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I1. Introduction

One of the world’s leading public health problems and also the second cause of death is
cancer. Due to the coronavirus disease 2019 (COVID-19) pandemic, the most recent data on
cancer cases and deaths are from 2018 and 2019. Delays in cancer diagnosis and treatment in
2020 and 2021 caused by COVID-19 and the associated limited access to healthcare and
hospitals may contribute to an increase in the number of advanced-stage cancer diagnoses and
subsequent increases in mortality rates. It is projected, that in 2022 only in the United States,
there will be 1,918,030 new cases of cancer (more than 5,000 new cases per day) and 609,360
cancer deaths [1,2].

The discovery of cytostatic anticancer drugs that followed World War Il was a real
turning point in cancer treatment. Since then, exponential growth in new anticancer drug
research has been observed. The beginning of the 1980s brought the second real breakthrough
in the pharmacology and oncology area — thanks to cellular and molecular biology studies,
it has become possible to develop drugs specific to selected molecular targets involved in
tumorigenesis. This, in turn, gave rise to targeted therapy. Chemotherapy and targeted therapy
have significantly improved cancer patients' survival and life quality. The turn of the third
millennium with the introduction of monoclonal antibodies and immune checkpoint inhibitors
brought another breakthrough in clinical pharmacology and oncology. With the development
of genetic engineering, treatment of advanced metastatic cancers resistant to current therapies
has become possible. Nowadays, cancer studies are focused on the design and development of
new therapeutic approaches. There is no doubt that optimal therapy for each patient requires an
individualized approach considering diagnosed cancer type, stage of disease, and individual
patient's preferences. However, available chemotherapeutic agents are characterized by low
therapeutic index and poor selectivity, resulting in numerous side effects.

One of the greatest challenges of modern medicinal chemistry studies is anticancer
therapy. The imperfections of modern chemotherapy justify the development of the search for
new chemotherapeutic drugs with high therapeutic efficacy and low toxicity. 4-Thiazolidinones
and their derivatives became a subject of interest in modern medicinal chemistry in the 1960s.
In almost 60 years, numerous reviews, scientific papers, and patents covering 4-thiazolidinone
derivatives have appeared [3-7]. Since the 1960s, a substantial increase in pharmacology and
medicinal chemistry of this group of compounds has been seen [8-11]. A diverse range of
activities of 4-thiazolidinones has been observed — from anticancer, antibacterial, anti-

inflammatory, and antidiabetic to antiparasitic [12-15]. Among 4-thiazolidinones, a well-



known class of drugs and patented lead compounds, “small molecules” with anticancer
properties are of particular interest to scientists throughout the world. The undeniable evidence
for the affinity of 4-thiazolidinone-based compounds to known anticancer biotargets i.e.
JSP-1, Bcl-X.-BH3 (antiapoptotic complex), or TNF-a-TNFRc-1 are found in the literature
[16-18].

2.1. 4-Thiazolidinones

4-Thiazolidinones are a well-studied group of biologically active compounds [6].
Extensively explored since the 1960s, 4-thiazolidinone derivatives have become the foundation
of numerous innovative medicinal compounds i.e. Darbufelone (COX-2/5-LOX dual inhibitor)
[19], Etozoline (modern diuretic) [7], Epalrestat (inhibitor of aldose reductase) [20], or
Pioglitazone and its analogs (hypoglycemic agents) (Figure 1) [21]. Rational, privileged
substructure-based diversity-oriented synthesis of 4-thiazolidinones, well-known lead
compounds in medicinal chemistry, is an important tool in the design of new molecules with
drug-like properties [4-6,22-24].
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Figure 1. Known drugs belonging to the group of 4-thiazolidinones

Among 4-thiazolidinones, 5-ene-4-thiazolidinones have become a subject of special
interest in the context of chemical features and pharmacological profiles (many
4-thiazolidinone lead compounds, drug candidates, and 4-thiazolidinone-based drugs belong to
the aforementioned subtype) [17]. Conjugation of the 5-ene fragment to the carbonyl group at
the C4 position of the thiazolidine core makes the compound potentially reactive and
electrophilic due to a possible Michael addition of the nucleophilic protein residues to the
exocyclic double bond. Therefore, 5-ene-4-thiazolidinones can be considered Michael
acceptors (MA) [3]. In the modern approach to medicinal chemistry, MA possess dualistic
nature that characterizes 5-ene-4-thiazolidinone derivatives as frequent hitters (promiscuous
inhibitors) or pan-assay interference compounds (PAINS). Usually, PAINS are unusable during

drug design due to their possible insufficient selectivity caused by interaction between PAINS
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and biotargets (i.e. enzymes, receptors) [25-27]. However, in the polypharmacological
approach, the low selectivity of MA towards different biotargets can be considered an asset and
a foundation for further compound optimization. A lot of MA with anticancer properties are
classified as covalent inhibitors (i.e. PI3K-, EGFR- or MEK-inhibitors) and the MA-moiety’s
presence in known ligands, increases their selectivity [17].

Over the last 20 years, 4-thiazolidinones have become a source of anticancer lead
compounds and drug candidates [16]. Among 4-thiazolidinone derivatives inhibitors of tumor
necrosis factor o [28], Bcl-X. and BH3 (proteins involved in programmed cell death —
apoptosis) [29], necroptosis [30], Pim-1 and Pim-2 protein kinases [31], integrin antagonists
[32], peroxisome proliferator-activated receptor-y agonists [33,34] and COX-2 inhibitors [35]

were found.
2.2. Autophagy

A comprehensive description of the autophagy process, known autophagy inhibitors and
activators, as well as clinically and preclinically tested compounds is provided in the review
article “Autophagy modulators in cancer therapy” that is a part of this doctoral dissertation
[36].

Autophagy is a process of “self-eating ” that plays an important role in the intracellular
degradation of damaged proteins, organelles, or cellular fragments. It provides an organism’s
homeostasis and prevents the accumulation of redundant components inside the cell. On the
other hand, under stressful conditions i.e. chemotherapy, hypoxia, or nutrient deficiency,
autophagy can also become the strategy for cell survival [36-39].

“Autophagy-dependent cell death (ADCD) ", occurring in all eukaryotic cells, is a type
of regulated cell death [40]. ADCD performs important functions in the cell, i.e. it is an
adaptation mechanism to stressful conditions. This process, through its diverse mechanisms of
degradation of redundant organelles, proteins, and other cellular fragments, represents the
major catabolic system of eukaryotic cells [41,42]. Furthermore, as an integral part of
maintaining cellular homeostasis, autophagy-dependent cell death has an important role in
preserving genome integrity and tumor suppression [43].

Differences in the mechanism of delivery of redundant cytoplasmic components to the
lysosomes resulted in the distinction of four basic types of autophagy:

e Macroautophagy — the most common type of autophagy [44]. During the initial phase
of the macroautophagy process, a fragment of cytoplasm is surrounded by a forming

double C-shaped membrane (phagophore). The membrane extends, enclosing



a fragment of cytoplasm with redundant/damaged organelles or proteins inside.
Consequently, a 300-900 nm bubble (autophagosome) is formed, which subsequently
undergoes a maturation process in which autophagosomes and lysosomes merge. This
resulted in the formation of autolysosomes, where accumulated macromolecular
substrates are degraded to fatty acids using hydrolytic lysosomal enzymes [45,46].
Macroautophagy may play a dual role in tumorigenesis. Through degradation of
redundant or damaged cells, proteins or organelles, this process can lead to tumor
suppression. In contrast, metabolite recycling or the cytoprotective effect of autophagy
in response to applied chemotherapy may stimulate cancer cell development [47].
Selective autophagy — its mechanism is based on the degradation of specific organelles:
endoplasmic reticulum (ER-phagy), mitochondria (mitophagy), proteasomes
(proteaphagy), ribosomes (ribophagy), peroxisomes (pexophagy), lipid droplets
(lipophagy), lysosomes (lysophagy) and nuclei (nucleophagy). The mechanism of
action of selective autophagy is related to the binding of specific organelles. Autophagy
receptors bind a selected cargo and thereafter its degradation occurs in
lysosomes/vacuoles [48-51]. Its ability to degrade selected organelles makes selective
autophagy important for maintaining cellular homeostasis [52]. Dysfunctions of the
selective autophagy may result in various diseases, i.e. cancer [53,54],
neurodegenerative diseases [55,56] or heart failure [57].

Microautophagy — a non-invasive process of cytoplasmic material absorption through
lysosomal membrane invaginations [58]. In mammals, microautophagy occurs on late
endosomes and is defined as endosomal microautophagy (eMl) [59]. selectively or
randomly collected substrates are transported to endosomes in vesicles. On the
endosome surface, membrane invagination occurs involving the endosomal sorting
complex required for transport (ESCRT) machinery [59,60]. The substrates of the eMI
process are integrated into intraluminal vesicles and therefore may be degraded or
excreted outside the cell [61].

Chaperone-mediated autophagy (CMA) — one of the pathways of intracellular protein
degradation which occur in lysosomes. The identification of substrates for the CMA
process is based on the presence of specific sequences (KFERQ-like motifs) in proteins.
The substrates of the CMA process are selected by a cytosolic chaperone — heat shock
cognate protein 70 (Hsc70), and transported to the surface of lysosomes by Hsc70 and
co-chaperones [62,63]. Thereafter, delivered proteins bind to lysosome-associated
membrane protein type 2A (LAMP2A), and the formed protein-LAMP2A complex
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allows for onward transport of substrates into the lysosome lumen. Finally, the delivered
substrate proteins are degraded using hydrolytic enzymes [62].

In light of cancer therapy, we observe a dual role of autophagy — it can induce or inhibit
cancer cell development [64]. As a growth-promoting mechanism for cancer cells, autophagy
preserves cells from the negative influence of different forms of cellular stress. In anticancer
therapy, that process is referred to as “adaptive autophagy”. Sustaining cancer cell
development enhances the tumor’s chances for survival despite the use of chemotherapy or
radiation therapy. Nevertheless, targeted inhibition of adaptive autophagy results in reversal of
the process and resensitization of the cells to the applied therapy [65,66]. Among well-known
autophagy inhibitors, we can list, i.e. Chloroquine, Verteporfin, Clarithromycin,
3-Methyladenine. In turn, Temsirolimus, Everolimus, and Metformin are classified as

autophagy activators [36].
2.3. Apoptosis

Apoptosis or programmed cell death (PCD), is a process that leads to the efficient and
organized elimination of cells, where DNA damages or other defects have occurred during
development. The mechanism of PCD is very complex and precisely regulated at the gene level.
We can distinguish two main apoptotic pathways: intrinsic and extrinsic (Figure 2). In the
intrinsic pathway, when damages are detected, the cell itself initiates the degradation
mechanism. The extrinsic apoptotic pathway requires the involvement of so-called death
receptors. In both cases, initiating signals lead to the activation of initiator caspases (caspase-8
or caspase-9). Active caspases initiate the signaling cascade which results in the activation of
executioner caspases (caspase-3, caspase-6, and caspase-7). This results in several events, i.e.:
DNA fragmentation, nuclear protein destruction, or formation of apoptotic bodies, resulting in
cell death [67].

As mentioned above, the intrinsic apoptotic pathway is initiated inside the cell. The
apoptotic triggers, such as irreversible DNA damage, oxidative stress, hypoxia, or extremely
high concentration of Ca?" cause a collapse in mitochondrial membrane potential and
subsequent release of cytochrome ¢ from mitochondrial intermembrane space [68]. Released to
the cytosol, cytochrome ¢ combines with apoptosis protease-activating factor 1 (APAF1) and
inactive procaspase-9 to form a multiprotein complex — the apoptosome. This leads to the
activation of procaspase-9 to its active form — caspase-9, followed by the activation of

executioner procaspases. Finally, activated executioner caspases induce cell death [69].
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The extrinsic apoptotic pathway is initiated through so-called death receptors (DRS).
Macrophages or natural Killer cells produce death ligands which then bind with DRs localized
at the cell surface. After ligand binding, DRs accumulate into clusters in the cell membrane and
promote the recruitment of adaptor proteins, which then interact with procaspase-8 [70]. Death
receptor combines with death ligand, an adaptor protein, and procaspase-8 to form death
inducing signaling complex (DISC). DISC leads to the transformation of procaspase-8 to its
active form — caspase-8. Subsequently, caspase-8 triggers an executioner caspase cascade,
resulting in cell death [71].

Apoptotic trigger Death ligand

! and death receptor
Adaptor
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“\\?’/ Procaspase
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Figure 2. Apoptotic pathways

Carcinogenesis is the result of a series of genetic changes that transform a normal cell
into a cancerous cell [72]. One of the key mechanisms related to the survival and progression
of cancer cells is their evasion of PCD. Deregulation of apoptosis is associated with
uncontrolled cell proliferation, cancer development and progression, and the treatment
resistance of cancer cells [73]. Unlike necrosis, PCD does not induce inflammation and it
represents the preferred cell death pathway for anticancer therapies. Selective induction of PCD
and the regulation of apoptotic pathways regulation by therapeutic compounds is currently
focusing the attention of many scientists as a promising approach to cancer therapy [74-81].

Recognition and understanding of the molecular factors involved in the apoptosis

signaling pathway are crucial for the development of new anticancer strategies. Considering the
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fact that impairments of PCD are one of the hallmarks of cancer cells, stimulation of apoptosis
represents one of the most promising strategies in the design and development of new, more
effective anticancer compounds.

The correlation between apoptosis and autophagy processes and its influence on cell
viability has been noted and accurately described in Chapter 3 of the review paper “Autophagy

modulators in cancer therapy” [36].

2.4. Topoisomerases

Topoisomerases (Top), discovered by Jim Wang in 1971, are enzymes that control the
topology of DNA [82,83]. They participate in many essential processes taking place in cells
e.g. replication, transcription, and recombination of DNA and chromosomes condensation.
Topoisomerases covalently bind to the phosphorus group in DNA, split the single or double
DNA strand, and eventually religate them. According to the mechanism of action, we can
distinguish two main types of enzymes: topoisomerases | (Top 1) and topoisomerases Il
(Top ). Furthermore, these types of Top can be divided into five subfamilies. A detailed
description of Top | and Top Il subfamilies can be found in the review paper “DNA
topoisomerases as molecular targets for anticancer drugs” included in this dissertation [84].
Due to their extremely important biological functions, structure, or mechanism of action, these
enzymes have been one of the major molecular targets for anticancer drug design for nearly 30
years. Topoisomerase Il is an attractive molecular target as its enhanced activity is observed in
many cancers [85].

Topoisomerases 1l, which are divided into two subtypes (topoisomerase 11A and 11B)
are found in many living organisms. Topoisomerases 1A (Top I1A) are found in bacteria,
eukaryotes, humans, and several archaeon species. The sequences of all the enzymes belonging
to the Top IIA show considerable similarity with the only differences occurring in the
quaternary structures of these proteins. In contrast, topoisomerases 1B (Top 1I1B) are found
mainly among archaea, plants, and some algae species. The DNA double-strand topology
change caused by Top I1A is based on the “two-gate” mechanism. Initially, Top IlA attaches
to the DNA strands. As a result of the ATP to ADP hydrolysis in presence of Mg?* ions, tyrosine
molecules from both monomers of Top IIA attack the DNA phosphodiester bond, causing
cleavage of both DNA strands. The tyrosine covalently binds to the 5’ end of the cut DNA
fragment (G-segment). By cleaving the DNA helix, a “gate” is created that allows a second
DNA molecule (T-segment) to be transported through the resulting DNA-Top Il complex. The

transported T-segment is released after passing through the “gate” and the energy gained by
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hydrolysis of the second ATP molecule to ADP enables religation of broken DNA strands.
Subsequently, as a result of the release of ADP molecules, the DNA-Top IIA complex
transforms from a closed clamp form to an open one, which involves the release of DNA from
the complex. Enzymes belonging to the Top 1A group, due to the significant structural changes
occurring in them during T-segment transport through created “gate”, have the ability to adopt
multiple conformational states. In theory, trapping enzymes in either conformational state
allows manipulation of Top IlA activity [84,86,87].

To date, two types of topoisomerase Il inhibitors have been identified and described —
topoisomerase poisons and catalytic inhibitors.

e Topoisomerase poisons — Top 1I-DNA-drug complexes formation prevents the DNA
strands from religation after the transported T-segment passage through the formed
“gate”. Consequently, cancer cell death through apoptosis occurs. This means that the
drug is used to convert a naturally formed complex into a cell-lethal poison.

e Catalytic inhibitors — include a number of different compounds that interact with Top 11
at different stages of the catalytic cycle, i.e. preventing the formation of a DNA-Top 1A
complex by stabilizing DNA with non-covalent complexes with Top 1A or blocking
ATPase binding sites [84,88].

To date, numerous topoisomerase inhibitors have been identified and described by
scientists around the world. However, in many cases, the detailed mechanism of action remains
unknown. The use of topoisomerase inhibitors in anticancer therapy leads to irreversible
interruption of DNA strands, which in turn leads to programmed cell death [88]. Identification
of novel anti-topoisomerase drugs may enable i.e. to reduce of the anthracyclines’ cardiotoxic
effects or decrease the frequency of drug-induced secondary cancers. In the end, increased
significance and rapid development of molecular biology and molecular genetics may allow the
application of anti-topoisomerase drugs in personalized anticancer therapy.

A detailed description of know topoisomerase Il inhibitors and activators, as well as the

latest information on compounds under clinical and preclinical investigation, can be found in

the previously mentioned review article [84] that is a part of this doctoral dissertation.
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I11. Aim of the work

The aim of the work was to synthesize and evaluate the potential anticancer activity of
a series of novel 5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-4-thiazolidinones.
Chemical structures of the new compounds were confirmed using *H and 3C NMR, LC-MS,
and X-ray analyses. Furthermore, the structure-activity relationship (SAR) analysis of newly
synthesized compounds was conducted. To evaluate their anticancer activity, the screening of
novel 4-thiazolidinone derivatives toward the NCI60 cell lines panel, gastric cancer (AGS),
colon cancer (DLD-1), and breast cancer (MCF-7 and MDA-MB-231) cell lines was performed.
Thereafter, an in-depth in vitro analysis of the selected compound (Les-3331) was conducted.
The molecular docking studies were performed to evaluate the affinity of Les-3331 to
topoisomerase Il. The influence on apoptosis induction, mitochondrial membrane potential
analysis, and the effect on topoisomerase Il activity were evaluated. The molecular mechanism
study of anticancer activity of Les-3331 including the determination of caspase-9, caspase-8,
LC3A, LC3B, Beclin-1, and topoisomerase Il concentrations was investigated. Finally, the
assessment of the selected ADME-Tox parameters of the Les-3331 allowed for the
determination of its permeability, metabolism, and risk of potential drug-drug interactions
(DDls).
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IV. Fulfillment of scientific objectives — materials, methods, and results
4.1. Materials and methods

Based on the previous studies conducted by Prof. Lesyk’s team, it was found that
combining Ciminalum and 4-thiazolidinone moiety in a single molecule would be an effective
approach in the synthesis of novel hybrid compounds with potential anticancer properties
[89,90]. Using Knoevenagel condensation, the new 4-thiazolidinone derivatives were combined
with a structural fragment of Ciminalum. As a result, a series of novel Ciminalum-
thiazolidinone hybrid molecules (13 compounds) were obtained. The chemical structures of
newly synthesized compounds were confirmed using NMR, LCMS, and crystallography.
Moreover, SAR analysis of novel compounds was conducted.

Cytotoxicity and antiproliferative properties of novel 4-thiazolidinones were evaluated
after a 24 h incubation of cancer cells (MCF-7 and MDA-MB-231) and human skin fibroblast
with the tested compounds. For the determination of cytotoxicity, the MTT assay was used.
Subsequently, [3H]-thymidine incorporation into the DNA of breast cancer cells was analyzed
to evaluate the effect of the newly synthesized compounds on cell proliferation.

The induction of apoptosis and mitochondrial membrane potential analyses were
conducted by flow cytometry. The assays were performed using Annexin V binding Apoptosis
Detection Kit Il and the JC-1 MitoScreen kit according to the manufacturer’s protocols.

The ELISA technique was used to determine the concentration of selected proteins:
caspase-9, caspase-8, microtubule-associated protein 1A/1B light chain 3A (LC3A),
microtubule-associated protein 1A/1B light chain 3B (LC3B), Beclin-1 and topoisomerase II.
The tests were carried out according to the manufacturer's protocols.

Molecular docking studies as well as flow cytometric analysis of topoisomerase Ila
activity were conducted to confirm the inhibitory effect of novel 4-thiazolidinone on
topoisomerase 1l. The 3D structure of Les-3331, obtained from the crystallographic analysis,
was used for the in silico simulations. The results were visualized and interpreted using
Discovery Studio Visualizer®. Topoisomerase Ilo activity was evaluated using an anti-
topoisomerase Ilo antibody. Analysis of the obtained results was performed using a flow
cytometer and FACSDiva software.

Finally, the in vitro evaluation of ADME-Tox parameters of a novel 4-thiazolidinone
derivative (Les-3331) was conducted. Permeability of the Les-3331 was analyzed using Pre-
coated PAMPA Plate System Gentest™ and UPLC-MS analyzer. The obtained data has

allowed for the calculation of the permeability coefficient P. according to formulas provided
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by the manufacturer. The possible metabolic pathways of Les-3331 and its metabolic stability
were evaluated using MetaSite 8.0.1. Software (in silico prediction) and RLMs (rat liver
microsomes) — in vitro assay. The UPLC-MS and MS/MS devices were used to analyze the
obtained results. Potential DDIs were assessed by CYP3A4 and CYP2D6 P450-Glo
luminescence assays and the resulting signals were measured using a microplate reader. The
mutagenicity of Les-3331 was determined using the Ames microplate fluctuation (MPF)
protocol and Salmonella Typhimurium TAZ100 strain. The medium control baseline (MCB) and
the Binomial B-value of the novel 4-thiazolidinone derivative were calculated based on the
obtained results, using the protocols and data sheets provided by the manufacturer.

The results of experimental work constituting the doctoral dissertation have been
published in high-profile scientific journals — Molecules and the International Journal of
Molecular Sciences. In articles entitled “Synthesis and Anticancer Activity Evaluation of 5-[2-
Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-thiazolidinones” and “2-{5-[(Z,2Z)-2-Chloro-3-
(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}-3-methylbutanoic Acid as a
Potential Anti-Breast Cancer Molecule” anticancer potential of novel 4-thiazolidinone
derivatives has been demonstrated. It has been found that designing new potential anticancer
molecules through the combination of Ciminalum fragment and thiazolidinone moiety is an

effective approach [89,90].
4.2. Summary of results

The scientific cooperation with the Department of Pharmaceutical, Organic and
Bioorganic Chemistry at the Danylo Halytsky Lviv National Medical University resulted in
obtaining 48 novel 4-thiazolidinone derivatives by organic synthesis. Computational analysis,
molecular docking, and in vitro studies have allowed for a selection of 13 compounds with

potential anticancer activity (Figure 3).
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Figure 3. Synthesis of 5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-4-thiazolidinones

(22)-2-chloro-3-(4-nitrophenyl)prop-2-enal, known as the Ciminalum, is an
antibacterial agent against Gram (+) and Gram (-) bacteria (Figure 4) [91]. Ciminalum was
used as a drug in medical practice in the former Soviet Union. In previously published papers,
the pharmacophore properties of the molecular moiety of Ciminalum for thiazolidinone
derivatives were established. Thus, 5-[(Z,22)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-2-
(3-hydroxyphenylamino)-2-thiazoline-4-one possessed significant anti-inflammatory effect in
comparison with diclofenac sodium and aspirin [92]. Subsequent studies of this compound have
led to the discovery of a new profile of biological activity, namely anticancer cytotoxicity. This
early hit possessed a selectively high effect on leukemia, melanoma, lung, colon, central
nervous system, ovarian, renal, prostate, and breast cancer cell lines at micro- and
submicromolar levels that is probably associated with the immunosuppressive activity [90].

The in-depth investigation of the anticancer potential of Ciminalum-thiazolidinone

hybrids has led to the identification of hit compounds and has shown significant prospects in
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this direction of anticancer molecule design. The presence of a structural fragment of (22)-2-
chloro-3-(4-nitrophenyl)prop-2-enal in the C5 position of the thiazolidinone ring is essential
for the biological activity of Ciminalum-thiazolidinone hybrid molecules.

H

O, Cl
)

0
Figure 4. Ciminalum chemical structure

Based on the SAR analysis, it has been established that the structure of substituent in
the N3 position of the thiazolidinone ring affects the anticancer activity of the designed
molecule (Figure 5). Among the synthesized molecules, compounds with carboxylic acid
residues in the N3 position were the most effective in decreasing the viability of MCF-7 and
MDA-MB-231 (breast cancers), AGS (gastric cancer), and DLD-1 (colon cancer) cells.
The obtained results revealed that the molecules with 3-methylbutanoic acid, propanoic acid,
and hexanoic acid substituent in position 3 of the thiazolidinone ring have the highest cytotoxic
activity among synthesized hybrid molecules (ICso range: 1.73 — 15.24 uM). On the other hand,
the introduction of the sulfo group (-SOzH) in a position of a carboxyl group (-COOH) or the
addition of another carboxylic group results in a significant decrease in the compound’s activity
(ICso range: 9.19 — 21.23 uM). Interestingly, the nature of the substituent in the C2 position of
the core heterocycle is also very important in activity against cancer cells. Conducted studies
have shown that compounds with the thioxo group at the C2 position were more active
(ICso range: 1.59 — 21.23 uM) compared to compounds with structurally close 2-thioxo-4-
thiazolidinones (rhodanines) with oxo group in the same position (ICso range: 16.84 —
27.49 uM). The chemical structure of substituents in the thiazolidinone ring and its influence
on anticancer activity of tested compounds are one of the key elements in the design of novel

Ciminalum-thiazolidinone molecules and should be further investigated.

0Ly Cl s—(

I
o X

Figure 5. The structure of Ciminalum-thiazolidinone molecules. The thiazolidinone ring is marked in green.
R = H atom, alkyl substituents, heterocyclic compounds, aromatic rings (marked in red).
X =0, S (marked in blue)
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Given the significant cytotoxic effect of novel 4-thiazolidinone derivatives on human
breast cancer cell lines, the 2-{5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-
2-thioxothiazolidin-3-yl}-3-methylbutanoic acid (Les-3331) was selected for in-depth in vitro
studies. To investigate the molecular mechanism of anticancer activity of Les-3331, cytotoxic
and antiproliferative properties tests, assessment of apoptosis induction, mitochondrial
membrane potential analysis, determination of selected proteins concentration, and evaluation
of ADMETox parameters of the new hybrid molecule were planned.

In biological studies, which aimed to assess the anticancer potential of novel
Ciminalum-thiazolidinone molecule, etoposide was used as a reference compound. Etoposide
is a semi-synthetic derivative of podophyllotoxin obtained from Podophyllum peltatum [93].
The mechanism of anticancer activity of etoposide is based on its ability to inhibit
topoisomerase Il activity. The drug binds covalently to the DNA-topoisomerase Il complex,
which prevents the religation of breaks in DNA strands. Stabilization of DNA double-strands
cleavage indirectly leads to cell death. This process is called “topoisomerase Il poisoning” and
therefore etoposide is referred “topoisomerase poison” [94-96].

Cytotoxicity of Les-3331 against MCF-7 and MDA-MB-231 breast cancer cell lines and
human skin fibroblasts has been confirmed by MTT assay. The newly synthesized compound
inhibited cancer cell viability in a concentration-dependent manner. After 24-hour incubation
of MCF-7 and MDA-MB-231 cancer cells, higher cytotoxicity of the newly synthesized
compound was observed compared to the etoposide. The half-maximal inhibitory concentration
(I1Cs0) values of Les-3331 were 5.02 uM and 15.24 uM for MCF-7 and MDA-MB-231 cells,
respectively. Etoposide was not as efficient in decreasing cancer cell viability as the new hybrid
molecule — in both cases, its ICso values exceeded 50 pM. Importantly, it was observed that
Les-3331 exhibited lower cytotoxicity against human skin fibroblast with an 1Cso value of
28.52 uM.

Antiproliferative properties of a novel 4-thiazolidinone derivative were investigated by
assessing the level of incorporation of radioactive [3H]-thymidine into the DNA of selected
breast cancer cells. The 24-hours incubation of MCF-7 and MDA-MB-231 cancer cells with
Les-3331 caused concentration-dependent inhibition of [®H]-thymidine incorporation into the
DNA of human breast cancer cells. The obtained results indicate that the novel 4-thiazolidinone
derivative is a more potent inhibitor of the DNA biosynthesis process than etoposide. The ICsg
value of Les-3331 was 5.54 uM for MCF-7 cells and 8.01 uM for MDA-MB-231 cells, whereas

ICso values of etoposide in both cases exceeded 20 uM.
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The promising anticancer properties of the new Ciminalum-thiazolidinone hybrid
molecule may arise from its influence on the programmed cell death induction. The potential
proapoptotic effect of Les-3331 on MCF-7 and MDA-MB-231 human breast cancer cells was
examined using flow cytometry and Annexin V binding assay. The novel compound and
etoposide were tested in two concentrations — 1 uM and 5 uM. The flow cytometric analysis
revealed that both the novel 4-thiazolidinone derivative and reference drug are capable of
inducing apoptosis in selected human breast cancer cells. The 24 h exposure of breast cancer
cells on 5 uM Les-3331 resulted in the detection of 40.4% (MCF-7) and 18.1%
(MDA-MB-231) early and late apoptotic cells. The effect of 5 uM etoposide on the number of
early and late apoptotic cells was almost four times weaker compared with the same
concentration of new derivative, with 10.7% of MCF-7 and 7.2% of MDA-MB-231 early and
late apoptotic cells detected. The flow cytometric analysis of Les-3331 and etoposide revealed
that both compounds are capable of initiating apoptosis in tested human breast cancer cell lines.
A significant increase in the apoptotic cell population was observed in both MCF-7 and
MDA-MB-231 cancer cells after incubation with Les-3331.

Mitochondria are the crucial elements of PCD and a major checkpoint of this process.
One of the characteristic features of early apoptosis is a decrease in the mitochondrial
membrane potential caused by exposure of the cell to apoptosis-inducing stimuli [69,97,98].
The results presented in the article entitled “2-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-
propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}-3-methylbutanoic Acid as a Potential Anti-
Breast Cancer Molecule” clearly indicate that novel Ciminalum-thiazolidinone derivative
causes a decrease in mitochondrial membrane potential (A¥m) of MCF-7 and MDA-MB-231
cancer cells compared to the control group. The greatest percentage of cells with decreased
AWm was observed after exposition to 5 uM Les-3331. A 24-hours incubation of cancer cells
with the tested compound caused a reduction of A% in 25.5% of MCF-7 and 36.3% of MDA-
MB-231 cells. Incubation with the same concentration of reference compound resulted in an
almost twofold lower effect on the percentage of cancer cells with decreased A¥m. Only 18.5%
of MCF-7 and 15.6% of MDA-MB-231 cells had reduced mitochondrial membrane potential
after treatment with 5 uM etoposide. These results indicate that programmed cell death induced
by a novel 4-thiazolidinone derivative may occur through an intrinsic, mitochondrial-dependent
pathway.

To confirm the above results, the concentrations of proteins involved in the intrinsic
(caspase-9) and extrinsic (caspase-8) apoptotic pathways were assessed. After 24 h incubation
of MCF-7 and MDA-MB-231 breast cancer cells with Les-3331, an increase in caspase-9 and
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caspase-8 concentrations was shown. Increased concentrations of proteins were observed after
the exposition of cancer cells to both tested concentrations (1 uM and 5 uM) of the novel
compound. In contrast to results obtained in the control and reference drug groups, Les-3331
led to a significant increase in caspase-9 and caspase-8 concentrations which may suggest that
the novel Ciminalum-thiazolidinone derivative induces both intrinsic and extrinsic apoptotic
pathways.

In modern studies on new anticancer molecules, increasing interest in the autophagy
process has been observed. Numerous scientific papers describing the role of autophagy in the
tumorigenesis process and the potential correlation between apoptosis and autophagy have been
published in recent years [99-104]. To investigate the influence of Les-3331 on the autophagy
process, the concentration of the LC3A, LC3B, and Beclin-1 proteins were checked in MCF-7
and MDA-MB-231 human breast cancer cells. In addition to etoposide, 3-methyladenine
(3-MA, a known autophagy inhibitor) was used as a reference compound in the study. The
results published in the article entitled “2-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-
propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}-3-methylbutanoic Acid as a Potential Anti-
Breast Cancer Molecule” have demonstrated that 24-hours incubation of selected cancer cells
with a novel 4-thiazolidinone derivative led to a decrease in LC3A, LC3B, and Beclin-1
concentrations. The reference compounds exhibited a weaker inhibitory effect on selected
proteins compared with Les-3331. All this indicates that a novel 4-thiazolidinone derivative
may inhibit the autophagy process in MCF-7 and MDA-MB-231 cancer cells.

Since 1971, when James C. Wang discovered and described the first Top I (w protein)
in Escherichia Coli, the rapid development of new topoisomerase inhibitors and activators has
been observed. Topoisomerases play an important role in processes that require access to
information encoded in DNA helix. Temporary or permanent disruption of DNA strands is
essential i.e. for transcription, recombination, replication, or the releasement of replicated
chromosomes before cell division [105]. Nowadays, many scientists around the world are
focused on the search for new, effective topoisomerase Il inhibitors with anticancer properties.
Molecular docking studies, ELISA and flow cytometric analysis were performed to investigate
the effect of the novel Ciminalum-thiazolidinone derivative on topoisomerase Il. The studies
revealed that Les-3331 possesses a good affinity to topoisomerase Il and decreases the enzyme
concentration and activity in MCF-7 and MDA-MB-231 cancer cells in micromolar
concentrations (1 uM and 5 uM). Moreover, both in the ELISA test and flow cytometric
analysis, the inhibitory effect of the new hybrid molecule was notably stronger compared with

known topoisomerase Il inhibitor — etoposide.
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ADME-Tox is an acronym for absorption (A), distribution (D), metabolism (M),
excretion (E), and toxicity (Tox). Determining the specific parameters associated with the
aforementioned features is one of the key aspects of in vitro studies of a new potential
therapeutic molecule. To investigate the permeability of the newly synthesized compound, the
PAMPA was performed. The permeability coefficient (Pe) of Les-3331 was 0.96 x 10° cm/s
and it was over sixfold lower than the Pe of highly permeable reference compound — caffeine
(Pe = 6.58 x 10® cm/s). Due to the low passive permeability of the novel 4-thiazolidinone
derivative, it might be assumed that the intracellular concentration of Les-3331 achieved
through passive transport is sufficient to trigger the changes resulting in cell death. On the other
hand, the additional active mechanism may be involved in the transport of the compound into
the cell, which could explain its high antitumor activity. In silico and in vitro studies using
RLMs allowed investigation of the metabolic stability and the most probable degradation
pathway of Les-3331. The obtained results indicate that Les-3331 is a metabolically stable
compound with 52% of the compound remaining in the reaction mixture after 120 minutes of
incubation. The degradation of 2-thioxo-4-thiazolidinone moiety was indicated as a predicted
metabolic pathway of Les-3331. Furthermore, a study of the effect of Les-3331 on CYP3A4
and CYP2D6 activity allowed to exclude or predict potential DDIs. It was observed that the
compound activates CYP3A4 in concentrations of 10 uM and 25 pM. In contrast, slight
inhibition of CYP2D6 activity was observed for 25 uM Les-3331. Nevertheless, Les-3331
shows a very low risk of DDIs compared with reference CYP3A4 and CYP2D6 inhibitors.
Finally, the mutagenicity of the novel 4-thiazolidinone derivative was studied using Salmonella
Typhimurium TAZL00 strain and Ames MPF protocol. The known mutagen 4-NQO was used as
a reference compound. Whereas Les-3331 was safe at 1 uM concentration, a risk of
mutagenicity was demonstrated at a higher concentration (5 uM). However, based on this, it
cannot be concluded that Les-3331 is a mutagenic compound and further in-depth studies are
required.

The results obtained in the present dissertation, indicate the potential use of new
4-thiazolidinone derivatives in cancer therapy. Undoubtedly, it is necessary to confirm the

anticancer activity of the tested compounds in animal model studies.
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V. Conclusions

1.

High cytotoxicity of the new 4-thiazolidinone derivatives against AGS,
DLD-1, MCF-7, and MDA-MB-231 cancer cell lines was demonstrated.

