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Chapter 1. Introduction

Cancer remains one of the leading causes of premature death and
a major obstacle to increasing life expectancy worldwide [Bray F. I. et
al., 2021]. In Bulgaria, oncological diseases are the second most common
cause of death, with 32,817 new cases reported in 2022, of which 18,794
resulted in death [Sung H. et al., 2021]. Globally, breast cancer is the
most common malignancy, followed by lung cancer. In Bulgaria,
however, these cancers rank third and second, respectively. Breast cancer
remains the primary cause of cancer-related death among women [Sung
H. et al., 2021]. Breast tumours are characterised by high biological
heterogeneity, a strong tendency to metastasise, and frequent
development of therapy resistance. Conventional chemotherapeutic
agents currently used are highly toxic and produce notable side effects.
These factors highlight the need for new therapeutic strategies that are
effective against aggressive breast cancer subtypes, do not induce
resistance, and exhibit fewer adverse effects. Accordingly, this
dissertation investigates the antitumour effect of the lipid agent erufosine
(EPC3). Erufosine is an alkylphosphocholine that acts differently from
standard chemotherapeutic agents by targeting the cell membrane, where
it modulates multiple signal transduction pathways involved in cell
survival and migration. It can be administered intravenously and does not
induce resistance [Jimenez-Lopez J. M. et al., 2010; Chometon G. et al.,
2014; Dineva I. et al., 2012]. The dissertation includes experiments
aimed at evaluating its potential application in treating one of the most

challenging tumour subtypes—triple-negative breast cancer. In addition



to erufosine, the antitumour effect of another alkylphosphocholine,
miltefosine (HePC), is also investigated in this study. Miltefosine is used
in the treatment of leishmaniasis and Chagas disease [Kuhlencord A. et
al., 1992; Pachioni-Vasconcelos J. A. et al., 2016]. It possesses anti-
inflammatory, antibacterial, fungicidal, and antitumour properties [Park
S.-Y. et al., 2021]. HePC affects multiple signal transduction pathways
that regulate cell survival and migration [Valenzuela-Oses J. K. et al.,
2017; Park S.-Y. et al., 2021]. Miltefosine inhibits CHEK1, leading to
cell cycle arrest at the G2/M phase and inducing cell death independently
of p53 status, thereby significantly broadening the range of tumour types
to which it may be applied [Park S.-Y. et al., 2021]. Nonetheless, its
clinical application is limited due to its high toxicity and side effects. To
reduce therapeutic doses and enhance its antitumour effect, this study
explores the potential of miltefosine in combination with D-erythro-N,N-
dimethylsphingosine (DMS). DMS is a sphingolipid with anti-
inflammatory, antiparasitic, and antitumour properties [Vasconcelos J. F.
et al., 2017]. It modulates the so-called “sphingolipid rheostat,” which
plays a key role in controlling cell survival and death [Herr D. R. and
Chun J., 2007]. Furthermore, DMS enhances tumour cells’ sensitivity to
conventional chemotherapeutic agents [Shida D. et al., 2008; Igarashi Y.
et al., 1990]. These characteristics suggest that combining these two
lipids may yield a synergistic antitumour effect and pave the way for
developing a novel therapeutic approach. Consequently, this research
investigates the effects of these two antitumour lipids in the context of
developing combination therapy for lung cancer, which is the leading
cause of cancer-related mortality among men [Sung H. et al., 2021].

2



This dissertation aims to contribute to the development of a new
class of lipid-based therapies characterised by low toxicity and high
efficacy in treating breast and lung cancers—two malignancies with

significant global and national health and societal impacts.



Chapter 2. Aim and Objectives

The aim of this dissertation is to explore how antitumor lipids affect
transmembrane signalling in cancer cells.

To accomplish the objectives of the dissertation, the following tasks were
established:

1.

Performing a cytotoxicity analysis of the effects of EPC3, DMS,
and HePC (administered individually and in combination) on

cancer cells with varying levels of invasiveness.

2. Examining the type of cell death induced following treatment
with the antitumour lipids (individually and collectively).

3. Quantitative assessment of the resulting cell death.

4. Exploring the effects of the antitumour lipids on the cell cycle,
cell migration, cellular morphology, and the cytoskeleton.

5. Studying the influence of the antitumour lipids on membrane

fluidity and the diffusion dynamics of the cell membrane.

6. Analysing the impact of the antitumour lipids on the

sphingolipid rheostat.



Chapter 3. Materials and Methods
I. Materials

1. Antitumor agents
In the present dissertation, three antitumor agents were used to treat
cancer and normal (control) cells: erufosine, miltefosine, and DMS.

2. Reagents

2.1. Reagents used for the assessment of cell viability and cell death

* MTT reagent (Invitrogen, Germany)

» Acridine Orange (Sigma-Aldrich, Germany)

* Ethidium bromide (Sigma-Aldrich, Germany)

* Annexin V Apoptosis Detection Kit FITC (Affymetrix,
eBioscience, Austria)

2.2. Reagents used for preparing microscopic samples

 Phalloidin/Tetramethylrhodamine B isothiocyanate (TRITC)
(Sigma-Aldrich, Germany)

» 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma-
Aldrich, Germany)

* Di-4-ANEPPDHQ (Molecular Probes, Eugene, OR, USA)

* Plasmid encoding the Epidermal Growth Factor Receptor (EGFR)
fused with Enhanced Green Fluorescent Protein (EGFP) (hEGFR-
EGFP), kindly provided by Alexander Sorkin (Addgene plasmid #32751)

* Plasmid encoding the haemagglutinin (HA) gene from influenza
virus strain A/FPV/Rostock/34 (H7N1), tagged at the C-terminus with
monomeric EGFP (mEGFP) (FPV-HA-mEGFP) (Addgene #127810)
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2.3. Reagents used for immunological analyses

» ELISA kit for detecting human Sphingosine-1-phosphate (S1P)
(Antibody Research Corporation, USA)

* Reagents used for analysing PKC phosphorylation levels:

 anti-phosphorylated PKCa (p-PKCa) antibody (Santa Cruz
Biotechnology)

» antibody specific for total PKCa (Santa Cruz Biotechnology)

» HRP-conjugated secondary antibodies (Enzo Life Sciences)

» Western Blotting Luminol Reagent (Santa Cruz) and Kodak X-ray
film for immunoblot visualisation

2.4. Reagents used for enzyme activity assays

* Cytochrome C Reductase (NADPH) Assay Kit (Sigma-Aldrich,
Germany)

3. Cell lines

* Breast cancer cell lines: MCF-7 and MDA-MB-231

» Mammary epithelial cell line: MCF-10A

» Human non-small cell lung carcinoma cell line: A5499

e Human umbilical vein endothelial cell line;: HUVEC

All cell lines used as in vitro model systems were purchased from ATCC
(Manassas, VA, USA).



1. Methods

1. MTT assay

The MTT assay was employed to assess cell viability after treatment
with antitumour agents. The method relies on the formation of formazan
crystals, which are then dissolved in acidified isopropanol, and the
resulting colour intensity is measured quantitatively using a
spectrophotometer. Absorbance was recorded at A = 570 nm with a
microplate reader (Tecan Infinite F200 PRO, Tecan Austria GmbH,
Salzburg). The colourimetric intensity of the reaction product correlates
with the viability of the cells in the sample.

