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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Z Liu A series of 11-substituted 9-hydroxy-3,5,10,11-tetrahydro-2H-benzo[6,7]thiochromeno([2,3-d][1,3]thiazole-
2,5,10-triones 3.1-3.13 were synthesized via hetero-Diels-Alder reaction of 5-ene-4-thioxo-2-thiazolidinones and

Ke}’W"rdS:' 5-hydroxy-1,4-naphthoquinone (juglone). The structure of newly synthesized compounds was established by

Drulg design means of spectral data and a single-crystal X-ray diffraction analysis. The synthesized compounds were tested on

Juglone

a panel of cell lines representing different types of cancer as well as normal and pseudonormal cells and pe-
Anticancer activity ripheral human blood lymphocytes. Compound 3.10 was found to be the most active derivative, exhibiting a
DNA interaction cytotoxic effect similar to doxorubicin’s one (ICsop ranged from 0.6 to 5.98 pM), but less toxic to normal and
Apoptosis pseudonormal cells. All synthesized compounds were able to interact with DNA, although their anticancer ac-
Molecular docking tivity did not correlate with the potency of interaction with DNA. The status of p53 in colorectal cancer cells
correlated with the activity of the synthesized derivatives 3.1, 3.7, and 3.10. Compound 3.10 did not have an
acute toxic effect on the body of C57BL/6 mice, unlike the well-known anticancer drug doxorubicin, which was
used as a positive control. The injection of 3.10 (20 mg/kg) to mice had no effect on the counts of leukocytes,
erythrocytes, platelets and hemoglobin level in their blood, in contrast to doxorubicin, which caused anemia and
leukopenia, indicating bio-tolerance of 3.10 in vivo.
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1. Introduction

A design of new drugs is time-consuming and multi-stage process
that continues for years and requires big financial costs. A key stage in
this process is connected with medicinal chemistry, namely a search and
optimization of the lead compounds. The identification of these com-
pounds is the starting point for obtaining molecules with required ac-
tivity, selectivity of action and acceptable parameters of ADMET
(adsorption, distribution, metabolism, elimination, and toxicity). As a
source of lead compounds, one can use endogenous ligands, particularly
substrates of enzymes, transport proteins, or receptor agonists, as well as
other ligands, including existing drugs, compounds isolated from drug
metabolic pathways, or compounds undergoing clinical trials. Besides,
these may be compounds identified through screening studies, including
the compounds of natural origin [1].

It is worth noting that thiazole and its structure-related analogs
thiazolidinone derivatives constitute a known class of compounds that
can became the basis for the creation of novel lead compounds, since
they have a broad spectrum of the biological activities and great po-
tential for further chemical modification. The thiazole/thiazolidinone
core underlies numerous compounds of natural origin that exhibit
pharmacological activity, namely, the glycoside antitumor antibiotics,
macrolides, cyclic and linear peptides, depsipeptide and diterpenes have
been already registered as drugs or derivatives that are on the stages of
pre-clinical trials. In addition, thiazole/thiazolidinone derivatives are
the basement of numerous synthetic drugs with different biological ac-
tivities (Fig. 1) [2-4].

Among thiazole/thiazolidinone-based derivatives, their fused ana-
logs, for example thiopyrano[2,3-d]thiazoles, also deserve a particular
pharmacological interest [5]. Thus, thiopyrano[2,3-d]thiazoles with
anticancer [6], antimycobacterial [7], anti-inflammatory [8], antiviral
[9] and antitrypanosomal [10] properties have been identified. Several
approaches for obtaining thiopyrano[2,3-d]thiazole derivatives have
been described, for instance, the hetero-Diels-Alder reaction of 5-ene-4--
thioxo-2-thiazolidinones (5-ene-isorhodanines) with different dien-
ophiles, Michael reaction with activated nitriles, as well as the reaction
of 4-thioxo-2-thiazolidinone and ortho-substituted aldehydes in the
Knoevenagel condensation [11-14].