The SAR analysis revealed the essential role of the Ciminalum (2-chloro-3-(4-
nitrophenyl)prop-2-enylidene) substituent at the C5 position for the 4-thiazolidinone
ring and showed the correlation between the anticancer activity of the synthesized
compounds and the nature of substituents at the N3 position of the thiazolidinone ring.
Novel Ciminalum-thiazolidinone derivative — Les-3331, induces the intrinsic and
extrinsic apoptotic pathways. The compound leads to a decrease in mitochondrial
membrane potential and increases caspase-9 and caspase-8 concentration in MCF-7 and
MDA-MB-231 breast cancer cell lines.

Molecular docking studies have shown that Les-3331 possesses a good affinity to
topoisomerase Il. Additional studies revealed that this compound decreases
topoisomerase 11 concentration and enzyme activity.

Les-3331 leads to a decrease in the concentration of autophagy-related proteins: LC3A,
LC3B, and Beclin-1, in breast cancer cells.

The degradation of the 2-thioxo-4-thiazolidinone moiety was identified as a main
metabolic pathway of the newly synthesized derivative in in silico and in vitro studies.
Les-3331 demonstrated a very low risk of DDIs.

Les-3331 has shown no mutagenic effect at 1 uM concentration.

Novel Ciminalum-thiazolidinone hybrid molecules, including Les-3331, are promising

candidates for new anticancer chemotherapeutic agents.
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VII. Abstract

Modern cancer therapeutic strategies are largely based on cytostatic drugs, which target
apoptosis induction and mitosis inhibition in cells through cell cycle disruptions. Unfortunately,
low therapeutic index and poor drug selectivity, lead to a number of side effects.

The dynamic development of medicinal chemistry, molecular biology, and cancer
genetics allow for the search and design of new, highly effective therapeutic strategies. Based
on discoveries concerning intracellular signal transduction, designing new small-molecule
drugs oriented on the inhibition of signaling pathways in a cancer cell is possible. Novel
inhibitors of checkpoint regulatory proteins are increasingly used in anticancer drug research.
Numerous scientific teams worldwide aim to develop new treatments for cancer and among the
main goals increasing the effectiveness and reducing the toxicity can be distinguished.
A particularly interesting group of compounds with potent anticancer properties are novel
4-thiazolidinone derivatives.

In the presented doctoral dissertation, 13 novel 4-thiazolidinone derivatives obtained by
organic synthesis were examined for anticancer properties. The preliminary studies allowed to
investigate the structure-activity relationship of the new compounds and to select the Les-3331
compound for further in-depth in vitro studies. This study aimed to determine the molecular
mechanism of action of the compound against MCF-7 and MDA-MB-231 human breast cancer
cell lines. The influence of Les-3331 on apoptosis induction, mitochondrial membrane potential
changes, caspase-9, and caspase-8 activity, autophagy-related proteins, and topoisomerase 11
activity were studied. Furthermore, selected ADME-Tox parameters of a new 4-thiazolidinone
derivative were evaluated. Etoposide was used as a reference compound.

Based on the obtained results, it may be concluded that novel 4-thiazolidinone
derivatives demonstrate high cytotoxic and antiproliferative activity compared to the etoposide
in tested cancer cell lines. The selected Les-3331 compound shows potent cytotoxicity and
antiproliferative effect against MCF-7 and MDA-MB-231 cancer cells. Moreover, the
compound showed lower toxicity against human skin fibroblasts compared with the tested
cancer cell lines. The molecular mechanism of activity of Les-3331 is related to topoisomerase
Il inhibition. Les-3331 induces apoptosis in cancer cells through both the intrinsic and extrinsic
pathways. Additionally, a novel 4-thiazolidinone derivative inhibits the autophagy process in
MCF-7 and MDA-MB-231 cancer cells. Les-3331 is a metabolically stable compound and
shows no risk of drug-drug interactions. Finally, Les-3331 is metabolized in the cell by

degradation of the 2-thioxo-4-thiazolidinone ring.

34



VIII. Streszczenie w jezyku polskim

Wspolczesne strategie terapeutyczne chordéb nowotworowych oparte sa w znacznej
mierze na lekach cytostatycznych, ktoérych celem jest indukcja apoptozy oraz zahamowanie
mitozy w komorkach nowotworowych poprzez zaburzenie cyklu komorkowego. Niestety, niski
wspotczynnik terapeutyczny oraz niewielka selektywnos¢ lekow, prowadza do wystapienia
szeregu efektow ubocznych.

Dynamiczny rozw¢j chemii medycznej, biologii molekularnej oraz genetyki
nowotworow pozwala na poszukiwanie i tworzenie nowych, wysoce skutecznych strategii
terapeutycznych. W oparciu o odkrycia dotyczace wewnatrzkomérkowej transmisji sygnatow
mozliwe jest projektowanie nowych drobnoczgsteczkowych lekow, ktorych zadaniem jest
hamowanie szlakow sygnalowych w komoérce nowotworowej. W badaniach nad lekami
przeciwnowotworowymi coraz czgsciej stosuje si¢ zwiagzki chemiczne bedace inhibitorami
biatek regulujacych punkty kontrolne. Celem pracy wielu zespotdéw naukowcow na catym
Swiecie jest opracowywanie nowych metod leczenia nowotwordow a wsrod gléwnych zatozen
jest zwigkszenie skutecznosci oraz zmniejszenie toksycznosci lekow przeciwnowotworowych.
Szczegblnie interesujacag grupe zwigzkow o silnych wiasciwosciach przeciwnowotworowych
stanowig nowe pochodne 4-tiazolidynonu.

W ramach niniejszej rozprawy doktorskiej, 13 nowych pochodnych 4-tiazolidynonu
otrzymanych na drodze syntezy organicznej przebadano pod katem wlasciwosci
przeciwnowotworowych. Badania przesiewowe pozwolity okres§li¢ zaleznos$ci struktura-
aktywno$¢ nowych zwigzkow oraz wyselekcjonowaé czasteczke Les-3331 do dalszych,
poglebionych badan in vitro. Celem badan byto poznanie molekularnego mechanizmu dziatania
zwigzku wobec komorek raka piersi linii MCF-7 i MDA-MB-231. Zbadano wptyw zwigzku na
indukcje procesu apoptozy, zmian¢ mitochondrialnego potencjalu btonowego, aktywnos¢
kaspazy-9 i kaspazy-8, biatka zwigzane z procesem autofagii oraz aktywno$¢ topoizomerazy
II. Ponadto, okreslono wybrane parametry ADME-Tox nowej pochodnej 4-tiazolidynonu.
W badaniach biologicznych jako zwiazek referencyjny zastosowano etopozyd.

Na podstawie otrzymanych wynikéw stwierdzono, ze nowe pochodne 4-tiazolidynonu
wykazuja wysoka aktywnos$¢ cytotoksyczng wobec wybranych linii komdrek nowotworowych
w poroOwnaniu z etopozydem. Wyselekcjonowana czasteczka — Les-3331 — wykazata silny efekt
cytotoksyczny wobec komorek raka piersi linit MCF-7 i MDA-MB-231. Ponadto, zwigzek ten
charakteryzowat si¢ nisza toksycznoscig wobec komorek prawidlowych — fibroblastow skory

ludzkiej, w porownaniu do badanych linii komérek nowotworowych. Wraz ze wzrostem
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stezenia Les-3331 obserwowano takze zwigkszone hamowanie procesu wbudowywania
[*H]-tymidyny do DNA komérek nowotworowych, co $wiadczy o wiasciwosciach
antyproliferacyjnych zwigzku. Molekularny mechanizm przeciwnowotworowego dziatania
Les-3331 zwigzany jest z inhibicja topoizomerazy Il. Les-3331 indukuje apoptoze
w komoérkach nowotworowych na drodze zewnatrzpochodnej i wewnatrzpochodnej. Co wigcej,
badania wykazaly, ze nowa pochodna hamuje proces autofagii w komorkach linit MCF-7
i MDA-MB-231. Les-3331 jest zwigzkiem stabilnym metabolicznie i nie wykazuje ryzyka
wystgpienia interakcji lek-lek w przypadku ewentualnego podania go z innymi lekami. Badany
zwigzek jest metabolizowany w komodrce na drodze degradacji pierscienia 2-tiokso-4-

tiazolidynowego.
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ABSTRACT

The significant role of topoisomerases in the control of DNA chain topology has been confirmed in
numerous research conducted worldwide. The prevalence of these enzymes, as well as the key importance
of topoisomerase in the proper functioning of cells, have made them the target of many scientific studies
conducted all over the world. This article is a comprehensive review of knowledge about topoisomerases
and their inhibitors collected over the years. Studies on the structure-activity relationship and molecular
docking are one of the key elements driving drug development. In addition to information on molecular
targets, this article contains details on the structure-activity relationship of described classes of com-
pounds. Moreover, the work also includes details about the structure of the compounds that drive the
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mode of action of topoisomerase inhibitors. Finally, selected topoisomerases inhibitors at the stage of clin-
ical trials and their potential application in the chemotherapy of various cancers are described.

Introduction

In 1971 Jim Wang discovered first DNA topoisomerase | (the
omega (w) protein from Escherichia coli)'. At that time, the separ-
ation of the supercoiled and relaxed DNA was necessary to per-
form the activity test. To achieve this, the reaction products were
run on a sucrose gradient and then the DNA contained in each
fraction taken from the centrifugation tubes were collected
and analysed?.

In 1975, for the first time, agarose gel electrophoresis was used
to differentiate between various DNA topoisomers. The use of this
method greatly facilitated work for DNA topologists®. For nearly
40 years, many topoisomerases have been discovered and charac-
terised in all three domains of life (bacteria, eukarya and archaea).
The first discovery, in 1976, was bacterial DNA gyrase® and then in
1980, eukaryotic decatenase was found’.

DNA topoisomerases are a group of enzymes that control DNA
topology. They are involved in many significant biological proc-
esses in all cells (e.g. DNA replication, transcription and recombin-
ation or chromosome condensation)®. These enzymes bind
covalently to the DNA phosphorus group, split the DNA strand or
strands and finally reunite them. According to their mechanism of
action, there are two main types of topoisomerases: topoisomer-
ases | (Top 1) and topoisomerases Il (Top ) divided into five subfa-
milies (see Table 1).

The presence of topoisomerases and their proper functioning
is one of the key elements of most processes taking place in the
cell. For most of the processes requiring access to the information
stored in the DNA duplex, a permanent or temporary separation
of the two strands of DNA is necessary (e.g. topoisomerases
enable the release of replicated chromosomes before partitioning
and cell division)’.

The use of cytostatic agents, which inhibit enzyme activity,
leads to irreversible interruption of DNA strands (by a stable DNA-

topoisomerase complex), which causes cell death. Increased topo-
isomerase activity observed in many cancers results in selective
action of agents that are topoisomerase inhibitors®.

In the beginning, we would like to briefly describe the topoiso-
merases | and Il and their mechanism of action. Then we will pre-
sent and characterise the topoisomerases | and Il inhibitors, in
particular compounds in clinical trials.

Type | topoisomerases

Primarily named « protein, topoisomerase | was discovered by
James C. Wang in the 1970s. He identified the first topoisomerase
| in Escherichia col®. Proteins belonging to the group of topoiso-
merases | were found in eukaryotic and prokaryotic organisms® %,
These enzymes are responsible for relaxing negatively supercoiled
DNA and allow for catenation or decatenation of broken DNA'""'3,

Topoisomerases | can be divided into three subfamilies: topoi-
somerases |A, topoisomerases IB and topoisomerases IC'*7'6, For
all subtypes of topoisomerases |, changing the DNA topology by
breaking the phosphodiester bond between DNA strands is based
on the same general mechanism. The phosphoryl group of DNA is
attacked by tyrosyl group of topoisomerase I. This creates a cova-
lent bond between the tyrosyl group and one side of the broken
DNA. At the same time, the free hydroxylated strand is released
and rotated. The hydroxyl end of the free strand of DNA attacks
the formed phosphotyrosine bond, rebuilds the phosphodiester
bond between the two strands and releases the topoisomerase to
the next catalytic cycle™'”.

In most cases, change the topology of DNA by type | topoiso-
merases do not require external energy (e.g. ATP hydrolysis).
Reverse gyrase is the only enzyme in topoisomerase | subfamily
which needs energy from ATP hydrolysis to introduce positively
supercoiled DNA. Now, one of the main challenges is to identify
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Table 1. Types and subfamilies of topoisomerases

Type of topoisomerase Subfamily Subunit structure Domains of life
| 1A Monomer Bacteria, Archaea, Eukarya
Heterodimer—reverese gyrase isolated from Methanopyrus kandleri
1B Monomer Eukarya and some viruses
IC Monomer Archaea
(Methanopyrus genus)
Il 1IA Heterotetramer - prokaryotic Top IIA Eukarya, Bacteria
Homodimer - eukaryotic Top IlA
1B Heterotetramer Archaea, Bacteria

the way how energy stored in the DNA is converted into protein
changes in the course of the reaction. Knowing this mechanism
will help to fully understand not only type | topoisomerases but
also other enzymes belonging to this class’.

Type IA topoisomerases

Topoisomerases IA (Top IA) are a subfamily of enzymes found in
all three domains of life (bacteria, archaea and eukarya). The
sequence analysis has shown that all topoisomerases IA are mono-
meric enzymes (the exception—reverse gyrase isolated from
Methanopyrus kandler)) composed of two main parts: a core
(molecular weight around 67 kDa) with all the conserved domains,
especially those creating the active site of the enzyme, and a carb-
oxyl-terminal domain, very diverse in size and sequence®'’.

Type IA enzymes are responsible for relaxation only negative
supercoils in DNA and a single-stranded region in DNA is required
for their activity. The mechanism of action of the topoisomerases
IA known as "enzyme-bridged strand passage” was defined based
on structural, biochemical and biophysical studies. To change DNA
topology type IA enzyme causes splitting of a single strand of
DNA. The enzyme attaches tyrosine to the DNA 5’-phosphoryl
group with a covalent bond. Released 3’-OH end remains attached
Top IA and cannot freely rotate. This result in creating a gap that
allows the transport of another DNA strand. After passing the
transported segment through the gap, both ends of broken DNA
are religated®'®'°,

Examples of enzymes belonging to the Top IA subfamily are
bacterial topoisomerase |, bacterial topoisomerase Ill, eukaryotic
topoisomerase Il and reverse gyrase™ %,

Type IB topoisomerases

Type IB topoisomerases (Top IB) are a subfamily of enzymes pre-
sented in eukaryotes, some viruses and bacteria but not in
archaea®'?. As opposed to Top IA, topoisomerases IB can relax
both negatively and positively supercoiled DNA with energy accu-
mulated in DNA supercoils'? Type IB topoisomerases change DNA
topology by “DNA rotation” based on the splitting of a single
strand of DNA, covalent attachment of tyrosine to the 3’- phos-
phoryl group and release a free 5-OH end. Temporary interrup-
tion of a single DNA strand enables the relaxation of supercoiled
DNA by rotating the DNA molecule around the breakpoint. The
reaction lasts until all torsional strain is removed and DNA is com-
pletely relaxed. Type IB enzymes do not require Mg~ ions or ATP
for relaxation of positive or negative supercoils in DNA
(Figure 1)%21-23,

Structures of all topoisomerases IB include a highly conserved
pentad of residues creating the active site (Tyr, Arg, Arg, Lys and
His/Asn). The only difference in the structure of this region
between eukaryotic/viral (Tyr, Arg, Arg, Lys, His) and bacterial type

(b)
Top 1

|

(©)
Top 1

=3,

Camptothecins,
Noncamptothecins

Top I

Figure 1. General mechanism of action of topoisomerase | (a) Top | binds to the
DNA, (b) single-strand DNA (in blue) splitting, (c) controlled rotation of free DNA
strand (in red), (d) religation of cleaved DNA strand.

IB enzymes (Tyr, Arg, Arg, Lys, Asn) is a replacement of histidine
with asparagine in the bacterial pentad®.

The most important example of a type IB topoisomerases is
the eukaryotic Top | (including human Top I), which is an import-
ant molecular target of anticancer therapies. In addition, Top IB
group includes poxvirus topoisomerase and eubacterial Top 1BS,

Human topoisomerase |

Human topoisomerase | (hTop 1) belongs to Top IB subfamily. It is
a monomeric enzyme and its molecular weight is 91 kDa®*. The
enzyme consists of 765 amino acids which form four domains: an
N-terminal domain, a linker domain, a core domain and a C-ter-
minal domain®>. The detailed hTop | architecture was determined
by X-ray crystallography?®. There is a correlation between hTop |
expression level and cell sensitivity to Top | inhibitors. While in
healthy cells lower hTop | expression level has been observed,
rapidly dividing cancer cells are observed to express a higher level
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of hTop |. Based on these results, we can assume that it is pos-
sible to target hTop | inhibitors towards cancer cells, tumours or
patients with “overexpression” or increased expression of hTop %,

Type IC topoisomerases

Topoisomerase V (Top V) is a 110kDa enzyme originally discov-
ered in the archaeon Methanopyrus kandleri. So far, it is the only
member of type IC topoisomerases subfamily®’ ?°, Topoisomerase
V is involved in DNA relaxation?” and DNA repair’®*'. Similar to
type IB topoisomerases, Top V can relax negatively and positively
supercoiled DNA and cleaves single strand of DNA'. However,
structural analyses showed a novel fold in the crystal structure of
topoisomerase V and probably a different location of an active
site of tyrosine. This allows us to suppose that the mechanism of
DNA relaxation by Top V is different than in the case of type IB
topoisomerases®®. Based on that, topoisomerase V was classified
as a member of new topoisomerase | subfamily named type IC
topoisomerases®®32,

Topoisomerase | inhibitors used in the treatment of many
types of cancer include compounds belong to a various class.
These compounds will be presented and discussed in a separate
chapter titled “Inhibitors of type | topoisomerases”.

Type Il topoisomerases

Type |l topoisomerases, divided into two subfamilies (topoisomer-
ases |IA and topoisomerases |IB) are presented in various organ-
isms. Topoisomerases IIA (Top IlA) occur in bacteria, eukaryote
and also in few species of archaea, whereas topoisomerases 1B
(Top 1IB) are present mainly in archaea, plants and certain algae.
Based on structural and phylogenetic analyses, significant differen-
ces in global architecture and biochemistry between Top IIA and
Top IIB were found'**3,

General mechanism of changing the topology of DNA by top-
oisomerases |l is based on cleaving both strands of DNA duplex
with Mg?" and energy from ATP hydrolysis. Topoisomerase |l
covalently attaches tyrosine to the 5’ end of broken DNA, release
a free 3’ end and allows to passing a second DNA duplex (the
transported or T-segment) through a gap (the gate or G-seg-
ment)’333 All enzymes belong to this family can relax both
positive and negative supercoils in DNA'.

Due to their exceptional ability to untangle double strands of
DNA, Top Il is involved in many crucial nuclear processes, e.g. tran-
scription, replication or recombination®®*”, The formation of double-
stranded DNA breaks as a result of a loss of activity by Top Il leads
to cell death. Moreover, disruption of the proper functioning of the
enzyme by increasing the level of DNA cleavage (both genetic and
drug-induced) leads to e.g. translocations of DNA™,

Type lIA topoisomerases

Type IIA topoisomerases subfamily includes eukaryotic Top I, bac-
terial DNA gyrase, human topoisomerase Il and bacterial Top IV,
The sequences of all the enzymes belonging to the family of type
IIA topoisomerases (Top IlA) show significant similarity, and the
only differences are found in the quaternary structures of these
proteins. Gyrase and topoisomerase IV (Top IV) belonging to type
IIA bacterial topoisomerases are composed of two subunits: the
ParE and ParC which are homologues of the GyrB and GyrA subu-
nits of gyrase. In terms of structure, prokaryotic type IIA topoiso-
merases are referred to as heterotetramers in contrast to
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eukaryotic enzymes which belong to the group of homodimers.
The N-terminal half-ends of the eukaryotic Top IlA are homo-
logues of the GyrB/ParE subunits of gyrase and Top IV, and the
central parts of the enzymes are homologues of the GyrA/ParC
subunits (gyrase/Top IV). The C-terminal half-ends, unlike the N-
terminal parts of the eukaryotic topoisomerases type IIA, show sig-
nificant structural differences between the enzymes of different
eukaryotes. Analysis of C-terminal eukaryotic and prokaryotic type
IIA topoisomerases did not show similarities in the sequence of
these enzymes’.

Type IIA topoisomerases perform DNA double-strand cleavage
based on the “two-gate” mechanism (Figure 2)*'=*, Initially, Top
IIA binds to the first DNA helix (G-segment), which will be cleaved
in the further stage of the catalytic cycle. In the next step, the
resulting Top IIA- G-segment complex binds to the second DNA
helix (T-segment) which will be transported through the created
gap. Two ATP molecules are attached to the Top IIA—G-
segment-T-segment complex causing conformational changes in
the enzyme. As a result of hydrolysis of one ATP molecule to ADP,
in the presence of Mg®" ions, tyrosine from both Top IIA mono-
mers attacks the phosphodiester bond of the first DNA helix
resulting in cleavage of the strand with a shift of 4-bp and
becomes covalently attached to the 5’ ends of the cleaved DNA
(G-segment). Thanks to the transition, it is possible to transport
the T-segment through a gap resulting after breaking the G-seg-
ment. Due to the hydrolysis of the second ATP molecule, the bro-
ken strands of the G-segment are religated. After passing through
the gap, the T-segment is released. Then, due to the release of
ADP molecules, the DNA-topoisomerase IlA complex is trans-
formed from a closed into an open clamp, which is connected
with the release of G-segment. Top IIA is free and ready for the
next enzymatic reaction® 7,

Human topoisomerase Il

Human topoisomerase Il (hTop II) is composed of four domains: two
N-terminal domains, a core domain and C-terminal domain. There
are two homodimeric isoforms of hTop I o (molecular weight
around 170kDa) and f (molecular weight around 180 kDa)*®*°, Their
amino acid sequences are homologous in approximately 70%°.
Depending on the phases of the cell cycle, changes in human topo-
isomerase llz (hTop llz) and human topoisomerase IIf (hTop IIf3)
expression levels are observed. While the increased expression of
hTop llz is mainly observed in proliferating cells (the peak of expres-
sion is observed in Gy-M phases), in case of hTop Il level of enzyme
expression is constant regardless of the cell cycle stage®*% hTop llz
is crucial for cell survival due to its role in chromosome condensation
and segregation processes whereas hTop IIfi plays an important role
in neurons development®>*,

Type IIB topoisomerases

Commonly found in Archaea (except Thermoplasmatales spp.) type
IIB topoisomerases were first discovered in the hyperthermophilic
archaeon Sulfolobus shibatae®. The discovered enzyme was
named topoisomerase VI (Top VI) and classified as a different sub-
family of type Il topoisomerases®®. Like bacterial type IIA topoiso-
merases, Top VI is a heterotetramer enzyme composed of two
subunits: A and B (A,B,). Structural and sequence analysis of type
IIA and 1B topoisomerases did not reveal any similarities between
the A subunits of both enzymes. The A subunit of Top VI shows
similarity to eukaryotic Spo11 protein which is responsible for the
initiation of meiotic DNA recombination as a result of the splitting
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Figure 2. General mechanism of action of topoisomerase Il (a) topoisomerase binds to the G-segment, (b) Top IIA- G-segment complex binds to T-segment, (c) Two
ATP molecules are attached to the resulting complex, (d) G-segment cleavage in presence of Mg®* ions, (e) T-segment transport through the created gap, (f) T-seg-
ment release and religation of G-segment broken strands and (g) hydrolysis of ATP molecules and release of the G-segment.

of double DNA helix*’. The B subunit of type IIB topoisomerases, Among Archaea topoisomerase VI causes relaxation of posi-
responsible for binding and hydrolysis of ATP molecules shows tively and negatively supercoiled DNA and is also involved in DNA
significant structural similarity and slight sequence similarity to replication and transcription. Initiated by the type IIB topoisomer-
the B subunit of Top 1A%, ases changes in DNA topology by the formation of breaks in
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Table 2. Clinically relevant topoisomerases inhibitors
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Date and country

Drug Class Molecular target of approval Application

Topotecan Camptothecins Top IB 1996-US.A. Treatment of metastatic ovarian cancer, relapsed
platinum-SCLC, recurrent or persistent cervical cancer

Irinotecan 1994-Japan Treatment of colon cancer

Belotecan 2003-South Korea Treatment of NSCLC and ovarian cancer

Etoposide Epipodophyllotoxins Top lIA 1983-US.A. Treatment of SCLC, lymphomas (including non-Hodgkin's
lymphomas), AML, testicular and ovarian cancer

Teniposide 1992-US.A. Treatment of childhood ALL, glioma, central nervous
system tumours and bladder cancer

Doxorubicin Anthracyclines 1974-US.A. Treatment of various types of cancer i.a. ovarian, lung,
gastric and breast cancers, multiple myeloma, thyroid
cancer, Hodgkin's and non-Hodgkin’s lymphoma,
paediatric cancers and sarcoma

Epirubicin 1999-US.A. Mainly in the treatment of advanced breast cancer

Valrubicin 1998-US.A. Intravesical treatment of patients with BCG-refractory
carcinoma in situ

Mitoxantrone Anthracenediones 1987-US.A. Treatment of acute leukaemia, lymphoma, prostate and

Amsacrine Acridines

1983-Canada

breast cancer
Treatment patients with AML and refractory ALL

double-stranded DNA occurs with a shift of 2-bp rather than 4-bp
as in type lIA topoisomerases®’. Recently, topoisomerase VI has
been identified in the plant kingdom®**®° including red and
green algae®. Occurring in plants, Top VI plays an important role
in the DNA endoreduplication process. Proper DNA endoreduplica-
tion is essential to maintain the correct size of plant cells and con-
sequently the normal size of the entire plant®'.

Scientific papers report the identification of new type IIB topoi-
somerase-topoisomerase VIII (Top VIII). It is the smallest known
representative of type IIB subfamily of topoisomerases. The A and
B subunits of this enzyme are merged into one single protein,
hence the small size of Top VIII. Top VIII occurs in genomes of few
bacteria species, two bacterial plasmids and one of the Archaea
plasmids. In order to determine the structure and functions Top
VIII, further detailed studies of this potential new type IIB topoiso-
merases subfamily member are necessary®®,

Topoisomerase inhibitors

Over the last few decades after discovering that doxorubicin indu-
ces DNA double helix cleavage via human topoisomerase |l, scien-
tific research based on searching of new compounds with an
anticancer activity that are inhibitors of enzymes from the topoi-
somerases family has been intensified rapidly. To date, a signifi-
cant humber of topoisomerase inhibitors has been discovered and
described in the scientific papers, however, in many cases, the
detailed mechanism of action of these compounds is still
unknown. Drugs classified as topoisomerase inhibitors can be div-
ided into two groups: topoisomerase poisons or catalytic inhibi-
tors. Doxorubicin, quinolones and many other anticancer or
antibacterial drugs act as topoisomerases poisons. The mechanism
of action of these compounds is based on the stabilisation of the
formed enzyme-DNA covalent complex which prevents the religa-
tion of the cut strand®. The resulting DNA damages lead to cell
death through apoptosis®®. Catalytic inhibitors work by blocking
the ability of the topoisomerase to attach to the substrate (DNA
strand). Among this group there are two modes of action: the
compound is binding to the DNA duplex or the topoisomerase.
Regardless of the mode of action, catalytic inhibitors will lead to
cell death through apoptosis®®.

Tables 2 and 3 summarise information on important topoisom-
erase inhibitors and selected clinically investigated compounds,
discussed in detail in this article.

Inhibitors of type I topoisomerases

Mechanism of action of drugs classified as Top | inhibitors is
based on the entrapment of created Top |-DNA covalent complex
and prevents its cleavage® 2. This leads to permanent disruption
of the DNA strands and consequently, to cell cycle arrest and
induction of programmed cell death-apoptosis®®”°.

Camptothecins (CPTs)

In 1985, it was confirmed that topoisomerase | is the molecular
target of camptothecin anticancer activity’'”%. Isolated in 1966 by
Wall et al. from the bark of Camptotheca acuminate tree, campto-
thecin is a pentacyclic ring structure’. Structure-activity relation-
ship studies revealed that modifications at C-7, C-9 or C-10
positions at quinolone moiety (A and B rings on Figure 3) increase
the anticancer activity of CPTs’*, The E-ring, interacting with topo-
isomerase at three sites, is the most important part of the CPTs
structure. The — OH group located at C-20 position forms a hydro-
gen bond with the Asp-533 side chain in the Top | polypeptide
chain, and Arg-364 of Top | binds with two hydrogen bonds to
the lactone part of the CPTs E-ring. Moreover, the D-ring, respon-
sible for the stabilisation of the covalent Top I-DNA complex, is
hydrogen-bonded with +1 cytosine of the uncleaved DNA chain.
This H bond is located between the amino group of the +1 cyto-
sine pyrimidine ring and the CPTs carbonyl group on the D-ring
C-17 position”. The molecular mechanism of action of the drug is
based on reversible induction of single-strand breakages which
affects the cell replication capacity. Top I-DNA cleavable complex
is stabilised by camptothecin but the resulting breaks are non-
lethal to the cell due to their full reversibility. The single-stranded
breaks are transformed into irreversible double-stranded breaks as
a result of the cleavable complex collision with DNA replication
fork. Caspase activation leads to cell death by apoptosis’®”’. As a
result of the inhibition of caspase activation, the cells are tempor-
arily arrested in the G; cell cycle phase, which leads to necrosis’®.
S-phase-specific camptothecin shows its cytotoxic activity only
when the DNA replication process is active. In vitro studies have

41



1786 @ K.. BUZUN ET AL.

Table 3. Selected topoisomerase inhibitors under clinical investigation

Clinical trial identification

Compound Study purpose Clinical trial status number
Namitecan Determination of the pharmacokinetic profile and dose Phase | completed NCT01748019
finding of the compound in treatment of patients
with solid tumours
CZ-48 Examination the safety of CZ-48 administered orally Recruitment of patients for the phase NCT02575638
| trial
AR-67 Application of AR-67 in the treatment of patients with Phase | completed NCT00389480
refractory or metastatic solid malignancies Phase | completed NCT01202370
AR-67 application in the treatment of patients with Unknown NCT01124539
recurrence of glioblastoma multiforme or gliosarcoma
Gimatecan Safety, tolerance and pharmacokinetics study of the Recruitment of patients for the phase NCT04029909
compound in fallopian tube cancer, advanced ovarian | trial
epithelial cancer or primary peritoneal cancer
Edotecarin Evaluatation the effectiveness of edotecarin with cisplatin Phase | completed NCT00072332
in the treatment of advanced or metastatic
solid tumours
Determination of the effectiveness of treatment of Phase Il completed NCT00070031
women with chemaresistant locally advanced or
metastatic breast cancer
LMP400 Application of the LMP400 and LMP776 in the treatment Phase | completed NCT01051635
LMP776 of adults with relapsed solid tumours and lymphomas
Genz-644282 Determination of the safety and tolerability of Phase | completed NCT00942799

the compound

Evaluation of the maximum tolerated dose and the
efficacy of combined therapy (F14512 and cytarabine)
in patients (>60 years old) with AML

Application of amrubicin plus pembrolizumab in the
treatment of refractory SCLC

The use of amrubicin for the treatment of relapsed or
refractory thymic malignancies

Potent application of the amrubicin in the therapy of
HER2-negative metastatic breast cancer

The use of amrubicin in combination therapy with
cyclophosphamide for the treatment of advanced solid
organ malignancies

Aldoxorubicin application in the treatment of
glioblastoma

The use of aldoxorubicin in the therapy of soft
tissue sarcomas

Application of combination therapy (aldoxorubicin plus
gemcitahine) in the treatment of metastatic
solid tumours

Determination of the safety and efficacy of the standard
chemotherapy in combination with aldoxorubicin and
other drugs compared to standard chemotherapy in
patients with locally advanced or metastatic
pancreatic cancer

F14512

Amrubicin

Amrubicin

Aldoxorubicin

Vosaroxin Application of vosaroxin with azacitidine in treating older
patients with AML
The use of vosaroxin in the treatment of patients with
myelodysplastic syndromes
Vosaroxin Evaluation of combination therapy (vosaroxin with

infusional cytarabine) in therapy of untreated AML

2012-005241-20
(EudraCT number)

Phase Il completed

Phase Il is ongoing NCT03253068
Phase Il completed NCT01364727
Phase | completed NCT01033032
Phase | completed NCT00890955
Phase Il completed NCT02014844
Phase Ill completed NCT02049905
Phase | completed NCT02235688
Recruitment of patients for the phase NCT04390399
| trial
Recruitment of patients for the phase NCT03338348
I trial
Phase | is ongoing NCT01913951
Phase Il is ongoing NCT02658487

shown that S-phase cells are 100-1000 times more sensitive to
camptothecin than G; or G; cells”®. Selected camptothecin deriva-
tives used in the cancers treatment and compounds in the clinical
trials (Figure 4) are discussed below.

Clinically important CPTs

Topotecan  (9-[(dimethylamino)methyl]-10-hydroxycamptothecin;
Hycamtin®) is semisynthetic, water-soluble camptothecin (CPT)
derivative and it was the first CPT derivative approved in 1996 by
the US Food and Drug Administration (FDA) for clinical use®. The
studies conducted by Staker et al. allowed to determine the
detailed mechanism of antitopoisomerase activity of topotecan
(Figure 4(a)). DNA and compound intercalation occurs at the Top
I-mediated DNA splitting site and is stabilised by interactions
between the topotecan and —1 (upstream) and +1 (downstream)

base pairs of DNA duplex. The rotation of the phosphodiester
(OP) bond results in the formation of an intercalation binding
pocket. The movement of phosphodiester 0P towards the binding
pocket simultaneously stimulates energetically the release of +1
and —1 base pairs, which in turn is necessary for 0P rotation. The
transported 0P phosphodiester is stabilised in the binding pocket
as a result of the interaction between the two hydrogen bonds
and the nitrogens of the main chain Gly-363 and Arg-362°'. The
understanding of the exact method of topotecan intercalation to
DNA made it possible to explain the mechanism by which this
compound blocks religation of the DNA strand. As a result of
binding the topotecan molecule with the DNA, the +1 (down-
stream) base pair is shifted by 3.6A and a 5'-OH of the splitted
DNA strand is shifted from the phosphotyrosine by 8 A. Due to
the fact that the topotecan binding pocket is located inside the
DNA substrate and, moreover, is formed after the first
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Figure 3. Chemical structure of camptothecin.

transesterification, it becomes understandable why camptothecin
and its derivatives interact with the Top I-DNA complex and not
with the enzyme itself®2. Topotecan, a known topoisomerase |
inhibitor, has a broad spectrum of anticancer applications. It is
successfully used for the second-line treatment of metastatic ovar-
ian cancer in over 70 countries and the treatment of relapsed
platinum-sensitive small-cell lung cancer (SCLC) in more than 30
countries around the world®*®*, In 2006, topotecan was approved
by the FDA for use to the treatment of recurrent or persistent cer-
vical cancer not susceptible to surgery and/or radiation therapy®.

Irinotecan  (7-ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyloxy-
camptothecin; CPT-11) as topotecan is a water-soluble, semisynthetic
camptothecin derivative (Figure 4(b)). It is a prodrug swiftly con-
verted in vivo by human carboxylesterase 2 (hCE2) enzyme (occurs in
liver, intestinal mucosa and plasma) to metabolite named SN-38 (7-
ethyl-10-hydroxycamptothecin, Figure 4(c)) with high anticancer activ-
ity ®. hCE2 converts CPT-11 into its active metabolite SN-38 by
hydrolysis and the metabolite shows a more than 100 times higher
in vitro cytotoxicity than the parent compound®. The ionic strength,
pH and protein concentration all influence the rate of hydrolysis of
CPT-11 to SN-38. Both irinotecan and SN-38 occur in two forms - lac-
tone and carboxylate. The lactone form with a closed z-hydroxy-
d-lactone ring is hydrolysed into a carboxylate form (open-ring
hydroxyl acid). Based on the conducted research, it was found that
the lactone form, whose antitumor activity is much more potent
than the carboxylate form, is crucial for the stabilisation of the cova-
lent Top | - DNA complex®, In liver, active SN-38 is metabolised into
its inactive f-glucuronide form (SN-38G) by uridine-diphosphate glu-
curonosyltransferase (UGD®. For the first time, irinotecan was
approved in 1994 in Japan for the treatment of SCLC and non-small
cell lung cancer (NSCLC), ovarian cancer and cervix cancer .
Marketed by Pfizer Inc. and known as Camptosar® it is used for the
treatment of colorectal cancer®',

Promising active CPT derivatives

Belotecan (7-[2-(N-isopropylamlino)ethyl]-(20S)-camptothecin; CKD-
602, Camtobell®) is a relatively new, semisynthetic and water-sol-
uble CPT derivative (Figure 4(d)). It was approved in 2003 in
South Korea for the treatment of patients with NSCLC and ovarian
cancer”. Belotecan exhibits similar efficacy profile compared to
other CPT derivatives. However, its toxicity level is lower than the
mentioned agents®. In 2018, Chong Kun Dang Pharmaceutical
has completed the phase Il clinical trial to evaluate the efficacy
and safety of belotecan in comparison to topotecan in patients
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with relapsed SCLC (NCTQ1497873). Furthermore, in 2019 Lee
et al. conducted in vitro and in vivo studies on the effects of CKD-
602 in selected cervical cancer cell lines (CaSki, HeLa and SiHa). In
CaSki-xenografted nude mice treated with CKD-602, a significant
reduction of tumour volume was observed®*,

Namitecan (7-(2-aminoethoxy)iminomethyl-camptothecin;
ST1968) is one of the CPT derivatives (Figure 4(e)). Novel topo-
isomerase | inhibitor was evaluated in several preclinical studies
with various tumour models (including resistant to topotecan/iri-
notecan xenografts, paediatric tumour models and diversified
squamous-cell tumour models) and a significant antitumor activity
was observed®. The conducted studies allowed us to determine
the safety and pharmacokinetic profile of the namitecan.
Furthermore, during phase | of clinical trials (NCT01748019), the
anticancer activity of ST1968 in patients with endometrium and
bladder cancer was observed®*%°.