2. Vital staining with AO/EtBr

This method was employed to analyse the type of cell death induced
by antitumour agents. Acridine orange (AO) is a vital dye that fluoresces
green (525 nm) when bound to DNA and red (650 nm) when attached to
RNA. Ethidium bromide (EtBr) intercalates between DNA strands and
penetrates only cells with compromised membrane integrity. When
bound to DNA, its emission maximum occurs in the orange spectral
region (590 nm). The resulting staining offers information on the type of
cell death induced by antitumour treatment. Microscopic images were
captured using a fluorescence microscope NU-2, Carl Zeiss, Germany,

equipped with a Canon EOS 5D Mark 11 camera and a 25x objective.

3. In Vitro cell migration assay (Scratch Assay)
A wound-healing assay was used to assess the effects of antitumour
agents on tumour cell migration. Wound closure was observed by

capturing images of each well with a Leica DMI300B microscope (Leica
7



Microsystems, Germany). Images were analysed using ImageJ software.
Statistical analysis was conducted with GraphPad Prism 5.02. The
percentage of wound closure was determined by normalising the

difference in area relative to the initial wound area at To.

4. Cell morphology

Phase-contrast microscopy of live cells was carried out to assess the
impact of antitumour agents on cell morphology. Images were captured
using an inverted phase-contrast microscope (MEIJI, Japan) with a 20x
objective (Phase DM, MEWJI, Japan) and an Optikam B1 Digital camera
(Optica, Italy).).

5. DAPI staining

The effect of antitumor agents on nuclear structure was examined.
For this purpose, cells were stained with 1 pg/mL DAPI following
fixation with 3% paraformaldehyde (PFA). Fluorescent nuclei were
observed using a fluorescence microscope (Jenalumar, Carl Zeiss,
Germany) with a 100x objective. Apoptotic cells were identified based

on nuclear condensation and fragmentation.

6. Flow cytometric analysis of apoptosis and necrosis

Quantitative analysis of cell death was performed using the Annexin
V' Apoptosis Detection Kit FITC. The binding of Annexin V/FITC to
phosphatidylserine (PS) indicates the initiation of apoptosis and is
characterised by an emission maximum at 518 nm. 7-AAD binds double-
stranded DNA and does not penetrate intact cell membranes; therefore,
its presence indicates necrotic changes. The emission maximum of 7-

AAD is 647 nm, allowing discrimination between the two dyes and the
8



determination of cell death type. Samples were analysed using a BD
FACSCalibur flow cytometer, and data were processed using FlowJo
v10.1 software.

7. Nicoletti flow cytometric assay for cell cycle analysis

To determine the percentage distribution of cells in different phases
of the cell cycle following treatment with antitumor agents, flow
cytometric analysis was performed using the Nicoletti method, which
stains DNA with propidium iodide. Cell cycle phase distribution was
determined based on DNA content. Samples were analysed using a BD
FACSCalibur flow cytometer and FlowJo v10.1 software.

8. Determination of mRNA levels by RT-PCR

Total RNA isolated using TRIzol reagent was reverse-transcribed
into cDNA using SuperScript™ II reverse transcriptase, a modified
version of MMLV reverse transcriptase with increased thermostability
and reduced RNase H activity. RNA quantity was determined using a
NanoDrop spectrophotometer. Gene-specific primers and TagMan
probes were designed using Primer Express® Software v3.0.1. RT -
gPCR was performed using a real-time PCR system - Rotor-Gene 6000.

9. Analysis of cell adhesion by phalloidin-TRITC staining

The effects of antitumor agents on the adhesive properties of cancer
cells were examined by fluorescent staining with phalloidin-TRITC and
DAPI nuclear staining. Samples were analysed using an Axiovert 200 M
fluorescence microscope (Plan-Apochromat 63x/1.40 Oil DIC M27
objective; AxioCam MR3 camera), followed by image processing in

ImageJ.



10. Confocal microscopy using Di-4-ANEPPDHQ

To investigate the effect of antitumor agents on plasma membrane
fluidity in cancer cells, confocal microscopy was performed using the
polarity-sensitive fluorescent probe Di-4-ANEPPDHQ. Images were
acquired with a Zeiss LSM 780 confocal microscope (Carl Zeiss,
Oberkochen, Germany) and a pixel size of 200 nm (512 x 512 pixels)
using a Plan-Apochromat 40x/1.2 Korr DIC M27 water-immersion
objective. Excitation was performed using a 488 nm argon laser.
Fluorescence was detected between 498-579 nm (Channel 1) and 620—
750 nm (Channel 2) after passing through a 488 nm dichroic mirror, using
a gallium arsenide phosphide (GaAsP) detector. Out-of-focus
fluorescence was reduced using a 42.4 um pinhole. Data were presented

as normalised histograms of selected pixels.

11. Lipid extraction and phospholipid analysis

Cells were treated with various concentrations of EPC3 for 24 h and
subjected to total lipid extraction using a chloroform:methanol:water
system in amounts predetermined according to the chloroform—
methanol-water phase diagram [Bligh E.G.and Dyer W.J, 1959; Pankov
R. et al.,2006]. Lipid extracts were concentrated using a vacuum
evaporator. Individual phospholipid fractions were separated on silica gel
G60 TLC plates (20 x 20 cm, Merck, Darmstadt, Germany). Fractions
were visualised by iodine staining, scraped, and quantified by inorganic

phosphorus determination [Kahovcova J. and Odavic, R., 1969].
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12. Determination of cholesterol content by gas chromatography

Cholesterol content in membranes of cancer cells treated with ICso
and ICss concentrations of EPC3 was determined by gas chromatography
[Nikolova-Karakashian M.N. et al. 1992] using a Carlo-Erba gas
chromatograph  equipped with a flame ionisation detector.
Chromatographic separation was performed isothermally at 190 °C using
a 2 m column coated with 10% diethylene glycol succinate (DEGS) on
Chromosorb W 60/80 mesh (Pharmacia Fine Chemicals Inc., Piscataway,
NJ, USA). Nitrogen was used as the carrier gas in conditions which
provide optimal resolution and reproducibility. Quantification was
performed using external standard curves, and cholesterol peaks were

identified based on retention time and spectral characteristics.

13. Scanning fluorescence correlation spectroscopy (sFCS) of
cells

Cancer cells treated with EPC3 were transfected with 200 ng (mp-
MEGFP or mp-mEGFP(2x)) or 600 ng (hEGFR-EGFP or A/FPV-HA-
mEGFP) plasmid DNA using Lipofectamine™ 3000 according to the
manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA,
USA). After additional 24 h incubation, scanning fluorescence
correlation spectroscopy (sFCS) was performed using a Zeiss LSM 780
microscope with a Plan-Apochromat 40x/1.2 Korr DIC M27 water-
immersion objective. Samples were excited with a 488 nm argon laser,
and fluorescence was detected between 499-597 nm using a GaAsP
detector. Membranes were linearly scanned with 256 x 1 pixels (80 nm

pixel size) perpendicular to the membrane (crossing the membrane), with

11



a scan time of 403.20 ps. The total scanning time for each experiment is
3 min. Images (TIFF files) were analyzed using MATLAB with custom-
written code. Statistical analysis was performed using one-way ANOVA
test, followed by Bonferroni’s multiple comparisons test. Differences

were considered significant at p < 0.01.

14. Immunoblot analysis for determination of PKCa
phosphorylation level in cells
Changes in PKCa phosphorylation appeared following cancer cells
treatment with antitumor agent were analyzed by Western blotting.
Quantitative analysis of signal intensity was performed using ImageJ
software. p - PKCa levels were normalized to the signal representing total
PKCa and expressed as a percentage of p — PKCa expression in control

cells.