1,4-Naphthoquinone-based derivatives is another group of consid-
erable attention in modern medicinal chemistry that also occur in na-
ture. The naphthoquinones have demonstrated a broad range of
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biological activities, such as antioxidant [15,16], anti-inflammatory
[17], anticancer [18-20], antifungal [21], and antitrypanosomal [22].
Among them, the juglone (5-hydroxy-1,4-napthoquinone) deserves a
particular interest [23]. It is a natural compound that is widely spread in
several Juglandaceae members, less often in Proteaceae, Caesalpiniaceae,
and Fabaceae. Juglone was reported to possess anticancer, antioxidant,
repellent, antiparasitic, antifungal, and allelopathic properties, as well
as sedative effects in vertebrates [24-27]. In addition, the juglone’s
cytotoxic effects on human cell lines were characterized by a reduction
of level of p53 protein [28], DNA damage, inhibition of transcription
[29], and induction of cell death [30]. Furthermore, this nature com-
pound utilizes different mechanisms of anticancer activity via Pinl in-
hibition [31], blocking the S-phase of cell cycle [32], increasing
intracellular Ca®" concentration, inducing mitochondria-dependent
apoptosis pathways, rupture of outer mitochondrial-membrane,
reducing expression of the anti-apoptotic Bcl-2 [24] and activating
pro-apoptotic caspase-9 and caspase-3 [33].

The goal of our study was the synthesis of condensed hybrid 4-thia-
zolidinone derivatives, namely thiopyrano[2,3-d]thiazole with the
juglone fragment in structure via the hetero-Diels-Alder reaction (Fig. 2).
The synthesized compounds were evaluated for their anticancer activity
in vitro, DNA interaction, as well as general toxicity in vivo.

2. Results and discussion

Based on our previous studies of thiopyranothiazoles with a naph-
thoquinone moiety [34], we synthesized new derivatives via a hetero--
Diels-Alder reaction of the juglone (5-hydroxy-1,4-naphthoquinone) 1
as dienophile and 5-ene-4-thioxo-2-thiazolidinones 2, as heterodienes
(see Scheme 1). Starting compounds (5-ene-isorhodanines) 2.1-2.11
were obtained in high yield through Knoevenagel condensation of iso-
rhodanine with aldehydes or ketones [35]. In addition, the synthesis of
11-(furan-2-yl)-3,11-dihydro-2H-benzo[6,7]thiochromeno[2,3-d]thia-
zole-2,5,10-trione 3.11 as structurally related analog to compound 3.10
was carried out via hetero-Diels-Alder reaction of 5-(fur-
an-2-ylmethylene)-4-thioxo-2-thiazolidinone as heterodiene and 1,
4-naphthoquinone as a dienophile. The synthesis of compound 3.13
was accomplished via reaction of isorhodanine, 3-phenylpropionalde-
hyde and 5-hydroxy-1,4-naphthoquinone in acetonitrile in the pres-
ence of EDDA as a catalyst.

There are many reports that the Diels-Alder reaction of asymmetric
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Fig. 1. Structures of thiazole/thiazolidinone-bearing drugs.
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Fig. 2. Design of the target compounds.
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Scheme 1. Synthesis of target thiopyranothiazoles with a naphthoquinone moiety. Reagents and conditions: i) 4-thioxo-2-thiazolidinone (isorhodanine) (10 mmol),
aldehyde or ketone (11 mmol), EDDA (5 pmol), EtOH (10 ml), reflux, 10 min, 70-90%; ii) 5-ene-4-thioxo-2-thiazolidinone (10 mmol), 1,4-naphthoquinone or 5-hy-
droxy-1,4-naphthoquinone (20 mmol), hydroquinone (5 pmol), AcOH (10 ml), reflux, 1 h, 62-79%; iii) isorhodanine (5.0 mmol), phenylpropionaldehyde (5.5 mmol),
5-hydroxy-1,4-naphthoquinone (10 mmol), EDDA (5.0 pmol), MeCN (10 ml), reflux, 2 h, 65%.
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naphthoquinone derivatives as dienophiles undergoes via an absence of
a regioselective process [36-38]. However, trapping 5-ene-4-thioxo-2--
thiazolidinones 2 with 5-hydroxy-1,4-naphthoquinone led to only a
single tetracyclic quinone regio-isomer (9-hydroxy isomer), where 6-hy-
droxy isomer was not isolated.