CZ-48 (camptothecin-20(S)-O-propionate hydrate) is CPT pro-
drug synthesised by Cao et al. in 2009. Researchers examined the
anticancer activity of CZ-48 (Figure 4(f)) against 21 human tumour
xenografts. Obtained results showed an excellent activity of the
tested compound against various cancers (i. a. bladder, breast,
colon, melanoma, lung and pancreatic tumour lines). In the case
of 19 from 21 tested tumour lines, notable growth inhibition
(>50%) or regression was observed®”. Great anticancer activity
and reduced toxicity compared to irinotecan and topotecan
resulted in rapid clinical development of (CZ-48. Cao
Pharmaceuticals Inc. is currently recruiting patients with a solid
tumour or malignant lymphoma of extranodal and/or solid organ
site for phase | clinical trial to examine the safety of CZ-48 admin-
istered orally (NCT02575638).

AR-67 (7-tert-butyldimethylsilyl-10-hydroxycamptothecin;
formerly DB-67) is a lipophilic CPT analogue synthesised by
Bom et al. in the 1990s (Figure 4(g)). The scientist has
designed a novel compound to improve blood stability and
activity of CPT analogues. The conducted studies have shown
in vitro and in vivo anticancer activity of the compound via
interaction with topoisomerase | as well as improved stability
of AR-67 in blood compared to clinically relevant CPTs?®. The
information provided by Arno Therapeutics and the University
of Kentucky shows that phase | of the clinical trials on the
potential application of AR-67 in the treatment of patients
with refractory or metastatic solid malignancies (NCT00389480
and NCT01202370) has been completed. Furthermore, in 2014
Arno Therapeutics posted information about active phase Il
trial of AR-67 in patients with recurrence of glioblastoma
multiforme or gliosarcoma (NCT01124539) however, the cur-
rent study status remains unknown.

Gimatecan (7-tert-butoxyiminomethyl-camptothecin; ST1481)
is novel, semisynthetic and lipophilic CPT analogue with good
oral bioavailability (Figure 4(h)). Based on the promising results
of the preclinical study, gimatecan was selected for clinical
development®, Rapid absorption, compound accumulation and
prolonged distribution in cancer cells are associated with Top |
activity inhibition and stabilisation of the Top | DNA-Top I-gima-
tecan complex'?®, High efficacy of administered orally gimate-
can against a panel of subcutaneous human tumour xenograft
models, metastatic and orthotopic tumour models was
observed'®'. Lee's Pharmaceutical Limited is currently recruiting
patients with fallopian tube cancer, advanced ovarian epithelial
cancer or primary peritoneal cancer for phase | clinical trial to
investigate the safety, tolerability and pharmacokinetics of
gimatecan (NCT04029909).
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Figure 4. Chemical structures of camptothecins.

Noncamptothecins

Nowadays, the only group of Top | inhibitors used in the onco-
logical treatment are camptothecins. The excellent effectiveness of
these compounds is accompanied by strong side effects (e.g. diar-
rhoea or neutropenia) and instability®*°. As mentioned above,
camptothecins are characterised by chemical instability—com-
pounds are immediately inactivated in the blood to carboxylate.
Furthermore, due to the rapid reversal of Top I-DNA covalent com-
plexes after drug removal, long infusions are necessary to ensure the
effectiveness of treatment'®. Described restrictions on the use of
camptothecins have prompted scientists to investigate new non-
camptothecin Top | inhibitors (Figure 5)'®*'%. Currently, in the clin-
ical trials, there are compounds from 105

indenoisoquinolines'*>,
indolocarbazoles'®®

and dibenzonaphthyridinones'® groups.

Promising active noncamptothecins

Indolocarbazoles. Edotecarin (6-N-(1-hydroxymethyl-2-hydroxy)e-
thylamino-12,13-dihydro-2,10-dihydroxy-13-(f-D-glucopyranosyl)-
5H-indolo[2,3-al-pyrrolo[3 4-c]-carbazole-5,7(6H)-dione; J-107088) is
a synthetic analogue of natural antibiotics isolated from several
Actinomycetes (Figure 5(a)). It is a derivative of a compound
named NB-506. Indolocarbazole NB-506 is an anticancer com-
pound in which mechanism of antitumor activity is based on
topoisomerase | or Il poisoning. Edotecarin is a strong and specific
topoisomerase | inhibitor, which is more effective in inducing sin-
gle-strand DNA splitting compared to CPT or NB-506'%,
Furthermore, the stability of DNA-topoisomerase | covalent com-
plexes formed as a result of edotecarin activity ensures longer
effectiveness of the drug after the end of cell incubation with the
compound'®, Memorial Sloan Kettering Cancer Centre in collabor-
ation with NCI conducted a phase | of clinical trials to evaluate
the effectiveness of edotecarin combined with cisplatin in the
treatment of patients with advanced or metastatic solid tumours
(NCT00072332). In addition, the same collaborators completed
phase Il trial to study the effectiveness of treatment of women
with chemoresistant locally advanced or metastatic breast cancer
(NCT00070031).
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Indenoisoquinolines. Indenoisoquinolines are developed in the
1990s by the NCI and represent a novel group of Top | inhibitors.
These synthetic compounds are characterised by good chemical sta-
bility and better stabilisation of DNA-enzyme-drug covalent com-
plexes than CPTs'®*'% Among over 400 synthesised compounds,
only two are currently under clinical trials: indotecan (LMP400; NSC
314622, Figure 5(b)) and indimitecan (LMP776; NSC 725776, Figure
5(c))''°. Both compounds have been studied by scientists from the
US. NCl in the treatment of adults with relapsed solid tumours and
lymphomas (NCT01051635). Based on the information provided by
the National Institutes of Health Clinical Centre, it is known that
phase | of clinical trials has been completed™".

Dibenzonaphthyridinones. Next group of non-CPT topoisomerase |
inhibitors are dibenzo[c h][1,6]lnaphthyridinone derivatives. A novel
group of compounds identified by LaVoie and his research team
showed potent in vitro and in vivo anticancer activity''>'"3,
Mechanism of topoisomerase inhibition by dibenzolc,h][1,6]naph-
thyridinone derivatives is based on the stabilisation of cleavage
DNA-Top | covalent complexes''*"®,

Topovale (8,9-dimethoxy-5-(2-N,N-dimethylaminoethyl)-2,3-
methylenedioxy-5H-dibenzolc,h][1,6]naphthyridin-6-one; ARC-111)
is a synthetic compound and strong Top | inhibitor (Figure 5(d)).
The efficacy of topovale was evaluated against seven cancer cell
lines and the obtained results showed higher cytotoxicity com-
pared to the SN-38 or topotecan. Furthermore, the high effective-
ness of this compound in cells which expressed the efflux pumps
was observed'*'%,

Next dibenzolc,h][1,6]naphthyridinone derivative in clinical trials is
Genz-644282  (8,9-dimethoxy-5—(2-N-methylaminoethyl)-2,3-methyle-
nedioxy-5H-dibenzolc hl[1,6lnaphthyridin-6-one). The development of
this drug was based on studies of structure-activity relationship in
the family of dibenzolchl[1,6]-naphthyridin-6-one compounds'.
Studies conducted to determine the cytotoxicity of Genz-644282
(Figure 5(e)) using bone marrow cells and cancer cell colony-forming
assays have shown favourable cytotoxicity profile of this compound.
Furthermore, based on the results obtained from studies of Genz-
644282 activity in xenograft models, similar or higher activity of the
tested drug was observed compared to the standard drugs''®.
Furthermore, in 2014 the phase | of the clinical trial on safety and
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Figure 5. Chemical structures of noncamptothecins.

tolerability of the compound in the therapy of solid tumours was
completed (NCT00942799).

Inhibitors of type Il topoisomerases

The enzymes belonging to topoisomerases Il family have the abil-
ity to achieve various conformational states as these proteins
undergo significant structural changes during T-segment transport
through the generated gate. In theory, trapping the enzyme in
any conformational state allows manipulating of the topoisomer-
ase Il activity. To date, two types of Top Il inhibitors have been
identified and described: topoisomerase poisons and catalytic
inhibitors' '9120,

Topoisomerase poisons

Topoisomerase |l poisons (Top Il poisons) are the first from two
types of Top Il inhibitors. They cause inhibition of Top Il ability to
religation of cleaved DNA strands. Mechanism of action of Top Il
poisons is based on blocking of broken DNA ends rejoining as a
result of slipping Top Il poison molecules between splitted nitro-
genous bases. This causes DNA double-strand breakage perman-
ent by replicating broken DNA by cells. Moreover, replication of
damaged DNA leads to the activation of the DNA damage
response pathway and that in turn usually leads to cancer cell
death through apoptotic pathway'?'~'23,

Epipodophyllotoxins. For almost 2000years, podophyllotoxins
have been used in traditional medicine’®*. In the 19th century,
podophyllin was identified as an effective drug used topically to
treat skin cancers'?. Despite the moderate anticancer properties
of podophyllin and its derivatives selected in clinical trials, the
high toxicity of tested drugs was observed'®®. As a result of
research initiated in the 1950s by Sandoz Pharmaceuticals aimed
at the synthesis of new derivatives with similar to podophyllin

anticancer activity but significantly lower toxicity, in 1966 etopo-
side and one year later teniposide were synthesised'®’. Both
podophyllin derivatives show a negligible affinity for DNA in the
absence of Top Il. Based on many studies, scientists have
unequivocally concluded that drug-enzyme interactions are cru-
cial for the proper functioning of drugs, and also indirectly partici-
pate in the formation of the Top II—DNA-compound ternary
complex'?#713%,

Clinically important epipodophyliotoxins

Etoposide ((8aR,9R)-5-[(7,8-dihydroxy-2-methyl-4,4a,6,7,8,8a-hexahydro-
pyrano[3,2-d][1,3]dioxin-6-yl)oxy]-9-(4-hydroxy-3,5-dimethoxyphenyl)-
5a,6,8a,9-tetrahydro-5H-[2]benzofuro[6,5-f][1,3]benzodioxol-8-one; VP-
16) is a semisynthetic podophyllotoxin derivative and clinically signifi-
cant anticancer compound'?*'3', Discovered in 1966, VP-16 was
approved by the FDA for cancer treatment in 1983'*2 The anticancer
activity of etoposide is based on topoisomerase Il poisoning by bind-
ing to the Top II-DNA covalent complexes'>. This prevents religation
of DNA strands, changing temporary DNA double-stranded breaks
into permanent'*, which indirectly leads to cell death by apoptosis.
The combination of the results of the studies on the binary binding
of the enzyme-drug complex, the research on DNA cleavage in the
Top II-DNA-compound complex and NMR analysis made it possible
to determine the functions of individual structures building the eto-
poside—the best-known epipodophyllotoxin. Presumably, the bind-
ing of etoposide (Figure 6) to Top Il occurs through the interaction
of the enzyme with the A- and B-ring of the compound, and also
through the interaction between the enzyme and the E-ring of the
compound. The — OH group and the methoxyl groups on the E-ring
are an important element for the proper functioning of the drug. At
the same time, both mentioned above groups do not significantly
affect the specificity of DNA strands splitting or creating an enzyme-
drug bond. The D-ring and the glycoside at position 4 of the C-ring
probably interact with DNA found in the Top Il—DNA-compound
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Figure 6. Chemical structure of etoposide.

ternary complex, affecting the specificity of DNA cleavage.
Interestingly, both structures do not interact with the enzyme found
in the binary enzyme-drug complex'**'*>, Removal of the glycoside
group from the compound's structure does not significantly affect
the etoposide-induced DNA cleavage process and substituting it
with, for example, a spermine fragment (as in the case of the men-
tioned below compound - F14512) significantly increases the potency
of the parent compound'®. Etoposide is used for the treatment of
SCLGs, lymphomas (including non-Hodgkin's lymphomas), acute mye-
loid leukaemia (AML), testicular and ovarian cancer'?137:138,

Teniposide  ((55,5aR,8aR 9R)-5-([(2R,4aR,6R,7R,8R,8aS)-7 8-dihy-
droxy-2-thiophen-2-yl-4,4a,6,7 8,8a-hexahydropyrano[3,2-d][1,3]diox
in-6-ylloxy]-9-(4-hydroxy-3,5-dimethoxyphenyl)-5a,6,8a,9-tetrahydro-
5H-[2]benzofuro[6,5-f][1,3]benzodioxol-8-one; VM- 26) is a second,
semisynthetic derivative of podophyllotoxin and an analogue of
etoposide (Figure 7(a)). Interestingly, VM-26 was discovered and
tested in clinical trials before VP-16"2*'%", The mechanism of action
of teniposide is similar to etoposide. It causes DNA double-stranded
breaks via stabilisation of DNA-Topoisomerase Il complexes'®.
Hypersensitivity reactions to teniposide in patients, as well as
inappropriate administration of VM-26 using too low doses, caused
slower development of the drug compared to etoposide.
Conseguently, teniposide was approved by the FDA in 1992, nearly
30years after the first synthesis of the compound'*’. VM-26 is
mainly used in the therapy of childhood acute lymphocytic leukae-
mia (ALL), glioma, central nervous system tumours and bladder
cancer'!1%2,

Promising active epipodophyllotoxin derivatives

F14512  (N-[(55,5a5,8aR,9R)-9-(4-hydroxy-3,5-dimethoxyphenyl)-8-
oxo-5a,6,8a,9-tetrahydro-5H-[2]benzofuro[5,6-f][1,3]benzodioxol-5-yl]-
2-[3-[4-(3-aminopropylamino)butylamino]propylaminolacetamide) is
a novel etoposide derivative developed by Barret et al. The com-
pound was designed by the replacement of VP-16 carbohydrate
group with a polycation spermine moiety (Figure 7(b)). The modifi-
cation of VP-16 structure resulted in a significant increase in com-
pound solubility, cellular uptake, and cytotoxicity of F14512'3¢, The
presence of a spermine moiety in the compound molecule led to
an increase in the degree of DNA binding and consequently to an
enhancement of the inhibition of Top Il activity'*. Moreover, the
overexpression of polyamine transport system observed in cancer

tumours was used to intensify selective drug uptake by cancer
cells™*5_ In vitro activity of F14512 was evaluated in 29 human
cancer cell lines (i.a. leukaemia, sarcoma, myeloma, prostate, pan-
creatic and ovarian cancer cell lines) and noteworthy cytotoxicity in
21 cell lines was observed'®, F14512 in vivo anticancer activity was
investigated using 19 experimental models. In 13 out of 19 investi-
gated models, F14512 exhibited a strong antineoplastic activity'*°.
Furthermore, based on the information provided by the EU Clinical
Trials Register, it is known that phase I-ll study to evaluate the
maximum tolerated dose and the efficacy of combined therapy of
F14512 and cytarabine in patients (>60years old) with AML has
been completed (EudraCT number: 2012-005241-20).

Anthracyclines. Anthracyclines were isolated in the 1950s from
Streptomyces peucetius which is one of the Actinomyces species.
Obtained compounds showed antibacterial properties in vitro'®.
For over 50years anthracyclines combined with various cytotoxic
agents or targeted agents have been the most commonly used
anticancer drugs to the treatment of solid or haematological
tumours'*®14 As topoisomerase poisons, anthracyclines stabilise
DNA-topoisomerase |l covalent complexes, which indirectly leads
to apoptosis via double-stranded DNA breaks and inhibition of
DNA transcription and replication processes'*®. A characteristic
feature of all anthracycline derivatives is that the structures of
individual compounds slightly differ from one another. These
slight modifications cause significant changes in compounds activ-
ity. For instance, modification of the compound’s structure by
removing the 3-amino or 4-methoxy substituent significantly
increases the activity of the compound. Moreover, the presence
and nature of the substituent at position 3 of the sugar moiety is
crucial for the selectivity of the anthracyclines DNA cleav-

age process'~ ",

Clinically important anthracyclines

Doxorubicin  ((75,95)-7-[(2R,45,55,65)-4-amino-5-hydroxy-6-methyl-
oxan-2-ylloxy-6,9,11-trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8,10-
dihydro-7H-tetracene-5,12-dione; Adriamycin) is a chemotherapeu-
tic drug which belongs to the anthracyclines group. It was first
extracted in the 1970s from Streptomyces peucetius var. caesius'>>.
The doxorubicin molecule is composed of sugar and aglycone moi-
eties. The aglycone (doxorubicinone) consists of a tetracyclic ring
linked to a hydroquinone and quinone residue, a short side-chain
containing a primary alcohol at C-14 atom and a carbonyl group
at C-13 position (Figure 8). The aminosugar (daunosamine) is
linked by a glycosidic bond with the C-7 carbon located in the A-
ring">*. The molecular docking analyses enabled the researchers to
identify the mechanism of interaction between the Top II-DNA
complex and DOX. The obtained results showed that the planar
DOX molecule is located between the GC base pairs of cleaved
DNA strands. Three H bonds are formed between topoisomerase
and DOX. The—OH group of Ser-740 Top Il combines with
the —OH group located in position C-11 in the anthraquinone frag-
ment and Thr-744 forms a bond with DOX carbonyl oxygen
located in position C-12. The last hydrogen bond is formed
between the side chain GIn-750 and the C-14 atom of DOX'**, A-
ring and the DOX sugar moiety also interact with the DNA itself,
forming H bonds between a base complement to the base at the
—1 position in DNA and the —OH group in the C-9 position of the
DOX A-ring. Scientists speculate that the interaction between C-9
of A-ring of DOX and DNA is crucial to stabilise the drug-molecu-
lar target complex. Proper recognition of DNA threads by com-
pound may be associated with the formation of hydrogen bonds
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Figure 8. Chemical structures of doxorubicin.

between DNA and daunosamine moiety. G-2 and C-1 of DNA bond
with the —OH group in position 4’ and the amine group located in
position 3’ of daunosamine, respectively'®®. There are two main
mechanisms of action of doxorubicin (DOX) which lead to the
inhibition of the catalytic cycle. At the beginning of the catalytic
cycle, doxorubicin can interfere with DNA binding which prevents
relaxation or (de)catenation of DNA by Top Il. Furthermore, DOX
can prevent the religation of G-segment cleaved strands'®,
Despite its anticancer properties doxorubicin is responsible for ser-
jous side effect which is dose-dependent cardiotoxicity'*”"'*8, The
exact mechanism of DOX cardiac toxicity is still unclear. However,
the most probable pathway is related to the formation of iron-
related free radicals’®®'®’, Strong evidence, supporting this
hypothesis is the fact that dexrazoxane, a known iron chelator, is
used as a doxorubicin-induced cardiotoxicity protector'>>'6",
Approved by FDA in 1974, it is used in the therapy of various
types of cancer i.a. ovarian, lung, gastric and breast cancers, mul-
tiple myeloma, thyroid cancer, Hodgkin's and non-Hodgkin's
lymphoma, paediatric cancers and sarcoma'®%'%2,

Epirubicin  ((75,95)-7-[{2R4S,5R,65)-4-amino-5-hydroxy-6-methyl-
oxan-2-ylloxy-6,9,11-trihydroxy-9—(2-hydroxyacetyl)-4-methoxy-8,10-
dihydro-7H-tetracene-5,12-dione; 4'-epidoxorubicin) is anthracycline
derivative (Figure 9(a)), epimer of doxorubicin'®, Epirubicin (EPI)
shows activity in all phases of the cell cycle, but the highest activ-
ity is observed in the S and G, phases. The mechanism of action
of EPI is similar to doxorubicin. The drug inhibits the topoisomer-
ase Il activity by stabilisation of DNA-topoisomerase Il covalent
complexes which prevent splitting of DNA strands'®*. In 1999 it
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was approved for clinical use in the United States. The anticancer
activity of EPl was confirmed against a broad spectrum of cancers
but it is mainly used against advanced breast cancer'®®,

Valrubicin  (N-trifluoroacetyladriamycin-14-valerate; AD-32) is
anthracycline derivative and Top Il inhibitor obtained by modifica-
tion of DOX (Figure 9(b)). Substitutions of two side chain of DOX
resulted in the formation of a novel molecule with enhanced
safety profile and lack skin toxicity, which allows the topical appli-
cation of the compound'®®'®’. The compound developed by
Anthra Pharmaceuticals, Inc. (Valstar®) was approved by the FDA
in 1998 for intravesical treatment of patients with BCG-refractory
carcinoma in situ'®®. Currently ongoing clinical trials investigate
the application of valrubicin i.a. in the treatment of early-stage
bladder cancer (NCT00003129, phase Il completed) and upper
tract urothelial carcinoma (NCT01606345, phase | completed).

Promising active anthracycline derivatives

Amrubicin (9-amino-anthracycline; SM-5887) is a synthetic anthra-
cycline derivative with potent antitumor activity based on the
hTop Il inhibition (Figure 9(c)). Cytotoxic activity of amrubicin
results from the stabilisation of DNA-hTop Il cleavable com-
plexes'®®"7°, Moreover, amrubicinol, an active amrubicin metabol-
ite, is 5-220 times more cytotoxic than the original compound'”".
In Japan, amrubicin has been approved for the treatment of
patients with NSCLC and SCLC'7?. Furthermore, it is used as a
therapy option in the chemotherapy of NSCLC after the 3rd-line
treatment'”®. Phase Il of clinical trials for the use of amrubicin
plus pembrolizumab in the treatment of refractory SCLC
(NCT03253068) is currently ongoing. In addition, research concern-
ing the use of amrubicin for the treatment of relapsed or refrac-
tory thymic malignancies (NCT01364727, phase Il completed),
HER2-negative metastatic breast cancer (NCT01033032, phase |
completed) and in combination with cyclophosphamide for the
treatment of advanced solid organ malignancies (NCT00890955,
phase | completed) is being conducted.

Aldoxorubicin ((6-maleimidocaproyl)hydrazone of doxorubicin;
formerly INNO-206) is doxorubicin prodrug developed by CytRx
Corporation (Figure 9(d)). The aldoxorubicin (ALDOX) molecule
consists of doxorubicin conjugated with a linker (6-maleimidocap-
roic acid hydrazide). After intravenous injection, ALDOX is quickly
and selectively attached to cysteine-34, which belongs to the
group of endogenous amino acids of serum albumin. After bind-
ing to albumin, DOX is transported to the tumour. The acidic
tumour environment breaks the acid-labile hydrazine bond
between the linker and the drug. The release of DOX, intercalation
of the drug with DNA and inhibition of topoisomerase Il activity
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Figure 9. Chemical structure of anthracyclines.

occurs'*17* Preclinical studies performed on mouse xenograft
tumour models of ovarian, breast, lung and pancreatic cancers
have shown higher ALDOX anticancer activity compared to
DOX'"*'7¢, Research conducted by Sanchez et al. demonstrated a
significant in vitro and in vivo ALDOX activity against multiple
myeloma cells. Moreover, an enhanced effect of combined ALDOX
and bortezomib therapy of multiple myeloma compared to single-
agent therapy (ALDOX or bortezomib alone) was observed'”’.
Over the last years, numerous clinical trials on the use of ALDOX
in the treatment of various cancers have been initiated. Research
on the use of ALDOX in the treatment of glioblastoma
(NCT02014844, phase I completed), soft tissue sarcomas
(NCT02049905, phase Il completed) as well as in combination
with gemcitabine in the treatment of metastatic solid tumours
(NCT02235688, phase | completed) is ongoing. Furthermore, in
May 2020 ImmunityBio, Inc. reported the launch of a clinical trial
to determine the safety and efficacy of the standard chemother-
apy in combination with aldoxorubicin and other drugs compared
to standard chemotherapy in patients with locally advanced or
metastatic pancreatic cancer (NCT04390399).

Anthracenediones. Mitoxantrone (1,4-dihydroxy-5,8-bis[2-(2-
hydroxyethylamino)ethylamino]anthracene-9,10-dione; MTX) is a
synthetic chemotherapeutic agent belonging to the anthracene-
dione derivatives (Figure 10)'72. It was discovered in the 1970s by
two independent groups of investigators: the Medical Research
Division of the American Cyanamid'’® and the Midwest Research
Institute'®°. The search of new antineoplastic drugs began with a
study of structure-activity relationships of new anthracenedione
derivatives. Based on the obtained results, which revealed that the
presence and composition of side-chains have a large impact on
the activity of anthracenediones'’*'®" MTX was selected for fur-
ther studies as a potent anticancer compound'®2. Conducted in
the 1990s, footprinting studies revealed that mitoxantrone-medi-
ated DNA cleavage occurs at sites having a thymine or cytosine
residue in close proximity. Additionally, the location of DNA cleav-
age is influenced by the presence of guanine located two nucleo-
tides downstream—in the +2 position'®. X-ray crystallographic
analysis enable scientists to build the 3D model of Top
II-DNA-MTX complex. A single drug molecule is introduced
exactly at both sites of splitted DNA strands. The dihydroxyanthra-
cenedione chromophore of the MTX molecule has a dual func-
tion—through intercalation, it docks the MTX molecule in the
DNA duplex and allows direct contact between the additional
hydrogen bonds and amino acid residues of the protein. Two
hydroxyalkylamine side-chains of the MTX molecule “surround”
nucleobases located vis-a-vis the DNA breakpoint. At the same
time, such method of “surrounding” DNA allows interaction with
closer amino acid residues of the protein, which are responsible
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for further stabilisation of the complex'®. The anticancer activity
of MTX is based on inhibition of topoisomerase Il activity by sta-
bilisation of DNA-topoisomerase Il covalent complex, which leads
to DNA breakages. Splitting of DNA strands results in inhibition of
two significant processes: replication of DNA and transcription of
RNA'85186 MTX was approved by the FDA in 1987 and nowadays
it is the only clinically approved drug from the anthracenedione
derivatives group'®’. It is used as a chemotherapeutic drug in the
treatment of acute leukaemia, lymphoma, prostate cancer and
breast cancer'®®, Furthermore, MTX is used in the treatment of
multiple sclerosis'®,

Acridines. Amsacrine  (N-[4-(acridin-9-ylamino)-3methoxyphenyl]-
methanesulfonamide; m-AMSA) is hTop Il inhibitor belonging to
the class of acridines. The amsacrine molecule is composed of two
basic elements: the acridine group and the 4’-amino-methanesul-
fone-m-anisidide head group (Figure 11). To determine the role of
m-AMSA-mediated DNA binding in the proper functioning of the
compound and to perform a comprehensive structure-activity
relationship analysis, scientists analysed different amsacrine deriva-
tives. The compounds were tested for their possibility of DNA
intercalation and the ability to increase the intensity of the DNA
strand cleavage process with the participation of hTop Il and
hTop 1. The obtained results indicate that the presence of the
methoxy group in the 3’ position (m-AMSA) has a positive effect
on the anti-tumour activity of the drug. In turn, changing the
location of the group by placing it in the 2’ (0-AMSA) position
causes inhibition of drug activity. It is probably caused by an
increase in the freedom of rotation of the 4’-amino-methanesul-
fone-m-anisidide group, which may disrupt, e.g. the intercalation
process of the 1/ substituent in the Top II-DNA-drug complex'®.
Moro et al. conducted modelling of m-AMSA interaction with the
Top II-DNA complex. Based on the obtained results, it was found
that the CG and GC base pairs of DNA, which form a clamp, are
3.4 —-6.8A away from each other. This arrangement of base pairs
allows locating the drug molecule between them. The aniline sul-
phonamide in position 1’ strongly binds with —-OH Thr-744 group.
The oxygen of Gly-747 carbonyl group and NH of sulphonamide
residue form another strong bond. Moreover, hydrophobic inter-
action was observed between -CHs group in position 3’ of aniline
methoxyl substituent and side-chain Phe-754'%, The drug was
approved in 1983 in Canada® and to date is used for the treat-
ment patients with AML and refractory ALL. The inhibitory effect
of m-AMSA on hTop IlIfi activity is based on the topoisomerase
poisoning and increasing level of DNA- hTop 115 covalent complexes
in the cell®®'. Furthermore, few clinical trials are conducted to
evaluate the effectiveness of combination therapy (m-AMSA with
various compounds) in the treatment of several cancers
(NCT03765541, NCT00003436, NCT00002719).
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Figure 12. Chemical structure of vosaroxin.

Quinolones. Vosaroxin (7-[(35,45)-3-methoxy-4-(methylamino)pyrro-
lidin-1-yl]-4-oxo0-1-(1,3-thiazol-2-yl)-1,8-naphthyridine-3-carboxylic
acid; formerly AG-7532, SN-595 or voreloxin) was first described in
2002. It is a synthetic, antineoplastic quinolone derivative (Figure
12) developed by Sunesis Pharmaceuticals'®*'%3, It is the first anti-
cancer quinolone derivative and its antineoplastic mechanism of
action is based on the topoisomerase Il poisoning and induction
of site-specific breaks in double-stranded DNA'*, Currently, there
are ongoing clinical studies concerning the application of vosar-
oxin with azacitidine in treating older patients with AML
(NCT03338348, University of Ulm is recruiting participants for the
phase Il trial). Phase I trial in the treatment of patients with myelo-
dysplastic syndromes (NCT01913951) is ongoing. Moreover, com-
bination therapy (vosaroxin with infusional cytarabine) s
evaluated in untreated AML therapy (NCT02658487, phase |l trial
is ongoing).

Catalytic inhibitors

Catalytic inhibitors are the second from two types of Top Il inhibi-
tors. Their mechanism of action is based on preventing the DNA-
Top IIA bond formation, stabilisation of DNA by the formation of
non-covalent complexes with Top IIA or blocking the ATPase
enzyme binding site’** "7,
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Bisdioxopiperazines. Dexrazoxane (4-[(25)-2—-(3,5-dioxopiperazin-1-
yl)propyllpiperazine-2,6-dione; ICRF-187) is an ethylenediaminete-
traacetic acid (EDTA) derivative and belongs to the group of bis-
dioxopiperazine compounds'®'. To date, the ICRF-187 (Figure 13)
is the only drug approved for the treatment of anthracycline-
induced cardiotoxicity. Due to the fact that ICRF-187 is an EDTA
derivative, the cardioprotective properties of this compound are
attributed to its ability to chelate free iron and iron complexed by
anthracyclines—this prevents the formation of cardiotoxic reactive
oxygen species'®®'%°, The bisdioxopiperazine derivative act by
Top |l arrestment in a specific point in the catalytic cycle?™. The
dexrazoxane mechanism of action consists of blocking DNA
dependent hydrolysis of ATP by Top Il which prevents the N-ter-
minal clamp opening and consequently blocks the release of
transported DNA segment®’'. The ICRF-187 molecule is comprised
of two piperazinedione rings bounded by a monomethyl substi-
tuted ethanediyl linker. Interactions between the enzyme and the
compound occur between the Top Il “tyrosine -dome” and the
two ICRF-187 piperazinodione rings. The “tyrosine dome” is
located approximately parallel to the piperazinodione rings of
ICRF-187. Each of the GIn-365 of the Top Il protomer forms a
hydrophobic bond with the hydrogen of the imide dexrazoxane
moiety. Furthermore, the ICRF-187 methyl side-chain forms an
additional hydrophobic n-methyl bond with Tyr-28 of one of the
Top Il protomers. Losing this hydrophobic interaction by removing
the linker group, but also replacing it with a larger side-chain sig-
nificantly reduces the compound's ability to inhibit Top |l
activity?0%293,

Thiobarbiturates. Merbarone (5-[N-phenylcarboxamido]-2-thiobar-
bituric acid; NSC 336628), catalytic topoisomerase Il inhibitor, is a
thiobarbiturate analogue (Figure 14). In 1998 Fortune and
Osheroff conducted biochemical studies and have classified the
compound as a hTop llz catalytic inhibitor’™. Moreover, in 2012
Pastor et al. carried out research on AA8 ovary fibroblast Chinese
hamster cell line which showed that merbarone is not only a cyto-
toxic but also genotoxic compound. Besides, studies reported the
induction of the endoreduplication process by compound®®. The
detailed mechanism of hTop Ilz inhibition remains still unknown
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and although it is not approved as a therapeutic agent. In the
hTop lle-DNA complex, Arg-804 and Tyr-805 are important ele-
ments that allows the transesterification reaction and splitting the
DNA strand at the phosphate centre. The close proximity of the
phosphorus atom of the DNA sugar-phosphate backbone and
hydroxyl oxygen located in the Tyr-805 side-chain determines the
hTop llz catalysed reaction. Merbarone, creating a hydrogen bond
between the oxygen of the amide residue and Tyr-805 of the
topoisomerase, increases the distance between the phosphorus in
the DNA backbone and the hydroxyl oxygen of the Tyr-805 side-
chain. Scientists presume that by increasing the distance between
Tyr-805 and the hTop Il reaction site, merbarone prevents the 5'-
phosphotyrosyl bond in the hTop llz-DNA complex®®. Currently,
the drug is used as a tool for studies on Top II'".

Conclusions and perspectives

DNA replication, transcription and repair mechanisms are crucial
processes occurring in each cell and topoisomerases are one of
the key elements of these processes. Due to their significant bio-
logical functions, enzyme structure and mechanisms of action,
these enzymes have been one of the main molecular targets in
the design of new anticancer agents for nearly 30years. Despite
all the collected data about topoisomerases, there are still some
elements that are unclear for us. Now, a phenomenon that poses
a great challenge to scientists around the world is the developing
resistance to anti-topoisomerase drugs. The main challenge is to
maintain topoisomerase sensitivity to drugs, e.g. by designing
new enzymes or new drug delivery systems. Furthermore, studies
on structure-activity relationship or molecular docking play an
important role in the drug development process. The application
of computational techniques or the use of special programs to
study the interactions between individual structures enables scien-
tists to identify the key elements of the compound structure
responsible for their activity. Thanks to this it is possible to modify
the structures of known compounds to improve their properties
or to design and synthesise new derivatives based on computer
simulation results. Development of new anti-topoisomerase drugs,
e.g. may allow to limit the cardiotoxic effect of anthracyclines or
reduce the incidence of drug-induced secondary cancers. After all,
the growing importance and rapid development of molecular gen-
etics and molecular biology may enable the use of anti-topoisom-
erase agents in personalised anticancer therapy.
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Abstract: Autophagy is a process of self-degradation that plays an important role in removing
damaged proteins, organelles or cellular fragments from the cell. Under stressful conditions such
as hypoxia, nutrient deficiency or chemotherapy, this process can also become the strategy for cell
survival. Autophagy can be nonselective or selective in removing specific organelles, ribosomes, and
protein aggregates, although the complete mechanisms that regulate aspects of selective autophagy
are not fully understood. This review summarizes the most recent research into understanding the
different types and mechanisms of autophagy. The relationship between apoptosis and autophagy
on the level of molecular regulation of the expression of selected proteins such as p53, Bcl-2/Beclin
1, p62, Atg proteins, and caspases was discussed. Intensive studies have revealed a whole range of
novel compounds with an anticancer activity that inhibit or activate regulatory pathways involved in
autophagy. We focused on the presentation of compounds strongly affecting the autophagy process,
with particular emphasis on those that are undergoing clinical and preclinical cancer research.
Moreover, the target points, adverse effects and therapeutic schemes of autophagy inhibitors and
activators are presented.

Keywords: autophagy; autophagy inhibitors; autophagy activators; cancer; cancer therapy

1. Introduction

Autophagy, directly translated as ‘self-eating’, is an evolutionary conservative process,
found in all eukaryotic cells—from single-cell yeasts to much more complex multicellular
mammalian organisms [1]. The introduction of the term "autophagy’ was proposed in
February 1963 during the conference titled ‘Ciba Foundation Symposium on Lysosomes’
which took place in London [2]. This process participates in intracellular degradation of
damaged or redundant proteins with a long half-life as well as other unnecessary cytoplasm
components [3,4]. Autophagy provides an organism’s homeostasis and prevent it from
redundant components accumulation inside the cell [5].