15. Cytokinesis-Block Micronucleus Assay (CBMN) on Cells

The CBMN assay was performed according to Fenech et al. [Fenech
M. et al., 2007] with modifications adapted to the experimental design.
Tumor cells were treated with antitumor agents alone or in combination.
Mitomycin C (mit — C) was used as a positive control. After 24 h
treatment, the medium of each well was replaced with medium
containing Cytochalasin B (cyt — B) with a final concentration of 4
pug/mL. Giemsa staining was used for differential visualization of
cytoplasm and nuclei. CBMN biomarkers were scored at 1000x
magnification of optical microscope (Jena Lumar, Germany). A total of

500 binucleated cells (BNCs) per sample were analyzed to determine the

12



frequency of micronuclei (MN), nucleoplasmic bridges (NPB), and
nuclear buds (NB). Experiments were performed in triplicate.

16. ELISA assay for sphingosine-1-phosphate determination in
cells

The effect of single or combined drug treatments on sphingosine-1-
phosphate (S1P) levels in cancer cells was determined using a sandwich
ELISA kit (Cat. #682861, Antibody Research Corporation, USA).
Absorbance was measured using a microplate reader (Tecan Austria
GmbH, Salzburg). S1P concentrations in the samples were calculated
based on color intensity.

17. Cytochrome C reductase (NADPH) assay

The level of changes in cytochrome C reductase activity following
treatment with antitumor agents were assessed using a Cytochrome c
Reductase (NADPH) Assay Kit (Cat. # CY0100, Sigma-Aldrich,
Germany). The samples were prepared according to manufacturer’s
recommendations. Optical density was measured at 550 nm using a
UV/Vis spectrophotometer (Specord 210 PLUS, Germany). Software
WinAspect with kinetic program was used. Enzyme activity was

expressed in units/mL.

18. Calculation of the combination index (CI)

The effect of combining two or more agents was evaluated using the
combination index (CI) [Zhao L. et al., 2004]. CI values were calculated
using the data of MTT assay of cells treated with single agent or
combination. The calculation of CI was performed using the following

formula:
13



Cl = [Ca,x/ICx,a] + [Cb,x/ICx,b]

Where Ca,x and Cb,x are the concentrations of agent A and B used for
treatment to achieve an x% effect. ICx,a and ICx,b are the concentrations
of single agents used to chieve the same effect [Zhao L. et al., 2004]. A
synergistic effect is observed upon treatment with the combination of the
two agents when ClI < 1, whereas an antagonistic effect is observed when
Ci>1

14



Chapter 4. Results and Discussion

Part 1. Investigation of the effect of erufosine on breast cancer cell

lines with different metastatic potential

In the first part, the results of experiments performed with two
breast cancer cell lines - MCF-7 and MDA-MB-231 are presented, as
well as with a non-tumorigenic epithelial cell line from the mammary
gland - MCF-10A. The effect of erufosine on cell viability, the
cytoskeleton, the type of induced cell death, the cell cycle, the
composition and structure of cellular membranes, as well as the

mechanical properties of the cell membrane, were investigated.

1. Cell viability after treatment with erufosine

The MTT assay was used to assess the effect of EPC3 on breast
cancer cell viability. MDA-MB-231, MCF-7, and MCF-10A cells were
treated with EPC3 at concentrations ranging from 2.5 uM to 100 pM.
The 1Cs values of EPC3 at 24, 48, and 72 h were determined and
subsequently used for the treatments applied in the remaining
experiments of the present dissertation. In comparison with MDA-MB-
231 cells (19.79 uM ICso at 24 h), the low-invasive breast cancer cell line
MCEF-7 exhibited lower sensitivity to EPC3 (49.09 uM ICso at 24 h) (Fig.
1). In both cell lines, inhibition of cell viability increased with increasing
concentration and time of treatment and was more pronounced in the
highly metastatic MDA-MB-231 cell line. EPC3 did not affect the
viability of normal MCF-10A cells at concentrations that inhibited cancer
cell viability, consistent with the lack of side effects observed upon in

vivo application (Fig. 1).
15
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Fig. 1. Cell viability of MDA-MB-231, MCF-7, and MCF-10A cells treated
with erufosine for 24, 48, and 72 h. Statistical analysis was performed using one-

way ANOVA, followed by Tukey’s post hoc test (p < 0.05; *p < 0.01; **p <
0.001).
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2. Changes in the cell cycle after treatment with erufosine

Flow cytometric analysis according to the Nicoletti method [Nicoletti
I. et al., 1991] was performed to quantitatively determine the proportion
of cells entered process of apoptosis under the influence of erufosine. The
analysis was conducted using the breast cancer cell lines MDA-MB-231
and MCF-7, as well as the non-tumorigenic cell line MCF-10A.

Cell cycle analysis of the MCF-7 cell line revealed a time- and dose-
dependent increase in the sub-G1 population, which is a characteristic
hallmark of apoptosis [Murad H. et al., 2016] (Fig. 2A). As early as 24
h after treatment with the ICso of EPC3, the sub-G1 population increased
approximately four times compared to control cells, while after 48 h of
treatment with the ICss, the proportion of cells in the sub-G1 phase rose
to approximately 50% (Fig. 2B). EPC3 also affected the synthetic phase
(S phase), manifested by an approximately two times decrease in the S-
phase population at 24 and 48 h following treatment with the ICso of
EPC3 (Fig. 2A and B).

Upon treatment of the highly invasive MDA-MB-231 cells with
erufosine, an increase in the sub-G1 and G2/M cell populations was
observed, with both populations increasing in a dose- and time-dependent
manner (Fig. 2A and B). In contrast to MCF-7 cells, in which the sub-G1
population predominates, MDA-MB-231 cells exhibit accumulation of a
substantial proportion of cells in the G2/M phase (Fig. 2A and B).

With increasing treatment concentration, a further rise in the sub-G1
population was detected, and increasing the dose to ICss resulted in a
significant increase in the percentage of cells in this population, reaching
up to 6% after 24 h and 17.68% after 48 h. In parallel, treatment with

17



EPC3 reduced the number of cells in S phase (Fig. 3A and B). Unlike
MCEF-7 cells, the highly invasive cell line also exhibited an increase in
the number of polyploid cells (>4N) (Fig. 3A and B).
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Fig. 2. Flow cytometric analysis of the cell cycle of MCF-7 cells treated with
erufosine for 24 h (A) and 48 h (B). The graphs show the distribution of cells in
each phase of the cell cycle (Sub-G1, GO/G1, S, and G2/M), as well as the
polyploid fraction (PF).

In summary, the observed alterations in the G2/M and S phases
in MDA-MB-231 and MCF-7 cells treated with EPC3 confirm that this
antitumor agent disrupts the normal dynamics of the cell cycle.
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Fig. 3. Flow cytometric analysis of the cell cycle of MDA-MB 231 cells treated
with erufosine for 24 h (A) and 48 h (B). The graphs show the distribution of
cells across the cell cycle phases (Sub-G1, GO0/G1, S, and G2/M) and the
polyploid fraction (PF).

There is evidence that erufosine induces cell cycle arrest in leukemic
cells by regulating cyclin D1 and cyclin D1-dependent protein kinases
[Kapoor V. et al., 2012]. Cyclins and cyclin-dependent kinases function
together to regulate the cell's transition from one phase of the cell cycle
to another [Hochegger H. et al.,2008].