The structure of the synthesized compounds was elucidated through
analysis of spectral data. In the 'H NMR spectra of the synthesized thi-
opyranothiazoles, a characteristic sub-spectrum of protons of the
naphthoquinone fragment and aromatic/heterocyclic substituents at the
C-11 position at § 6.23-8.49 ppm is observed. The signal of the amide
proton as a singlet appears at 10.80-12.58 ppm. The CH proton in the C-
11 position occurred as singlet at 4.42-6.77 ppm, and the proton of the
hydroxyl group of the naphthoquinone fragment in the C-9 position
appeared as singlet between 10.31 and 11.76 ppm. The signal of the
proton of the hydroxyl group of the naphthoquinone fragment in the C-9
position forms a singlet in the region of 10.31-11.76 ppm. In the '3C
NMR spectra of the synthesized compounds, the signals observed at
166.9-185.3 were assigned to the carbonyl group (C—=0) of the naph-
thoquinone moiety.

The regio-chemical assignment for compound 3.4 was confirmed by
2D NMR 'H-'3C HMBC experiments. Thus, the key idea in elucidating
the structure of compound 3.4 was to find the HMBC CH correlation of
the proton of the tertiary carbon atom at 5.42 ppm and one of the
doublets of the aromatic system ABC (7.31 and 7.56 ppm of the fragment
“Ph-OH”) to characteristic carbons of keto groups with signals in a weak
magnetic field (180.4 and 185.2 ppm). According to HMBC experiments,
both protons at 5.42 and 7.56 ppm have HMBC correlations to different
carbons of carbonyl groups in the values 185.2 and 180.4 ppm,
respectively (3.4). In case of the existence of an alternative structure, the
HMBC correlation of the above protons to the carbon of the carbonyl
group (3.4*) would have to be observed, which, however, was absent
(Fig. 3).

Structural features of synthesized compound 3.4 have been
confirmed by single crystal X-ray diffraction study. As follows from the
X-ray analysis, the investigated compound has the structure of 9-hy-
droxy-11-(4-methoxyphenyl)-3,11-dihydro-2H-benzo[6,7]thio-
chromeno[2,3-d]thiazole-2,5,10-trione and crystallizes as
dimethylformamide solvate in a molar ratio of 1:1 (Fig. 3). The OH
group present at the C-12 atom of the rigid tetracyclic 3,11-dihydro-2H-
benzo[6,7]thiochromeno[2,3-d]thiazole-2,5,10-trione moiety forms an
intramolecular hydrogen bond 020-H20---021 (Fig. 4, Table 1), in
which the O atom of the carbonyl group at position 14 acts as the proton
acceptor.

The p-methoxyphenyl residue at the stereogenic C-16 atom occupies
a pseudo-axial position, as can be seen from the angle of 22.95(12)°
between C16-C22 bond vector and Cremer & Pople 4H-thiopyran ring
plane normal [39]. Moreover, the phenyl ring of this residue forms a
dihedral angle of 89.87(6)° with the mean plane of the slightly folded (r.
m.s.d. = 0.0967 A) 4H-thiopyran system.

OMe

3.4

alternative structure
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Fig. 4. ORTEP view of the molecule of 3.4*DMF showing the atomic labelling
scheme. Non-H atoms are drawn as 30% probability displacement ellipsoids
and H atoms are drawn as spheres of an arbitrary radius.

Table 1

Hydrogen bonds and Y—X:--Cg interactions in the crystal structure of 3.4*DMF.
D—H..A D—H®A H..AA D..ARA D—H..A()
N3-H3---030 0.85(3) 1.91(3) 2.736(3) 167(3)
020-H20---021 1.00(4) 1.74(4) 2.625(2) 145(3)
020-H20.--028! 1.00(4) 2.39(4) 2.948(2) 114(3)
ClO—HlO-uOlef_ 0.95 2.38 3.082(3) 130
C31—H31--~Ol9'"_ 0.95 2.47 3.325(3) 149
C33-H33B---020" 0.98 2.54 3.510(3) 172

Symmetry codes: (i) —1/2+4x,1/2-y,1—3; (ii) x,—1+y,z, (iii) 1/2—x,1/2+Y,2, (iv)
x,1/2-y,—1/2+z.

Structural study has shown that the thiazolone system has the
character of a y-lactam. The position of the hydrogen atom bound to the
N-3 atom was determined from the difference Fourier map and refined
freely. Its presence in the mentioned position was confirmed by the
hydrogen bond N3-H3::-030 (Fig. 5, Table 1), in which the carbonyl O-

OH O

OMe
3.4*

Fig. 3. 'H and 'C NMR chemical shifts of compound 3.4 with key interactions in the relevant HMBC spectra.
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020 w
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Fig. 5. Hydrogen bonding in the crystal lattice of 3.4*DMF: (a) hydrogen bonds N3-H3--030, C10-H19---018" and C31-H31---019'! linking the solvent molecules
and the chains formed by solute molecules related by the glide plane b, (b) hydrogen bonds C33-H33B---020" linking adjacent antiparallel double chains into layers
arranged parallel to the bc plane. The H atoms not involved in hydrogen bonds have been omitted for clarity.