Moreover, this process is involved in surfactant formation or red blood cells ripen-
ing [3]. Following the Nomenclature Committee on Cell Death, in 2018 the term ‘autophagy-
dependent cell death (ADCD)” was introduced. ADCD is a type of regulated cell death in
which functional autophagic markers such as increased degradation of autophagosomal
substrates or LC3 (Light Chain protein 3) lipidization occurs [6]. Interestingly, unlike necro-
sis or apoptosis, autophagy-dependent cell death is not synonymous exclusively with cell
death. Under stressful condition such as hypoxia, nutrient deficiency or chemotherapy, this
process can become the strategy for cell survival [5]. ADCD occurs in all eukaryotic cells
performing important functions, for example, it is an adaptation mechanism to stressful
conditions, as it provides cells with a constant supply of nutrients essential for sustain-
ing key life processes. Additionally, through the elimination of redundant cytoplasm
components and the adjustment of the endoplasmic reticulum size, ADCD participates

Int. J. Mol. Sci. 2021, 22, 5804. https:/ /doi.org/10.3390/ijms22115804
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in maintaining the intracellular homeostasis. Furthermore, ADCD is involved in tissue-
specific processes, such as erythrocyte ripening or intracellular surfactant formation [3]
and also protects the organism from viruses or bacteria multiplication [7,8].

Autophagy-dependent cell death, through its selective and non-selective mechanisms
of degradation of pathogens, organelles and various biomolecules (nucleic acids, lipids,
carbohydrates and proteins) constitutes the main catabolic system of eukaryotic cells [9,10].
As one of the key elements in maintaining cell homeostasis and health, this process also
plays an important role in tumor suppression or genome integrity [11].

The first part of the following paper will provide a brief description of the different
types of autophagy. Thereafter, we will focus primarily on the classification and characteri-
zation of compounds whose molecular target is autophagy—those undergoing clinical and
preclinical trials. Moreover, the target points, adverse effects and therapeutic schemes of
autophagy inhibitors and activators are presented in tables.

2. Types of Autophagy

Based on the differences in the mechanism of delivery of redundant cytoplasm compo-
nents to lysosomes, four basic types of autophagy can be distinguished: macroautophagy,
selective autophagy, microautophagy and chaperone-mediated autophagy (CMA). The
term ‘autophagy’, commonly used in various papers, refers to macroautophagy—this will
apply to the following publication as well.

2.1. Macroautophagy

Macroautophagy is the most widespread type of autophagy which is controlled by
autophagy-related (ATG) genes. The first ATG genes were identified in yeast. Interestingly,
14 from 32 of described Atg yeast proteins are homologous to those proteins found in
mammals [12,13]. This process is regulated by several pathways sensitive to the presence
or deficiency of nutrients. Substances such as insulin, amino acids or AMPK (5" adenosine
monophosphate-activated protein kinase) act through the protein serine-threonine kinase
mTOR (mammalian target of rapamycin). When the natural cellular environment is rich
in essential nutrients, the regulatory mTOR pathway is activated, which in turn leads to
the inhibition of autophagy and stimulates cells to proliferation [14]. ATG genes are re-
sponsible for the regulation of the autophagosomes production [15]. During the autophagy
process (Figure 1), the cytoplasm fragment is surrounded by a forrning C-shaped double
membrane. Both ends of the membrane (known as phagophore) extend and close inside
the fragment of cytoplasm with whole organelles or proteins with a long half-life. This
results in the formation of 300-900 nm bubble (autophagosome), which then undergoes
a maturation process. During the maturation autophagosomes and lysosomes merge to
form autolysosomes (autophagolysosomes). Inside the autolysosomes, using hydrolytic
lysosomal enzymes, the degradation of the macromolecular substrates to fatty acids and
amino acids occurs [16,17].

Macroautophagy may play a dual role in tumorigenesis. Depending on the tumor
type, its genetic background, developmental stage or tumor microenvironment, it can
inhibit or stimulate tumor cell growth. Elimination of damaged organelles, aggregated
or unformed proteins and oncogenic proteins prevent tumor initiation and therefore con-
stitutes a tumor suppressor effect of autophagy. On the other hand, autophagy may also
promote tumorigenesis through, for example, cytoprotective effects in response to used
chemotherapeutics or metabolite recycling that promotes tumorigenesis, proliferation,
or tumor metastasis [18]. With the identification of Beclin 1, a key gene involved in the
autophagy process, it became possible to discover the connection between autophagy and
various human cancers. Monoallelic deletion of Beclin 1, a tumor suppressor, is observed in
hepatocellular carcinoma, ovarian and breast cancer [19-22]. Reduced expression of Beclin 1
in tumor tissues was observed in 44 patients with hepatocellular carcinoma. Based on these
observations, it was concluded that autophagy may lead to inhibition of tumorigenesis [22].
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Figure 1. Macroautophagy. The C-shaped expansion of the double membrane results in the formation of an autophagosome.
This small ‘vesicle” contains redundant or damaged organelles, cellular fragments or proteins. In the next step, the formed
autophagosome fuses with the lysosome and an autolysosome is formed. Inside the created structure, all components are

degraded by hydrolytic enzymes.

2.2. Selective Autophagy

As mentioned in the introduction, we can distinguish between the selective and
non-selective form of autophagy. The mechanism of selective autophagy is based on
the degradation of specific organelles, such as endoplasmic reticulum (ER), mitochon-
dria, proteasomes, ribosomes, peroxisomes, lipid droplets (LDs), lysosomes and nuclei.
Selective autophagy’s mechanism of action is related to the binding of cargoes by au-
tophagy receptors and thereafter its degradation in lysosomes/vacuoles. A distinguishing
feature of autophagy receptors is the presence of AIM (Atg8-Interacting Motif) or LIR (LC3-
Interacting Region) on their surface. Both of these fragments allow binding of receptors and
proteins from Atg8/LC3/GABARAP family selectively [23-26]. Mentioned proteins are a
kind of link between the core autophagic machinery and transported cargo. This enables
the selective and efficient recognition of the cargo and its subsequent sequestration in au-
tophagosomes [27]. Based on the types of removed organelles, we distinguish the following
subtypes of selective autophagy: ER-phagy (endoplasmic reticulum), mitophagy (mito-
chondria), proteaphagy (proteasomes), ribophagy (ribosomes), pexophagy (peroxisomes),
lipophagy (LDs), lysophagy (lysosomes) and nucleophagy (nuclei) (Figure 2).

The selective autophagy’s ability to remove organelles makes this process a key
element in cellular homeostasis maintenance [28]. Disruption of the selective autophagy
functions may lead to the occurrence of various disorders, such as cancer [29,30], heart
failure [31], metabolic abnormalities [32] and inflammatory [33] or neurodegenerative
diseases [34,35].

58



Int. J. Mol. Sci. 2021, 22, 5804

40of 35

Endoplasmic
reticulum

Peroxisomes
(Pexophagy)

Ribosomes

(Ribophagy)

Lysosomes

(ER-phagy) (Lysophagy)

=—

Autophagosome and lysosome fusion
and transported cargo degradation

Figure 2. Selective forms of autophagy. Depending on the degraded organelle we can distinguish: mitophagy, ER-phagy,
proteaphagy, ribophagy, pexophagy, lipophagy, lysophagy and nucleophagy.

2.2.1. ER-Phagy

Post-translationally or co-translationally introduced into the endoplasmic reticulum,
plasma membrane proteins and secretory proteins inside the ER adopt the native struc-
ture. During this process, the newly synthesized polypeptides are often misfolded [36].
Moreover, when mutations occur in the protein-coding sequence, the frequency of this
phenomenon increases. To prevent the accumulation of misfolded polypeptides in the
ER, they can be transported back to the cytosol and then degraded using the ubiquitin-
proteasome system [37,38]. However, proteins may be the only substrates of the mentioned
degradation process. In contrast, the autophagy-lysosome system can degrade both protein
aggregates and ER membrane lipids. This process is referred to as ER-phagy. There are
two basic pathways of ER-phagy: micro-ER-phagy and macro-ER-phagy. In the process
of micro-ER-phagy, lysosomal membranes involute and part of the reticulum is “cut off”
from the lysosome lumen [39,40].

In contrast, in the macro-ER-phagy process, ER fragments are surrounded by au-
tophagosomes, followed by the fusion of autophagosomes and lysosomes, which results in
the formation of autolysosomes where material previously transported by autophagosomes
is degraded [41]. Mutations that occurred in SEC62 and FAM134B genes are involved in
cancer progression and development, i.e., FAM134B mutations in esophageal squamous
cell carcinoma promotes tumor development while in colon cancer, it leads to tumor
suppression [42,43].

2.2.2. Mitophagy

Mitophagy is the second subtype of selective autophagy. Autophagy machinery rec-
ognizes the dysfunctional, obsolete or damaged mitochondria, ultimately leading to the
degradation of redundant organelles in lysosomes [44]. Those redundant mitochondria
are incapable of efficient oxidative phosphorylation due to their transmembrane potential
dissipation. The consequence of this is the reactive oxygen species accumulation and the
subsequent increase in oxidative stress level throughout the cell. Specific mitophagy recep-
tors recognize isolated damaged organelles, combine with the core autophagy machinery
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and leads to the mitochondria-induced ADCD [44,45]. It has been observed that in cancer
patients, many proteins involved in mitophagy such as BNIP3, NIX, MFEN1 and MENZ2 or
PINK1 and PINK2 are dysregulated. However, how these proteins interact with cells to
act as a tumor promoter (i.e., BNIP3 receptor in pancreatic cancer, melanoma or renal cell
carcinomay) or suppressor (i.e., BNIP3 receptor in breast cancer) appears to depend largely
on the context and subtype of cancer present in the patient [46].

2.2.3. Proteaphagy

The eukaryotic proteasome, composed of two subunits, regulatory (RP) and core (CP),
has an important function in proteostasis maintenance, and by removing e.g., signaling
molecules, significantly influences various cellular processes [47]. The role of the RP
subunit is to recognize and degrade substrate molecules. The goal of this action is to deliver
a target protein to the CP subunit to be degraded [48]. Proteasomes are among the highly
mobile complexes, allowing them to move between the cell nucleus and the cytoplasm
depending on the phase of the cell cycle, stress conditions or cellular growth [48,49]. In
1995, proteasomes were first observed within lysosomes and autophagic vesicles located
in liver cells of starved rats [50]. Twenty years later, in 2015, the term “proteaphagy’ was
introduced confirming the existence of a proteasome-selective autophagy process [51]. In
mammalian cells, the proteasome undergoes amino acid starvation-induced ubiquitination.
p62, the autophagy receptor, recognizes these proteasomes, and through the receptor’s
concomitant interaction with LC3, they are delivered to the phagophore. In the expanding
phagophore, ultimate degradation of the organelles occurs [52]. Despite extensive research,
the biological consequences of proteaphagy remain largely unknown. Continued research
is needed to determine what role proteaphagy plays in maintaining a population of healthy
proteasomes in cells [53].

2.2.4. Ribophagy

Ribosomes represent 10% of the mass of all proteins located in a cell. Their degradation
by autophagy is called ‘ribophagy’. In cells in the basal state, the activity of this process is
very low, whereas mTOR 1 inhibition or starvation causes an enhancement of ribophagy. In-
hibition of mTOR 1 causes transport of NUFIP 1 (Nuclear FMR1 Interacting Protein 1), from
the cell nucleus to lysosomes and autophagosomes. Subsequently, NUFIP1 is bound by
ribosomes. The degradation of these organelles is initiated by autophagy. Following the in-
teraction between NUFIP1 and ribosomes, LC3 recruits autophagosomes [54,55]. By direct
interaction of autophagosomes with LC3, ribosomes are transported to autophagosomes
for degradation. To date, little is known about the effects of ribophagy on tumorigenesis.
However, the high levels of nucleotides and amino acids in ribosomes suggest that they
may provide some sort of nutrient store in the tumor environment [56].

2.2.5. Pexophagy

Peroxisomes are small organelles that degrade lipids in the cytoplasm. Because the
estimated half-life of these structures is approximately 2 days, both biogenesis and degra-
dation of peroxisomes are probably dynamic processes [57]. Degradation of peroxisomes
by autophagy called “pexophagy’, requires the participation of specific autophagy recep-
tors. In the case of pexophagy, these are NBR1 (a gene adjacent to the BRCA 1 gene) and
sequestosome 1 (SQSTM1 or p62). Overexpression of the above factors induces cluster-
ing and subsequent degradation of peroxisomes in mammalian cells [58,59]. As a result
of overexpression of ubiquitin molecule-linked PMPs (Peroxisomal Membrane Proteins),
such as PEX3 or PMP34, SOSTM1-dependent induction of pexophagy in mammalian cells
occurs [60]. Unfortunately, an appropriate answer to the following question remains un-
known: “If a PMP is ubiquitinated under pexophagy-inducing conditions and whether
subsequent interaction with NBR1 and/or SQSTM1 links ubiquitinated peroxisomes to the
autophagic machinery?” [61].
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2.2.6. Lipophagy

Lipophagy is the degradation of lipid molecules by autophagy. At the surface of the
autophagosome, the interaction of MAP1LC3 (Microtubule-Associated Protein 1 Light
Chain 3) with the autophagosomal membrane results in cargo recognition [62]. Lipophagy
initiation is usually enabled by the presence of one or more autophagy receptors, e.g.,
NBR1 or p62, linking the membrane of organelles and LC3 [63]. Depending on the size
of the degraded LDs, we distinguish between fragmented microautophagy and macroau-
tophagy. In fragmentary microautophagy, only part of a large lipid droplet is sequestered
by autophagosomes. The droplet is then detached as a double-membrane vesicle enriched
with LC3 and the contained material is gradually degraded by lysosomes. In contrast,
macroautophagy results in the entrapment of the entire lipid droplet inside the autophago-
some. After fusion with the lysosome, complete degradation of the droplet occurs in the
autolysosome [62,64]. Conducted studies have shown that lipophagy can contribute to
both inhibition and stimulation of cancer cell growth. The anti-tumor effect of lipophagy
depends on the level of LAL (Lysosomal Acid Lipase), which is a tumor suppressor. Zhao
et al. demonstrated that abnormal levels of LAL, specifically a deficiency of this enzyme,
enables the growth and metastasis of cancer cells [65]. On the other hand, the carcino-
genic effect of lipophagy is related to the possibility of using stored LDs as specific energy
resources in the tumorigenesis process, which may contribute to cancer development [66].

2.2.7. Lysophagy

Lysosomes are small, acidic organelles that break down redundant intracellular mate-
rials. They contain a large number of hydrolytic enzymes and various membrane proteins.
Destabilization of the lysosome leads to the release of significant amounts of hydrolases
from its interior into the cytosol, a detrimental phenomenon for the cell [67,68]. Fur-
thermore, lysosome rupture results in the release of calcium ions and protons from the
lysosomal compartment into the cytosol, leading to impairment of cellular function [69].
Damaged lysosomes can be degraded by selective autophagy, termed ‘lysophagy’. Follow-
ing the damage of lysosomal membrane induced by various factors e.g., viral or bacterial
toxins, -amyloid, mineral crystals or lysosomotropic factors the induction of lysophagy
occurs [70]. Galectins localized in the cytosol receive signals about the damage that has
occurred and induce the ubiquitination of proteins located in the lysosomal membrane.
Protein ubiquitination leads to the recruitment of additional adaptors such as SQSTM1.
This triggers the core autophagy machinery, engulfment of the damaged organelle by
the phagophore, and downstream fusion of normal lysosomes with autophagosomes to
degrade damaged lysosomes [71].

2.2.8. Nucleophagy

The last subtype of selective autophagy is degradation of nuclear components, such
as RNA, DNA, nuclear proteins or nucleolus, called nucleophagy’. We can distinguish
between two types of nucleophagy: macronucleophagy (in mammals) and micronucle-
ophagy (in yeast). Macronucleophagy is based on the degradation of redundant nuclear
components via engulfing the material by autophagosomes. Next, autophagosomes merge
with lysosomes, where degradation of the redundant material occurs [72,73]. Nucleophagy
has a dual function in tumorigenesis—it can both induce and inhibit cancer cells. The
carcinogenic effect of nucleophagy, observed in the later stages of tumor growth, is based
on the providing of nutrients that allow tumor cells to survive and metastasize in a nutrient-
poor environment. In contrast, the anti-cancer effect of this process is based on the removal
of damaged DNA or nuclear structures. As a result, it is possible to preserve the normal
integrity of nuclear structures and consequently prevent the development of cancer [74].

2.3. Microautophagy

The term ‘microautophagy” was introduced by lysosome discoverer—Christian de
Duve. One of the hypotheses put forward by a Belgian scientist, regarding the process of
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Redundant or

multivesicular lysosomes formation, was “internalization by ‘microautophagy”’ of small
cytoplasmic buds in shrinking lysosomes” [75]. Microautophagy, a process of non-invasive
engulfment of cytoplasmic material through membrane invaginations, occurring directly
in lysosomes. Although more than 50 years have passed since the Christian de Duve’s
discovery, we still know relatively little about the molecular mechanism of microautophagy
as well as how this process is regulated [76].

Mammals’ inability to distinguish between lysosomes and late endosomes results
from the complexity of the endocytic system. Furthermore, these structures have the same
diameter (about 500 nm) and are significantly smaller compared to autophagosomes found
in macroautophagy [77]. All of these aspects make the size of the microautophagic load
limited and also the process itself more difficult to detect than macroautophagy [78].

Sahu and co-authors found that in mammalian organisms microautophagy occurs
on late endosomes (Figure 3). The substrates of this process are randomly or selectively
collected and transported to endosomes in vesicles. Similar to the CMA described above,
endosomal microphagy (eMI) substrates have a KFERQ-like motif and are delivered to
endosomes by Hsc70 (Heat shock cognate protein 70). However, in contrast to the CMA,
eMI process do not require either substrates unfolding or LAMP2A (Lysosome-Associated
Membrane Protein type 2A) involvement [79]. Due to the fact that eMI does not require
the involvement of LAMP2A, which is found only in avian and mammalian genomes,
this mechanism may also occur in other organisms carrying proteins with the KFERQ-like
motif [80]. In the eMI process, endosomal membrane invagination occurs with the help of
the ESCRT (Endosomal Sorting Complex Required for Transport) machinery [79,81]. Fur-
thermore, another structure which is partially involved in that process is Hsc70, which may
cause membrane deformation when bound to phosphatidylserine [79,82]. eMI substrates,
integrated into intraluminal vesicles may be degraded in lysosomes/endosomes or can be
secreted outside the cell [83].

Substrates delivered by Hsc70 ESCRT

Substrates degradation

damaged arganelles,
proteins or cellular

fragments

Late endosome

Figure 3. Microautophagy. Redundant or damaged organelles, proteins or cellular fragments are transported inside

the formed vesicle to the late endosome by Hsc70. Subsequently, endosomal membrane invagination occurs with the

involvement of ESCRT (Endosomal Sorting Complex Required for Transport). The final stage of microautophagy process is

the degradation of substrates inside the endosome.

Mejlvang et al. conducted a study investigating the effect of amino acid starvation on
the induction of autophagy. The results showed that starvation leads to immediate activa-
tion of autophagic response based on macroautophagy and subsequent eMI. Degradation
of autophagy receptors via eMI ensures rapid decomposition of supplied substrates. This
enables the maintenance of the initiated anabolic processes and, subsequently, the introduc-
tion of appropriate adaptive mechanisms allowing cells to survive a period of prolonged
starvation. This phenomenon may be important in the survival and development of cancer
cells [84]. To date, endosomal microautophagy is the least studied and described type of
autophagy. Its exact role in tumorigenesis remains unclear and requires further studies.
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2.4. Chaperone-Mediated Autophagy

The last of described type of autophagy is chaperone-mediated autophagy (CMA). It
is one of the intracellular proteins degradation pathways occurring in lysosomes (Figure 4).
Unlike microautophagy, which requires the presence of multilamellar vesicle bodies that
capture redundant fragments of cellular organelles [85], in the case of CMA, substrate
proteins are identified individually by a cytosolic chaperone, Hsc70. Moreover, the mi-
croautophagy process does not require the presence of LAMP2A during cargo transport
to the late endosome [85]. CMA selectivity is based on a specific sequence (KFERQ-like
motifs) found in all proteins constituting the substrate of that process [86]. Furthermore,
in certain cases where the specific motif is incomplete, it is possible to obtain recogniz-
able sequence thanks to post-translational acetylation or phosphorylation [87]. Only the
recognized proteins are further transported to the lysosome surface by Hsc70 and its
co-chaperones. This mechanism is completely different from that which occurs in microau-
tophagy and macroautophagy processes, where substrates are transported to lysosomes
inside the vesicles [11,88]. In the next step, proteins delivered on lysosome surface bind to
lysosome-associated membrane protein type 2A. The formation of the protein-lysosomal
receptor complex (mass 700 kDa) allows further transport of substrate proteins into the
lumen of the lysosome, where hydrolytic enzymes subsequently degrade them [86].

Substrate binding by LAMP2A

Substrate transport by
Hsc70 and co-chaperones

Substrate

KFERQ motif

Hsc)
&)
Substrate transport into the
lysosome
Lysosome QM%
Hsc70 Hsc70
Substrate degradation —
€ 2
. .
Hsc70 .,
L .
Hsc70 and its co- Hydrolytic *e*
chaperones enzymes \
Metabolites N
o2 o
.
Recycling

Figure 4. Chaperone-mediated autophagy. Substrate proteins with KFERQ motif are identified by Hsc70 (Heat Shock

Cognate protein 70). Next, the recognized substrates are transported by Hsc70 and its co-chaperones on the lysosome

surface. Delivered proteins bind to the LAMP2A (Lysosome-Associated Membrane Protein type 2A) and LAMP2A-protein

complex is formed. At the final stage of the CMA process, substrate proteins are transported into the lysosome lumen and

their degradation by hydrolytic enzyme occurs.

CMA selectivity allows to control the level of many specific proteins in the cell, in-
cluding proto-oncogenic proteins [11]. The occurrence of CMA dysfunction could lead to
the adverse phenomenon of oncogenic protein accumulation inside the cell. One of the
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important transcription factors is MYC, which level is indirectly regulated by CMA [89].
In CMA-deficient cells, higher levels of MYC are observed. This leads to tumor-beneficial
metabolic changes and an increase in the intensity of cell proliferation. Therefore, a normal
CMA pathway prevents the malignant transformation of normal cells [89]. Unfortunately,
in cancer cells, the anticancer properties of CMA promote tumorigenesis. After transfor-
mation, an increase in CMA activity is observed to enable the maintenance of important
pro-oncogenic functions [90]. A perfect example of this action is the effect of CMA on
hexokinase II, which is a glycolytic enzyme essential for tumorigenesis [91]. As a result
of phosphorylation of the enzyme at the Thr473 position, the degradation process of hex-
okinase II by CMA does not occur, thereby increasing the protein stability. This leads to
enhanced glycolysis and stimulates cell growth of HEK293T, MCF-7, MDA-MB-231, and
SW480 (breast cancer) lines in vitro and in vivo [92].

3. Autophagy and Programmed Cell Death—Double-Edged Sword Relationship

Autophagy and apoptosis are regulated in the cell by different mechanisms. However,
it happens that both processes overlap. Under the influence of stress, sequential or simul-
taneous activation of the apoptotic and autophagy pathways can occur in a cell. There
are potential pathways of the relationship between apoptosis and autophagy: activation
of autophagy and subsequent inhibition of apoptosis, activation of autophagy leading to
activation of the apoptotic pathway, autophagy suppression and induction of apoptosis or
activation of autophagy and apoptosis simultaneously, leading to cell death on apoptotic
and autophagy-dependent pathway (Figure 5) [93-95]. In the former case, the cell activates
autophagy in response to a stress signal. As a defense mechanism, autophagy leads to the
removal of damaged fragments, preventing the activation of the apoptotic pathway. The
second possibility is a situation in which the cell is no longer able to defend itself against
the resulting damage, and the activated autophagy subsequently leads to activation of
apoptosis and cell death. In the last case, a stress signal triggers both processes, resulting in
cell death via two pathways [93]. Key factors connecting apoptosis and autophagy include,
for example: p53, Bcl-2/Beclin 1, Atg proteins, p62 or caspases.

3.1. p53 in Apoptosis and Autophagy

P53, a protein which binds specific DNA sequences, is involved in many cellular
processes including repair of damaged DNA and induction of apoptosis. Due to its ability to
regulate the cell cycle, p53 is called the guardian of the genome [96]. Activation of this factor
can occur, for example, as a result of DNA damage, hypoxia, or nutritional stress [97-99].
p53 can affect both the extrinsic and intrinsic pathway of apoptosis. DNA damage causes
mitochondrial translocation of p53. The protein promotes cytoplasmically localized Fas
and TRAIL receptors, leading to induction of the extrinsic apoptotic pathway [100,101].
However, in the cell nucleus, p53 promotes many proapoptotic proteins, such as Bid,
PUMA or Bax. In addition, it leads to inhibition of Bcl-2 expression, and both of these
actions trigger the intrinsic apoptosis pathway [101].

The p53 protein is also involved in the regulation of autophagy. Based on their study,
Crighton and co-authors found that genotoxic stress results in transcriptional activation
of DRAM (Damage-Regulated Autophagy Modulator), a direct target gene of p53, which
causes induction of autophagy. The DRAM signaling cascade promotes the fusion of
autophagosomes and lysosomes, resulting in the formation of autolysosomes. This p53
target gene is an essential factor in the proper functioning of the apoptosis regulatory
network and p53-dependent autophagy [102]. Furthermore, Tasdemir et al. demonstrated
that cytoplasmically localized p53 through inactivation of AMPK and subsequent activation
of the mTOR signaling pathway leads to inhibition of autophagy in the cell [103].

Scherz-Shouval and co-authors detected a relationship between autophagy and apop-
tosis processes. They revealed that under starvation conditions, p53 post-translationally
inhibits the regulation of LC3 level, which leads to its accumulation in cells and decreases
the rate of the autophagy process. The consequence is cell death by apoptosis [104].

64



Int. J. Mol. Sci. 2021, 22, 5804

10 of 35

Initiation
signal

Initiation
signal

Initiation
signal

# AUTOPHAGY ﬁ APOPTOSIS ann * Cell
survival
sl  AUTOPHAGY @ ==l APOPTOSIS T S dce:‘:;?h
ﬁ AUTOPHAGY = el APOPTOSIS snnap Cell
death

AUTOPHAGY
‘e,
Initiation - A
signal Cell

\ «® '
APOPTOSIS R .

Figure 5. Autophagy and apoptosis relationship. Among the potential correlation pathways between autophagy and
programmed cell death we can distinguish: activation of autophagy and apoptosis inhibition, activation of autophagy

and activation of the apoptotic pathway, autophagy suppression and induction of apoptosis or simultaneous activation of
autophagy and apoptosis leading to ADCD and apoptosis. The inhibitory effect of each process (red mark) and inducting
effect (green mark) is indicated on the scheme.

3.2. Bcl-2/Beclin 1 in Apoptosis and Autophagy

Bcl-2, members of the B-cell lymphoma family of proteins, inhibits the release of
cytochrome ¢ from the mitochondrial interior, thereby playing a key role in the intrinsic
apoptotic pathway [105]. Beclin 1 is a key element involved in autophagosome formation
and is also an important component of the PI3K/Vps34 class III complex [106]. Bcl-2
binding to Beclin 1 leads to dissociation of Beclin 1 from PI3K class III, which results in
inhibition of autophagy [107]. However, the occurrence of mutation in the BH3 recep-
tor domain of Bcl-2 or Beclin 1 domain leads to dysfunction of Bcl-2/Beclin 1 complex,
intensification of autophagy and promotion of cell survival [108,109].

Under nutrient-deficient conditions, autophagy is an essential element for cell sur-
vival. Activation of JNK1 (C-Jun N-terminal protein Kinase 1) and phosphorylation of
residues involved in the Bcl-2's regulatory loop lead to the destruction of the Bcl-2/Beclin
1 complex and consequently to initiation of autophagy [110]. Under standard conditions
the phosphorylated Bcl-2 molecule binds to Bax, leading to inhibition of apoptosis. Due
to the normal phosphorylation of Bcl-2, it is possible to maintain the integrity of the mi-
tochondrial membrane, which in turn protects cells from death by the intrinsic apoptotic
pathway. Sustaining the integrity of the mitochondrial membrane prevents the release of
proapoptotic proteins from within the organelle into the cytoplasm [111]. However, in
the situation of long-term nutrient deficiency, autophagy is not able to alleviate cellular
damages. Intensification of Bcl-2 phosphorylation (hyperphosphorylation) promoted by
JNKT occurs [112]. This results in dissociation of the Bcl-2 molecule from Bax and apoptotic
cell death. When the cell receives adequate amounts of nutrients, Bax/Bak and Beclin 1
bind to Bcl-Xy, or Bcl-2, leading to the inhibition of activation of both processes, apoptosis
and autophagy [109,113].
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3.3. Atg Proteins in Apoptosis and Autophagy

The level of autophagy-related proteins in a cell is regulated by the availability of
growth factors and nutrients essential for proper cell functioning. Among Atg proteins
we can distinguish the Atg12-Atg5 complex, which is important in both autophagy and
apoptosis [114].

The Atgl2-Atg5 complex, essential for autophagosome formation, also participates
in the apoptotic pathway in an unconjugated form. Atgl2 binding through a BH3-like
motif to Bcl-2 and Mcl-1 (Myeloid Cell Leukemia 1) increases the intensity of the intrinsic
apoptotic pathway. Interestingly, the anti-apoptotic properties of Mcl-1 can be inhibited in
the cell as a result of abnormal Atgl2 expression. Moreover, silencing Atgl2 in an apoptotic
cell will result in the inhibition of Bax induction and the arrest of cytochrome c release from
the mitochondrion [115]. Cleaved by cell stress-activated cysteine proteases (caplains),
Atgb plays a significant role in the initiation of the intrinsic apoptosis pathway. As a
consequence of cleavage, translocation of the N-terminal part of the Atg5 protein into the
mitochondrion occurs. Inside the organelle, this fragment interacts with Bel-X, allowing
Atg-5 to be involved in the release of cytochrome ¢ from the mitochondrion and indirectly
participating in apoptosis promotion [116]. Taken together, Atg5 and Atgl2 proteins may
be involved in both autophagy and apoptosis, depending on the cellular conditions.

3.4. p62 in Apoptosis and Autophagy

p62, also known as SQSTM], is a multi-domain adaptor protein that controls cell via-
bility by regulating both autophagy and apoptosis [117]. By polymerizing with other p62
molecules, this protein has the ability to accumulate ubiquitin-tagged proteins. Aggregates
of p62 (called p62 speckles), through their storage properties and ability to bind to the
LC3 molecule, recognize, gather, and most importantly transport cargo to the autophago-
somes [96]. p62, through its ability to activate caspase-8 on the autophagosome membrane
also plays an important role in the induction of apoptosis. The autophagy-dependent
mechanism of caspase-8 activation involves simultaneous induction of autophagy and
activation of caspase-8. The autophagosomal membrane provides some kind of platform
on which the caspase cascade leading to cell death by apoptosis is initiated. Depletion of
Atg3 or Atgb leads to the suppression of autophagosome formation, which in turn results
in the inhibition of caspase-8 activation and subsequent suppression of apoptosis [118].

3.5. Caspases in Apoptosis and Autophagy

Caspases, enzymes belonging to the group of cysteine proteases, have been known to
science for a long time. Their participation and the exact mechanism of action in the process
of apoptosis have been widely studied and described in many scientific articles [119-121].
These enzymes are involved in both intrinsic and extrinsic pathways of apoptosis, acting
as initiators (caspases-2, -8, -9 and -10) or effectors (3, -6 and -7) [122]. Caspases under
standard conditions occurring in the form of inactive zymogenic precursors can be acti-
vated under the influence of various external or internal stimuli that initiate apoptosis.
Activated enzymes may participate in the apoptotic pathway [123]. Despite the significant
differences between the autophagy and apoptosis processes, the conducted studies indicate
that caspases also affect the autophagy process. Oral and co-authors have shown that
overexpression of caspase-8 leads to degradation of Atg3 protein and thus prevents its pro-
autophagic activity [124]. Furthermore, Wirawan et al. showed that two key components
of the autophagy-inducing complex (class III PI3K and Beclin 1) are direct substrates of
caspases. It was observed that in response to different signals inducing the two apoptotic
pathways, these enzymes cause cleavage of the complex components. Thus, the researchers
confirmed that class III PI3K and Beclin 1 are substrates of caspases [125]. In contrast, Han
and co-authors showed that caspase-9, by promoting Atg7-dependent LC3-II transforma-
tion, facilitates autophagosome formation. Moreover, the authors showed that depending
on the cellular conditions, Atg7 can also form a complex with caspase-9 and directly inhibit
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the proapoptotic activity of the enzyme [126]. All of these studies indicate there is a mutual
correlation between autophagy and apoptosis processes.

4. Autophagy Inhibitors and Activators

In a cancer therapy context, autophagy is a dichotomous process—it may inhibit
or induce tumor growth (Figure 6) [127]. As a mechanism that promotes cancer cells
development, autophagy protects cells from the negative impact of various forms of
cellular stress. In anti-cancer therapy, that process is referred to as ‘adaptive autophagy’.
It sustains cancer cells growth, increasing chances of tumor survival despite the use of
toxic chemotherapeutics or ionizing radiation. However, intentional inhibition of adaptive
autophagy leads to reversal of this phenomenon, causing cells re-sensitization to ionizing
radiation or used chemotherapeutic agents [128,129]. On the other hand, autophagy can
promote genomic stability and inhibits inflammation at the early stage of carcinogenesis
process. Interestingly, in animals disruption of ATG genes results in accelerated cancer
development [128].
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Figure 6. The influence of selected inhibitors or activators on autophagy process. Rapamycin, temsirolimus, everolimus

and metformin via inhibition of initiation signals, stimulates autophagy process (marked with green arrow on the scheme).

Chloroquine (CQ), hydroxychloroquine (HCQ) and Lys05 through blocking of autophagosome and lysosome fusion inhibits

the autophagy (marked with red T-shaped sign on the scheme).

4.1. Autophagy Inhibitors Undergoing Clinical Trials
4.1.1. Chloroquine

Chloroquine (CQ) is a compound known for many years. This aminoquinolone
derivative was first approved by the U.S. Food and Drug Administration (FDA) in October
1949 as an antimalarial agent [130]. Although more than 70 years have passed since
the CQ was discovered, the detailed mechanism of the antimalarial effect of this agent
remains unknown. Presumably, CQ as a weak base, acting as a lysosomotropic compound,
inhibits lysosome activity [131]. Chloroquine is protonated after entering the lysosome,
due to low pH inside the organelle. Protonated CQ accumulation inside the lysosome
leads to inhibition of autophagic cargo degradation and consequently blocked autophagic
flux [132]. Inhibition of charge degradation located inside the lysosome stops the last
autophagy stage. As a consequence, the ability to provide energy to the cell through the
autophagy process is blocked. CQ’s ability to inhibit autophagy is being used by scientists
e.g., in the investigation of new cancer therapy methods.
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Erkisa et al. [35] published an article describing the combination therapy of metastatic
prostate cancer using the palladium(Il) barbiturate complex and CQ. The author’s study
showed increased efficacy of combined therapy: CQ and palladium(II) barbiturate complex
compared to single-agent (CQ or palladium(Il) barbiturate complex alone) treatment. The
use of CQ resulted in inhibition of prosurvival autophagy function and consequently
increased the sensitivity of tumor cells to the tested complex [133]. A paper recently pub-
lished by Lopiccolo and co-authors describes in vitro and in vivo studies using chloroquine
and nelfinavir as a combination therapy in non-small cell lung cancer (NSCLC) treat-
ment. The obtained results indicate that both in vitro and in vivo, combination therapy
was effective in NSCLC treatment. The combined administration of CQ and nelfinavir
resulted in increased inhibition of NSCLC cell growth while enhancing apoptosis and ER
stress induction [134]. Next interesting, this year’s paper is an article published by Wei
et al. describing the use of cyanidin-3-O-glucoside (C3G) combined with CQ in Drosophila
malignant Raf®OFscrib—/— model to determine the antitumor activity of C3G. Results
presented in the paper revealed that CQ and C3G combined therapy is more effective
against Drosophila malignant RafSFgscrib— / — model that CQ or C3G used alone [135]. All
papers and results mentioned above suggest that the combination of CQ with the different
compound may be more effective than single-agent therapy.