This dissertation studies the effect of EPC3 on the expression of

cyclins B and E2, as well as two cyclin-dependent kinases (CDK1 and
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CDK2) in MCF-7 and MDA-MB-231 cells (Figs. 4 and 5). Cyclin B and
its partner, cyclin-dependent protein kinase CDK1, control the transition
of cells from G2 to M-phase, while the pair of E2 and CDK2 regulates
the transition from G1 to S-phase of the cell cycle [Casimiro M.C. et al.,
2012].

The presented results demonstrate that the expression of CDK1
and CDK2 is suppressed in a dose- and time-dependent manner at 24 and
48 h (Fig. 4). At 72 h, however, a recovery of expression levels to values
characteristic of the threshold range is observed, with MCF-7 cells even

showing a slight increase in CDK1 expression (Fig. 4).

€DKl

48 hours

24 hours

72 hours

LogZ fald chonges
=

Fig. 4. Graphical representation of RT-qPCR analysis of CDK1 and CDK2 gene
expression in MDA-MB-231 (blue) and MCF-7 (pink) cells treated with
erufosine for 24, 48, and 72 h. Increasing concentrations of the compound are
indicated by increasing intensity of the respective colour. Quantitative
differences in gene expression in treated cells relative to controls are presented
as log: fold changes. The threshold zomne for non-significant changes in
expression is shown in green and, in the present study, was defined as a 1.5-fold
change.
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Fig. 5. Graphical representation of RT-qPCR analysis of cyclin B and cyclin E2
gene expression in MDA-MB-231 (blue) and MCF-7 (pink) cells treated with
erufosine for 24, 48, and 72 h. Increasing concentrations of the compound are
indicated by increasing intensity of the respective colour. Quantitative
differences in gene expression in treated cells relative to controls are presented
as log: fold changes. The threshold zome for non-significant changes in
expression is shown in green and, in the present study, was defined as a 1.5-fold
change.

A very similar expression profile of the investigated cyclins B
and E2 is shown in Fig. 5. A strong dose-dependent suppression of cyclin
B expression is observed at 24 and 48 h in both cell lines, whereas at 72
h the expression levels return to the threshold range. The expression of
the cyclin E2 gene is significantly reduced at 24 h; however, from 48 h
onward, its levels in both cell lines reach normal values.

The decreased expression of CDK2 and cyclin E2, which are
responsible for the G1/S transition, explains the increase in the G1 cell
population. Conversely, the reduced levels of CDK1 and cyclin B, which
govern entry into the M phase and progression through mitosis, may
account for the higher proportion of cells in the G2/M phase. The data on
erufosine-induced changes in the expression levels of these two cyclins
and their associated cyclin-dependent kinases, along with the performed

FACS analysis, clearly show that erufosine causes cell cycle arrest in
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cancer cells at the G1/S and G2/M checkpoints, with a notably stronger
effect on the G2/M transition. Furthermore, the highly invasive MDA-
MB-231 cell line was found to be more sensitive to erufosine.

Figure 6 presents the distribution of cells from the control cell
line MCF-10A across various stages of the cell cycle. The control MCF-
10A cells were exposed to the same concentrations of EPC3 as those used
for the tumour MCF-7 cells. Erufosine does not cause significant
alterations in the distribution of cells within the different phases of the
cell cycle (Fig. 6).

The data obtained for the non-cancerous cell line indicate the
presence of a “safety window,” within which specific concentrations of
erufosine are toxic to cancer cells while remaining relatively non-toxic to

normal, non-cancerous cells.
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Fig. 6. Flow cytometric analysis of the cell cycle of MCF-10A cells treated with
erufosine for 48 h. The graph shows the distribution of cells across the cell cycle
phases (Sub-G1, GO/G1, S, and G2/M).
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3. Dual AO/EtBr staining

Dual vital staining with a mixture of ethidium bromide and acridine
orange was used to visualise viable, apoptotic, and necrotic cells after
treatment with erufosine for 24 and 48 hours. Figure 7 shows untreated,
viable cells from the cancer MDA-MB-231 cell line with normal
morphology, fluorescing in the green spectral region. Treatment with
IC45 of EPC3 for 24 h mainly induces early apoptotic changes in the cells.
As treatment concentration increases, the cytotoxic effect of erufosine
also increases. Treatment with 1Cso for 48 hours results in a significant
increase in the number of necrotic cells. In our earlier studies, we found
that erufosine at 1Csp concentration and higher doses also leads to
apoptotic changes in the nuclei of Graffi cells isolated from a solid
myeloid tumour in hamsters [Georgieva A. et al., 2015]. In addition to
providing information on the dose range in which EPC3 induces
apoptotic changes in MDA-MB-231 cancer cells, the present experiment
also reveals a possible mechanism underlying this effect. In Fig. 7Z, a
polyploid cell is observed, whose size is significantly larger due to
erufosine-induced mitotic catastrophe resulting from G2/M phase cell
cycle arrest. Similar results were reported by Kapoor V. and colleagues
following treatment of oral squamous cell carcinoma cells [Kapoor V.,
2012].
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48 h

Fig. 7. AO/EtBr staining of MDA-MB-231 cells treated with different
concentrations of erufosine for 24 and 48 hours. Viable cells (L), early apoptotic
cells (EA), late apoptotic cells (LA), necrotic cells (N), cells in mitosis (M), and
a polyploid cell (P). Microscopic magnification: 200x and 400x.

4. Flow cytometric analysis for the determination of apoptosis

and necrosis in cells treated with erufosine

To quantitatively determine the type of cell death induced by
erufosine, FACS analysis was performed on the tumour cell lines MDA-
MB-231 and MCF-7, as well as on normal MCF-10A cells, treated with
1Czs, 1Cso, and IC7s for 24 and 48 hours.

In the highly invasive MDA-MB-231 cell line, a 5- and 9-fold
increase in early apoptotic cells compared to the control was observed at
24 and 48 hours, respectively (Fig. 8). An increase in the number of late
apoptotic cells was detected for the first time at 48 hours following
treatment with the highest concentration, ICss. No increase in necrotic
cells was observed. These results confirm that erufosine induces
apoptosis without triggering necrosis, which is a desirable property for

potential antitumor agents.
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Anexin V +/ 7TAAD - (Early apoptotic)

EPC3 Control 1C25 1C50 IC 75
244, 0.71 1.62 2.2 3.5
484 1.98 1.55 10.5 18.5
Anexin V +/ 7AAD + (Late apoptotic / Necrotic)

EPC3 Control 1C25 1C50 IC75
24y, 151 0.91 0.92 1.52
484 2.46 3.00 8.59 27.3
Anexin V -/ TAAD + (Necrotic)

EPC3 KOHTpPOJIa 1C25 1C50 IC 75
24y, 0.8 0.7 1.15 1.35
484. 2.56 3.35 2.71 2.87

Fig. 8. Tabular and graphical presentation of the results from FACS analysis of
MDA-MB-231 cells performed after 24- and 48-hour treatment with EPC3. The
table shows the percentage distribution of cells undergoing early apoptosis, late
apoptosis, or necrosis as a result of the treatment.
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Anexin V +/ 7TAAD - (Early apoptotic)

EPC3 KOHTpOJIa IC25 IC50 IC 75

48y. 0.58 6.98 7.02 6.24

Anexin V +/ 7AAD + (Late apoptotic / Necrotic)

EPC3 Control IC25 IC50 IC75

48u. 2.13 7.67 9.43 22.8

Anexin V - / TAAD + (Necrotic)