30 atom of the solvent molecule acts as a proton acceptor. It was found
that the interatomic distance C2-N3, 1.360(3) Z\, in the thiazolone
system is lengthened (by about 8¢) in relation to the literature bond
length (O=)C-NH, 1.331(2) A [40], for the secondary amide group of
the y-lactam system.

The observed interatomic distance C4-C17, 1.333(3) ;\, confirms the
occurrence of a double bond between the mentioned atoms {the refer-
ence C-C double bond length is 1.331(1) A [401}. In the crystal lattice,
solute molecules related by translation along the b-axis are joined to
each other by C10-H10---018" hydrogen bonds to form chains. The
latter are further connected via solvent molecules (DMF) by hydrogen
bonds N3-H3---030, C31-H31---019'!! and C33-H33B.--020' into layers
growing parallel to the bc plane. Within the layer, solvent molecules
connect with hydrogen bonds N3-H3:--030 and C31-H31---019'! the
adjacent chains related by the glide plane b, and further with hydrogen
bonds C33-H33B---020" antiparallel pairs of chains (Fig. 2a and b,
Table 1). The interpenetrating layers of molecules are further connected
by hydrogen bonds 020-H20---028! into a three-dimensional hydrogen
bond network (Fig. 6, Table 1). It is worth noting that between the

thiazolone and benzene rings of the rigid quaternary 3,11-dihy-
dro-2H-benzo[6,7]thiochromeno[2,3-d]thiazole-2,5,10-trione moieties
of the molecules related by the glide plane b =n---n contacts are also
observed (Fig. 7). Perpendicular distances of Thi---Bz'" and Bz-‘ThiVi‘(-
Thi = thiazol-2-one and Bz = benzene systems) amount to 3.4434(7) and
3.4345(8) i\, respectively.

2.1. Invitro evaluation of antitumor activity of newly synthesized
thiopyranothiazoles

Some of synthesized compounds, namely 3.3, 3.9, and 3.10, were
studied in vitro on 60 cancer cell lines representing nine different types
(leukemia, melanoma, lung, colon, CNS, ovarian, renal, prostate, and
breast cancers) at 10 pm concentration, according to the US NCI protocol
(Table 2, Supplementary Figs. S27-S30), which was described previ-
ously [41-43]. The compounds were added at the mentioned concen-
tration, and the cells were incubated for 48 h. The results for each
compound are reported as the growth percent (GP%) of treated cells
compared with untreated control cells. According to the results of
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Fig. 6. Hydrogen bonding in the crystal lattice of 3.4*DMF: interpenetrating layers of molecules connected by hydrogen bonds 020"—H20'! ... 028". For clarity, the
H atoms not involved in hydrogen bonds have been omitted. Symmetry codes: (iii) 1/2—x,1/2+y,z, (v) 1-x,1-y,1—z.

b)

P

Fig. 7. n---m Interactions between thiazol-2-one and benzene systems. Two projections of molecules showing (a) degree of n-rings overlap, and (b) inter-planar
distances. For clarity, Hydrogen atoms have been omitted. Symmetry codes: (iii) 1/2—x,1/2+y,z, (vi) 1/2—x,—1/2+y,z.

pre-screening, the two hit compounds, 3.9 and 3.10, possessed promi-
nent antitumor activity (mean growth —2.68% (3.9); —61.06% (3.10);
the range of growth (3.9: —97.70 to 145.55%; 3.10: —99.55 to 18.52). In
addition, they inhibited the growth of 48 (3.9) and 25 (3.10) tested
cancer cell lines with percent growth of <0, and showed not only
cytostatic effect but also cytotoxic properties.