4.1.2. Hydroxychloroquine

Hydroxychloroquine (HCQ), belonging to the 4-aminochinoline class, is a CQ ana-
logue. The original CQ molecule has been enriched with a hydroxyl group, thus forming
HCQ, which compared to the parent compound is three times less toxic [136]. In 1955,
HCQ was approved by the FDA and, like CQ, registered as an antimalarial agent [137].
Hydroxychloroquine as an inhibitor of autophagy process blocks autolysosomes formation
by preventing lysosomes and autophagosomes fusion [138,139]. Both HCQ and described
above CQ have been used as standard autophagy inhibitors in many clinical and preclinical
studies. Only right now (May 2021) there are at least a dozen active clinical trials on the use
of HCQ in the treatment of various cancers (ClinicalTrials.gov, accesses on 27 May 2021).
The Emory University is actively recruiting patients for a trial investigating the use of HCQ
in combined therapy (HCQ + paricalcitol with standard chemotherapeutics: gemcitabine +
nab-paclitaxel) of metastatic or advanced pancreatic cancer (NCT04524702). As another
example, M.D. Anderson Cancer Center is investigating the use of HCQ with letrozole
and palbociclib in patients with estrogen receptor-positive, HER2 negative breast cancer
before they undergo surgery. This study aims to enhance the efficacy of the provided
treatment (NCT03774472). Finally, it is also worth mentioning that there are many ongoing
clinical trials on the use of CQ and HCQ in the treatment of patients with COVID-19
(ClinicalTrials.gov).

4.1.3. Verteporfin

Verteporfin is benzoporphyrin derivative consisting of two regioisomers (I and II). This
compound was approved by the FDA in 2002 for photodynamic therapy of patients with
age-related macular degeneration [140,141]. To find new autophagosomes accumulation
inhibitors, scientists decided to screen the databases of off-patents agents and libraries of
compounds with known pharmacological activity. Among ~3500 of screened compounds,
only verteporfin (VP) was selected for further investigation. Donohue et al. examined the
ability of verteporfin to inhibit autophagy process by pre-treating MCF-7 cells with CQ.
Autophagosomes accumulation induced by CQ was subsequently inhibited by verteporfin.
Furthermore, inhibition of accumulation of autophagosomes occurred in the dark. Based
on this, the authors concluded that the ability of verteporfin autophagy inhibition is not
associated with its photodynamic properties [141]. Researchers are investigating the use
of verteporfin in the treatment of various cancers. The increased efficacy of gemcitabine
in combination with verteporfin in the treatment of pancreatic ductal adenocarcinoma
model, the improved effectiveness of sorafenib therapy with VP against hepatocellular
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carcinoma or the increased sensitivity of osteosarcoma cells to treatment caused by the
use of VP have been demonstrated [142-144]. In addition, currently ongoing clinical
trials are investigating the use of VP, e.g., for the treatment of recurrent prostate cancer
(NCT03067051) or pancreatic cancer therapy (NCT03033225).

4.1.4. Clarithromycin

Clarithromycin (CAM) is well-known medicine, belonging to the class of macrolide
antibiotics. Approved in 2000 by the FDA [145], CAM is commonly used in therapy of
various bacterial infections, treatment of Helicobacter pylori-induced gastric infections or
Lyme disease therapy. Data collected from the extensive clinical and preclinical studies
on CAM indicate that the drug, combined with conventional therapeutics, could be used
to treat various cancers. CAM’s anticancer properties are based on its ability to anti-
angiogenesis, pro-inflammatory cytokines reduction and autophagy inhibition [146]. After
the fusion of autophagosomes and lysosomes, autophagy is blocked by inhibition of
lysosomes function [147]. Ongoing clinical trials are investigating the CAM’s application
in the treatment of: multiple myeloma (NCT04302324, NCT04063189, NCT(02542657),
mucosa-associated lymphoid tissue lymphoma (NCT03031483) and previously untreated,
advanced-stage indolent lymphoma (NCT00461084).

Information regarding the compounds undergoing clinical trials is collected in Table 1.
Target points, adverse effects and selected therapeutic schemes of described autophagy
inhibitors are presented in Table 2.

Table 1. Selected autophagy inhibitors under clinical investigation.

Autophagy Inhibitor Chemical Structure Study Type References
N\/
Preclinical studies:
Chloroquine o, metastatic prostate cancer, [133-135]
HN NSCLC treatment
~ ]
Cl N
OH
N Clinical trials:
Hydroxychloroquine therapy of metastatic or NCT04524702,
Y Y 4 advanced pancreatic cancer or NCT03774472
HN HER2 negative breast cancer
=
|
cl N
Preclinical studies:
treatment of pancreatic ductal
adenocarcinoma, hepatocellular [141-144]
Verteporfin carcinoma or osteosarcoma NCT03067051,
Clinical trials: NCT03033225

recurrent prostate cancer or
pancreatic cancer treatment
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Clarithromycin mucosa-associated lymphoid NCT02542657,
tissue lymphoma or previously NCT03031483
untreated, advanced-stage 4
indolent lymphoma therapy NCT00461084
Table 2. Target points, adverse effects and selected therapeutic schemes of autophagy inhibitors.
Autopha Therapeutic
phagy Target Point Adverse Effects Combination or Tumor Type References
Inhibitor .
Single-Agent Treatment
glioblastoma,
Chloroquine lysosomes headache, visual CQ + ‘ter.nozolomlde + gliosarcoma and NCT04397679,
disturbances, radiation therapy astrocytoma NCT02432417
pruritus or (grade IV)
gastrointestinal
upset, the risk of c i advanced or
acute kidney injury S * ta’;'fme aiter metastatic breast ~ NCT01446016
due to kidney cells anthracycline failure cancer
sensitization to
chemotherapy [148]
no adverse effects HCQ + paclitaxel + advanced or
Hydroxychloroquine lysosomes observed carboplatin recurrent NSCLC NCT01649947
decreased
hemoglobin, HCQ + capecitabine, metastatic
diarrhea, nausea, oxaliplatin and NCT01006369
o . . colorectal cancer
vomiting, pain, bevacizumab
fatigue, rash
Verteporfin autoph.agy no adverse effects verteporfin photodynamic adva_nced [149]
formation observed therapy pancreatic cancer
anemia, clarithromycin +
Clarithromycin  autophagy flux .gastromtestmal abemaciclib neoplasm NCTO02117648
disorders, dyspnea
upper respiratory clarithromycin,
infections, _dexamethasone, multiple myeloma NCT00445692
. . lenalidomide therapy after
sinus/acute otitis :
stem cell transplant
anemia, neutropenia,
fgifaeiﬂl]si’ V;I;:;:;%_’l clarithromycin, relapsed or
Clarithromycin  autophagy flux U LT ! dexamethasone, refractory NCT01159574
renal insufficiency, omalidomide myeloma
dehydration, p ¥
dyspnea

70



Int. J. Mol. Sci. 2021, 22, 5804

16 of 35

4.2. Autophagy Inhibiotors Undergoing Preclinical Trials
4.2.1. 3-Methyladenine

3-Methyladenine (3-MA) was discovered in 1982 by Seglen & Gordon. The scientists
through screening of a large number of N6-methylated adenosine derivatives selected
the most promising compound, which appeared to be 3-MA [150]. Nowadays, 3-MA is
one of the most commonly used autophagy inhibitor [151]. This compound affects two
molecular targets involved in the autophagy process: phosphoinositide 3-kinase (PI3K)
and Vps34. The duality of the compound’s action means that it affects autophagy with
increased potency [152,153]. Wu et al. in their work described the duality of 3-MA action.
Based on the obtained results scientists concluded that the compound, when administered
over a prolonged period, in nutrient-rich conditions, promotes autophagic flux. However,
under nutrient-deficiency conditions, it inhibits autophagy [154].

Scientists around the world are conducting research on the use of 3-MA combined
with different drugs in the therapy of various cancers. Wang et al. showed in their in vitro
studies that resveratrol used alone against human ovarian serous papillary cystadeno-
carcinoma cell line SK-OV-3 can inhibit apoptosis by inducing autophagy. Furthermore,
results obtained from combined therapy (resveratrol with 3-MA) revealed that simulta-
neous application of autophagy inhibitor and chemotherapeutic drug in SK-OV-3 tumor
could improve the drug efficiency and also protect normal cells from tumorigenesis [155].
In a recently published paper, Zhao et al. investigated the effect of 3-MA on the treatment
of hepatocellular carcinoma cells (HepG2 cell line). They showed that 3-MA (used in
combined therapy with sorafenib), by inhibiting the autophagosome formation, leads to a
reduction of acquired sorafenib resistance of HepG2 cells [156].

4.2.2. SAR405

SAR405, Vps34 and Vpsl8 inhibitor with low molecular mass, was first described
in 2014 by Ronan et al. [157]. Research published a year after by Pasquier revealed that
inhibition of Vps34 by SAR405 leads to the impairment of lysosome function and inhibition
of autophagy process [158]. In 2020, Janji et al. published an article describing the usage of
Vps34 inhibitors (SAR405 and SB02024) in the therapy of colorectal and melanoma tumor
cells. Based on the obtained results, scientists concluded that the use of these compounds
enhances the therapeutic effect of the applied anti-PD-1/PD-L1 immunotherapy [159].

42.3. Lys05

Lys05 is a water-soluble bisaminoquinoline inhibitor of autophagy. The enhanced
autophagy inhibition by Lys05 compared to CQ and HCQ is attributed to the presence
of C-7 chlorine, triamine linker and two aminoquinolone rings in the Lys05 structure. A
study conducted by McAfee and co-workers compared the efficacy of HCQ and Lys05
in treatment of C8161, PC-9, LN-229 cell lines and 1205Lu xenograft model. Obtained
in vivo results revealed 34-fold higher Lys05 concentration in tumor cells compared to
HCQ. Moreovet, a Lys05 application-related double accumulation of autophagy vesicles
compared with HCQ therapy in a used xenograft model was observed [160].

DeVorkin et al. published an article in which they showed that the administration of
Lys05 together with sunitinib (receptor tyrosine kinase inhibitor) improve the therapeutic
effect of this drug. In used clear cell ovarian carcinoma xenograft models, inhibition of
autophagy process by Lys05 resulted in enhancing the anti-cancer activity of sunitinib
compared with single-agent treatment (sunitinib or Lys05 alone) [161]. In an article titled,
“Targeting quiescent leukemic stem cells using second generation autophagy inhibitors,”
Baquero et al. investigated the potential application of Lys05 with tyrosine kinase in-
hibitors in the treatment of chronic myeloid leukemia (CML). The obtained results showed
that Lys05-mediated inhibition of autophagy process affects tumor cells via reduction of
quiescence of leukemic stem cells and increasing the expansion of myeloid cells [162].
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4.2.4. ROC-325

ROC-325 is a compound developed by applying a logical medicinal chemistry ap-
proach to drug design. To create a more effective, well-tolerated and more potent autophagy
inhibitor, scientists generated new dimeric compounds based on the modified CQ, HCQ
and lucanthone (antischistosomal drug) elements. Carew et al., based on the obtained
results, concluded that ROC-325 (with lucanthone and HCQ motifs) exhibited significantly
greater anti-cancer activity against various types of cancer than the parent compounds.
Moreover, they found that ROC-325 used at much lower doses inhibited autophagy more
effectively than HCQ.

Based on in vitro studies using renal cell carcinoma models, it was possible to de-
termine the ROC-325 effect on the autophagy process ROC-325 was shown to inhibit
autophagic flux as well as lead to the autophagosomes accumulation and lysosomes deacid-
ification. Under in vivo conditions, the compound administered orally to mice at low
doses inhibited tumor growth more effectively than HCQ administered at high doses.
Furthermore, by analyzing of tumor samples from ROC-325 treated mice, autophagy was
inhibited and apoptosis and proliferation of tumor cells were reduced [163]. In 2019,
Nawrocki et al. conducted preclinical in vitro and in vivo studies on the use of ROC-325
in acute myeloid leukemia (AML). The in vitro studies examined the efficacy of ROC-325
(single-agent treatment or in combination with azacitidine) against four tumor cell lines:
MV4-11, MOLM-13, KG-1 and HL-60. During in vivo studies, mice were treated with
azacitidine (AZA), ROC-325 or AZA + ROC-325 combination. The results obtained in vitro
as well as in vivo indicated that combination therapy is more effective and significantly
extended the overall survival time. In addition to this, the combined agents were well
tolerated [164].

4.2.5. Spautin-1

Spautin-1 was originally identified as a selective and strong phosphodiesterase type 5
inhibitor [165,166]. During preclinical studies, the researchers discovered that spautin-1 is
also an autophagy inhibitor. The obtained results revealed that by promoting the degra-
dation of Vps34 complexes, spautin-1 inhibits two ubiquitin-specific peptidases (USP10
and USP13), which consequently leads to inhibition of the autophagy process [167]. The
collected data suggest that spautin-1 could be used in the treatment of ovarian cancers [168],
CML [169] or prostate cancer [170].

4.2.6. MM124 and MM137

MM124 and MM137 are compounds belonging to a group of 7-methyl-5-phenyl-
pyrazolo[4,3-¢]tetrazolo[4,5-b][1,2,4]triazine sulfonamide derivatives. In a study conducted
by Gornowicz et al., the anticancer effects of new derivatives on colorectal cancer cells
were investigated. The obtained results showed that MM124 and MM137 decrease the
concentration of LC3A, LC3B and Beclin 1 in the tested cell lines (DLD-1 and HT-29). Based
on this, the researchers concluded that MM124 and MM137 could inhibit the autophagy
process at the autophagosome formation level. Nevertheless, further in vivo studies are
required to confirm the autophagy-inhibiting effect of the novel derivatives [171].

Table 3 summarizes information about autophagy inhibitors undergoing preclinical
investigation.
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Table 3. Selected autophagy inhibitor under preclinical investigation.
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Table 3. Cont.

Autophagy Inhibitor Chemical Structure Preclinical Studies References
5130 colorectal cancer therapy [172]
ARN5187 breast cancer treatment [173,174]
UAMC-2526 Br OQ human colon adenocarcinoma [175]
o treatment ;
°
"
N™=N
M AN
DCZ5248 (\N NN colon cancer therapy [176]
H
o N
NH
o]
Ao
CA-5f ] O NSCLC therapy [177]
HN N o
|
|
Ay melanoma, colon cancer or
DQe661 AN PN 2N L [178]
I [ pancreatic cancer therapy
S \N = G N 7 al
OH
: H gastric cancers or T-cell 9
Fv-429 malignancies treatment (1791501
human cervical carcinoma,
Madangamine A human fibrosarcoma and [181]

human melanoma therapy

74



Int. J. Mol. Sci. 2021, 22, 5804

20 of 35

4.3. Autophagy Activators Undergoing Clinical Trials
4.3.1. Rapamycin

Rapamycin (RAPA, Sirolimus) is a 31-membered macrocyclic antifungal antibiotic
produced by Streptomyces hygroscopicus [182]. This naturally occurring mTOR inhibitor was
first approved by the FDA in 1999 as Sirolimus [183]. RAPA is the compound with a broad
spectrum of pharmacological and biological activity. In addition to its antifungal activity,
this compound exhibits e.g., neuroprotective [184], antitumor [185], anti-ageing [186] and
immunosuppressive properties [187]. mTOR signaling plays a crucial role in autophagy
occurring in cancer cells by increasing their growth and enhancing proliferation. Inhibition
of mTOR activity induced by RAPA may cause an increase in autophagy flux in tumor
cells and consequently contribute to a reduction in tumor growth. Furthermore, conducted
studies revealed that RAPA induces autophagosomes formation and, at the later stage,
lysosomes and autophagosomes fusion [188-190]. Ongoing clinical trials, concerning
the application of RAPA in the treatment of, e.g., kaposiform hemangioendothelioma in
children (NCT04077515), bladder cancer (NCT02753309, NCT04375813), HER2+ metastatic
breast cancer (NCT04736589) and refractory solid tumors (NCT02688881). There are also
ongoing studies investigating the use of sirolimus in combination with durvalumab for
the treatment of NSCLC (NCT04348292) and sirolimus with metronomic therapy for the
treatment of pediatric relapsed or refractory tumors (NCT02574728).

4.3.2. Temsirolimus

Temsirolimus (CCI-779, TEM, Torisel®) is a known analogue of RAPA. This water-
soluble RAPA’s prodrug was first developed by Wyeth Pharmaceuticals and it was ap-
proved by the FDA in the treatment of advanced renal cell carcinoma (RCC) [191] in 2007.
TEM is produced via RAPA and 2,2-dihydroxymethylpropionic acid esterification [192].
However, due to the ease of the degradation of orally administered esters, this drug must
be administered intravenously [193]. Studies on the potential use of TEM in the therapy of
colorectal cancer [194], prostate cancer [195], human papillomavirus-related oropharyngeal
squamous cell carcinoma [196] or advanced solid tumors [197] have been conducted. Fur-
thermore, there are at least several dozen ongoing clinical trials on the use of temsirolimus
for the treatment of advanced or metastatic malignancies (NCT01552434), advanced gy-
necological malignancies (NCT01065662), advanced rare tumors (NCT01396408), diffuse
intrinsic pontine glioma (NCT02420613) or solid tumors in adults (NCT01375829) are under
investigations.

4.3.3. Everolimus

Everolimus (RADO001) is a next RAPA water-soluble analogue, developed by Novartis.
The drug is produced via the esterification (ethylene glycol plus RAPA) process. Com-
pounds esterification results in the formation of a new derivative (RAD001) with improved
solubility in water and stability [93]. Everolimus was first approved by the FDA in 2009
as a therapeutic agent in the treatment of advanced renal carcinoma [198]. Since then, the
new therapeutic applications of the drug in the treatment of various cancers have been
continuously developed. In the past year alone, the possibility of using RAD001 in various
cancer therapies has been investigated, e.g., in combination therapy (everolimus plus
bevacizumab) for advanced papillary variant renal cell carcinoma [199], in the treatment of
triple-negative breast cancer (everolimus in combination with gefitinib) [200] or in the treat-
ment of advanced solid tumors (everolimus plus vatalanib) [201]. Moreover, there are cur-
rent, ongoing clinical trials concerning the application of RAD001 on the treatment of, e.g.,
recurrent or progressive ependymoma in children (NCT02155920), Hodgkin lymphoma
(NCT03697408), metastatic transitional cell carcinoma of the urothelium (NCT00805129),
advanced gynecologic malignancies and breast cancers (NCT03154281) or recurrent low
grade gliomas in young adults and pediatric patients (NCT04485559).
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4.3.4. Metformin

Metformin was discovered in 1922 as a by-product of the synthesis of N,N-dimethy
lIguanidine [202]. As a result of numerous studies, the hypoglycemic effect of metformin
was discovered, and it was first used in the treatment of diabetes in 1957 [203]. Nowadays,
this compound, approved by the FDA in 1998, is the most commonly prescribed antidiabetic
drug and is used in the treatment of type 2 diabetes, especially in obese diabetics [204-206].
Based on the conducted studies, Tomic et al. were found that metformin significantly affects
melanoma cells proliferation by inhibiting tumor growth. Moreover, based on the tumor
samples analysis the drug was found to increase the level of apoptosis markers in cancer
cells and induce the autophagy process [207]. In 2014, Takahashi and co-authors obtained
similar results during a study with endometrial cancer cells [208]. Recently, intensive
studies exploring new properties of this compound were conducted. The potential use
of metformin, for example in the treatment of PCOS [209,210], in cancer therapy [211],
as a cardiovascular protector [212] or as an inhibitor of the ageing process [213,214], has
been investigated. There are many ongoing studies on the use of metformin in cancer
treatment. Currently, clinical studies are being conducted on the use of the compound in
the treatment of, for example, breast cancer (NCT04559308, NCT04387630, NCT01980823,
NCT04741204), colon cancer (NCT03359681), thoracic neoplasm (NCT03477162) or prostate
cancer (NCT02176161, NCT02339168).

Described autophagy activators undergoing clinical trials and their target points,
adverse effects or selected therapeutic schemes are listed in Tables 4 and 5.

4.4. Autophagy Activators Undergoing Preclinical Trials
4.4.1. Miconazole

Miconazole (MCZ), an imidazole derivative, is a known antifungal drug originally
approved by the FDA for the treatment of vaginal candidiasis in 1974 [215]. Moreover,
this drug is used also in the treatment of athlete’s foot [216] or tinea versicolor [217].
Interestingly, in recent decades MCZ has attracted scientist as a potential drug with anti-
cancer properties. Conducted studies have shown, that MCZ inhibits the growth of various
human tumors, e.g., breast cancer and glioma [218,219] or osteosarcoma [220]. Jung et al.
have been investigated the effect of MCZ on the autophagy process. Conducted studies
revealed that MCZ induces autophagy in glioblastoma cells. The authors presumed, that
MCZ-induced autophagy-mediated cell death might be activated via reactive oxygen
species-mediated endoplasmic reticulum stress [221]. In published recently paper, Ho et al.
have shown that MCZ induces autophagy process in bladder cancer cells. The authors
demonstrated that miconazole increases the autophagic flux and promotes the expression
of LC3 in the tested cancer cells. They revealed that combination therapy (MCZ with
autophagy inhibitor) enhanced the anticancer properties of miconazole [222].

4.4.2. CRO15

CROI15 is a new compound derived from metformin, recently identified by Jaune and
co-authors. The research aimed to develop a new molecule with a better pharmacological
profile, enhanced potency and improved effect in patients compared to its parent drug,
metformin. The initial screening and structure-activity relationship studies revealed a
new potential drug—CRO15. Extensive in vitro, in vivo studies and studies in melanoma
xenograft models have shown that CRO15 reduces tumor cell viability. The molecular mech-
anism of action of the compound is based on effects on two main processes—autophagy
and apoptosis. The results obtained, both in vitro and in vivo, showed that CRO15 induces
autophagy by accumulating LC3 in melanoma cancer cells. Moreover, the performed
in vivo studies did not show strong toxicity of the tested compound in mice. All of this
data suggests that CRO15 should be further evaluated as a potential anticancer drug [223].
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Table 4. Selected autophagy activators under clinical investigation.
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Table 5. Target points, adverse effects and selected therapeutic schemes of autophagy activators.

Therapeutic
Autophagy . Combination or
Activator Target Point Adverse Effects Single-Agent Tumor Type
Treatment

References
blood and
lymphatic system
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4.4.3. x-Hederin

a-Hederin (a«-HN) is a molecule belonging to the wide group of monodesmosidic
triterpenoid saponins. This compound is the main component isolated from Hedera he-
lix L. leaves. It is also found in Nigella sativa, Kalopanax pictus and Chenopodium quinoa
plants [224]. Studies conducted by Li et al. revealed that a-HHIN may act through increasing
the ROS concentration, consequently leading to the activation of the intrinsic apoptotic
pathway [225]. This finding prompted Li and co-workers to investigate the influence of
«-HN on the autophagy process in colorectal cancer cells. Obtained results have shown
that o-HN induces autophagy-mediated cell death through the activation of the ROS-
dependent AMPK/mTOR signaling pathway. Nevertheless, the potential use of «-IIN as
an anticancer agent requires further investigation due to its toxicity, hemolytic effect and
protein absorption [226].

4.4.4, MJ-33

M]-33 is a novel quinazolinone derivative synthesized by Ha and co-authors. A
recently published paper revealed the anti-cancer properties of this compound in 5-
fluorouracil-resistant (SFUR) colon cancer cells (HT-29/5FUR). Furthermore, the molecular
mechanism of MJ-33 activity was also investigated. Based on the obtained results, MJ-33
was found to induce the autophagy process in HT-29 /5FUR cells through inhibition of
mTOR phosphorylation and subsequent upregulation of ATG proteins expression. Addi-
tionally, combined therapy with MJ-33 and known autophagy inhibitor, 3-MA, has shown
significant enhancement in effector caspases (caspase-3 and caspase-7) activity compared
with single-agent therapy with MJ-33. Obtained results suggest that the autophagy process
plays a cytoprotective role in tested HT-29/5FUR cells [227]. Nowadays, scientists around
the world investigate the effect of combined therapies, autophagy inhibitors together with
autophagy activators, as a novel strategy in cancers treatment [228]. The authors of the
aforementioned paper suggest that further studies on new quinazolinone derivative should
examine the effect of combined therapy with MJ-33 and autophagy inhibitors [227].

Table 6 summarizes information about all described autophagy activators undergoing
preclinical investigation.

Table 6. Selected autophagy activators under preclinical investigation.

Autophagy Activator Chemical Structure Preclinical Studies References
N
F
N \/)
Miconazole glioblastoma and bladder [221,222]
/@I\AO cancer therapy
Cl Cl cl Cl
ClsC CCly
=N N=(
CRO15 N>\_ J—NH  s-5  HN—{ _/<N treatment of melanoma [223]
N N
HoN NH,
a-Hederin in vitro and in vivo studies on [226]

colorectal cancer cells
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Table 6. Cont.

Autophagy Activator Chemical Structure Preclinical Studies References
O
N NH
MJ-33 N/ in vitro study on HT-29/5FUR [227,229]
) cells ’
OC,Hs
NOZ
—q—, in vit tud: li t
DS00329 0=5=0 in vi rlc? s 111 y on ma];gnm [230]
N cl glioblastoma cells
: S :
@)
HIN ~ endometrial and colorectal
MHY2256 S}\ N~ ~0 OH cancer treatment [231,232]
H
F F
O o /@[ in vitro and in vivo study on
LCCO03 N castration-resistant prostate [233]
cancer
in vitro and in vivo study on
CZ415 human papillary thyroid [234]

Eriocalyxin B

carcinoma cells

in vitro and in vivo study on [235]
breast cancer o

5. Conclusions

Neoplastic transformation requires significant changes in biological processes as part
of increased demand and consumption of energy under stressful conditions. It leads
to intracellular adaptation that ensures survival in conditions with a limited amount of
nutrients and oxygen. There is a change in metabolism, protein and organelle turnover,
and bicenergy functions. These neoplastic signaling pathways cross with autophagy
at many levels. Autophagy is a dichotomous process—it may inhibit or induce tumor
growth. These observations suggest that autophagy plays a dynamic and complex role
play in cancer, which may, in fact, explain the duplicity of autophagy in carcinogenesis.
While targeting autophagy pathways appears to be a promising tool in developing new
anti-cancer therapies, recent findings suggest that the underlying molecular mechanisms
and specific targets of autophagy in cancer need to be well defined before it can be used
effectively in pharmaceutical and medical research.
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Despite the fact that the most well-known inhibitors (such as chloroquine, hydroxy-
chloroquine, clarithromycin or verteporfin) and activators (rapamycin, metformin, tem-
sirolimus or everolimus) of autophagy are recognized in the scientific and medical world
for years, they have not been used in medicinal practice. As presented in this paper, a
number of clinical and preclinical studies are conducted, the aim of which is to discover
new possibilities in oncological therapy, including the use of autophagy modulators in
combination with anticancer drugs. Recent studies have identified new classes of inhibitors
and activators of autophagy that are currently in preclinical research. Among them, the
most promising are 3-Methyladenine, SAR405, Lys05, 7-methyl-5-phenylpyrazolo[4,3-
eltetrazolo[4,5-b][1,2 4]triazine sulfonamide derivatives, miconazole, CRO15 or « —-Hederin.
These compounds have different target points in the autophagy process and further de-
tailed studies are needed to determine their potential use in the practical treatment of
cancer.
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Abbreviations

3-MA 3-Methyladenine

5FUR 5-fluorouracil-resistant

ADCD autophagy-dependent cell death

AML acute myeloid leukemia

AMPK 5’ adenosine monophosphate-activated protein kinase
ATG autophagy-related

AZA azacitidine

C3G cyaniding-3-O-glucoside

CAM clarithromycin

CMA chaperone-mediated autophagy

CML chronic myeloid leukemia

cQ chloroquine

DRAM damage-regulated autophagy modulator

eMI endosomal microphagy

ER endoplasmic reticulum

ESCRT endosomal sorting complex required for transport
FDA Food and Drug Administration

HCQ hydroxychloroquine

Hsc70 heat shock cognate protein 70

JNK-1 C-Jun N-terminal protein kinase 1

LAL lysosomal acid lipase

LAMP2A  lysosome associated membrane protein type 2A
LC3 light chain protein 3
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LDs lipid droplets

Mcl-1 myeloid cell leukemia 1

MCZ miconazole

mTOR mammalian target of rapamycin

NSCLC  non-small cell lung cancer
NUFIP1 nuclear FMR1 interacting protein 1
PIK3K phosphoinositide 3-kinase

PMPs peroxisomal membrane proteins
RADO01  everolimus

RAPA rapamycin

SQSTM1  sequestosome 1

TEM temsirolimus

VP verteporfin

«-HN «-Hederin
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Abstract: A series of novel 5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-thiazolidinones
(Ciminalum-thiazolidinone hybrid molecules) have been synthesized. Anticancer activity screening
toward the NCI60 cell lines panel, gastric cancer (AGS), human colon cancer (DLD-1), and breast
cancer (MCF-7 and MDA-MB-231) cell lines allowed the identification of 3-{5-[(Z,2Z)-2-chloro-3-(4-
nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}propanoic acid (2h) with the highest
level of antimitotic activity with mean Glsy/TGI values of 1.57/13.3 uM and a certain sensitivity
profile against leukemia (MOLT-4, SR), colon cancer (SW-620), CNS cancer (SF-539), melanoma
(SK-MEL-5), gastric cancer (AGS), human colon cancer (DLD-1), and breast cancers (MCF-7 and
MDA-MB-231) cell lines. The hit compounds 2f, 2i, 2j, and 2h have been found to have low toxicity
toward normal human blood lymphocytes and a fairly wide therapeutic range. The significant
role of the 2-chloro-3-(4-nitrophenyl)prop-2-enylidene (Ciminalum) substituent in the 5 position and
the substituent’s nature in the position 3 of core heterocycle in the anticancer cytotoxicity levels of
4-thiazolidinone derivatives have been established

Keywords: synthesis; 4-thiazolidinones; Ciminalum; anticancer activity; SAR analysis

1. Introduction

r”

In recent years, one of successful directions in the structure design of “drug-like
molecules is the “hybrid-pharmacophore” approach that involves combining different
fragments in one molecule that can be parts, biomimetics, and / or bioisosteres of biolog-
ically active molecules or drugs. This strategy allows potentiating the desired action or
appearance of new effects [1-3] and can be relevant for the search for new highly active
compounds based on 4-thiazolidinones as effective biophores. Thus, modern studies of
the pharmacological potential of thiazolidinones have significantly expanded the range of
their activity, including anticancer, antibacterial, antifungal, antiviral, antiparasitic, and
anti-tuberculosis. Along with this, there is indisputable evidence of the affinity of these
derivatives for biotargets involved in the biochemical processes of tumor cell growth
(TNF-a-TNFRc-1, JSP-1, antiapoptotic complex Bcl-XL-BH3), the microorganisms life cycle
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(UDP-NMurNA /L-Ala-ligase), the development of inflammatory conditions (COX-2/5-
LOX), and the development of type II diabetes mellitus (PPARY) [4,5].

Based on our previous research, we have established that the combination of a thiazo-
lidinone moiety and a structural fragment of the Ciminalum in one hybrid molecule is an
effective approach for the design of potential anticancer agents [6,7]. Ciminalum (p-nitro-oc-
chlorocinnamic aldehyde or (2Z£)-2-chloro-3-(4-nitrophenyl)prop-2-enal, CAS 3626-97-9) is
an active antimicrobial agent against Gram-positive and Gram-negative microorganisms.
Ciminalum was used as a drug in medical practice in the former Soviet Union (Figure 1) [8].
Ciminalum—thiazolidinone hybrid molecules (namely 5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-
propenylidene]-4-thiazolidinones) showed a significant cytotoxic effect on tumor cells. It is
important to note that the presence of a Ciminalum moiety in position 5 of the thiazolidinone
ring is key to the manifestation of biological activity. Thus, early hits I and II (Figure 1)
possessed a selectively high effect on leukemia, melanoma, lung, colon, CNS, ovarian,
renal, prostate, and breast cancers cell lines at micro- and submicromolar levels that is
probably associated with the immunosuppressive activity [7]. Early anticancer hit III has
induced and activated specific signaling apoptotic pathways in tumor cells [6]. Thus, com-
pound III leads to weak caspase-7 activation and a weak cleavage of PARP-1 and DFF45 in
the Jurkat T-cells. However, this Ciminalum-thiazolidinone hybrid may be involved in the
caspase-independent, AIF-mediated apoptosis. AIF (apoptosis-inducing factor) is known
to induce the mitochondria-mediated caspase-independent apoptosis. Derivative III leads
to the activation of intrinsic apoptotic pathways, mediated by mitochondria, and caspases
seem to play a minor role here.

Target compounds

Analogue-based drug design
Hybrid-pharmacophore approach “;;.;7 \®

| Early identified hits)

O -
NN
at Yn o \ ,,.,Q \ NH

70

R=H, Het, Ar,
AlkCOOH

Figure 1. Background of the target compounds design.

Our research was aimed at optimization of anticancer activity profile of 5-[(Z,27)-
2-chloro-3-(4-nitrophenyl)-2-propenylidene]-4-thiazolidinones and SAR analysis within
these series in accordance with our systematic study of anticancer activity of thiazolidinone-
related derivatives [9,10].

2. Results and Discussion
2.1. Chemistry

The synthetic approach to target compounds design was based on 4-thiazolidinone
derivatives as active methylene heterocycles in Knoevenagel reaction with (2Z)-2-chloro-3-
(4-nitrophenyl)prop-2-enal (Ciminalumy) as an oxo-compound (Figure 2).

The starting 2,4-thiazolidinedione 1a and 2-thioxo-4-thiazolidinone (rhodanine) deriva-
tives 1b-1 were obtained according to described procedures. We used three synthetic
approaches to this end: (1) [243]-cyclocondensation of chloroacetic acid with thiourea
(1a [11]) or ammonium thiocyanate (1b [12]); (2) dithiocarbamate method of 3-substituted
2-thioxo-4-thiazolidinone (rhodanine) derivatives synthesis (1c [13], 1g-1[14-19]); (3) the
reaction of trithiocarbonyl diglycolic acid with amino compounds (1d-f [20,21]).
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Figure 2. Synthesis of 5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-4-thiazolidinones 2a-
m. Reagents and conditions: appropriate 4-thiazolidinone 1a-1 (0.01 mol), (2Z)-2-chloro-3-(4-
nitrophenyl)prop-2-enal (0.010 mol, in the case of 3-aminorhodanine 1e 0.02 mol), AcONa (0.01 mol),
AcOH (20 mL), reflux, 3 h, 68-83%.

Target Ciminalum-thiazolidinone hybrid molecules 2a-1 were synthesized via the
Knoevenagel condensation of (2Z)-2-chloro-3-(4-nitrophenyl)prop-2-enal and appropriate
4-thiazolidinone in the presence of sodium acetate under reflux in acetic acid (Figure 2).
In the case of 3-aminorhodanine 1c, in parallel with the Knoevenagel condensation, the
reaction with amino group and formation of appropriate azomethine derivative 2c was
observed. The data characterizing synthesized novel 4-thiazolidinones are presented in
the experimental part. Analytical and spectral data ('H and '*C-NMR, LCMS) confirmed
the structure of the synthesized compounds. The 'H-NMR spectra of the synthesized
compounds are characterized by the signals of the Cyminalum residue in the form of two
singlets at 7.55-8.01 and 7.88-8.07 ppm for the CH=CCI-CH= group as well as two doublets
of the p-nitrophenyl substituent at 8.00 and 8.30 ppm. For compound 2g, these signals
were slightly shifted into a strong magnetic field and appeared as two singlets at 6.89 and
7.19 ppm and two doublets at 7.23 and 7.51 ppm. In the '*C-NMR spectra of rhodanine
derivatives signals of C=0O and C=5 groups of the core heterocycle were characteristic and
appeared at 158.7-174.4 and 193.5-199.3 ppm, respectively.

Structural features of the synthesized Ciminalum—thiazolidinone hybrid molecules
were confirmed by single-crystal X-ray diffraction study of compound 2i. As follows
from the X-ray analysis, the investigated compound has the structure of 6-{5-[(Z,22)-2-
chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}hexanoic acid
(2i) and crystallizes as dimethylformamide solvate in a molar ratio of 1:1 (Figure 3). 5-
Carboxypentyl group located at N-3 atom adopts anticlinal conformation with respect to
C2-N3 bond belonging to 2-thioxo-4-thiazolidinone moiety. This arrangement is confirmed
by the torsion angle C2-N3-C7-C12 [—101.19(15)°]. The 3-(4-nitrophenyl)-2-chloroprop-2-
en-1-ylidene residue at the C-5 atom assumes Z configuration with respect to the S1-C5
bond. The torsion angle S1-C5-C16-C17 has the value of 2.0(3)°. The system formed
by the named residue and 2-thioxo-1,3-thiazolidin-4-one system is approximately planar
[rm.s.d. = 0.0949 A].
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Figure 3. ORTEP view of 2i-DMF showing the atomic labeling scheme. Non-H atoms are drawn as
30% probability displacement ellipsoids and H atoms are drawn as spheres of an arbitrary radius.