EPC3 Control IC25 IC50 IC 75

48u. 5.39 4.47 6.32 25.2

Koxrpona 20 UM EPC3

Annexmn \-FITC

Fig. 9. Tabular and graphical presentation of the results from FACS analysis
of MCF-7 cells performed after 48-hour treatment with EPC3. The table shows
the percentage distribution of cells undergoing early apoptosis, late apoptosis,

or necrosis as a result of the treatment.
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Anexin V +/ 7TAAD - (Early apoptotic)

EPC3 Control IC25 1C50 IC75

484. 1.05 1.93 21.3 23.2

Anexin V +/ 7AAD + (Late apoptotic / Necrotic)

EPC3 KOHTpOJIa 1C25 1C50 IC75
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Anexin V - / 7TAAD + (Necrotic)

EPC3 KOHTpOJIa IC25 1C50 IC75
484, 5.22 4.63 6.61 7.56
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wTa
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Annexin V-FITC

Fig. 10. Tabular and graphical presentation of the results from FACS analysis
of MCF-10A cells performed after 48-hour treatment with EPC3. The table
shows the percentage distribution of cells undergoing early apoptosis, late
apoptosis, or necrosis as a result of the treatment.

In the MCF-7 cell line, 48-hour treatment with 1C25 of EPC3

predominantly induces early apoptotic changes and, to a lesser extent,
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late apoptotic changes (Fig. 9). Even after 48-hour treatment with 1C75
of EPC3, the number of necrotic cells increases only about four times
compared with the control. Similar to MDA-MB-231 cells, MCF-7 cells
predominantly show an increase in early apoptotic cells following EPC3
treatment.

In the control MCF-10A cell line, 48 h of treatment with the highest
EPC3 concentration predominantly increases the number of early
apoptotic cells, while the number of necrotic cells remains unchanged
(Fig. 10).

The performed FACS analysis confirms previous data indicating that
EPC3 predominantly affects tumour cell lines, mainly inducing early

apoptosis, with its effect being concentration- and time-dependent.

5. Effect of erufosine on the migratory potential of cancer cells

To investigate the effect of erufosine on the migratory potential of
the MDA-MB-231 cell line, the wound-healing assay was used. The
closure of the generated “wound” was monitored over 72 hours. The data
are presented on Fig. 11 and 12.

After 5 hours of treatment, no significant changes were observed in
the scratch area. At 24 hours, a decrease in migratory activity was
observed in cells treated with IC50 and IC75 of EPC3 (Fig. 12). More
than 50% inhibition of migratory potential was recorded at 48- and 72-
hours following treatment with 1C25 and IC50 of EPC3. The effect of
EPC3 at 48 and 72 hours was dose-dependent.

The results suggest that erufosine is involved in regulating signalling

pathways related to actin reorganisation, thereby affecting cell migration.
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Its effect is likely connected to actin-binding proteins of the Rho family
of small GTPases. Further support for this idea is provided by the results
reported by Uzunova V. and colleagues, which indicate that treatment
with erufosine suppresses RhoA expression.

The wound-healing assay demonstrated that, under in vitro
conditions, erufosine reduces the migratory potential of MDA-MB-231

cancer cells.
Control 10uM 20uM 30uM

Fig. 11. Migration of MDA-MB-231 cells treated with different concentrations
of erufosine. Images were acquired using a Leica DMI300B microscope (Leica

Oh

5h

24h

72h

Microsystems, Germany) at 100x magnification and processed in ImageJ. The

images represent three independent experiments.
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Fig. 12. Reduction of the wound area measured over a period from 0 to 72 hours
at different concentrations of erufosine. The data are normalised to the wound
size at time 0. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001).
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6. Effect of erufosine on the cytoskeletal organisation of MDA-
MB-231 cells

To monitor changes in the actin cytoskeleton and cell nuclei in cells
treated with erufosine, an experiment was performed in which cells were
incubated for 24 hours with EPC3 at IC25, IC50, and IC75 concentrations
(Fig. 13).

The highly invasive MDA-MB-231 cell line exhibits a mesenchymal
mode of migration, characterised by strong cell adhesion and the
presence of cytoskeletal protrusive structures. Such protrusive structures,
including lamellipodia (Fig. 13A, thick arrow) and invadopodia (Fig.
13A, thin arrows), are observed in untreated cells.
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Treatment with 1C25 of EPC3 results in improved cell adhesion, as
evidenced by clearly visible actin stress fibres (Fig. 13B, thin arrows).
Additionally, the invadopodia depicted in Fig. 13B are associated with
increased destructive activity towards the ECM.

Treatment of cells with IC50 of EPC3 causes disruption of actin
filaments (Fig. 13C, arrows), and apoptotic changes appear in the nucleus
(Fig. 13D, arrows). At the highest treatment dose — IC75 — actin filament
disruption continues (Fig. 13D), and giant cells undergoing mitotic
catastrophe are also observed (Fig. 13H, outlined nucleus).

The occurrence of mitotic catastrophe in cells treated with erufosine
at IC50 and IC75 for 24 hours is the most likely cause of the significant

increase in the proportion of apoptotic cells, as shown by FACS analysis
(Fig. 8).

Fig. 13. Changes in actin cytoskeleton and nuclear organisation of MDA-MB-
231 cells after treatment with erufosine. Cells were treated with EPC3 for 24
hours and stained for actin (red, upper panel) and DAPI for nuclei (blue, lower
panel). A, E — untreated control cells; B, F — cells treated with 1C25 EPC3; C,
G — cells treated with IC50 EPC3; D, H — cells treated with 1IC75 EPC3.
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7. Effect of Erufosine on the Fluidity of the Plasma Membrane
in Cancer Cells

The effect of EPC3 on the fluidity and organisation of the plasma
membranes of live tumour cells MDA-MB-231 and MCF-7 was
examined using spectroscopic analysis with the fluorescent probe Di-4-
ANEPPDHQ. The Di-4-ANEPPDHQ probe detects changes in
membrane fluidity by shifting the emission maximum towards shorter
wavelengths. This shift was quantitatively evaluated by calculating the
General Polarisation (GP). Lower GP values indicate increased disorder
and reduced lipid packing.

Treatment of cells with ICso and IC+s doses of EPC3 for 24, 48,
and 72 hours showed a time- and dose-dependent decrease in GP,
indicating increased membrane fluidity. In MDA-MB-231 cells, GP
decreased as early as 24 hours from approximately 0.55 in controls to
around 0.25-0.30 in treated cells, and after 48 hours it reached
approximately 0.15 at ICss (AGP =~ —0.45) (Fig. 14). A similar trend
continued at 72 hours, with values steadily declining, confirming
progressive disruption of lipid organisation.

In MCF-7 cells, the changes were less pronounced, with
significant alterations observed only after prolonged treatment (72 hours)
(Fig. 15). The widening of GP histograms with increasing treatment time
indicates growing membrane heterogeneity, likely due to reorganisation
of lipid domains and altered cholesterol distribution.