In addition, compound 3.10 was selected in advanced assay for a
panel of approximately sixty tumor cell lines at 10-fold dilutions of five
concentrations (100 pM, 10 pM, 1 pM, 0.1 uM and 0.01 pM) [41-43].
The percentage of growth was evaluated spectrophotometrically after
48 h exposure using the sulforhodamine B (SRB) cytotoxicity assay of
estimation of cell viability. Three antitumor activity dose-response pa-
rameters were calculated for each cell line: GIso — molar concentration of

the compound that inhibits 50% net cell growth; TGI - molar concen-
tration of the compound leading to the total inhibition; and LCsg - molar
concentration of the compound leading to 50% net cell death (presented
in negative logarithm). 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 con-
centration tested. Compound 3.10 showed a broad spectrum of growth
inhibition activity against tested human tumor cells with average Glsg
and TGI values 2.91 and 14.70 pM, respectively (Table 4, Supplemen-
tary Figs. S31-533). The studied compound showed the highest effi-
ciency against the melanoma line MALME-3M, with cytotoxicity at the
sub-micromolar level (0.750 pM). The selectivity index (SI) obtained
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Table 2

Anticancer screening data of compound 3.3, 3.9 and 3.10 at 10 pM concentration.

European Journal of Medicinal Chemistry 252 (2023) 115304

Comp.NSC Mean growth, %  Range of growth, %

Sensitive cell line growth, % (cancer line/type)

Positive cytostatic effect”  Positive cytotoxic effect”

3.3 839575 68.87 35.06 to 95.20

38.59 (SR/Leukemia)

8/58 0/58

35.06 (SF-539/CNS Cancer)
36.73 (CAKI-1/Renal Cancer)
39.78 (UO-31/Renal Cancer)
39.47 (BT-549/Breast Cancer)

3.9 839574 —61.06 —99.55 to 18.52

—94.27 (HOP-62/Non-Small Cell Lung Cancer) 10/58 48/58

—96.80 (NCI-H322 M/Non-Small Cell Lung Cancer)
—96.84 (HCC-2998/Colon Cancer)
—91.39 (HCT-15/Colon Cancer)
—93.51 (SF-295/CNS Cancer)
—99.51 (SF-539/CNS Cancer)
—99.55 (SNB-19/CNS Cancer)
—99.39 (MALME-3M/Melanoma)
—96.71 (M14/Melanoma)

—90.20 (MDA-MB-435/Melanoma)
—97.15 (SK-MEL-28/Melanoma)
—96.94 (SK-MEL-5/Melanoma)
—93.10 (UACC-257/Melanoma)
—92.95 (OVCAR-5/0varian Cancer)
—94.62 (OVCAR-8/Ovarian Cancer)
—98.68 (A498/Renal Cancer)
—97.36 (RXF 393/Renal Cancer)
—92.79 (SN12C/Renal Cancer)
—92.90 (UO-31/Renal Cancer)
—99.86 (BT-549/Breast Cancer)

3.10 831848 —2.68 —97.70 to 145.55

—97.70 (NCI-H322 M/Non-Small Cell Lung Cancer) 25/57 25/57

—92.30 (MALME-3M/Melanoma)
—97.57 (M14/Melanoma)

—93.38 (SK-MEL-5/Melanoma)
—93.91 (DU-145/Prostate Cancer)
—96.84 (BT-549/Breast Cancer)

Doxo-rubicin 759155 —20.30 —86.40 to 72.90

—81.60 (COLO-205/Colon Cancer)

—76.10 (SNB-75/CNS Cancer)
—71.60 (M14/ADR-RES/Melanoma)
—82.60 (MDA-MB-435/Melanoma)
—82.60 (SK-MEL-2/Melanoma)
—86.40 (SK-MEL-5/Melanoma)
—75.10 (A498/Renal Cancer)

@ Ratio between number of cell lines with percent growth from 0 to 50 and total number of cell lines.
b Ratio between number of cell lines with percent growth of <0 and total number of cell lines.

by dividing the full panel MG-MID (pM) of the compound 3.10 by their
individual subpanel MG-MID of cell line (uM) was considered as a
measure of compound’s selectivity. In present study, the compound 3.10
was found to be nonselective at both the GIso and TGI doses (selectivity
indexes 0.18-3.88 and 0.21-7.35, respectively) (Table 3).