The conformation of the molecule of 2i is stabilized by the intermolecular hydrogen
bonding. The hydrogen bonds C22-H-- 86l and C25-H25.--O29% (Table 1) stabilize the
almost coplanar arrangement of the 3-(4-nitrophenyl)-2-chloroprop-2-en-1-ylidene and
2-thioxo-4-thiazolidinone moieties. Moreover, the hydrogen bonds O14-H14---O29, C11-
H11A---O13i, and C11-H11B---O15! (Table 1) stabilize the spatial arrangement of the
5-carboxypentyl group. The C5=C16 [1.345(2) A]and C17=C19 [1.351(2) A] bond lengths
confirmed the occurrence of a double bonds between these carbon atoms (Figure 3).

Table 1. Hydrogen-bond geometry (A, °) for 2i-DME.

D—H.--A D—H H--A D--A D—H---A
014—H14..-029 0.95 (3) 1.63 (3) 2.5758 (16) 171 (3)
C11—H11A---0131 0.99 255 3.5287 (19) 172
Cl11—H11A---O151 0.99 247 3.135(2) 125
C21—H22.--C118 0.95 251 3.2049 (15) 130
C22—H22.-.56 1 0.95 275 3.6734 (16) 164
C25—H25.--029 I¥ 0.95 250 3.4332 (18) 169

Symmetry codes: () x, 1+ v,z (i) 1/2 —x, 1/2+y,1/2 —z (i)l —x2 -y, 1 -z ({v)1/2 —x, —1/2+y,1/2 — z

2.2. In Vitro Evaluation of the Anticancer Activity

At the first stage of biological activity study, the antitumor activity screening of the
selected compounds 2b, 2¢, 2f, 2h, and 2j was performed according to the NCI DTP (USA)
standard protocol at the concentrations ranging from 10~* to 1078 M toward 60 tumor
cell lines [22-25]. The percentage of growth was evaluated spectrophotometrically versus
controls not treated with test agents after 48 h exposure and using SRB protein assay to
estimate cell viability or growth. Dose-response parameters were calculated for each
cell line: GIsp—molar concentration of the compound that inhibits 50% net cell growth;
TGI—molar concentration of the compound leading to the total inhibition; and LCsy—
molar concentration of the compound leading to 50% net cell death. Furthermore, mean
graph midpoints (MG_MID) were calculated for each of the parameters, giving an average
activity parameter over all cell lines for the tested compound. For the MG_MID calculation,
insensitive cell lines were included with the highest concentration tested.

The obtained results of screening evaluation of Ciminalum-thiazolidinone hybrids con-
firmed their significant anticancer activity (Table 2). Thus, compounds 2f and 2h inhibited
the growth of all tested cancer cell lines at submicromolar and micromolar concentra-
tions. The average meanings of three dose-response parameters Gls, TGI, and LCsp were
2.80/32.3/80.8 uM (2f) and 1.57 /13.3/65.0 uM (2h), respectively. It is important to note that
the most active compound 2h was active in the Gl5y concentration range of < 0.01-0.02 pM
toward the following cell lines: MOLT-4, SR (Leukemia); SW-620 (Colon cancer); SF-539
(CNS cancer); SK-MEL-5 (Melanoma). Regarding the preliminary SAR analysis, it is worth
mentioning that the presence of the (Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene moi-
ety turned out to be a necessary requirement for achieving the anticancer effects. Moreover,
the substituent nature at position 3 of the 4-thiazolidinone ring is important. Derivatives
with carboxylic acids residues (2h, 2j) and p-hydroxyphenyl substituent (2f) proved to be
the most effective. The absence of a substituent in position 3 (2b) or an additional fragment
of the Cyminalum (2c) leads to the weakening of anticancer cytotoxicity.
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Table 2. Influence of compounds 2b, 2¢, 2f, 2h, and 2j on the growth of individual tumor cell lines.
2b 2¢ 2f 2h 2
Cell line/comp. Glso/TGI/LCsp, Gls5/TGL/LCsq, Gl50/TGI/LCsp, Glso/TGI/LCsg, GI5)/TGI/LCsy,
uM uM uM uM uM
Leukemia
CCRF-CEM 1.97/21.5/>50 442/35.3/>100 2.92/>100/>100
HL-60(TB) 1.21/14.4/>50 5.32/23.3/87.2 0.485/4.48/>100 0.347/1.87/>100
K-562 1.44/42.5/>50 3.98/25.5/>100 0.521/>100/>100 0.212/2.83/>100 3.01/>100/>100
MOLT-4 1.74/14.2/>50 3.20/8.95/52.5 0.389/>100/>100 0.016/19.7/>100 3.14/>100/>100
RPMI-8226 1.54/20.6/>50 2.38/6.32/>100 <0.01/0.264/>100 0.138/1.30/>100 3.22/>100/>100
SR 1.18/7.96/>50 3.67/12.0/>100 0.01/0.138/>100 <0.01/1.41/>100 2.45/>100/>100
Non-Small Cell Lung Cancer
A549/ATCC 8.18/>50/>50 18.9/42.6/96.1 2.25/6.47/>100 1.76/7.62/>100 3.46/>100/>100
EKVX 2.76/>50/>50 23.7/47.7/96.1 2.37/16.2/>100 0.334/4.01/55.6 2.59/7.29/>100
HOP-62 15.4/33.1/>50 17.2/39.7/91.9 2.61/5.22/11.6 6.54/19.9/52.8 2.31/6.75/>100
HOP-92 8.48/>50/>50 8.53/39.4/>100 4.81/18.3/50.7 2.36/5.71/>100
NCI-H226 6.28/20.0/> 50 12.0/31.8/84.2 1.58/3.27/6.76
NCI-H23 327/13.4/455 16.6/31.6/60.3 1.48/3.11/6.52 1.44/3.22/7.19 2.13/4.86/>100
NCI-322M 6.51/18.8/>50 87.6/>100/>100 2.49/9.02/>100 2.83/10.9/63.4 >100/>100/>100
NCI-H460 3.95/18.6/>50 15.0/32.3/69.5 0.754/>100/>100 0.804/3.32/>100 2.19/>100/>100
NCI-H522 3.19/13.1/42.3 16.3/32.9/66.2 1.72/447/29.5
Colon Cancer
Colo 205 4.04/17.4/>50 56.2/>100/>100 4.34/>100/>100 0.350/>100/>100 2.45/>100/>100
HCC-2998 543/11.7/25.0 1.96/3.50/6.27
HCT-116 2.93/11.0/33.7 2.73/6.51/23.3 1.27/2.96/6.92 0.270/1.19/>100 2.01/547/56.7
HCT-15 1.79/8.81/25.4 16.6/33.0/65.7 0.409/>100/>100 0.230/2.96/>100 1.92/4.58/>100
HT-29 1.48/9.48/>50 2.14/>100/>100 1.25/2.77/>100 2.84/8.47/>100
KM12 527/14.6/40.4 20.6/59.1/>100 2.85/>100/>100 0.639/29.5/>100 2.06/4.35/9.16
SW-620 1.94/7.62/23.5 7.24/>100/>100 0.037/1.52/>100 <0.01/3.25/>100 2.10/4.39/>100
CNS Cancer
SF-268 5.24/18.9/>50 17.0/41.3/>100 2.55/34.5/>100 2.12/9.74/>100 2.21/>100/>100
SF-295 8.46/37.9/>50 18.0/37.3/77.1 2.26/13.8/>100 3.36/21.6/>100 2.59/7.85/>100
SF-539 9.39/23.1/>50 25.9/57.4/>100 0.0252/0.242/28.1 <0.01/0.267/25.8 2.74/>100/>100
SNB-19 8.10/21.4/>50 48.3/>100/>100 10.0/32.0/97.5 0.658/26.3/83.7 1.85/>100/>100
SNB-75 7.59/23.5/>50 25.1/>100/>100 12.5/46.0/>100 1.96/5.37/>100
U251 3.09/9.73/22.1 8.03/24.5/65.8 0.368/3.06/38.9 0.149/2.00/>100 1.72/3.52/7.21
Melanoma
LOX IMVI 6.60/15.4/36.0 13.0/28.8/63.8 1.17/3.70/>100 0.161/0.515/>100 1.64/3.26/6.46
MALME-3M 493/14.9/44.6 25.0/60.4/>100 6.53/27.6/94.5 9.70/61.9/>100 2.13/4.82/>100
M14 8.87/32.2/>50 16.2/35.7/78.5 1.90/3.73/7.32 1.66/3.58/7.74 2.53/>100/>100
SK-MEL-2 8.07/26.9/>50 19.0/36.4/69.8 0.802/4.93/65.1 1.87/4.50/>100
SK-MEL-28 5.87/12.3/259 4.49/47.7 />100 3.59/23.6/89.5 2.16/4.68/11.6
SK-MEL-5 3.82/10.6/24.0 19.4/38.3/75.6 <0.01/<0.01/3.41  0.0193/0.0849/1.88 1.68/3.06/5.60
UACC-62 5.75/125/27.2 13.6/28.1/58.0 1.69/3.85/8.78 1.23/2.97/7.18 2.00/4.85/30.2
Ovarian Cancer
IGROV1 7.28/21.1/>50 13.3/28.0/58.9 1.63/6.13/>100 0.794/3.68/43.1 2.99/>100/>100
OVCAR-3 1.65/8.08/26.6 0.821/12.7/41.1 0.977/41.8/>100 0.135/6.05/66.6 1.76/3.51/6.98
OVCAR-4 1.95/11.7/>50 2.63/>100/>100 2.66/14.9/56.2 3.21/>100/>100
OVCAR-5 11.1/195/324 15.1/36.2/86.6 2.82/7.91/>100
OVCAR-8 5.08/15.6/47.9 1.98/4.08/8.38 1.14/22.9/>100 0.244/11.5/>100 3.13/>100/>100
SK-OV-3 13.0/>50/>50 59.6/>100/>100 10.2/41.5/>100 6.83/27.4/77.6 4.13/>100/>100
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Table 2. Cont.
Cell line/comp. 2b 2c 2 zh %
Gl50/TGI/LCsp, Glso/TGI/LCsg, Gl5/TGI/LCs, Gl5o/TGI/LCs, GI50/TGI/LCsg,
uM uM uM uM uM
Renal Cancer
786-0 9.40/18.8/37.6 12.1/30.7/77.8 2.04/3.83/7.18 1.13/2.47/5.42 2.10/5.01/>100
A498 457/12.2/30.9 13.0/29.6/67.3 1.65/3.24/6.37
ACHN 3.64/11.8/31.7 15.6/29.7 /56.4 1.70/3.51/7.27 1.02/2.42/5.76 1.80/3.30/6.04
CAKI-1 7.14/25.2/>50 3.11/11.2/>100 4.44/>100/>100 0.485/6.14/47.1 2.28/5.09/16.7
RXF 393 0.105/0.341/1.73 1.54/3.02/5.93
SN12C 4.11/18.0/>50 29.0/>100/>100 1.98/4.41/>100 1.05/2.99/8.48 2.84/>100/>100
TK-10 10.6/23.2/>50 28.0/69.6/>100 4.87/29.0/>100 2.33/16.9/92.0 2.43/>100/>100
U0-31 4.12/21.8/>50 17.5/32.2/59.1 2.08/3.98/>100 0.812/2.43/6.31 1.59/3.10/6.05
Prostate Cancer
PC-3 4.68/>50/>50 8.10/45.8/>100 2.29/84.8/>100 0.712/13.7/41.9 2.53/7.98/>100
DU-145 7.09/14.2/28.4 21.7/52.8/>100 0.666/5.81/50.1 0.421/3.48/52.3 2.06/4.56/11.7
Breast Cancer
MCEF-7 2.14/38.0/>50 4.08/19.8/83.7 0.401/28.0/>100 0.239/14.4/>100 2.38/10.7 />100
NCI/ADR-Res 5.71/18.3/>50 6.55/20.8/61.7 2.17/6.13/>100 0.407/2.11/6.43
21\;131:11\,236 8.16/28.1/>50 10.0/35.4/>100 2.18/12.2/92.1 1.08/4.86/25.9 3.35/>100/>100
HS 578T 1.42/12.1/>50 29.5/>100/>100 4.37/>100/>100
MDA-MB-435 8.57/47.9/>50 20.3/41.9/86.3 3.50/7.71/>100 1.25/4.12/29.3
BT-549 147/4.74/27.2 27.3/76.0/>100 1.55/7.71/>100 0.247/0.920/36.3 1.79/4.17 />100
T-47D 3.21/>50/>50 24.5/65.3/>100 1.55/7.71/>100 0.363/>100/>100 1.50/3.71/>100
MDA-MB-468 1.39/3.28/7.71

The selectivity index (SI) obtained by dividing the full panel MG-MID (mM) of the

tested compound by their individual subpanel MG-MID (mM) was considered as a measure
of selectivity of anticancer activity (Table 3). Ratios between 3 and 6 mean moderate
selectivity, ratios greater than 6 indicate high selectivity toward the corresponding cell line,
while compounds not meeting either of these criteria are rated nonselective [26]. The most
active compounds 2f and 2h in the present study were found to be high selective toward
the leukemia subpanel at Glsg levels (selectivity indices 9.89 and 10.73, respectively).
Compound 2j possessed high selectivity toward the CNS cancer subpanel at both the
TGI and LCsp levels (selectivity index 11.53 and 10.25, respectively). In general, it is
worth noting the selectivity of action against leukemia cell lines for the studied class of
heterocyclic compounds.

In the second stage of the research, Ciminalum-thiazolidinone hybrids were inves-
tigated for antitumor activity on the lines of gastric cancer (AGS), human colon cancer
(DLD-1), and breast cancers (MCF-7 and MDA-MB-231). The study was performed in the
MTT assay according to the method described previously [27]. The studied cancer line was
sensitive to the action of the studied compounds that inhibited its growth in micromolar
ranges of Glsg. The hit compounds that inhibited the growth of all four cancer lines with
the lowest Glg) values were [5-[2-chloro-3-(4-nitrophenyl)prop-2-enylidene]-rhodanines
2¢, 2d, 2h, and 2i (Table 4). Moreover, it is important to note the high cytotoxic effect of
rhodanine-3-carboxylic acid derivatives 2h and 2i toward breast cancer lines MCF-7 and
MDA-MB-231 at the Glsy level of 0.95-1.74 uM, which is consistent with previous data
obtained according to DTP NCI protocol (Table 2).
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Table 3. Influence of 2b, 2¢, 2f, 2h, and 2j on the growth of tumor panels {(Glso, TGI, LC5p) and selectivity index (SI) values.

2b 2¢ 2f 2h 2j
Compound/Diseas
pound/Disease MG_MID, o1 MG_MID, - MG_MID, - MG_MID, - MG_MID, o
M pM M M uM
Glsp 151 317 3.83 470 0.283 9.89 0.145 10.83 295 139
Leukemia TG 20.2 1.00 186 232 41.0 0.78 542 245 >100 <0.41
LCsg >50 <0.87 a0 091 >100 <0.81 >100 <0.65 >100 <0.74
Non-Small Glsg 379 126 259 0.69 293 096 265 059 131 031
Cell Lung TG 29.7 0.68 448 096 266 121 9.61 138 36.9 1.10
Cancer 1Cs 186 0.90 830 098 74.0 1.09 61.4 1.06 929 0.80
ol Glsy 3.27 146 207 0.87 1.84 152 0.458 343 219 1.87
~oton TGI 11.5 177 59.7 0.72 67.4 048 233 057 187 2.17
Cancer 1Csp 354 123 77.8 1.05 84.5 0.96 >100 <0.65 674 1.10
Glsy 6.98 0.69 234 077 672 042 3.13 0.50 218 1.88
CNS Cancer TG 24 091 52.1 0.83 30.6 1.05 17.7 075 352 11.53
LCsg 45.4 0.96 88.6 092 77.4 1.04 84.9 077 721 10.25
Glsy 5.57 0.86 17.7 1.02 263 1.06 245 0.64 2.00 205
Melanoma TG 16.1 126 38.0 113 14.4 223 139 096 179 227
LCsy 36.8 118 743 110 52.3 154 53.1 122 50.6 146
Ovari Glsy 6.68 0.72 18.2 0.99 332 0.84 2.13 0.74 3.00 136
pa arian TGL 21.0 0.97 36.2 119 425 0.76 127 1.05 68.6 0.59
ancer LCsp 28 1.02 59.0 1.38 >100 <0.81 68.7 0.95 84.5 087
Gl 6.23 0.77 169 107 285 098 0.99 159 203 2.01
Renal Cancer TG 18.7 1.09 433 1.00 241 134 481 277 27.8 1.46
LCsg 429 101 80.1 1.02 69.1 117 23.8 273 42,6 1.73
, Glsy 5.89 0.81 149 121 148 189 0.567 277 230 1.78
£ Cmf'tj“e TGI 321 0.63 453 0.95 453 071 859 155 627 648
ancer LCso 39.2 111 75.1 1.09 75.1 1.08 471 138 55.9 132
B Glsy 138 1.09 175 1.03 189 148 0.598 263 246 0.17
reast TG 254 0.71 513 0.84 116 2.78 211 0.63 37.0 1.10
Cancer LCsg 46.7 093 90.2 0.91 98.7 0.82 196 131 84.6 0.87
ol Glsy 4.79 18.0 2.80 157 4.09
MG ';‘/EL TG 20.3 431 32.2 13.3 40.6
- LCsp 435 817 80.8 65.0 73.9
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Table 4. Influence of compounds 2a-e, 2g, 2h, 2k, and 21 on the growth of AGS, DLD-1, MCF-7, and
MDA-MB-231 cell lines.

11 1i I M
Compound Cell line, Glso, 1

AGS DLD-1 MCEF-7 MDA-MB-231
2a 18.71 13.98 18.03 13.89
2b 7.86 8.39 4.79 10.56
2c 443 6.34 3.60 1.59
2d 4.08 547 4.45 3.11
2e 17.05 16.00 17.92 15.83
2g 17.99 27.49 26.40 16.84
2h 2.69 3.67 3.62 1.63
2i 3.20 922 1.73 0.95
2k 13.05 10.00 18.08 15.30
21 12.57 9.19 21.23 17.50

Regarding the SAR analysis (Figure 4), the significant role of the 5-[2-chloro-3-(4-
nitrophenyl)prop-2-enylidene (Ciminalunt) substituent in the anticancer cytotoxicity ap-
pearance was confirmed. Moreover, the presence of a thioxo group in position 2 of the core
heterocycle is more important than the oxo group, as evidenced by the lower activity of
the thiazolidinedione 2b compared to a structurally close rhodanine derivative 2a. The
role of the substituents nature in position 3 of the rhodanine core on the level of anticancer
cytotoxicity level is interesting and important for further in-depth research and the design
of drug-like molecules. Thus, the most effective is the presence of carboxylic acids residues,
among which fragments of propanoic (2h) and hexanoic (2i) acids are considered to be
important for cytotoxicity toward AGS, DLD-1, MCF-7, and MDA-MB-231 cell lines. The
introduction of an additional carboxylic group reduced the effect of derivatives by about
10 times (compounds 2k and 21). Replacing the carboxyl group with a sulfo group had
reduced the activity more significantly (compound 2g). In addition to the carboxylic acid
residues, an additional Ciminalum fragment (2c) or 4,5,6,7-tetrahydrobenzo[b]thiophen-3-
ylcarboxamide moiety (2d) at position 3 of the rhodanine cycle were also important for the
anticancer activity.

N{R) 0, N
AGS cell line
NH

coon

COOH

MCF-7 cell line

0 il N cooll

O t_coon o
S5 cooH

coon

H N coon |
N :

Figure 4. Impact of different substituents in N3 position of the rhodanine core on the anticancer
activity levels.
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Another part of our study was to determine the influence of compounds 2f, 2i, 2j,
and 2h on normal human blood lymphocytes (Figure 5). Glsg values for compounds 2j
and 2h were 48.97 uM and 54.54 uM correspondingly. Compounds 2i and 2f do not reach
Gl5p up to 100 uM after 48 h incubation. The pure Ciminalum has the lowest ICs; value
(Gl = 10.4 uM) for human normal lymphocytes. Thus, normal blood lymphocytes are
blood cells, as well as cells of leukemia cell lines, therapeutic index (TI) of compounds
2f, 2h, and 2j was calculated as Gl5y (normal blood lymphocyte)/Gls; (leukemia cell line)
(Table 5).

Lymphocyte, 48 h
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21
21

|
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Figure 5. Human lymphocyte viability after 48 h of 2f, 2i, 2j, 2h, and Ciminalum drug exposure was
estimated by MTT assay.

Table 5. Therapeutic index (TI) for compounds 2f, 2h, and 2j regarding diversity leukemia cell lines.

Leukemia Cell Line TI (Therapeutic Index)

Compound HL-60(TB) K-562 MOLT-4 RPMI-8226 SR Leukemia Panel
2f >206.19 >191.94 >257.07 >10,000 10,000 >353.36
2h 157.18 257.26 3408.75 395.22 5454 376.14
2j n/a 16.27 15.59 1521 19.99 16.60

3. Materials and Methods
3.1. General Information

All reagents and solvents were purchased from commercial suppliers and were used
directly without further purification. NMR spectra were determined with Varian Unity
Plus 400 (400 MHz) and Bruker 170 Avance 500 (500 MHz) spectrometers, in DMSO-dg
using tetramethylsilane (TMS) as an internal standard. Melting points were measured on
a Kofler hot-stage and are uncorrected. LC-MS was performed using a system with an
Agilent 1100 Series HPLC equipped with diode-array detector and Agilent LC\MSD SL
mass-selective detector using chemical ionization at atmospheric pressure (APCI). The
NMR and LCMS spectra of compounds 2a-1 are presented in Figures S1-S32.

3.2. Synthesis of 5-[(Z,27)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-thiazolidinone
derivatives (2a-1)

A mixture of (2Z)-2-chloro-3-(4-nitrophenyl)prop-2-enal (0.01 mol) and appropriate
4-thiazolidinone (0.01 mol) in the medium of acetic acid (20 mL) and the presence of sodium
acetate (0.01 mol) was refluxed for 3 h. Obtained solid product was collected after cooling
by filtration and recrystallized from the mixture DMF-ethanol (1:2).

5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-2,4-thiazolidinedione (2a). Yield:
78%, mp >270 °C. TH-NMR (400 MHz, DMSO-dg): & (ppm) 7.70 (s, 1TH, CH=), 7.88 (s, 1H,
CH=), 8.00 (d, 2H, ] = 7.5 Hz, arom.), 8.31 (d, 2H, | = 8.0 Hz, arom.), 12.70 (br.s, 1H, NH).
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LCMS (ESI): m/z 309.9/312.0 (95.58%, [M + H]*). Anal. Calc. for C;,H7CIN;O4S: C 46.39%;
H 2.27%; N 9.02%. Found: C 46.50%; H 2.40%; N 8.90%.
5-[(Z,27)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-2-thioxo-4-thiazolidinone (2b).
Yield: 81%, mp 251-253 °C. 'H-NMR (400 MHz, DMSO-dc): & (ppm) 7.55 (s, 1H, CH=),
7.94 (s, 1H, CH=), 8.01 (d, 2H, | = 8.5 Hz, arom..), 8.31 (d, 2H, | = 8.2 Hz, arom.), 13.91 (br.s,
1H, NH). LCMS (ESI): m/z 324.9/326.9 (100%, [M + H]*). Anal. Calc. for C12H7CIN,03S;:
C 44.11%; H 2.16%; N 8.57%. Found: C 44.00%; H 2.25%; N 8.70%.
5-[(Z,27Z)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-3-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-
2-propenylideneamino]-2-thioxo-4-thiazolidinone (2¢). Yield: 74%, mp >260 °C. 'H-NMR
(400 MHz, DMSO-dg): 5 (ppm) 7.79 (s, TH, =CH), 801 (s, 1H, =CH), 8.06 (d, 2H, | = 8.1 Hz,
arom.), 8.06 (s, 1H, =CH), 8.07 (s, 1H, =CH), 8.18 (d, 2H, ] = 8.8 Hz, arom.), 8.33 (d, 2H, | = 8.8 Hz,
arom.), 8.37 (d, 2H, | = 8.1 Hz, arom.), 8.98 (s, 1H, CH=N). LCMS (ESD): m/z 535.0 (95.05%,
[M + HJ*). Anal. Calc. for Co; H12ClN;O5S5: C 47.11%; H 2.26%; N 10.46%. Found: C 47.00%;
H 2.15%; N 10.65%.
5-[(Z,2Z2)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-3-(4,5,6,7-tetrahydrobenz
o[b]thiophen-3-ylcarboxamido)-2-thioxo-4-thiazolidinone (2d). Yield: 80%, mp >230 °C.
TH-NMR (400 MHz, DMSO-d¢): § (ppm) 1.68-1.74 (m, 4H, 2*CH,), 2.67-2.78 (m, 4H, 2*CHy,),
7.87 (s, 1H, s, 1H, CH=), 8.03-8.09 (m, 3H, arom., CH=), 8.10 (s, 1H, s, 1H, thiophene), 8.33
(d, 2H, ] = 8.3 Hz, arom.), 11.46 (s, 1H, NH). '>*C-NMR (100 MHz, DMSO-d): 5 (ppm) 27.2,
27.8,29.8,30.4,128.2,129.1, 134.8, 136.2, 137.9, 140.3, 142.5, 144.3, 144.8, 145.0, 152.7, 168.7
(C=0), 177.9 (C=0), 196.4 (C=S). LCMS (ESI): m/z 504.0/506.0 (100%, [M-H]*). Anal. Calc.
for Cay HygCIN;O4Ss: C 49.85%; H 3.19%; N 8.30%. Found: C 50.00%; H 3.15%; N 8.35%.
N'-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-
3-y1}-2-[2-(2,6-dichloroanilino)phenyl]acetamide (2e). Yield: 74%, mp 257-258 °C. 'H-NMR
(400 MHz, DMSO-dg): & (ppm) 3.85 (d, 1H, | = 14.8 Hz, CH3), 3.90 (d, 1H, | = 14.8 Hz, CHy),
6.30(d, 1H, ] = 7.6 Hz, arom.), 7.08 (t, 1H, | = 7.5 Hz, arom.), 7.19 (t, 1H, ] = 8.0 Hz, arom.)
7.29 (s, 1H, NH), 7.34 (d, 1H, [ = 7.3 Hz, arom.), 7.53 (d, 2H, | = 8.0 Hz, arom.), 7.83 (s, 1H,
=CH), 8.05 (d, 2H, | = 7.7 Hz, arom.), 8.06 (s, 1H, =CH), 8.33 (2H, arom., | = 8.4 Hz, arom.),
11.68 (s, 1H, NH). '*C-NMR (100 MHz, DMSO-dg): 5 (ppm) 41.6 (CH,), 121.4, 121.5, 126.1,
126.2,129.1, 129.2, 130.8, 132.9, 134.4, 134.8, 135.3, 135.6, 136.2, 137.7, 142.3, 144.8, 152.7,
168.3 (C=0), 177.0 (C=0), 195.9 (C=S). LCMS (ESI): m/z 618.8/621.6 (96.2%, [M - H]").
Anal. Cale. for C7H;4Cl3N304S,: C 50.37%; H 2.76%; N 9.04%. Found: C 50.20%; H 2.85%;
N 9.15%.
5-[(Z,27)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-3-(4-hydroxyphenyl)-2-thioxo-
4-thiazolidinone (2f). Yield: 76%, mp >260 °C. TH-NMR (400 MHz, DMSO-dq): & (ppm)
6.89 (d, 2H, | = 8.4 Hz, arom.), 7.16 (d, 2H, | = 8.4 Hz, arom.), 7.72 (s, 1H, =CH), 8.02
(s, 1H, =CH), 8.05 (d, 2H, | = 8.5 Hz, arom.), 8.32 (d, 2H, | = 8.5 Hz, arom.), 9.89 (s, 1H,
OH). '3C-NMR (100 MHz, DMSO-de): & (ppm) 116.3, 119.5, 122.9, 124.4, 127.8, 130.2, 130.4,
131.37,131.4, 138.2, 149.2, 152.9, 158.7 (C=0), 199.3 (C=S). LCMS (ESI): 1 /z 419.0/421.0
(97.1%, [M + H]*). Anal. Calc. for CygHq1CIN,04S;: C 51.61%; H 2.65%; N 6.69%. Found:
C 51.80%; H 2.85%; N 6.80%.
2-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-
yli-1-ethanesulfonic acid (2g). Yield: 83%, mp >260 °C. TH-NMR (400 MHz, DMSO-d;): &
(ppm) 1.95 (t, 2H, | = 7.9 Hz, CH,), 347 (t, 2H, | = 7.9 Hz, CH,), 6.89 (s, 1H, CH=), 7.19
(s, 1H, CH=), 7.23 (d, 2H, | = 8.9 Hz, arom.), 7.51 (d, 2H, | = 8.8 Hz, arom.). *C-NMR
(100 MHz, DMSO-d,): & (ppm) 41.7 (CH,), 47.6 (CH,), 124.3, 127.1, 130.3, 1309, 131.3,
138.2, 140.3, 147.7, 167.1 (C=0), 194.3 (C=S). LCMS (ESI): m/z 432.8/435.0 (100%, [M + HJ*).
Anal. Cale. for C14H11CIN2OgS3: C 38.67%; H 2.55%; N 6.44%. Found: C 38.80%; H 2.45%;
N 6.60%.
3-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-
yl)propanoic acid (2h). Yield: 75%, mp 254-256 °C. "H-NMR (400 MHz, DMSO-ds): & (ppm)
2.63 (t, 2H, | = 6.8 Hz, CHy), 4.22 (t, 2H, | = 6.8 Hz, CHa), 7.73 (s, 1H, CH=), 8.02 (s, 1H,
CH=),8.04 (d, 2H, | = 8.9 Hz, arom.), 8.32 (d, 2H, | = 8.9 Hz, arom.), 12.29 (br.s, 1H, COOH).
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LCMS (ESI): m/z 399.0/401.0/402.0 (100%, [M + H]*). Anal. Calc. for C;5H11CIN;Os5;:
C 45.17%; H 2.78%; N 7.02%. Found: C 45.00%; H 2.65%; N 6.90%.
6-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-
yl}hexanoic acid (2i). Yield: 75%, mp >220 °C. TH-NMR (400 MHz, DMSO-dg): 5 (ppm) 1.30
(quint, 2H, | = 6.7 Hz, CHj), 1.52 (quint, 2H, | = 7.1 Hz, CH3), 1.62 (quint, 2H, | = 6.7 Hz,
CHy), 2.20 (quint, 2H, ] =7.0 Hz, CHy), 3.99 (quint, 2H, | = 6.9 Hz, CH3), 7.69 (s, 1H, CH=),
7.98 (s, 1H, CH=), 8.02 (d, 2H, | = 8.5 Hz, arom.), 8.30 (d, 2H, | = 8.5 Hz, arom.), 12.00
(s, 1H, COOH). 3C-NMR (100 MHz, DMSO-ds): & (ppm) 24.5 (CH,), 26.1 (CH3), 26.5
(CH,), 33.8 (CH,), 44.5 (CH>), 124.3, 126.8, 130.2, 131.2, 131.3, 138.4, 140.2, 147.8, 167.4,
174.7 (C=0), 194.6 (C=S). LCMS (ESI): m/z 441.0/443.1 (100%, [M + H]"). Anal. Calc. for
C13H17CIN;O55,: C 49.03%; H 3.89%; N 6.35%. Found: C 49.10%; H 3.85%; N 6.40%.
2-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-
yl}-3-phenylpropanoic acid (2j). Yield: 70%, mp >220 °C. "H-NMR (400 MHz, DMSO-dj):
5 (ppm) 3.49 (t, 2H, CH3), 5.87 (br.s, 1H, CH), 7.10-7.25 (m, 5H, arom.), 7.71 (s, 1H, s, 1H,
CH-=), 8.00 (s, 1H, s, 1H, CH=), 8.02 (d, 2H, | = 8.0 Hz, arom.), 8.31 (d, 2H, | = 8.0 Hz, arom.),
13.59 (br.s, 1TH, COOH). *C-NMR (100 MHz, DMSO-dg): § (ppm) 38.2 (CH,), 63.3 (CH),
129.1, 132.0, 133.5, 134.2, 134.7, 136.2, 137.1, 137.2, 141.6, 144.1, 152.6, 171.6 (C=0), 173.7
(C=0), 198.7 (C=S). LCMS (ESI): m/z 324.9/326.9 (100%, [M + H]*). Anal. Calc. for
C21H5CIN2O55,: C 53.11%; H 3.18%; N 5.90%. Found: C 53.00%; H 3.15%; N 5.80%.
2-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-
yl}succinic acid (2k). Yield: 68%, mp 220-222 °C. "H-NMR (400 MHz, DMSO-d): & (ppm)
2.89(d, 1H, ] =15.5 Hz, CH,), 3.23 (dd, ] = 7.6, 15.6 Hz, 1H, CH3), 5.94 (br.s, 1H, CH), 7.75
(s, 1H, CH=), 8.02 (s, 1H, CH=), 8.04 (d, 2H, | = 8.9 Hz, arom.), 8.32 (d, 2H, ] = 8.8 Hz,
arom.), 12.68 (br.s, 2H, 2*COOH). '*C-NMR (100 MHz, DMSO-d;): & (ppm) 33.0 (CH,), 53.2
(CH), 115.1 (C-C), 123.9, 129.6 (=CH), 131.0, 131.7 (=CH), 138.6, 139.7, 147.4, 166.5 (C=0),
168.6 (COOH), 171.2 (COOH), 193.5 (C=S). LCMS (ESI): m/z 442.8/444.7 (100%, [M + H]*).
Anal. Calc. for C15H11CIN>O7S,: C 43.40%; H 2.50%; N 6.33%. Found: C 43.54%; H 2.48%;
N 6.45%.
2-{5-[(Z,2Z)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-
yllpentanedioic acid (21). Yield: 72%, mp 205-207 °C. TH-NMR (400 MHz, DMSO-dg): &
(ppm) 2.25-2.45 (m, 4H, CH,CH,), 5.59 (br.s, 1H, CH), 7.72 (s, 1H, CH=), 8.01 (s, 1H, CH=),
8.04 (d, 2H, | = 8.9 Hz, arom.), 8.32 (d, 2H, | = 8.9 Hz, arom.), 12.59 (br.s, 2H, 2*COOH).
13C-NMR (100 MHz, DMSO-d,): § (ppm) 23.3 (CH3), 30.7 (CH3), 57.2 (CH), 119.3 (C-Cl),
124.3,125.7 (=CH), 131.4, 131.8 (=CH), 138.8, 140.2, 147.8, 162.5 (C=0), 169.3 (COOH), 174.1
(COOH), 194.8 (C=S). LCMS (ESI): m/z 455.0/456.9 (100%, [M + H]*). Anal. Calc. for
C17H13CINR O7S,: C 44.69%; H 2.87%; N 6.13%. Found: C 44.56%; H 2.78%; N 6.05%.

3.3. Crystal Structure Determination of 6-{5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-
4-0x0-2-thioxothiazolidin-3-yl thexanoic Acid Dimethylaminoformamide Solvate (2i-DMF)

Compound 2i was recrystallized from DMF by slow evaporation at room temperature.

Crystal data. Ci13H;7CIN;Os5S;, C3HyNO,, Mr = 514.00, monoclinic, space group
P2,/n,a=13.20068(11), b = 5.12876(4), c = 35.3537(3) A, p = 94.7348(6)°, V = 2385.39(3) A?,
Z=4(Z =1), Degic = 1431 g/cm3, p =3.425 mm !, T = 130.0(1) K.

Data collection. An orange lath crystal (DMF) of 0.40 x 0.10 x 0.07 mm was used to
record 18,412 (Cu Ke-radiation, Omax = 76.22°) intensities on a Rigaku SuperNova Dual
Atlas diffractometer [28] using mirror monochromatized Cu Kx-radiation from a high-flux
microfocus source (A = 1.54178 A). Accurate unit cell parameters were determined by
least-squares techniques from the 8 values of 12,519 reflections, 6 range 3.47-76.02°. The
data were corrected for Lorentz, polarization and for absorption effects [28]. The 4955 total
unique reflections (Rine = 0.0175) were used for structure determination.

