dual antiproliferative and
antimetastatic properties mediated, at least in part, by ERa antagonism, offering a solid basis

for further optimization of estrone-based antineoplastic agents.
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7. Glossary of Acronyms and Abbreviations

e ANOVA: analysis of variance

e Arp2/3: actin related protein 2/3

e ATCC: American Type Culture Collection

e BRCA1/BRCAZ2: breast cancer type | susceptibility protein / breast cancer type 2
susceptibility protein

e CCD: charge-coupled device

e CIS: cisplatin

e CDK: cyclin-dependent kinase

e CTL: cytotoxic T-lymphocyte

e DMSO: dimethyl sulfoxide

e Comp.: compound

e Conc.: concentration

e E2: [7B-estradiol

e ECACC: European Collection of Authenticated Cell Cultures

e EDPO:
3-methoxy-17-0x0-13a-estra-1,3,5(10)-trien-16a-yl)methyl|diphenylphosphin oxide

e EMEM: Eagle’s minimal essential medium

e ERE: estrogen responsive element

e ERa: estrogen receptor alpha

e FAK: focal adhesion kinase

e FBS: fetal bovine serum

e G1: first growth phase of the cell cycle

e G2/M: second growth phase of the cell cycle / mitotic phase

e GLOBOCAN: Global Cancer Observatory

¢ GrB: granzyme B

¢ JARC: International Agency for Research on Cancer

e ICso: half maximal inhibitory concentration

e [IL-2: interleukin-2

e INFy: interferon-y

e MDM2: murine double minute 2 homolog protein

e MDSC: myeloid-derived suppressor cell
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MPC: myeloid progenitor cell

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide
ND: not determined

N-WASP: neural Wiskott-Aldrich syndrome protein

PBS: phosphate-buffered saline

PET: polyethylene terephthalate

PI: propidium iodide

PI3K: phosphatidylinositol 3-kinase

PIP2: phosphatidylinositol 4,5-bisphosphate

PIP3: phosphatidylinositol 4,5,6-trisphosphate

pRb: retinoblastoma protein

PRF1: perforin-1

RPMI 1640: Roswell Park Memorial Institute 1640 medium
S: synthetic phase of the cell cycle

SD: standard deviation

SEM: standard error of the mean

Sub-G1: hypodiploid cell population
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