According to the screening results, synthesized compounds were
tested on their potential antitumor activity toward a panel of cancer cell
lines including colon (HCT-116 wt, HCT-116 p53 (—/—), breast (MCF-
7), leukemia (K562) and cervix (KB3-1). The compounds 3.1-3.4, 3.7
and 3.10 demonstrated strongest cytotoxic effect toward all used tumor
cell lines, and the IC5¢ ranged from 0.6 pM to 31.16 pM. At the same
time, a prominent activity of compounds 3.1, 3.7 and 3.10 toward colon
cancer cells (ICsg was 0.75, 0.94 and 0.6 pM respectively, Table 4) was
depended on p53 status of cell line, wild type of HCT-116 cells was more
sensitive to noted compounds compared with such p53-deficient cells.
Derivatives 3.4 and 3.10 acted much more specifically towards KB3-1
cell line (ICso was 0.87 and 0.75 pM, respectively). K562 cell line was
sensitive to compounds 3.1, 3.2, 3.4 and 3.10. MCF-7 cells were the
most susceptible to the action of 3.7 (ICso was 0.95 pM). The compound
3.6 showed interesting selectivity toward this cell line, since only breast
cancer cells were sensitive to it action. The compounds 3.5, 3.9, 3.11
showed moderate cytotoxic activity with the ICso from 4.53 uM to 30.86
pM, while the MCF-7 cells were the least sensitive to these derivatives,
compared with other tumor cells. The 3.8, 3.12 and 3.13 possessed low
cytotoxic activity (ICso ranged from 9.48 to more than 50 pM). The
juglone which was used for thiopyranothiazoles synthesis, showed a

weaker activity, compared with most active compounds 3.1, 3.4, 3.7
and 3.10.

The harmful effect on human epidermal keratinocytes of HaCaT line,
murine macrophages of J774.2 line and pseudonormal mouse fibro-
blasts of NIH 3T3 line also was studied. Cells of HaCaT line were
insensitive to the action of synthesized thiopyranothiazoles 3.1-3.5,
3.9, 3.10 and 3.12 (IC5¢ ranged from 37.16 to more than 50 pM). But for
murine macrophages of J774.2 line and NIH 3T3 (normal mouse fi-
broblasts) these compounds were rather toxic, and the ICso ranged from
0.83 pM to >50 pM.

The compound 3.10 was investigated for its anti-leukemic activity
towards the non-treated chronic lymphocytic leukemia (CLL), treated
with bendamustine, and from donor with chronic lymphocytic leukemia
recurrence after 4 years of remission, compared with the lymphocytes
obtained from the peripheral blood of human donors (Table 5). The ICsq
was higher than 50 pM, 8.24 pM, and 28.18 pM, respectively. The
compound 3.10 showed the activity similar to doxorubicin’s activity
towards lymphocytes obtained from donor treated with the bendamus-
tine, but other types of lymphocytes were resistant to its action. This
thiopyrano[2,3-d]thiazole derivative was not toxic for the isolated
lymphocytes from blood of healthy human donor (ICso > 50 pM).

Based on the obtained data, compound 3.10 demonstrated similar to
doxorubicin, non-selective antineoplastic activity, but it was less toxic
for pseudonormal cells (HaCaT, murine macrophages, mouse fibro-
blasts) and normal lymphocytes from healthy donor.