Structure solution and refinement. The structure was solved by a dual space algorithm
(SHELXT) [29] and refined against F? for all data (SHELXL) [30]. The position of the H
atom bonded to the O atom was obtained from the difference Fourier map and was refined
freely. The remaining H atoms were positioned geometrically and were refined within

the riding model approximation: C-H = 0.98 A (CHj), 0.99 A (CH,), 0.95 A (Csp”H), and
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Uiso(H) = 1.2Ueq(C) or 1.5Ueq(C) for methyl H atoms. The methyl groups were refined as
a rigid group, which were allowed to rotate. Final refinement converged with R = 0.0319
(for 4729 data with F2 > 40(F?), wR = 0.0864 (on F? for all data), and S = 1.052 (on F? for all
data). The largest difference peak and hole was 0.281 and -0.275 eA3.

The molecular illustration was drawn using ORTEP-3 for Windows [31]. Software
used to prepare material for publication was WINGX [31], OLEX2 [32], and PLATON [33].

The supplementary crystallographic data are deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC), 12 Union ROAD, Cambridge CB2 1EZ (UK) [phone, (+44)
1223/336-408; fax, (+44) 1223/336-033; e-mail, deposit@ccdc.cam.ac.uk; World Wide Web,
http:/ /www.ccde.cam.ac.uk, accessed on 18 April 2021 (deposition no. CCDC 2082064)].

3.4. In Vitro Evaluation of the Anticancer Activity According DTP NCI Protocol

Primary anticancer assay was performed on a panel of approximately sixty human
tumor cell lines derived from nine neoplastic diseases, in accordance with the protocol of the
Drug Evaluation Branch, National Cancer Institute, Bethesda [22-25]. Tested compounds
were added to the culture at a single concentration (1073 M) and the cultures were incubated
for 48 h. End point determinations were made with a protein binding dye, sulforhodamine
B (SRB). Results for each tested compound were reported as the percent of growth of
the treated cells when compared to the untreated control cells. The percentage growth
was evaluated spectrophotometrically versus controls not treated with test agents. The
cytotoxic and/or growth inhibitory effects of the most active selected compounds were
tested in vitro against the full panel of human tumor cell lines at concentrations ranging
from 1074 to 1078 M. A 48 h continuous drug exposure protocol was followed, and an SRB
protein assay was used to estimate cell viability or growth.

Using absorbance measurements (time zero (Tz), control growth in the absence of drug
(C), and test growth in the presence of drug (Ti)), the percentage growth was calculated for
each drug concentration. Percentage growth inhibition was calculated as:

[(Ti — Tz)/(C — Tz)] x 100 for concentrations for which Ti > Tz 1)

[(Ti — Tz)/Tz] x 100 for concentrations for which Ti < Tz. (2)

Dose-response parameters (Glsp, TGI, LCsg) were calculated for each compound.
Growth inhibition of 50% (Gls) was calculated from [(Ti — Tz)/(C — Tz)] x 100 =50 (1),
which is the drug concentration resulting in a 50% lower net protein increase in the treated
cells (measured by SRB staining) as compared to the net protein increase seen in the control
cells. The drug concentration resulting in total growth inhibition (TGI) was calculated from
Ti = Tz. The LCsy (concentration of drug resulting in a 50% reduction in the measured
protein at the end of the drug treatment as compared to that at the beginning) indicating a
net loss of cells following treatment was calculated from [(Ti — Tz)/Tz] x 100 = —50 (2).
Values were calculated for each of these parameters if the level of activity was reached;
however, if the effect was not reached or was excessive, the value for that parameter was
expressed as more or less than the maximum or minimum concentration tested. The
lowest values were obtained with the most sensitive cell lines. Compounds having Glsy
values < 100 uM were declared to be active.

3.5. Cell Viability Assay (AGS, DLD-1, MCF-7 and MDA-MB-231 Cell Lines; Human
Blood Lymphocytes)

The assay was performed by using 3-(4,5-dimethylthiazole-2-yl)- 2,5-diphenyltetrazolium
bromide (MTT). Confluent cells, cultured for 24 h with 0.1, 1, 5, 10, 20, 30, and 100 uM
concentrations of studied compounds in 24-well plates were washed with PBS. MTT was
dissolved in PBS, and 25 uL. were added to each well. Plates were incubated for 4 h at 37 °C
in 5% CO, in an incubator. The medium with MTT was removed, and 1 mL of DMSO was
added to the attached cells. Furthermore, cells were incubated for 5-10 min in RT and then
10 pl of Sorensen buffer was added to each well. The absorbance of converted dye in living
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cells was measured at a wavelength of 570 nm. The cell viability of breast cancer cells, gastric
cancer cells, and human colon cancer cells cultured in the presence of ligands was calculated
as percent of control cells.

3.6. Isolation of Human Blood Lymphocytes and Their Activation

First, 20 mL of venous blood was taken from volunteers (Ethical protocol number 2,
27 January 2019) and collected in the presence of 200 uL of undiluted fresh heparin (1/100).
Sterile blood was diluted 2 times with 0.9% NaCl under the sterile conditions. Isolation of
lymphocytes was performed in a density gradient of ficol-verografin using the protocol of
the manufacturer (Lympoprep, NYCOMED PHARMA AS, Oslo Norway). The resulting
lymphocytes were resuspended in the RPMI-1640 medium and cultured for several days
(up to 10 days). To separate the lymphocytes from the monocytes, cell suspension was
left for 24 h. After 24 h of culture, monocytes were attached, while lymphocytes were
transferred to a fresh Falcon tube (15 mL). To stimulate the proliferation of lymphocytes,
they were cultured on CD3+ antibody-coated plastic plate in the RPMI-1640 medium
supplemented with 20% FBS.

4. Conclusions

In the presented paper, new 5-[(Z,2Z)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-
4-thiazolidinones (Ciminalum-thiazolidinone hybrid molecules) are described. NCI 60-Cell-
line antitumor activity assay allowed identifying a highly active compound 2h with the
mean Glsg 1.57 uM and TGI 13.3 pM with a certain sensitivity profile in the Glsy concen-
tration range of < 0.01-0.02 uM toward leukemia (MOLT-4, SR), colon cancer (SW-620),
CNS cancer (SF-539) and melanoma (SK-MEL-5) cell lines. High cytotoxicity of 5-[(Z,2Z)-
2-chloro-3-(4-nitrophenyl)-2-propenylidene]-2-thioxo-4-thiazolidinone-3-carboxylic acids
against cell lines of gastric cancer (AGS), human colon cancer (DLD-1), and breast cancers
(MCF-7 and MDA-MB-231) was established. The hit compounds 2f, 2i, 2g, and 2h have
been found to have low toxicity toward normal human blood lymphocytes and a fairly wide
therapeutic range—TI for leukemia panel > 353.36 (2f), 376.14 (2h) and 16.60 (2j). The SAR
analysis allowed confirming the crucial role of 2-chloro-3-(4-nitrophenyl)prop-2-enylidene
(Ciminalum) substituent in position 5 for 4-thiazolidinones and establish the dependence of
the anticancer activity of the synthesized compounds on the nature of the substituents in
N3 position of the core heterocycle. Further investigations on the Ciminalum—thiazolidinone
hybrid molecules could lead to more potent compounds as promising candidates for the
development of new anticancer chemotherapy. The levels of their anticancer activity cause
the need for the in-depth study of their mechanisms of action.

Supplementary Materials: The following are available online, Figures S1-532: Copies of NMR and
LCMS spectra of compounds 2a-1.
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Abstract: Tt was established that the synthesis of hybrid molecules containing a thiazolidinone and a
(2Z)-2-chloro-3-(4-nitrophenyl)prop-2-ene structural fragments is an effective approach for the design
of potential anticancer agents. Given the results of the previous SAR-analysis, the aim of the study was
to synthesize a novel 4-thiazolidinone derivative Les-3331 and investigate its molecular mechanism of
action in MCF-7 and MDA-MB-231 breast cancer cells. The cytotoxic properties and antiproliferative
potential of Les-3331 were determined. The effect of the tested compound on apoptosis induction and
mitochondrial membrane potential was checked by flow cytometry. ELISA was used to determine
caspase-8 and caspase-9, LC3A, LC3B, Beclin-1, and topoisomerase 1l concentration. Additionally,
PAMPA, in silico or in vitro prediction of metabolism, CYP3A4/2D6 inhibition, and an Ames test
were performed. Les-3331 possesses high cytotoxic and antiproliferative activity in MCF-7 and MDA-
MB-231 breast cancer cells. Its molecular mechanism of action is associated with apoptosis induction,
decreased mitochondrial membrane potential, and increased caspase-9 and caspase-8 concentrations.
Les-3331 decreased LC3A, LC3B, and Beclin-1 concentration in tested cell lines. Topoisomerase
II concentration was also lowered. The most probable metabolic pathways and no DDIs risk of
Les-3331 were confirmed in in vitro assays. Our studies confirmed that a novel 4-thiazolidinone
derivative represents promising anti-breast cancer activity.

Keywords: 4-thiazolidinones; breast cancer; apoptosis; autophagy; anticancer agents; chemotherapy;
topoisomerase inhibitor; etoposide; 3-MA; ADME-Tox parameters

1. Introduction

Cancer is the leading cause of death worldwide. According to the World Health
Organization’s (WHQ) 2019 estimates, cancer is the first or second leading cause of death
among people aged 70 in 112 of the 183 studied countries [1]. Based on the latest WHO
data, 2.3 million new cases of breast cancer (BC) occurred among women worldwide in
2020 alone and 685,000 deaths were caused by this disease. By the end of 2020, nearly
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8 million women diagnosed with BC in the previous five years were alive worldwide. As
statistics show, breast cancer is the most common cancer for women in the world [2].

Molecularly, BC is a heterogeneous disease characterized by hormone receptors (pro-
gesterone (PR) and estrogen (ER) receptors) activation, human epidermal growth fac-
tor receptor 2 (HER2) activation, and/or BRCA mutations. We can distinguish three
basic subtypes of BC based on its HER2 and hormone receptor status: luminal (ER-
positive and PR-positive), HER2-positive (HER2+), and triple-negative breast cancer
(TNBC) [3]. Medern, multidisciplinary therapeutic strategies involve both systematic
therapies and locoregional approaches (radiotherapy and surgery). Systematic thera-
pies include chemotherapy, anti-HER2 treatment for HER2+ BC, bone-stabilizing agents,
endocrine therapy for hormone receptor-positive breast cancer, poly(ADP-ribose) poly-
merase inhibitors for patients with BRCA mutation, and immunotherapy [4]. Systematic
chemotherapy used to date involves the use of cytostatic drugs. Their mechanism of ac-
tion is based on the apoptosis induction and inhibition of mitosis by disrupting the cell
cycle. Chemotherapy options in breast cancer treatment strongly depend on the cancer
subtype. Currently, for patients with ER+, PR+, and HER— (after or together with en-
docrine therapy), intravenous treatment with adriamycin-cyclophosphamide, adriamycin—
cyclophosphamide-paclitaxel, or docetaxel-cyclophosphamide can be applied. Chemother-
apeutic strategies for patients with HER2+ BC are based on intravenous therapy with
paclitaxel-trastuzumab, adriamycin—cyclophosphamide—paclitaxel-trastuzumab =+ pertuzumab,
or docetaxel-carboplatin-trastuzumab + pertuzumab. Furthermore, therapy of patients
with HER2+, ER+, and PR+ breast cancer includes endocrine treatment as well. TNBC pa-
tients are treated with intravenous therapy of adriamycin—cyclophosphamide, adriamycin-
cyclophosphamide—paclitaxel, or docetaxel-cyclophosphamide [5]. However, available
cytostatic drugs have poor selectivity and a low therapeutic index, leading to a number of
side effects. Optimal therapy is different for each patient, based on the diagnosed subtype
of cancer, stage of disease and individual preferences of the patient.

Advances in knowledge of molecular biology and cancer genetics are contributing to
the search for more effective pharmacotherapeutic approaches based on discoveries related
to signal transduction in the cell. Therefore, the search for new anticancer drugs with high
therapeutic efficacy and low toxicity is particularly important. Since the 1960s, a significant
increase in medicinal chemistry and pharmacology of 4-thiazolidinones has been seen [6-8].
Numerous scientific papers, reviews and patents covering novel 4-thiazolidinone analogs
have appeared over the last 60 years [9-13]. Compounds belonging to the group of
4-thiazolidinones have demonstrated diversified activity, from anticancer, antimicrobial,
antibacterial, and anti-inflammatory to antidiabetic properties [14-16]. Among patented
analogs and drugs based on 4-thiazolidinones, we can distinguish e.g., antidiabetic Piogli-
tazone [17], diuretic Etozoline [12], anti-inflammatory Darbufelon [18], or aldose reductase
inhibitor Epalrestat [19]. Derivatives of 4-thiazolidinone are a well-known class of patented,
leading compounds and drugs, among which antitumor “small molecules” are of spe-
cial interest [20]. Thus, indisputable evidence of the affinity of 4-thiazolidinone-based
derivatives for validated anticancer biotargets, such as TNF-x-TNFRe-1, JSP-1, and anti-
apoptotic complex Bcl-X; -BH3, can be found in the literature [14,21,22]. It is important to
note that, in this group of heterocyclic compounds, the most interesting for the design of
new biologically attractive molecules are 5-ene-4-thiazolidinones [14]. On the other hand,
5-ene-4-thiazolidinones, as possible Michael acceptors, can react with glutathione and
other free thiols within a cell; they are treated as frequent hitters or pan-assay interference
compounds (PAINS) with low or insufficient selectivity. This may offer a high probability of
polar interactions or hydrogen bonds formation, therefore causing a promiscuous behavior
in high throughput screening campaigns that is often not confirmed in experimental studies.
Moreover, Michael acceptor functionality, as well as the thesis about low selectivity towards
biotargets of rhodanines, must be confirmed experimentally and it cannot be based on just
the presence of conjugated o, 3-unsaturated carbonyl. Additionally, the positive aspects of
Michael acceptors must be considered as well as their multitarget properties [13,23].
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As a continuation of our systematic research of 4-thiazolidinone derivatives, we
have established that the synthesis of hybrid molecules containing a thiazolidinone and a
(2Z)-2-chloro-3-(4-nitrophenyl)prop-2-ene structural fragments (Ciminalum-thiazolidinone
hybrid molecules) is an effective approach for the design of potential anticancer agents.
Our systematic SAR-analysis allowed us to establish that the presence of the Ciminalum
moiety in position 5 of core heterocycle is crucial to the antitumor activity of various
4-thiazolidinone derivatives, including 2,4-thiazolidinediones [24], isomeric 2- [25], and
4-aminothiazolones [26], 2-thioxo-4-thiazolidinones [24], etc. The role of the substituents
in position 3 (especially carboxylic groups) of the 4-thiazolidinone core on the level of
anticancer cytotoxicity level is also important for further in-depth research. Thus, high cyto-
toxicity of 5-[(Z,27)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-2-thioxo-4-thiazolidinone-
3-carboxylic acids against gastric cancer (AGS), human colon cancer (DLD-1), and breast
cancers (MCF-7 and MDA-MB-231) cell lines, and a fairly wide therapeutic range, were
established [24].

Given the results of the previous SAR-analysis, as well as the significant effect of the
Ciminalum-thiazolidinone hybrids on the breast cancer cells, our current research was aimed
at the in-depth study of anti-breast activity of novel derivative Les-3331 (2-{5-[(Z,2Z)-2-chloro-
3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}-3-methylbutanoic acid).

2. Results
2.1. Chemistry

Target compound Les-3331 was synthesized via the Knoevenagel condensation of 3-
methyl-2-(4-oxo0-2-thioxothiazolidin-3-yl)-butanoic acid I and (2Z)-2-chloro-3-(4-nitrophenyl)-
prop-2-enal IT in the presence of sodium acetate under reflux in acetic acid (Scheme 1). The
starting 3-methyl-2-(4-oxo-2-thioxothiazolidin-3-yl)-butanoic acid I was obtained according
to the dithiocarbamate method of 2-thioxo-4-thiazolidinones (rhodanines) synthesis using
D,L-valine as a starting compound [27].

H.C HC . cn r.acu,cook  omC__cn
3 CH 3 : 2 3
3 CS,,KOH I 9. HE1 ()]\ I
HN . HN .. N
2 COOH i COOH ii \ : COOH
KS
S S CHO
O H,C AcOH Ca
AcONa
] W JCH3 I
0 N _ !
~ '+ Cl S\\< COOH i o™,
(o)
o S Les-3331

Scheme 1. Synthesis of 2-{5-[(Z,27)-2-chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-
3-yl}-3-methylbutanoic acid (Les-3331). Reagents and conditions: (7)) D,L-Valine (0.03 mol), KOH
(0.06 mol), CS; (0.03 mol), H,O (30 mL), stirring, RT, 3 h; (i) 1. CICH,COOK (0.03 mol), stirring, RT,
30 min, 2. 2N HCI to pH = 2.0, heating to 90°C, 30 min, 70%; (iif) comp. I (0.01 mol), (2Z)-2-chloro-3-(4-
nitrophenyl)prop-2-enal II (0.010 mol), AcONa (0.01), AcOH (20 mL), reflux, 3 h, 64%.

The data characterizing synthesized Les-3331 were presented in the experimental
part. Analytical and spectral data (Figures S1-S3, Supplementary Materials) confirmed
the structure of the synthesized compound. The 'H NMR spectrum of the synthesized
Les-3331 is characterized by the signals of the Ciminalum residue [24] in the form of two
singlets at 7.77 and 8.02 ppm for CH=CCI-CH= group, as well as two doublets of the
p-nitrophenyl substituent at 8.04 and 8.32 ppm. The substituent at position 3 of the
rhodanine core is characterized by a subspectrum in the form of two doublets for methyl
groups at 0.75 and 1.19 ppm, a multiplet and a doublet for CH groups at 2.71 (NCH) and
5.28 ppm (CHCOOH). The carboxylic group forms a broad singlet at 13.28 ppm. In the
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13C NMR spectra of Les-3331 signals of C=0 and C=S groups of the core heterocycle were
characteristic and appeared at 166.6 and 194.2 ppm, respectively.

The structure of Les-3331 was also confirmed by X-ray crystallography (Table S1,
Supplementary Materials). The investigated compound has the structure of 2-{5-[(Z,27)-2-
chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-thioxothiazolidin-3-yl}-3-methylbutanoi
acid and crystallizes as dimethylformamide solvate in a molar ratio of 1:1 (Figure 1), which
agrees with the previous data for the specified class of compounds [24]. In the salt crystal
lattice of Les-3331, solute and solvent molecules related by translation along the a axis are
linked by hydrogen bonds O10—H10---028, C15—H15---09, C29—H29---09, and C32—
H32A.---091 into tapes (Figure S5A, Table S2, Supplementary Materials). The anti-parallel
tapes, related by the center of symmetry, then connect by hydrogen bonds C21—H21.- 026l
into columns (Figure S5B, Table S2, Supplementary Materials).

Figure 1. ORTEP view of Les-3331*"DMF, showing the atomic labelling scheme. Non-H atoms are
drawn as 30% probability displacement ellipsoids and H atoms are drawn as spheres of arbitrary size.

2.2. Biological Studies

The influence of Les-3331 on the cell viability of two human breast cancer cell lines and
human skin fibroblasts was evaluated using an MTT assay (Figure 2). Cells were incubated
with varying concentrations of the tested compound and reference drug (etoposide [28-30])
for 24 h.

Based on the results obtained after 24 h incubation with the tested compound and
reference drug, we showed that Les-3331 causes a significant reduction in cell viability of
human breast cancer cell lines and ICs; value for MCF-7 (Figure 2A), and MDA-MB-231
(Figure 2B) cells were 5.02 pM and 15.24 pM, respectively. Etoposide was not as effective in
decreasing the viability of human breast cancer cell lines and its ICsy values were higher
than 50 uM in both cases. Furthermore, as presented in Figure 2C, Les-3331 exhibited
lower cytotoxicity against human skin fibroblasts compared to the MCF-7 and MDA-MB-
231 cancer cell lines. Its IC5p value was 28.52 M.

To investigate the effect of novel 2-thioxo-4-thiazolidinone derivative and etoposide
on cell proliferation, the level of [*H]-thymidine incorporation into DNA of human breast
cancer cells was measured. The obtained results are shown in Figure 3.

We demonstrated that exposure of cancer cells to Les-3331 inhibited cell proliferation
in a concentration-dependent manner. For MCF-7 cancer cells (Figure 3A), ICsj value of
the tested compound was 5.54 uM and for MDA-MB-231 cells (Figure 3B), it was 8.01 pM.
Etoposide did not exhibit as strong antiproliferative activity as the newly synthesized
compound, and its ICsj values were higher than 20 uM in both cases.
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Figure 2. Viability of MCF-7 (A), MDA-MB-231 (B), and human skin fibroblasts (C) incubated for 24 h
with Les-3331 and a reference drug (etoposide). Mean + SD from three independent experiments
performed in duplicate is presented.
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Figure 3. The influence of Les-3331 and reference drug on cell proliferation in MCF-7 (A) and
MDA-MB-231 (B) cancer cell lines. Antiproliferative activity was measured after 24 h incubation of
cancer cells with Les-3331 and a reference drug (etoposide) using [*H]-thymidine incorporation assay.
Mean =+ SD from three independent experiments performed in duplicate is presented.

In order to evaluate the influence of Les-3331 on the apoptosis process in human breast
cancer cells, Annexin V binding assay was performed.

Analysis of results obtained in Annexin V binding assay revealed that Les-3331 induces
apoptosis in a concentration-dependent manner. As shown in Figure 4A, we detected 6.5%
of late and early apoptotic MCF-7 cells after a 24 h incubation with 1 uM concentration of
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Les-3331, whereas after a 24 h incubation of the tested compound with a concentration of
five times higher, 40.4% of late and early apoptotic cancer cells were detected. In the case of
the MDA-MB-231 cell line (Figure 4B), 5.1% and 18.1% of late- and early-apoptotic cells
were detected after 24 h incubation with 1 uM and 5 uM concentration of novel compound,
respectively. The reference compound was not as efficient in apoptosis activation as
Les-3331. As demonstrated, 10.7% and 4.7% of late and early apoptotic cells were detected
after 24 h exposure of MCEF-7 (Figure 4A) and MDA-MB-231 (Figure 4B) cells to 1 uM
concentration of reference drug, while incubation with 5 uM etoposide revealed 10.7% and
7.2% of apoptotic cells, respectively.
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necrotic cells +——————— necrotic cells
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6.3% +T— % of late and early apoptotic cells | 4.2% +— % of late and early apoptotic cells
s early apoptotic cells *ﬁ early apoptotic cells
: * | viablecells ¢ - | viablecells
Les-3331 Etoposide Les-3331 Etoposide
E E E
6.5% 10.7% z G 5.1% i | 4.7%
Les-3331 Etoposide Les-3331 Etoposide
i ok
5 i @ - w
B =
| £ E
el 40.4% 10.7% 18.1% 7.2%,
FITC-Annexin V FITC-Annexin V

Figure 4. Induction of apoptosis in MCF-7 (A) and MDA-MB-231 (B) cells incubated with Les-3331
and a reference drug (etoposide) at 1 uM and 5 M concentration for 24 h. The total number of
late and early apoptotic human breast cancer cells is presented as the mean percentage from three
independent experiments performed in duplicate.

The early stages of apoptosis are correlated with a decrease in mitochondrial mem-
brane potential (A% ) [31]. To investigate the effect of Les-3331 on the intrinsic apoptotic
pathway, JC-1 fluorescent dye staining was performed.

It was observed that Les-3331 in tested concentrations decreased AY, in MCFE-7
(Figure 5A) and MDA-MB-231 (Figure 5B) human breast cancer cells. After 24 h incubation
with 1 uM Les-3331, 9.8% of MCF-7 and 21.8% of MDA-MB-231 cells had decreased A¥y,,
whereas 24 h treatment of cancer cells with a 5 uM concentration of Les-3331 resulted
in a decrease in AYy, in 25.5% (MCF-7) and 36.3% (MDA-MB-231) of cells. The weaker
effect was observed after incubation with the reference drug (etoposide) in 1 uM and 5 uM
concentrations. As demonstrated, 10.2% of MCF-7 (Figure 5A) and 11.4% of MDA-MB-
231 (Figure 5B) cells had decreased AYy, after incubation with 1 uM etoposide, while
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treatment of cancer cells with a reference drug concentration of five times higher resulted
in a reduction in A¥y, in 18.5% and 15.6% of cells, respectively.
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Figure 5. Mitochondrial membrane potential analysis in MCF-7 (A) and MDA-MB-231 (B) human
breast cancer cells incubated with Les-3331 and reference drug (etoposide) at 1 uM and 5 uM
concentration for 24 h. The total number of human breast cancer cells with decreased mitochondrial
membrane potential is presented as the mean percentage from three independent experiments
performed in duplicate.

Activation of the intrinsic apoptotic pathway by the newly synthesized compound
can be confirmed by examining its influence on caspase-9 (Casp-9) concentration. We
investigated whether apoptosis in tested human breast cancer cell lines in the presence of
1 uM and 5 uM of Les-3331 occurs through the intrinsic pathway.

Based on the obtained results, we showed that Les-3331 causes an increase in Casp-9
concentration. The most significant effect was observed after the exposure of MCF-7 can-
cer cells to Les-3331 (Figure 6A). After 24 h incubation with 1 pM and 5 pM Les-3331,
we detected 150.187 ng/mL and 168.243 ng/mL of Casp-9, respectively, in MCF-7 cell
lysates, compared to the control (120.913 ng/mL). The weaker effect was observed after
incubation with a reference drug. Compared to the control, the Casp-9 concentration
was 154.960 ng/mL (1 uM etoposide) and 158.900 ng/mL (5 uM etoposide). In MDA-
MB-231 cells (Figure 6B), the concentration of Casp-9 after treatment with 1 uM and
5 uM Les-3331 was 84.300 ng/mL and 92.523 ng/mL, respectively, compared to the control
(65.073 ng/mL). A similar effect was observed after exposure to 1 uM and 5 pM reference
drug, where the concentration of Casp-9 was 86.953 ng/mL and 93.620 ng/mL, respectively.
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Figure 6. The concentration of caspase-9 in MCF-7 (A) and MDA-MB-231 (B) human breast cancer
cells after 24 h incubation Les-3331 and reference drug (etoposide) at 1 uM and 5 pM concentration.
Mean + SD from three independent experiments performed in duplicate is presented. Statisti-
cal significance was calculated using one-way ANOVA with Bonferroni multiple comparison test.
Differences were considered statistically significant at **** (p < 0.0001).

The involvement of Les-3331 in the extrinsic apoptotic pathway can be confirmed
through the determination of its influence on caspase-8 (Casp-8) concentration.

Studies have shown that Les-3331 caused an increase in Casp-8 concentration. The
most significant effect on Casp-8 level was observed after 24 h incubation of MCF-7 cells
with Les-3331 (Figure 7A). Compared to the control (0.901 ng/mL), we detected 1.050 ng/mL
and 1.253 ng/mL of Casp-8 in cell lysates after exposure of MCF-7 cells to 1 uM and
5 uM Les-3331, respectively. A similar effect of Les-3331 on Casp-8 was shown in MDA-
MB-231 cancer cells (Figure 7B). After 24 h incubation of human breast cancer cells with
the tested compound, the concentration of Casp-8 was 1.012 ng/mL (1 uM Les-3331) and
1.067 ng/mL (5 uM Les-3331), compared to the untreated control (0.828 ng/mL). The
reference compound (etoposide) did not show as strong an effect on Casp-8 concentration
as Les-3331. After 24 h exposure to 1 M etoposide, Casp-8 concentration in cell lysates was
0.812 ng/mL (MCF-7 cells) and 0.836 ng/mL (MDA-MB-231 cells), whereas after treatment
with 5 pM etoposide, we detected 0.951 ng/mL and 0.857 ng/mL of Casp-8 in MCF-7 and
MDA-MB-231 cells, respectively.

The microtubule-associated protein 1A /1B light chain 3A (LC3A) and microtubule-
associated protein 1A /1B light chain 3B play (LC3B) an important role in the autophagy
process due to their interactions with the autophagosomal membrane [32]. To investigate
the influence of Les-3331 on the autophagy process, LC3A concentration was checked.

MCEF-7 and MDA-MB-231 human breast cancer cell lines were exposed to Les-3331 in
two concentrations, 1 and 5 uM, for 24 h. As demonstrated in Figure 8, a decrease in
LC3A concentration was observed after the incubation of cancer cells with a newly syn-
thesized compound and reference drugs. The concentration of LC3A in untreated control
MCE-7 cells was 6.726 ng/mL. The exposure of MCF-7 to 1 and 5 uM Les-3331 (Figure SA)
resulted in a decrease in LC3A concentration to 4.917 ng/mL and 1.127 ng/mL, respec-
tively. Furthermore, 24 h incubation with etoposide decreased the LC3A to 4.505 ng/mL
(1 pM etoposide) and 4.582 ng/mL (5 uM etoposide). Similarly to MCF-7 cells, incubation
of MDA-MB-231 cancer cells with Les-3331 caused a reduction in LC3A concentration
(Figure 8B) to 2.982 ng/mL (1 uM Les-3331) and 1.258 ng/mL (5 uM Les-3331), compared
to the control (2.965 ng/mL). Etoposide caused a similar effect to Les-3331, decreasing
the LC3A concentration to 2.800 ng/mL (1 uM concentration) and 1.313 ng/mL (5 uM
concentration). A 24 h incubation of human breast cancer cells with 5 mM 3-Methyladenine
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(3-MA), a known autophagy inhibitor, resulted in a reduction in LC3A concentration to
4.423 ng/mL (MCF-7 cells) and 0.994 ng/mL (MDA-MB-231 cells). The results obtained
after incubation with Les-3331 indicated that in MCE-7 cells, 5 uM Les-3331 showed an
almost fourfold stronger inhibitory effect on LC3A concentration (1.127 ng/mL) compared
to 5 mM 3-MA (4.423 ng/mL). In MDA-MB-231 cells, 5 uM Les-3331 showed a similar
effect on LC3A concentration compared to 5 mM 3-MA: 1.258 ng/mL and 0.994 ng/mL,
respectively.
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Figure 7. The concentration of Caspase-8 in MCF-7 (A) and MDA-MB-231 (B) human breast cancer cells
after 24 h incubation with Les-3331 and reference drug (etoposide) at 1 uM and 5 uM concentration.
Mean =+ SD from three independent experiments performed in duplicate is presented. Statistical signifi-
cance was calculated using one-way ANOVA with Bonferroni multiple comparison test. Differences
were considered statistically significant at: ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001).
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Figure 8. The concentration of LC3A in MCF-7 (A) and MDA-MB-231 (B) human breast cancer cells
after 24 h incubation with Les-3331 and reference drug (etoposide) at 1 uM and 5 uM concentration.
As a positive control, 3-Methyladenine (3-MA), a known autophagy inhibitor, in 5 mM concentration
was used. Mean + SD from three independent experiments performed in duplicate is presented.
Statistical significance was calculated using one-way ANOVA with Bonferroni multiple comparison
test. Differences were considered statistically significant at: *** (p < 0.0001).
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In order to confirm the above results, the influence of Les-3331 on LC3B concentration
was checked.

The basal concentration of LC3B in the untreated control group was 1.194 ng/mL in
MCEF-7 cells (Figure 9A). After 24 h incubation of the tested cells with 5 uM Les-3331, a
decrease in LC3B concentration was observed (1.002 ng/mL), while exposure of MCF-7 to
1 uM and 5 uM etoposide reduced LC3B levels to 1.157 ng/mL and 0.779 ng/mL. The
strongest effect on LC3B was observed after incubation with 5 mM 3-MA, which reduced
the LC3B levels to 0.664 ng/mL, compared to the control and newly synthesized com-
pound. In MDA-MB-231 cells (Figure 9B), Les-3331 decreased the concentration of LC3B to
1.178 ng/mL (1 uM concentration) and 0.996 ng/mL (5 uM concentration), compared to
the untreated control cells (1.504 ng/mL). In addition, LC3B levels were also reduced after
incubation with 1 uM and 5 uM etoposide, to 0.784 ng/mL and 0.615 ng/mL, respectively.
Exposure of MDA-MB-231 cells to 5 mM 3-MA resulted in a decreased LC3B concentration
of 0.628 ng/mL.
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Figure 9. The concentration of LC3B in MCF-7 (A) and MDA-MB-231 (B) human breast cancer cells
after 24 h incubation with Les-3331 and reference drug (etoposide) at 1 uM and 5 uM concentration.
As a positive control, 3-Methyladenine (3-MA), a known autophagy inhibitor, in 5 mM concentration
was used. Mean * SD from three independent experiments performed in duplicate is presented.
Statistical significance was calculated using one-way ANOVA with Bonferroni multiple comparison
test. Differences were considered statistically significant at: * (p < 0.05), *** (p < 0.0001).

Additionally, to confirm that Les-3331 did not induce the autophagy process, its
influence on Beclin-1 concentration was analyzed.

Based on the obtained results (Figure 10), we showed that 24 h exposure of human
breast cancer cell lines to Les-3331 causes a decrease in Beclin-1 concentration in comparison
with the control, where 7.965 ng/mL (MCF-7 cells) and 3.605 ng/mL (MDA-MB-231 cells)
of Beclin-1 was detected. In MCF-7 cell lysates, a newly synthesized compound reduced
the levels of analyzed protein more effectively than etoposide or 3-MA (Figure 10A).
We detected 7.435 ng/mL and 3.948 ng/mL of Beclin-1 after incubation with 1 uM and
5 uM Les-3331, while incubation with autophagy inhibitor 3-MA resulted in a reduction in
Beclin-1 concentration to 6.344 ng/mL. After exposure to etoposide, Beclin-1 concentration
was 7.848 ng/mL (1 uM concentration) and 6.686 ng/mL (5 uM concentration). The
weaker effect on Beclin-1 concentration was observed in MDA-MB-231 cells (Figure 10B).
Les-3331 slightly reduced Beclin-1 levels and showed similar activity to 3-MA. Amounts
of 3.007 ng/mL and 2568 ng/mL of analyzed protein were detected after exposure to
1 uM and 5 uM Les-3331, respectively, compared to 5 mM 3-MA (2.399 ng/mL). The level
of Beclin-1 after incubation with 1 uM etoposide is similar to the control group, which was
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3.442 ng/mL, whereas the exposure to 5 tM etoposide resulted in a decrease in Beclin-1
to 3.004 ng/mL.
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Figure 10. The concentration of Beclin-1 in MCF-7 (A) and MDA-MB-231 (B) human breast cancer cells
after 24 h incubation with Les-3331 and reference drug (etoposide) at 1 uM and 5 uM concentration.
As a positive control, 3-Methyladenine (3-MA), a known autophagy inhibitor, in 5 mM concentration
was used. Mean + SD from three independent experiments performed in duplicate is presented.
Statistical significance was calculated using one-way ANOVA with Bonferroni multiple comparison
test. Differences were considered statistically significant at: ** (p < 0.01), *** (p < 0.001), *** (p < 0.0001).

Topoisomerases are responsible for controlling the topology of DNA. The presence
and proper functioning of these enzymes are significant for most processes, which occur
in the cell. In many cancers, an increase in topoisomerase II activity is observed. The use
of chemotherapeutics that inhibit enzyme activity results in DNA strand interruption and
consequently leads to cell death [33]. To evaluate the effect of Les-3331 on topoisomerase II
(Top II) concentration, an ELISA test was performed.

Analysis of the obtained results revealed that Les-3331 causes a reduction in topoiso-
merase II concentration in both tested human breast cancer cell lines (Figure 11). As shown
in Figure 11A, the concentration of Top II was 0.900 ng/mL and 0.625 ng/mL after incuba-
tion of MCF-7 cells with 1 pM and 5 uM Les-3331, respectively, compared to the control
(2.260 ng/mL of Top II). The weaker effect was demonstrated after exposure to etoposide,
where the concentration of Top II was 1.587 ng/mL (1 uM etoposide) and 1.443 ng/mL
(5 uM etoposide). In MDA-MB-231 cells (Figure 11B), the concentration of analyzed protein
was 2.508 ng/mL after incubation with 1 uM Les-3331. An almost twofold decrease in
Top II concentration was observed after treatment with 5 uM Les-3331 (1.436 ng/mL)
compared to the control (2.700 ng/mL). Similarly to MCF-7 cells, the weaker effect on Top
II concentration was observed after incubation with the reference drug (etoposide) in 1 pM
and 5 uM concentrations, where 2.175 ng/mL and 2.003 ng/mL of Top II was detected,
respectively.

To confirm the above results, flow cytometric analysis of topoisomerase Il activity
using anti-topoisomerase Ilx antibody conjugated with PE was performed.