The experiment demonstrates that treatment with erufosine
reduces the lipid order in the cell membrane in both cell lines, with a
more pronounced effect in MDA-MB-231 cells.
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Fig. 14 GP Values (Di-4-ANEPPDHQ) Measured in the Plasma Membrane of
MDA-MB-231 Cells Treated with EPC3. GP values were measured at the pixel
level and are presented as normalized histograms. Cells were treated with 1Cso
(red) or IC7s (orange) of EPC3, as well as untreated cells (blue). Fluorescence
intensity values were recorded after 24 hours (A), 48 hours (B), and 72 hours
(C) of incubation with erufosine.
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Fig. 15 GP Values (Di-4-ANEPPDHQ) Measured in the Plasma Membrane of
MCF-7 Cells Treated with EPC3. GP values were measured at the pixel level
and are presented as normalised histograms. Cells were treated with 1Cas (red)
or ICso (orange) of EPC3, as well as untreated cells (blue). Fluorescence
intensity values were recorded after 24 hours (A), 48 hours (B), and 72 hours
(C) of incubation with erufosine. Two independent experiments were performed.
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8. Effect of Erufosine on Phospholipid and Cholesterol Content

in Cell Membranes

The effect of erufosine on the concentrations of various
phospholipids and cholesterol in cell membranes of MDA-MB-231 and
MCEF-7 cells was examined using thin-layer chromatography and gas
chromatography. Cells were treated with ICso and 1C+s of EPC3 for 24
hours.

The experiment demonstrated that, in both cell lines, increasing
erufosine concentration significantly decreased sphingomyelin (SM)
content (Fig. 16A and 16 B). Moreover, the results show that erufosine
reduces phosphatidylcholine (PC) levels in both cancer cell lines (Fig.
16C and D). In MCF-7 cells treated with IC7s of EPC3, PC decreased by
20% relative to control, whereas in MDA-MB-231 cells, the decrease was
17%. The inhibition of PC synthesis is one pathway that induces
apoptosis. Conversely, the level of phosphatidylserine (PS) increased in
both cancer cell lines treated with erufosine (Fig. 16A and B). Elevated
PS levels in the outer leaflet of the cell membrane are linked to the
initiation of apoptosis and have been observed in cancer cells following
chemotherapy or radiotherapy [Birge R.B. et al., 2016].

As shown in Fig. 16A and B, treatment with ICss of erufosine also
lowered cholesterol levels in the membranes of MDA-MB-231 and
MCF-7 cells, which is associated with reduced cell migration and
survival.

Based on these results, it can be suggested that the cytotoxic effect

of erufosine is related to its impact on membrane organisation,
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specifically by reducing the stability and quantity of ordered lipid

domains.
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Fig. 16. Effect of EPC3 on SM, CH, PS, and PC Levels in Cell Membranes. (A)
Levels of SM, CH, and PS in MCF-7 cells treated with EPC3 for 24 hours; (B)
Levels of SM, CH, and PS in MDA-MB-231 cells treated with EPC3 for 24
hours; (C) Levels of PC in MCF-7 cells treated with EPC3 for 24 hours; (D)
Levels of PC in MDA-MB-231 cells treated with EPC3 for 24 hours. The graphs
show the mean values from three independent experiments. Statistical
significance was calculated relative to the controls for each group using one-
way ANOVA followed by Bonferroni’s test. *p < 0.01 and ***p < 0.0001.

9. Effect of Erufosine on the Diffusion Dynamics of
Transmembrane Proteins in the Plasma Membrane
The effect of erufosine on the diffusion dynamics of two proteins—

the human epidermal growth factor receptor (hEGFR) and influenza A
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virus haemagglutinin (FPV-HA)—was examined in MDA-MB-231 cells
treated with ICss of EPC3. EGFR is localised to lipid domains of the
plasma membrane [Bag N. et al., 2015] and is crucial for cancer
development and progression [Sigismund S. et al., 2018]. The second
protein, FPV-HA, resides in raft domains and influences the diffusion
dynamics of the plasma membrane [Takeda M. et al., 2003; Scheiffele P.
et al., 1999; McKay T. et al., 2006].

Fluorescence microscopy studies showed that erufosine does not
alter the localisation of these proteins in the membrane but significantly
increases their diffusion dynamics (Fig. 17). To quantitatively assess the
diffusion of both proteins, scanning fluorescence correlation
spectroscopy was applied. The calculated diffusion coefficients increased
approximately fivefold for both hEGFR (from 0.26 £ 0.08 to 1.1 + 0.5
pm?/s-1) and FPV-HA (from 0.22 £ 0.08 to 1.2 + 0.5 um#/s-1), indicating
enhanced membrane fluidity and reduced stability of lipid domains (Fig.
17C).

These results confirm that erufosine modifies the physical properties
of the plasma membrane by altering lipid—lipid and lipid—protein
interactions, initially disrupting lipid bilayer organisation and

subsequently affecting membrane lipid metabolism and composition.
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Fig. 17. Quantitative Assessment of Protein Diffusion in MDA-MB-231 Cells
Treated with Erufosine. (A) Confocal fluorescence microscopy images of MDA-
MB-231 cells expressing hEGFR-EGFP (top row) and FPV-HA-EGFP (bottom
row), in the absence of erufosine and after 48 hours of treatment with erufosine.
The yellow line in (A) indicates the scan path used for sSFCS measurements. Scale
bar: 10 um. (B) sFCS autocorrelation functions and fits obtained from cells
expressing hEGFR-EGFP (top graph) and FPV-HA-mEGFP (bottom graph), in
the absence of erufosine and after 48 hours of treatment with erufosine. (C) Box
plot of diffusion coefficients calculated based on sFCS diffusion times, obtained
from three independent experiments (each including measurements of 20 cells).
All measurements were performed at room temperature. ****p < 0.0001.
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Part 1. Investigation of the Effect of Miltefosine and DMS
on A549 and HUVEC Cell Lines

In the second part, we present the results of experiments
conducted on A549 and HUVEC cell lines. The effects of DMS and
HePC on cell viability, cytoskeleton organisation, type of induced cell
death, cell morphology, intracellular S1P levels, and the degree of
genotoxicity were investigated. The action of both agents was studied

under single and combined treatments.

1. Effect of Miltefosine and/or DMS on the Viability of A549
Cells

An MTT assay was performed to evaluate the effect of miltefosine
(HePC) and dimethylsphingosine (DMS) on the viability of A549 lung
carcinoma cells and non-cancerous HUVEC cells. Based on the results,
ICso values were calculated at 24 and 48 hours and subsequently used for
combination treatments.

The results indicate that DMS exhibits greater cytotoxicity than
miltefosine in both cancer cell lines, and its effect is dependent on time
and dose (Fig. 18A). After 24 hours of treatment with 40 uM DMS, about
50% inhibition of cell growth was observed, while after 48 hours, the
same effect was achieved with 20 uM (Fig. 18A).

Miltefosine exerted its inhibitory effect at notably higher
concentrations compared to DMS. The calculated ICso values for DMS
ranged from 212 to 277 uM at 24 h and from 192 to 268 uM at 48 h (Fig.
18D).
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In HUVEC cells, the calculated ICso values for DMS were higher
than those in A549 cells, indicating that normal cells are less sensitive to
DMS's cytotoxicity. In contrast, HUVEC cells were more sensitive to
HePC than A549 cells (Fig. 19D), which is unsurprising given the well-
documented strong side effects of this antitumour agent [Jiménez-Lopez
J.M. et al., 2010].
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Fig. 18. Viability of A549 Cancer Cells Treated for 24 and 48 h with DMS at
Concentrations of 5-60 uM (A) and HePC at Concentrations of 120-350 pM
(B). DMS ICso (C) and HePC ICso (D) were calculated for 24 and 48 h using
GraphPad Prism. Statistical significance is shown as comparisons between
treated cells and control cells (***) and between 24 h and 48 h treatments
(+++), with ***p < 0.001, *p < 0.05, and +++p < 0.001.
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Fig. 19. Viability of HUVEC Cells Treated for 24 and 48 h with DMS at
Concentrations of 10-80 uM (A) and HePC at Concentrations of 20-200 uM
(B). DMS ICso (C) and HePC ICso (D) were calculated for 24 and 48 h using
GraphPad Prism. Statistical significance is shown as comparisons between
treated cells and control cells (*) and (), and between 24 h and 48 h treatments
(+++), with ***p < 0.001, **p < 0.01, and +++p < 0.001.