In addition to MTT assay, the biological efficiency of hit compound
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Table 3
Influence of compound 3.10 on growth of individual tumor cell lines.
Cell line Glsp, pM SI (Gls) TGIL, pM SI (TGI) LCso, pM SI (LCsp)
Leukemia CCRF-CEM 3.29 0.88 >100.0 - >100.0 -
HL-60(TB) 1.82 1.59 6.09 2.41 >100.0 -
K-562 2.84 1.02 >100.0 - >100.0 -
MOLT-4 2.71 1.07 9.88 1.48 >100.0 -
RPMI-8226 2.62 1.11 9.83 1.49 >100.0 -
SR 3.05 0.95 69.5 0.21 >100.0 -
MG_MID 2.72 1.06 49.21 0.29 >100 -
NSC lung cancer A549/ATCC 1.78 1.63 3.63 4.04 7.38 6.17
EKVX 6.75 0.43 19.4 0.75 44.3 1.02
HOP-62 2.04 1.42 3.74 3.93 6.86 6.63
HOP-92 3.15 0.92 8.08 1.81 325 1.40
NCI-H266 2.18 1.33 5.46 2.69 27.3 1.66
NCI-H322 M 1.71 1.70 3.13 4.69 5.74 7.93
NCI-H460 1.54 1.31 3.48 4.22 7.84 5.80
NCI-H522 2.31 1.25 6.99 2.10 26.4 1.74
MG_MID 2.68 1.08 6.73 2.18 19.79 2.30
Colon cancer COLO 205 1.89 1.53 3.61 4.07 6.93 6.57
HCC-2998 2.50 1.16 5.51 2.66 18.4 2.47
HCT-116 2.37 1.22 >100.0 - >100.0 -
HCT-15 1.75 1.66 3.88 3.78 8.59 5.30
HT29 3.30 0.88 9.25 1.58 >100.0 -
KM12 3.71 0.78 31.3 0.46 >100.0 -
SW-620 3.28 0.88 10.5 1.4 52.7 0.86
MG_MID 2.68 1.08 23.43 0.62 55.23 0.82
CNS cancer SF-268 3.48 0.83 19.2 0.76 >100.0 -
SF-295 1.98 1.46 3.59 4.09 6.50 7.00
SF-539 1.93 1.50 3.69 3.98 7.05 6.46
SNB-19 2.60 1.11 7.33 2.00 26.1 1.74
SNB-75 3.17 0.91 7.61 1.93 25.8 1.76
U251 3.07 0.94 10.1 1.45 35.7 1.27
MG_MID 2.70 1.07 8.58 1.71 33.52 1.35
Melano-ma LOX IMVI 2.21 1.31 7.55 1.94 84.0 0.54
MALME-3M 0.75 3.88 2.00 7.35 4.75 9.58
M14 1.06 2.74 2.37 6.20 5.26 8.65
MDA-MB-435 1.16 2.50 2.47 5.95 5.26 8.65
SK-MEL-2 3.51 0.82 16.4 0.89 52.9 0.86
SK-MEL-28 1.87 1.55 3.72 3.95 7.42 5.90
SK-MEL-5 1.59 1.83 3.00 4.90 5.68 8.01
UACC-257 1.57 1.85 3.26 4.50 6.75 6.78
UACC-62 1.76 1.65 3.43 4.28 - -
MG_MID 1.72 1.69 4.91 2.99 19.11 2.38
Ovarian cancer IGROV1 2.51 1.15 6.14 2.39 38.0 1.19
OVCAR-3 2.86 1.01 14.0 1.05 >100.0 -
OVCAR-4 1.79 1.62 3.95 3.72 8.71 5.22
OVCAR-5 2.13 1.36 4.58 3.20 9.85 4.62
OVCAR-8 2.46 1.18 8.97 1.63 36.2 1.25
NCI/ADR-RES 3.02 0.96 12.3 1.19 >100.0 -
SK-OV-3 15.5 0.18 29.6 0.49 56.5 0.80
MG_MID 4.32 0.67 11.36 1.29 49.89 0.91
Renal Cancer 786-0 7.09 0.41 24.2 0.60 71.2 0.63
A498 3.48 0.83 9.69 1.51 31.6 1.44
ACHN 4.08 0.71 16.1 0.91 40.1 1.13
CAKI-1 3.29 0.88 13.9 1.05 37.3 1.22
RXF 393 2.02 1.44 5.57 2.63 20.1 2.26
SN12C 1.74 1.67 3.49 4.21 6.99 6.51
TK-10 12.3 0.23 26.4 0.55 56.4 0.80
UO0-31 2.56 1.13 13.5 1.08 36.7 1.24
MG_MID 4.57 0.63 14.10 1.04 37.54 1.21
Prostate Cancer PC-3 2.75 1.05 21.6 0.68 >100.0 -
DU-145 1.55 1.87 3.01 4.88 5.81 7.83
MG_MID 2.15 1.35 12.30 1.19 52.90 0.86
Breast cancer MCF7 1.39 2.09 3.34 4.40 8.04 5.66
MDA-MB-231/ATCC 2.73 1.06 9.08 1.61 >100.0 -
HS 578T 2.20 1.32 6.56 2.24 >100.0 -
BT-549 1.64 1.77 3.19 4.60 6.22 7.32
T-47D 2.87 1.01 13.0 1.13 >100.0 -
MDA-MB-468 2.01 1.44 6.59 2.23 >100.0 -
MG_MID 2.14 1.35 6.96 2.11 69.04 0.65
MG_MID 2.91 14.70 45.55
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Table 4
1Csp of studied compounds (MTT test, 72 h of treatment, M + SD, n/d - not determined).