The flow cytometric analysis confirmed the inhibitory effect of Les-3331 on Top II
compared to the control and reference drug (Figure 12). It was shown that after a 24 h
incubation with Les-3331 in 1 uM concentration, 34.1% of MCF-7 (Figure 12A) and 5.4%
of MDA-MB-231 cells (Figure 12B) did not exhibit the presence of anti-topoisomerase Il
antibody. In the 5 uM concentration of the tested compound, that value went up to 49.2%
(MCEF-7 cells—Figure 12A) and 30.9% (MDA-MB-231 cells—Figure 12B). A weaker effect
was observed in 1 uM etoposide, where 8.6% (MCF-7) and 7.5% (MDA-MB-231) cells
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without anti-topoisomerase Il antibody were detected. For 5 uM etoposide, 11.8% of
MCEF-7 and 9.1% MDA-MB-231 without anti-topoisomerase Il antibody were observed
(Figure 12A,B).
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Figure 11. The concentration of topoisomerase IT in MCF-7 (A) and MDA-MB-231 (B) human breast
cancer cells after 24 h incubation with Les-3331 and reference drug (etoposide) at 1 uM and 5 uM
concentration. Mean =+ SD from three independent experiments performed in duplicate is presented.
Statistical significance was calculated using one-way ANOVA with Bonferroni multiple comparison
test. Differences were considered statistically significant at *** (p < 0.001), *** (p < 0.0001).
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Figure 12. Anti-topoisomerase Il antibody analysis of MCF-7 (A) and MDA-MB-231 (B) human
breast cancer cells after 24 h incubation with Les-3331 and reference drug (etoposide) at 1 uM and
5 uM concentration. The total number of human breast cancer cells without anti-topoisomerase

Tl antibody is presented as the mean percentage from three independent experiments performed
in duplicate.

128



Int. J. Mol. Sci. 2022, 23, 4091

13 of 23

260 Sy P§aer 3D

PO

e

Interactions
van der Waals
Bl cConventional Hydrogen Bond

B Fi-sigma

2.3. Molecular Docking Simulations

Docking simulations allow for the suggestion that Les-3331 possesses good affinity to
Topoisomerase II (Table 1, Figure 13), with the nevertheless summary-binding energy being
smaller compared to reference ligand etoposide. The “head” of the molecule incorporates
between nucleosides DT9 and DG13 by forming a Pi-Pi-stacked lipophilic interaction.
Moreovert, the rhodanine core stabilized its position by the hydrogen bond with the Arg503
(2.35 A). Valine residue of the Les-3331 also connects to DT9 and DG13 by the hydrogen
bond (2.22 A) and Pi-sigma bond (3.73 A), respectively. Van der Waal forces and Pi-sigma
interactions increase the summary energy of the Les-3331-topoisomerase II complex. The
nitro group at the tail of the molecule makes two hydrogen bonds with the Ser480 (3.04 A)
and Ala481 (2.66 A).

Table 1. Binding energies and inhibition constants of the Les-3331 and Topoisomerase 11

Topoisomerase 11

Compounds
Binding Energy, kcal/mol Inhibition Constant, Ki, nM
Les-3331 —8.79 360.70
Etoposide -11.97 1.69
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Figure 13. 2D (A) and 3D (B) schemes of the Les-3331-Topoisomerase Il complex.

Interaction with topoisomerase II possibly contributes to the summary potency of
Les-3331 anti-breast cancer activity.

2.4. ADME-Tox In Vitro

Les-3331 was tested in the parallel artificial membrane permeability assay (PAMPA) in
order to predict its ability to passively penetrate biological membranes. The obtained data
confirmed the low passive permeability of Les-3331. The calculated permeability coefticient
(Pe = 0.96 x 10~% cm/s) was around sixfold lower than estimated for the one used here as
highly permeable reference caffeine (Pe = 6.58 x 10=% cm/s).

The metabolic stability of Les-3331 was examined with the use of rat liver microsomes
(RLMs). The obtained in vitro data were supported by the prediction of the most probable
sites of metabolites performed by MetaSite 8.0.1 software (Figure 56, supporting materials).
The in silico analysis showed the sulfur atom of the 2-thioxo-4-thiazolidinone moiety as the
most susceptible to the metabolism site of Les-3331. The UPLC analysis after 120 min of
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incubation with RLMs confirmed that around half of Les-3331 was metabolized into five
metabolites M1-M5 (Figure 14). The 52% of compound remained in the reaction mixture
and it was a better result than that for the used reference, the unstable drug Verapamil
(37.3% remaining). The metabolic stability results were summarized in Table 2.

2: Diode Array
. Range: 2.312e+2
Time Height Area Area%
7.31 2626067 188141.50
Les-3331 782 13421451 54137794 2668

8.88 811 2438887 10139583  5.00
835 1683297  56157.74 277
869 1471485 4917388 242
8.74 1155114 37103.87

1.83
8.88 26973170 1055780.00 | 52.03

Main metabolite
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Figure 14. UPLC spectrum of the reaction mixture after 120 min incubation of Les-3331with RLMs.

Table 2. The molecular masses of metabolites and proposed metabolic pathways of Les-3331.

Molecular o of'tl?e The Retention Time of The Molecular Proposed Metabolic
Substrate Mass (m/z) Remaining Metabolite (min.) Mass of the Pathwa
Substrate - Metabolite (12/z) Y
Main metabolite M1 7.82 397.16. decomposition
decomposition
M27.31 H3.17 and hydroxylation
Les-3331 . . iti
es-333 427.13 52.03 M3 8.11 293.17 decompomtlon‘
and dehydrogenation
M4 8.35 397.16 decomposition
M5 8.69 not estimated not estimated
M1 4.94 44147 demethylatlo.n
(norverapamil)
Verapamil * 454.60 37.28 M23.99 29135 defragmentation
M3 4.67 44142 demethylation

* Results revealed in previous studies using the procedure similar to Les-3331 [34].

The most probable main metabolic pathway (M1) was estimated next with the use of
MS, MS/MS spectra, and in silico data (see Supplementary Materials, Figures 56-58). The
degradation of the 2-thioxo-4-thiazolidinone moiety was found as the reason for compound
decomposition into metabolite M1 and the mass decreasing from m/z = 427.13 to 397.16.
Moreover, the molecular masses of M2-M3 suggest that the M1 metabolite was further me-

tabolized in the reactions of hydroxylation and dehydrogenation (Table 2, Supplementary
Materials: Figures S9-513).
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To predict or exclude potential drug-drug interactions (DDIs) of Les-3331, we exam-
ined its influence on cytochromes CYP3A4 and CYP2DG6 activities (Figure 15). These two
isoforms were chosen because together they are responsible for the metabolism of more
than half of all marketed drugs. The ketoconazole and quinidine (both at 1 uM) were used
as the reference inhibitors for CYP3A4 and CYP2D6, respectively. Interestingly, the opposite
effects of Les-3331 were shown on the tested CYPs: CYP3A4 was activated at 10 and 25 pM
whereas a slight inhibition of CYP2D6 was observed at the highest Les-3331 dose 25 uM.
However, when comparing the obtained results to the strong effect of the used references,
Les-3331 showed a very low risk of DDIs.
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Figure 15. The effect of ketoconazole and Les-3331 on CYP3A4 activity (A). The effect of quinidine
and Les-3331 on CYP2D6 activity (B). Statistical significance was calculated using one-way ANOVA
with Bonferroni multiple comparison test. Differences were considered statistically significant at
* (p < 0.01), *** (p < 0.0001).

The mutagenicity of Les-3331 was evaluated using Ames MPF protocol with the use
of Salmonella Typhimurium TA100. This strain is dedicated to the detection of base-pair
substitution. The results were compared to the reference mutagen (4-NQO, 26.3 uM).
According to the assay protocol, a compound can be considered non-mutagenic if the
following criteria are filled: (1) the calculated binomial B-value > 0.99 and (2) the increase
in MCB > twofold. Results indicated that Les-3331 was not mutagenic at the concentration
of 1 uM based on both criteria. In the case of a higher concentration of 5 uM of Les-3331,
the binomial B-value was equal to the breaking point (0.99), but the probable mutagenic
effect was not confirmed by the second criterion, i.e., the twofold increase in MCB was not
reached by 5 uM of Les-3331 (Figure 514, Supplementary Materials).

3. Discussion

Despite the progress in breast cancer therapy, researchers are still looking for novel
strategies and compounds, which will be selective and effective against cancer. Chemother-
apy represents one of the therapeutic approaches for the treatment of breast cancer. Other
approaches include hormone therapy and targeted therapy.

Apoptosis is a cellular process that plays a pivotal role in carcinogenesis and cancer
treatment [35]. Initiator caspases (e.g., caspase-2, -8, -6, -7, -8, -9, and -10) and effector
caspases (e.g., caspase-3, -6, and -7) are important players in the initiation and execu-
tion of apoptosis. Downregulation, as well as abnormalities in caspase function, may be
responsible for decreased programmed cell death. Shen et al. proved that downregula-
tion of caspase-9 in patients with colorectal cancer correlates with poor prognosis [36].
Devarajan et al. demonstrated that downregulation of caspase-3 in breast cancer represents
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a possible mechanism of chemoresistance [37]. Additionally, cancer cells avoid apoptosis
by changing the functions of anti- or pro-apoptotic proteins [33]. Drugs, which are able
to induce apoptotic pathways, are worth attention. In this study, we proved that novel
Les-3331 induced apoptosis through the extrinsic pathway as well as the intrinsic pathway.
It was confirmed by the analysis in Annexin V binding assay, as well as our observation
of the increased caspase-8 and caspase-9 concentrations and decreased mitochondrial
membrane potential in comparison with the untreated control in both MCF-7 and MDA-
MB-231 breast cancer cells.

Autophagy is a multistep lysosomal degradation process, which is classified into
macroautophagy, microautophagy, and chaperone-mediated autophagy [32,39]. It pos-
sesses dichotomous roles in cancer and acts as a tumor suppressor as well as a mechanism
of cell survival. An important role of autophagy in cancer progression was confirmed in
breast cancer. Zhao et al. proved that microtubule-associated protein 1A /1B light chain 3B
(LC3B) is reconsidered as a marker of autophagy and related to shorter survival in patients
with triple-negative breast carcinoma [40]. Autophagy inhibition could be an important
strategy for breast cancer treatment. The inhibition of this process may be a useful tool to
overcome the drug resistance and increase cancer cell death by apoptosis induction. Many
compounds that are able to inhibit autophagy are being tested at different stages of preclin-
ical and clinical trials. Chloroquine, 3-Methyladenine, SAR405, Lys05, ROC-325, Spautin-1,
MM124, and MM137 are under investigation in preclinical studies [32,41]. Hydroxychloro-
quine, verteporfin, and clarithromycin are tested in clinical trials. The novel compound
(Les-3331) tested in that study inhibited LC3A, LC3B, and Beclin-1 concentrations in both
analyzed breast cancer cells. The inhibitory effect was enhanced after increasing the dose
of Les-3331.

DNA topoisomerases represent important molecular targets in anticancer therapy. In
this research, we proved that the novel compound had the ability to decrease topoisomerase
IT concentration and the inhibitory effect was stronger than the reference drug, etoposide,
which was approved by the FDA for cancer treatment in 1983. Its mechanism of action is
based on topoisomerase II poisoning by binding to the Top II-DNA covalent complexes [33].

The performed PAMPA showed low passive permeability of Les 3331. However,
regarding the high biological activity of Les-3331 against the tested cell lines, it may be
presumed that either the concentration inside the cell reached by passive mechanism is
sufficient to induce the changes leading to cell death or an additional active transport
mechanism may be involved in its permeability. Les-3331 also showed moderate metabolic
stability with the degradation of the 2-thioxo-4-thiazolidinone moiety as the most probable
metabolic pathway and no risk of DDIs. Although Les-3331 was safe at a lower concen-
tration (1 uM) in the AMES test, a risk of mutagenic effects at the higher one (5 uM) was
shown. These data may suggest possible interactions of Les-3331 with the DNA of the
tested breast cancer cells.

4. Materials and Methods
4.1. General Information

All reagents and solvents were purchased from commercial suppliers and were used di-
rectly without further purification. Ciminalum was purchased from State Plant for Chemical
Reagents STC of Institute for Single Crystals of the NAS of Ukraine. The elemental analyses
(C, H, N) were performed using the Perkin—-Elmer 2400 CHN analyzer (Perkin-Elmer,
Norwalk, CT, USA). NMR spectra were determined with Varian Unity Plus 400 (400 MHz)
and Bruker 170 Avance 500 (500 MHz) spectrometers, in DMSO-d;; using tetramethylsilane
(TMS) as an internal standard. Melting points were measured on a Kofler hot stage and
are uncorrected. LC-MS was performed using a system with an Agilent 1100 Series HPLC
equipped with the diode-array detector and Agilent LC\MSD SL mass-selective detector
using chemical ionization at atmospheric pressure (APCI).
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4.2. Synthesis of 2-(5-[(Z,2Z2)-2-Chloro-3-(4-nitrophenyl)-2-propenylidene]-4-oxo-2-
thioxothinzolidin-3-yl}-3-methylbutanoic Acid (Les-3331)

A mixture of (2Z)-2-chloro-3-(4-nitrophenyl)prop-2-enal (0.01 mol) and 3-methyl-2-(4-
oxo-2-thioxothiazolidin-3-yl)-butanoic acid (0.01 mol) in the medium of acetic acid (20 mL)
and the presence of sodium acetate (0.01 mol) was refluxed for 3 h. Obtained solid product
was collected after cooling by filtration and recrystallized from the mixture DMF-ethanol
(1:2). Yield: 64%, mp 240-242 °C. TH NMR (400 MHz, DMSO-dg): § (ppm) 0.75 (d, 3H,
J = 6.8 Hz, CH3), 1.19 (d, 3H, | = 6.4 Hz, CH3), 2.71 (m, 1H, CH), 5.17 (d, 1H, | = 7.6 Hz,
CH), 7.77 (s, 1H, CH=), 8.02 (s, 1H, CH=), 8.04 (d, 2H, ] = 8.8 Hz, arom.), 8.32 (d, 2H,
] = 8.7 Hz, arom.), 13.28 (br.s, 1H, COOH). 3C NMR (100 MHz, DMSO-dg): § (ppm) 18.9
(CHs), 21.6 (CHs), 27.2 (CH), 62.1 (CH), 117.0 (C-C1), 123.9, 129.6 (=CH), 131.0, 132.2 (=CH),
138.9,139.7, 147.4, 166.6 (C=0), 168.5 (COOH), 194.2 (C=S). LCMS (ESI): i1 /z 426.9/428.9
(100%, [M + HJ*). Anal. Calc. for C17H;5CIN,O55;: C 47.83%; H 3.54%; N 6.56%. Found: C
47.90%; H 3.45%; N 6.65%.

4.3. Crystal Structure Determination of Les-3331*"DMF

Single-crystal X-ray data were collected on Rigaku SuperNova, Single source at off-
set/far, Atlas [42], using graphite-monochromated CuKe radiation (1.54184 A). Intensity
data were corrected for the Lorentz, polarization, and absorption effects [42]. The structure
was solved by the dual-space algorithm (SHELXT) [43,44] and refined against F2 for all
data (SHELXL) [44,45]. The position of the H atom bonded to the O atom was obtained
from the difference Fourier map and was refined freely. The remaining H atoms were
positioned geometrically and were refined using a riding model, with C-H: 0.96 A (CHy),
0.98 A (Csp’H), 0.95 A (Csp?H), and Uiso(H) = 1.2Ueq(C) or 1.5Ueq(C) for methyl H atoms.
The methyl groups were refined as rigid groups, which were allowed to rotate. Software
used to prepare materials for publication was WINGX [46] and PLATON [47] programs.
The molecular illustrations were drawn using ORTEP for Windows [46].

The deposition number CCDC-2129659 for Les-3331 contains supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.
uk/conts /retrieving.html, (accessed on 16 March 2022 or from the Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033).

4.4. Cell Culture

Cell culture MCF-7, MDA-MB-231 human breast cancer cells, and fibroblasts skin cells
were purchased from the ATCC—American Type Culture Collection. All cell lines were
maintained in DMEM (Corning, Kennebunk, ME, USA). The medium was supplemented
with 10% fetal bovine serum—FBS (Eurx, Gdansk, Poland) and 1% antimicrobial sub-
stances: penicillin-streptomycin (Corning, Kennebunk, ME, USA). The incubator asserted
appropriate growth conditions required for these cell lines: 5% of COy, at 37 °C, with the
humidity between 90-95%. Cells were seeded in 100 mm round dishes. An amount of 0.05%
trypsin containing 0.02% EDTA (Corning, Kennebunk, ME, USA) and phosphate-buffered
saline (PBS) without calcium and magnesium (Corning, Kennebunk, ME, USA) was used
to detach cells from a plate once 80-90% cell confluence was achieved. In the next step,
cells were reseeded in six-well plates (density—5 x 107 of cells per well) in 1 mL of DMEM
after a 24 h incubation used in the presented tests.

4.5. Cell Viability Assay

To examine the effect of Les-3331 on cell viability, the MTT assay was performed.
Etoposide (Sigma-Aldrich, St Louis, MO, USA) was used as a reference drug. Cells, seeded
in six-well plates, were incubated for 24 h with serial dilutions of the tested compound
and reference drug in duplicates. In the next step, the liquid was aspirated above the cells
and cells were washed three times with PBS. Thereafter, 50 uL of 5 mg/mL of MTT (Sigma-
Aldrich, St Louis, MO, USA) was added to 1 mL of PBS. After the required time, the MTT
solution was removed and resulting formazan crystals were dissolved in DMSO (Sigma-
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Aldrich, St Louis, MO, USA). The absorbance was measured using Spectrophotometer
UV-VIS Helios Gamma (Unicam/ThermoFisher Scientific Inc., Waltham, MA, USA) at
a wavelength of 570 nm. The obtained absorbance in untreated control cells was taken
as 100%, while the survival of the cells incubated with tested compounds presented as a
percentage of the control value [48].

4.6. [*HI-Thymidine Incorporation Assay

The antiproliferative properties of the newly synthesized compound were investigated
through the [*H]-thymidine incorporation assay, as described in the literature [49]. Cells
culture was exposed to various concentrations of Les-3331 acid and reference drug for
24 h. Thereafter, cells were washed with PBS and 1 mL of fresh medium was added to
each well. Then, 0.5 uCi of radioactive I3H]-thymidine was appended, and the incubation
continued for four hours. After the following incubation, the liquid was aspirated and
the plate was placed on ice. Cells were washed twice with 1 mL of 0.05 M Tris-HCI buffer
comprising 0.11 M NaCl, then twice after that with 1 mL of 5% TCA acid (Stanlab, Lublin,
Poland). Finally, the cells were dissolved with 1 mL of 0.1 M NaOH with 1% SDS (Sigma-
Aldrich, St. Louis, MO, USA) at room temperature (RT). The resulting cell lysates were
transferred into scintillation vials containing 2 mL of scintillation fluid. The radioactivity
was determined using Scintillation Counter 1900 TR, TRI-CARB (Packard, Perkin Elmer,
Inc., San Jose, CA, USA). The intensity of DNA biosynthesis in cells was expressed in dpm
of radioactive thymidine incorporated in the DNA. The radioactivity observed in untreated
control cells was taken as 100%. Values from the tested compounds were expressed as a
percentage of the control value [41].

4.7. Flow Cytometry Assessment of Annexin V Binding

The effect of Les-3331 and reference drug on the induction of apoptosis process in
human breast cancer cell lines was evaluated using a flow cytometer (BD FACSCanto II,
Becton Dickinson Biosciences Systems, San Jose, CA, USA) and Annexin V binding Apopto-
sis Detection Kit II (BD Biosciences, San Diego, CA, USA). The Les-3331 and reference drug
were used in 1 uM and 5 uM concentrations. The test was carried out after 24 h incubation
with the tested compounds according to the manufacturer’s protocol and was previously
described by our research group [50]. Analysis of the obtained results was performed
using FACSDiva software (version 6.1.3, BD Biosciences Systems, San Jose, CA, USA). The
equipment was calibrated with BD Cytometer Setup and Tracking Beads (BD Biosciences,
San Diego, CA, USA).

4.8. Mitochondrial Membrane Potential (AY ;) Analysis

The JC-1 MitoScreen kit (BD Biosciences, San Diego, CA, USA) was used for the
mitochondrial membrane potential (A¥ ) analysis. The assay was performed using a
flow cytometer (BD FACSCanto II, Becton Dickinson Biosciences Systems, San Jose, CA,
USA). The Les-3331 and reference drug were used in 1 pM and 5 uM concentrations. After
24 h incubation with tested compounds, the assay was performed as described in the
literature [51]. Analysis of the obtained results was performed using FACSDiva software
(version 6.1.3, BD Biosciences Systems, San Jose, CA, USA). The equipment was calibrated
with BD Cytometer Setup and Tracking Beads (BD Biosciences, San Diego, CA, USA).

4.9. Determination of Caspase-8 and Caspase-9, LC3A, LC3B, Beclin-1, and
Topoisomerase 11 Concentration

High sensitivity assay kits (EIAab Science Co., Ltd., Wuhan, China; Abcam plc., Cam-
bridge, United Kingdom; Cloud-Clone Corp., Katy, TX, USA) were used to determine the
concentrations of selected proteins in cell lysates after 24 h incubation with novel com-
pound and reference drug in 1 uM and 5 uM concentrations. In brief, after trypsinization,
cells were washed thrice with cold PBS and centrifuged at 1000x g for 5 min at 4 °C. Then,
cells (1.5 x 10°) were suspended in lysis buffer for whole-cell lysates. After the second
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centrifugation, cellular supernatants were frozen immediately at —70 °C. Untreated cancer
cells were taken as a control.

The microtiter plates provided in the kits were pre-coated with an antibody specific to
the analyzed antigen. The tests were carried out according to the manufacturer’s protocols.

4.10. Molecular Docking Studies

Topoisomerase II (PDB code 3QX3) was chosen as target protein for in silico simula-
tions. During the preparing procedures all ligands, cofactors, and water molecules were
removed, polar hydrogen atoms were added and nonpolar hydrogen atoms were merged.
Moreover, Kollman charges were added and spread over the residues in the prepared pdbqt
files of the target protein. For in silico simulations, we used the obtained 3D structure of
the Les-3331 obtained from X-ray structure crystallography. Auto Dock Tool was used for
calculation of the binding free energy, which includes all types of interaction (hydrogen
bonds, lipophilic interaction, Van Der Waals force, etc.) and estimated Inhibition Constant,
Ki. Lamarckian Genetic Algorithm (LGA) parameters were used as a default, which in-
cludes 50 runs, 300 populations, 2,500,000 energy evaluations, rate of Gene Mutation 0.02,
and rate of Crossover 0.8. [52]. Validations of the selected docking were performed using
the ability to render the position of reference ligands from X-ray spectrums (RMSD had to
be less than 2). Visualization and interpretation of obtained data were performed by the
Discovery Studio Visualizer v.21.1.0.20298%.

4.11. Flow Cytometric Analysis of Anti-Topoisomerase lla antibody

To confirm the ELISA results, flow cytometric analysis of Top II activity using an
anti-topoisomerase Il antibody conjugated with phycoerythrin (PE) was performed. The
Les-3331 and etoposide were used at 1 uM and 5 uM concentrations. Cancer cells were
incubated for 24 h with tested compounds and the assay was carried out in accordance
with the manufacturer’s protocol. Briefly, cells were centrifuged and resuspended in 4%
formaldehyde. Then, cells were incubated at RT for 15 min and subsequently washed
with excess PBS and centrifuged. Thereafter, ice-cold 90% methanol was added to the cells
and they were incubated for 1 h in an ice bath. Next, cells were washed with excess PBS
and centrifuged again. In the meantime, the primary antibody was diluted (1:100) in PBS.
Then, cells were resuspended in the prepared primary antibody (100 pL) and incubated
at RT, protected from light, for 1 h. Finally, cells were washed and resuspended in PBS
(300 pL). The prepared samples were measured immediately. Analysis of the obtained
results was performed using a flow cytometer (BD FACSCanto II, Becton Dickinson Bio-
sciences Systems, San Jose, CA, USA) and FACSDiva software (v6.1.3, BD Biosciences
Systems, San Jose, CA, USA). The equipment was calibrated with BD Cytometer Setup and
Tracking Beads (BD Biosciences, San Diego, CA, USA).

4.12. ADME-Tox In Vitro

All in vitro assays used for the evaluation of Les-3331 ADME-Tox parameters were
described previously [34,53]. In brief, for the determination of permeability, Pre-coated
PAMPA Plate System Gentest™ was purchased from Corning (Tewksbury, MA, USA).
The solutions of Les-3331 and the reference caffeine (200 uM) were prepared in PBS buffer
(pH = 7.4). PAMPA plates with compounds added to the donor wells were incubated for 5 h
at RT. UPLC-MS Waters ACQUITY—TQD system with the TQ Detector (Waters, Milford,
MI, USA) was used next for determination of compounds concentrations in donor and
acceptor wells, which were required for calculation of permeability coefficient Pe according
to formulas provided by the manufacturer.

The metabolic stability was estimated using rat liver microsomes (RLMs) obtained
from Sigma-Aldrich (St. Louis, MO, USA). Les-3331 was incubated in the presence of
RLMs and NADPH Regeneration System (Promega, Madison, WI, USA) in Tris-HCl buffer
(pH 7.4) for 120 min. Cold ethanol was added next to stop the reaction. The reaction
mixture was centrifuged. The aforementioned UPLC-MS device was used to analyze the
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supernatant. MS/MS ion fragment analyses were performed for Les-3331 and the main
metabolite. The in silico prediction of possible Les-3331 metabolic pathways was performed
by MetaSite 8.0.1. Software (Molecular Discovery Ltd., Hertfordshire, UK).

For investigation of potential drug-drug interactions, the luminescent CYP3A4 and
CYP2D6 P450-Glo assays obtained from Promega® (Madison, WI, USA) were used. Les-3331
was tested in triplicate at the final concentrations from 0.01 to 25 uM according to the proto-
cols provided by Promega®. The reference inhibitors were tested at 1 uM. The luminescent
signal was measured using a microplate reader, EnSpire PerkinElmer (Waltham, MA, USA).

The mutagenicity was evaluated using Ames microplate fluctuation protocol (MPF)
from Xenometrix (Allschwil, Switzerland). The applied Salmonella Typhimurium TA100 strain
was enabled to detect base-pair substitution (hisG46 mutation, for which target is GGG).
Les-3331 was tested independently in two final concentrations, 1 and 5 uM, in triplicate.
The reference mutagen 4-NQO was tested at 26.3 uM. The occurrence of revertants was
visualized using pH indicator dye, which was present in the bacterial medium. The color
changes from violet to yellow were confirmed using measurements of absorbance with a
microplate reader, EnSpire, at 420 nm. According to the protocols and data sheets provided
by Xenometrix, the medium control baseline (MCB) was calculated first, which refers to the
number of revertants observed in the control (growth medium + 1% DMSO) plus standard
deviation. Next, the Binomial B-value was calculated for tested compounds which indicates
the probability that spontaneous mutations occurred. The fold increase >2 over the MCB
and /or Binomial B-value > 0.99 are considered as the mutagen alert.

4.13. Statistical Analysis

The obtained results are presented as mean =+ standard deviation (SD) from three
independent experiments performed in duplicate. The statistical analysis was performed
using GraphPad Prism version 6.0 (San Diego, CA, USA). The one-way ANOVA with
Bonferroni multiple comparison tests was used to show differences between the control
and the cancer cells exposed to varying concentrations of novel compound and refer-
ence drug. Statistically significant differences were defined at: * (p < 0.05), ** (p < 0.01),
¥ (p < 0.001), = (p < 0.0001).

5. Conclusions

We have shown that novel Les-3331 is cytotoxic towards both tested breast cancer cell
lines and induce the extrinsic and intrinsic apoptotic pathways. Furthermore, Les-3331
caused a decrease in LC3A, LC3B, and Beclin-1 concentration. Les-3331 caused a reduction
in Top II concentration in both tested human breast cancer cell lines. Furthermore, the most
probable metabolic pathways for Les-3331 were found in the model in vitro. In general,
this agent displayed a moderate ADMET profile in vitro, including no DDIs risk, and
some probability of mutagenic effects observed at the higher concentration, but not at the
lower one (1 uM). All data proved that Les-3331 is a promising compound, representing
multitargeted potential in breast cancer therapy. The obtained results constitute the basis
for further in vivo investigation.
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Casp-8  caspase-8
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PBS phosphate-buffered saline
PE phycoerythrin
PR progesterone receptor
RLMs rat liver microsomes
RT room temperature
TCA trichloroacetic acid
T™MS tetramethylsilane
TNBC triple-negative breast cancer
Top IT topoisomerase II
UPLC ultra-performance liquid chromatography
WHO World Health Organization
AYm mitochondrial membrane potential
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Crystal structure determination (X-ray) of Les-3331

In the salt crystal lattice of Les-3331 (Table S1) solute and solvent molecules related by translation along the a-axis are
linked by hydrogen bonds O10—H10--028, C15—H15--09, C29—H29---09 and C32—H32A--O9 into tapes (Figure S5,
Table S2). The anti-parallel tapes, related by the center of symmetry, are then connected by hydrogen bonds C21—
H21--026' into columns (Figure S5, Table 52).

The carboxyl group present in the molecule, which is a fragment of the isobutylcarboxylic residue, forms a dihedral
angle of 69.92(4)° with the mean plane of the 2-thioxo-1,3-thiazolidin-4-one system. The spatial orientation of this
functional group is also determined by torsion angles C2-N3-C7-C8 and N3-C7-C8-09 of 117.20(14) and -27.28(17)°,
respectively. According to the values of the latter, bonds C2-N3 and C7-C8 take an anticlinal (+ac) conformation to each
other, whereas bonds N3-C7 and C8-O9 an intermediate conformation between synperiplanar and synclinal (sp/—sc) ones.
Spatial orientation of the remaining isobutyl fragment of the isobutylcarboxylic moiety is determined by torsion angles
C2-N3-C7-C11, N3-C7-C11-C12 and N3-C7-C11-C13 of —112.25(15), 31.69(19) and 153.72(13)°, respectively. The values
found to indicate that the C2-N3 and C7-C11 bonds adopt the anticlinal conformation (—ac), the N3-C7 and C11-C12
bonds an intermediate conformation between the synperiplanar and syncline (sp/+sc), and the N3-C7 and C11-C13 bonds
an intermediate conformation between anticlinal and antipleriplanar (+ac/ap).The C5-C15 and C16-C18 bond lengths of
1.345(2) and 1.352(2) A found in the 3-(4-nitrophenyl)-2-chloroprop-2-en-1-ylidene residue confirmed the presence of
double bonds between these carbons. The mean planes of the 1,3-thiazolidine and phenyl rings present in the molecule
form a dihedral angle of 16.91(4)°. The arrangement of atoms C15, C16, CI17 and C18 belonging to the 3-(4-nitrophenyl)-2-
chloroprop-2-en-1-ylidene moiety is flat (r.m.s.d. = 0.0008 A) and lies almost in the plane of the 2-thioxo-1,3-thiazolidin-4-
one system. The dihedral angle is only 1.76(6)°. Moreover, the mentioned arrangement of atoms C15, C16, C117 and C18 is
positioned with respect to the phenyl ring at an angle of 15.44(6)°. The spatial arrangement of the 3-(4-nitrophenyl)-2-
chloroprop-2-en-1-ylidene residue in the molecule is additionally determined by the torsion angles S1-C5-C15-C16, C5—
C15-C16-C18 and Cl17-C16—-C18-C19 of -1.8 (2), 179.34 (13) and -3.2(2)°, respectively, indicating the Z configuration of
the bond pairs S1-C5/C15-C16 and Cl17-C16/C18-C19 and the s-frans conformation of the double bonds pair C5—
C15/C16-C18. In the crystal, the conformation of the molecule is stabilized by the intra- and intermolecular hydrogen
bonding (Figure 54 and Figure S5A, Table S2). The bond lengths O10—H10---028, C29—H29--09 and C32—H32A---Q9i
stabilize the spatial arrangement of the isobutylcarboxylic moiety whereas the hydrogen bonds C15—H15--09, C21—
H21--026"% and C24—H?24--ClI17 stabilize the spatial arrangement of the 3-(4-nitrophenyl)-2-chloroprop-2-en-1-ylidene
residue.

In the crystal lattice, solute molecules related by translation along the a-axis are linked by hydrogen bonds
C15—H15--09" into tapes (Figure 54 and Figure S5A, Table S2). Solvent molecules do not participate in the formation of
the tape but only attach to it through hydrogen bonds O10—H10---028, C29—H29--0O9 and C32—H32A-- Q9. The anti-
parallel tapes, related by the center of symmetry, are connected by hydrogen bonds C21—H21-- O261 into columns (Figure
S5B, Table S2).
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Table S1. Crystal data, data collection and structure refinement for Les-3331

Formula C17H15N2055:, C:HZNO
Formula weight 499.97
Temperature/K 130.0(1)
Wavelength/A 1.54184
Crystal system triclinic
Space group Pi
a=6.3403(2)

Unit cell parameters (A, °)

b=10.3925(4)

¢ =18.2404(7)

a =81.365(3)
5 =84.987(3)
y =76.138(3)
Volume (A3) 1152.00(7)
Z(Z) 2(1)
D./g cm? 1.441
p/mm-? 3.530
F(000) 520
Crystal dimensions [mm] 0.42%0.13*0.04
Color/Shape Yellow/lath
Measurement method w scans
6 range for data collection (%) 2.45-76.28
h:=7-7
Max/min. indices I, k, k:-12 > 12
1:-22-21
Collected reflections 8975
Independent reflections 4666
Rint 0.0204
Observed reflections [I = 20(1)] 4352
Completeness to Omax = 76.28° /% 97.2
Completeness to G = 67.68° /% 99.9
Restraints/Parameters 0/297
Abs. correction method Multi-scan
Twmin, Tmax 0.68721, 1.00000
Goodness-of-fit on F2 1.060

Final R indices [I = 26(D)]

R1=0.0309, wR2 =0.0823

R indices (all data)

R1=0.0331, wR2 = 0.0847

Largest diff. peak and hole /eAs

0.336 and -0.284
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Table S2. Hydrogen bonds in the crystal structure of Les-3331

D—H-A D—H (A) H-4 (A) DA (A) D—H-A (°)

010—H10--028 0.90(3) 1.67(3) 2.5620(17) 169(3)
C13—H13C+010 0.98 2.44 3.062(2) 121

C15—H15--09' 0.95 237 3.2218(17) 149
C21—H21--026" 0.95 247 3.2175(18) 135
C24—H24--CI17 0.95 2.53 3.2045(14) 128

C29—H29--09 0.95 2.56 3.2280(18) 127
C32—H32A--09'" 0.98 2.58 3.527(2) 16159

Symmetry codes: (i) —1+x, y, z; (ii) —1-x, 2=y, 1-z; (iii) 1+x,y, z

N25

7

027

Figure S4. ORTEP view of Les-3331-DMF, showing the atomic labelling scheme. Non-H atoms are drawn as 30% probability

displacement ellipsoids and H atoms are drawn as spheres of arbitrary size.
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Figure S5. Hydrogen bonds linking molecules (A) into tapes growing along the a-axis, (B) linking inversion tapes into columns.

OH

Figure S6. The MetaSite 8.0.1. in silico prediction of the most probable sites of Les-3331 metabolism
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Figure S7, The MS spectrum (A) and MS ion fragment analyses (B) of compound Les-3331. The produced fragments of Les-3331 were
marked in red.
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Flgure S8. The MS spectrum and the most probable structure of Les-3331 main metabolite M1 (A) MSion fragment analyses of
compound Les-333 main metabolite M1 (B). The produced fragments were marked in red.
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Flgure 510. The MS spectrum of Les-3331 metabolite M3.
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Figure S11. The MS spectrum of Les-3331 metabolite M4.
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Figure S12. The MS spectrum of Les-3331 metabolite M5. Due to illegible data, the molecular weight of M5 was not estimated.

A) B)

CH, OH

H:j CHsy OH
v
Hy 0

0,

Figure S13. The MetaSite 8.0.1. in silico prediction of the most probable sites of the main metabolite M1 hydroxylation (A, metabolite
M2) and dehydrogenation (B, metabolite M3).
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Figure S14. The number of histidine prototrophic revertants of Salmonella Typhimurium strain TA100 exposed to the reference mutagen
nonyl-4-hydroxyquinoline-N-oxide (4-NQO, 26.3 uM) and Les-3331 at 1 uM and 5 uM concentrations.

. the Binomial B-value > 0.99 and 2 2 fold increase of medium control baseline (dashed line) indicates the mutagenic effect
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