2. Treatment of A549 and HUVEC Cells with a Combination of
Miltefosine and DMS
For the first time within the framework of this dissertation, a
combined treatment with miltefosine and dimethylsphingosine was
conducted to investigate a potential synergistic cytotoxic effect and to
reduce the side effects characteristic of single miltefosine administration
[Jiménez-Lopez J.M. et al., 2010].
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A549 lung cancer cells were treated with three different
combinations of miltefosine and DMS: HePC IC50 + DMS 1C25, HePC
IC25 + DMS IC50, and HePC IC25 + DMS IC25 (Fig. 20A). The most
effective effect on reducing cell viability was shown by the combinations
HePC IC25 + DMS IC25 and HePC IC25 + DMS IC50, and after longer
treatment (48 h), their cytotoxic effect continued to increase (Fig. 20A).
The results show that the combined treatment with HePC and DMS leads
to a significant decrease in cell viability of A549 lung carcinoma cells,
with the effect being synergistic and stronger compared to individual
treatments. In the control HUVEC cell line, the combination treatment
exhibited a weaker suppressive effect, suggesting selectivity of action
towards tumour cells. These results support the potential of the
combination approach as a more effective and less toxic strategy for

inhibiting tumour growth.
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Fig. 20. Viability of A549 Cancer Cells (A) and HUVEC Cells (C) Treated with
Different Combinations of HePC and DMS for 24 and 48 h. The combination
index (CI) was calculated for the combined treatments of DMS and HePC at 24
and 48 h in A549 (B) and HUVEC (D). The graphs show mean values obtained
from three independent experiments. Statistical significance is presented as
comparisons between treated cells and control (***) and as comparisons
between 24 h and 48 h treatments (+++), with ***p < 0.001, *p < 0.05, +++p
<0.001, ++p < 0.01, +p < 0.05.
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3. Synergistic Inhibitory Effect of Miltefosine and DMS on Cell
Viability, Expressed by the Combination Index

To assess the interaction between miltefosine and DMS, the
combination index (CI) was determined for 24- and 48-hour combined
treatments of A549 and HUVEC cells. The analysis indicated that in
A549 cells, combining HePC ICso with DMS ICzs (CI = 0.6) and HePC
IC2s with DMS ICso (CI = 0.47) showed significant synergism (CI < 1),
which grew more pronounced with longer treatment times. The most
notable synergistic effect was observed after 48 hours for the
combination HePC ICso + DMS ICos.

In the control HUVEC cell line, treatment with miltefosine and DMS
did not show a synergistic effect, except for the combination HePC ICso
+ DMS ICqs, which exhibited a modest synergistic effect only after 48
hours of treatment (Cl = 0.86) (Fig. 20D).

These data confirm the results of the MTT assays and indicate that
the combined application of miltefosine and DMS exerts a time-

dependent synergistic cytotoxic effect on A549 tumour cells.

4. Combined Effect of Miltefosine and DMS on the Morphology
of A549 and HUVEC Cells
To evaluate morphological changes induced by combined miltefosine
and DMS treatment, phase-contrast microscopy was performed on A549
and HUVEC cells.

Single-agent treatments with either compound resulted in cell rounding
and a decrease in cell number, while the combined treatments caused a

more significant reduction in cell density and a notable increase in

43



apoptotic cells (Fig. 21). The experiment confirmed previous findings,
showing that the inhibitory effect of combined HePC and DMS
treatments on A549 cells depends on time (Fig. 21B). This is also evident
in Fig. 21C, which displays cell counts after 24 and 48 hours of treatment
with each combination.

5. DAPI Staining of A549 Cell Nuclei Following Treatment

with HePC and DMS
The pro-apoptotic effects of miltefosine and DMS were assessed by

DAPI staining and fluorescence microscopy of A549 cells. Control cells
did not exhibit nuclear changes after 24 or 48 h. Single-agent treatment
with DMS ICso or HePC ICso induced characteristic apoptotic changes,
including nuclear blebbing after 24 h (Fig. 22A) and the formation of
apoptotic bodies after 48 h (Fig. 22B). Combined treatments triggered
apoptosis as early as 24 h, with the strongest effect observed for the HePC
ICso + DMS ICzs combination (Fig. 22A). These results confirm the

previously observed synergistic cytotoxic potential of the two agents.
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Fig. 21. Phase-contrast microscopy of A549 lung carcinoma cells treated with
HePC and DMS in different combinations. Cells were incubated for 24 (A) and
48 (B) hours. Magnification: 20x. Cell counts per field after 24 and 48 h for
each individual treatment are shown in (C). The figure presents mean values
from three independent experiments. Statistical significance is indicated by
comparisons between treated cells and controls (***) and between 24 h and 48
h treatments (+++). ***p < 0.001; **p < 0.01; +++p < 0.001.
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6. FACS Analysis of Apoptosis/Necrosis Induction in A549 and
HUVEC Cells Treated with HePC and DMS
To identify the type of cell death induced by miltefosine and DMS,

flow cytometry was performed on A549 and HUVEC cells after 24 hours

of treatment.
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In A549 cells, the strongest early apoptotic effect was observed after
treatment with DMS ICso (8.25%), whereas late apoptosis/necrosis was
most pronounced following the combination of HePC ICso + DMS ICos
(66%) where the effect is synergistic (Fig. 23A). Notably, the number of
necrotic cells resulting from the HePC ICso + DMS ICzs combination was
significantly lower compared to necrosis observed after single-agent
HePC ICso treatment. These findings are consistent with the synergy
previously observed in the MTT analysis.

In HUVEC cells, treatment with HePC and DMS primarily increased
early and late apoptosis, without a significant increase in necrosis. The
strongest apoptotic effect was observed with the HePC ICzs + DMS ICso
combination, followed by DMS ICso alone. These results confirm that the
combined application of the two agents is more cytotoxic to A549 tumour
cells than to normal HUVEC cells.
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Fig. 23. Representative FACS data for the detection of apoptosis/necrosis in
A549 (A) and HUVEC (B) cells. Cells were incubated with HePC and DMS.
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7. CBMN Analysis

A CBMN assay was conducted on A549 cancer cells to evaluate the
genotoxic effects of HePC and DMS, both individually and in
combination (HePC ICzs + DMS ICzs). The results did not show a
significant genotoxic impact, based on the frequency of binucleated cells
and the presence of micronuclei, nucleoplasmic bridges, and nuclear buds
in 500 binucleated cells (Table 3).
Table 3. Effect of DMS IC2s, HePC IC:s, HePC IC2s + DMS IC»s, and Mitomycin
C on the frequency of micronuclei (MN), nucleoplasmic bridges (NPB), and
nuclear buds (NB) in 500 binucleated cells (BNCs) of A549. All CBMN
biomarkers were evaluated at 1000x magnification using a Jena Lumar optical

microscope (Germany). Results were obtained from three independent
experiments (**P < 0.01 and ***P < 0.001).

Biomarker Control DMS ICys HePC ICys | HePC ICys Mitomycin C
+
DMS ICys
MN 11.38+1.11 | 12.06+1.71 | 13.59+1.63 | 12.45+0.97 | 35.80+0.83***
NPB 12.7442.23 | 13.41+1.22 | 15.31+2.14 | 13.93+2.58 21.97+2.79**
NB 0.99+0.27 1.31+0.21 1.63+0.41 1.4740.62 1.75+0.41

8. Results of Sphingosine-1-Phosphate (S1P) Analysis

Due to the key role of S1P in the sphingolipid rheostat [Strub G.M.
et al., 2010] and in tumour progression, we investigated changes in its
levels induced by HePC and DMS, applied individually or in

combination.
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In A549 cells treated separately with DMS or miltefosine, a
significant reduction in S1P levels was observed (Fig. 24 A). Combined
treatment exhibited a synergistic effect on S1P reduction, which was
most pronounced following exposure to the combination HePC ICso +
DMS ICss, followed by HePC ICzs + DMS ICso (Fig. 24 A). These
findings are consistent with the results from the MTT assay, microscopy
observations, and FACS analysis, collectively demonstrating a
synergistic effect of the combined agents on inducing cytotoxicity and
apoptosis.

To clarify the relationship among miltefosine, PKC, and SK1, cells
were treated with miltefosine, followed by PKC activation with phorbol
12-myristate 13-acetate (PMA). It was found that PMA partially restored
S1P production suppressed by miltefosine. Immunoblot analysis
confirmed this mechanism, showing a significant decrease in

phosphorylated PKCa after miltefosine treatment (Fig. 25A and 25 B).
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Fig. 24. ELISA measurement of S1P levels in A549 cells. (A) Control cells
were incubated with DMSO only, while the remaining cells were treated with
miltefosine and/or DMS for 24 h. (B) Control cells, cells treated with
miltefosine, and cells treated with PMA. Results represent the mean of three
independent experiments, each performed in quadruplicate (*p < 0.05; **p <
0.01; ***p < 0.001).
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Fig. 25. Changes in PKCa phosphorylation induced by HePC. (A) Immunoblot
analysis of phosphorylated PKCa in A549 cells treated with Control + DMSO
or HePC IC50 for 24 hours. (B) Graphical representation of changes in PKCo
phosphorylation (expressed as percentages). Results are shown as the mean of
three independent experiments. *p < 0.05.
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9. Assay for Cytochrome C Reductase (NADPH) Activity

To evaluate the pro-apoptotic potential of miltefosine and DMS,
cytochrome c reductase activity was assessed in A549 cells. Cytochrome
C reductase participates in the mitochondrial electron transport chain.
Changes in its activity can lead to the formation of pores in the outer
mitochondrial membrane, release of cytochrome C into the cytosol, and
activation of apoptosis.

The highest level of absorbance was observed with treatment using
HePC IC50 + DMS IC25, followed by the other two combination
treatments (Fig. 26A). The calculated enzymatic activity confirmed these
findings: single treatments with HePC IC50 or DMS IC50 resulted in
significantly lower cytochrome C reductase activity compared to the
combined treatments (Fig. 26B). The most notable synergistic effect was
seen with the HePC IC50 + DMS IC25 combination (Fig. 26B). These
data suggest that the combination of HePC 1C50 + DMS IC25, followed
by HePC IC25 + DMS IC50, has the greatest potential to induce
apoptosis through the mitochondrial apoptotic pathway.
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Fig. 26. Cytochrome C Reductase (NADPH) Activity in A549 Cells Activity was
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Chapter 5. Conclusion

Based on the results obtained, we established that the
alkylphosphocholines erufosine and miltefosine can be effectively used
for treating aggressive breast and lung tumours. We demonstrated that
erufosine inhibits the proliferation and migration of breast cancer cells
and, for the first time, revealed a connection between these effects and
alterations in the physicochemical properties of cellular membranes.
Furthermore, the findings clearly indicate that this alkylphosphocholine
preferentially targets the highly invasive MDA-MB-231 cell line, making
it a promising antitumour agent for treating highly aggressive breast
tumours.

In this dissertation, we demonstrated for the first time that
miltefosine can be successfully used to treat lung cancer as part of a
combined therapy with dimethylsphingosine. Both antitumor lipids
exhibit a synergistic inhibitory effect on the viability and proliferation of
A549 cancer cells, predominantly inducing apoptosis. The combined
treatment resulted in a significantly stronger inhibitory effect at lower
miltefosine doses, addressing one of the main problems of conventional
anticancer therapies—high toxicity to non-cancerous cells and severe
side effects.

These results uncover new therapeutic options for treating breast

and lung cancer—types of cancer with the highest social impact.
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Chapter 6. Main Conclusions

In the present dissertation, the mechanism of action of antitumor
lipids on transmembrane signalling in breast and lung cancer cells, as
well as the induction of apoptosis, was investigated. The objectives were
addressed in two parts of the dissertation: the first covering six tasks and

the second, three.

In Part I, the effect of erufosine on the tumour cell lines MDA-MB-231,
MCEF-7, and the normal cell line MCF-10A was examined. Based on the
obtained results, it can be concluded that erufosine is a suitable antitumor
agent, which:

o exhibits cell-specific cytotoxic activity in breast cancer cells, with a
more pronounced effect in the highly invasive cell line.

e induces apoptosis in a concentration-dependent manner

o causes cell cycle arrest at the G2/M phase

e induces destruction of protrusive cytoskeletal structures and reduces
cell migratory potential

e reduces the order of the cell membrane's lipid bilayer and improves

protein diffusion across it (more notable in MDA-MB-231)

In Part |1, the effect of miltefosine and DMS on the A549 and HUVEC
cell lines was examined. Based on the results, conclusions were drawn

regarding their mechanisms of action and the potential for developing
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combined therapies for lung cancer treatment. The experiments clearly
show that the combination of miltefosine and DMS causes:

e apronounced synergistic cytotoxic effect on lung cancer cells
o late apoptosis in cancer cells via activation of the intrinsic
apoptotic pathway

e adecrease in S1P levels in lung cancer cells
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Chapter 7. Contributions

Original Contributions

Contributions related to Part | of the dissertation:

1. For the first time, a direct link has been demonstrated between
changes in lipid composition, lipid layer ordering, and the diffusion
dynamics of the cell membrane under the action of erufosine, as well
as alterations in the cell cycle at the G2/M phase and the induction of
apoptosis in the highly metastatic breast cancer cell line MDA-MB-
231.

Contributions related to Part Il of the dissertation:

For the first time, it has been established that combined treatment
with HePC and DMS demonstrates a synergistic cytotoxic effect on
lung cancer cells.

Combined treatment with HePC and DMS inhibits signalling
pathways linked to sphingosine kinase 1 (SK1) and protein kinase C
(PKC), lowers S1P levels in cancer cells, and triggers apoptosis via

the intrinsic mitochondrial pathway.

Applied Contributions
The high selectivity of the alkylphosphocholines used (erufosine and
miltefosine) toward the highly metastatic breast cancer cell line
MDA-MB-231 and the lung cancer cell line A549, along with their
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minimal effect on normal MCF-10A and HUVEC cells, provides a
basis for their potential application in modern anticancer therapy.
The discovered synergistic cytotoxic effect of the miltefosine and
DMS combination on tumour cells enables higher therapeutic
efficacy at lower miltefosine doses, reducing side effects.
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