Comp./Cell Line HCT-116 HCT-116 p53 (—/-) MCEF-7 KB3-1 K562 J774.2 NIH 3T3 HaCaT

3.1 0.75+ 3.86+ 9.34+ 3.64+ 11.83+ 5.25+ 36.95+ >50
0.35 0.32 0.12 0.43 0.38 0.67 0.87

3.2 4.70+ 3.82+ 31.16+ 2.74+ 6.31+ 2.03+ 30.44+ >50
0.22 0.19 0.32 0.18 0.11 0.41 0.45

3.3 4.12+ 3.10+ 7.50+ 3.33+ 19.22+ 5.27+ 46.63+ >50
0.11 0.41 0.56 0.21 0.22 0.23 0.13

3.4 3.19+ 3.26+ 6.10+ 0.87+ 5.66+ 2.95+ 6.78+ 40.84+
0.13 0.90 0.21 0.11 0.31 0.25 0.34 0.44

3.5 6.15+ 8.83+ >50 7.21+ 22.90+ 26.89+ >50 >50
0.33 0.25 0.41 0.18 0.98

3.6 35.60+ 43.70+ 7.41+ 46.38+ 28.38+ 7.44+ n/d n/d
0.21 0.41 0.41 1.09 0.87 0.11

3.7 0.94+ 2.16+ 0.95+ 6.94+ 15.68+ 0.83+ n/d n/d
0.11 0.43 0.10 0.18 0.56 0.45

3.8 40.63+ 41.69+ >50 47.53+ 33.00+ 30.83+ n/d n/d
0.13 0.55 0.30 0.54 0.65

3.9 5.13+ 5.36+ 24.08+ 4.53+ 21.52+ 6.81+ 39.08+ >50
0.22 0.98 0.13 0.31 0.48 0.34 0.95

3.10 0.6+ 2.37+ 3.08 +£0.41 0.75+ 5.98+ 2.59+ 6.07+ 37.16+
0.24 0.43 0.29 0.41 0.13 0.41 0.56

3.11 5.44+ 6.28+ 29.02+ 5.54+ 30.86+ 6.77+ 38.89+ n/a
0.80 0.87 0.20 0.35 0.22 0.25 0.88

3.12 12.9+ 36.20+ 9.48+ 23.38+ 26.80+ 26.39+ >50 >50
0.11 0.21 0.11 0.98 0.45 0.38

3.13 >50 >50 >50 >50 >50 >50 n/d n/d

Juglone 31,6 n/d n/d 26,4 n/d 13,36 n/d n/d

Doxoru-bicin 0.58+ 0.63+ 0.62+ 0.56+ 0.59+ 0.56+ 0.72+ 4.56+
0.10 0.08 0.13 0.25 0.11 0.98 1.00 0.78

Table 5
ICs0 of compound 3.10 (MTT test, 72 h of incubation, M + SD).
Comp./Cell CLL non- CLL CLL Lymphocytes of
Line treated treated remission healthy donor
3.10 >50 8.24 + 28.18 + >50
0.32 0.68
Dox >10 8.60 + 7.33 £1.03 10.00 + 2.01
0.98
<
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3.10 was determined using the clonogenic assay. It was found that
survival fraction of the cells after drug expose with the 3.10 was almost
14 times bigger comparing to survival fraction after incubation of KB-3-
1 cells with doxorubicin in the same concentration (100 nM) used as a
positive control. However, at applying 500 nM concentration of the
compound 3.10, we did not observe the growth of KB-3-1 cell colonies
after 72 h of drug exposure (Fig. 8).

Survival fraction

oxorubicin, 100 nM ) ") oa o6

Drug concentration, pM

Fig. 8. Representative cell culture wells and graphical data of the result of colony test performed on KB-3-1 cells.
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2.2. COMPARE analysis and molecular docking simulations

Compare analysis and docking simulation for the 3.10 were per-
formed to gain a comprehensive understanding of plausible modes of
action and the quantitative expression of the anticancer activity,
compared to standard therapeutic agents (Table 6). For comparing the
sets, neither marketed drugs nor standard agents yielded sufficient re-
sults. The highest Pirson coefficient was 0.54, which is not statistically
proven [44]. Nevertheless, using the Synthetic compounds dataset for
calculation gained the result of 0.75 with the compound NSC695501.
Pubchem portal (https://pubchem.ncbi.nlm.nih.gov/) mentions the re-
sults of the different biological assays, where NSC695501 was confirmed
as modulator of Transforming growth factor p (TGF-B) signaling
pathway (BioAssay AIDs 588855, 720534 and 588856) with ICsp range
from 1.4125 pM to 2.2387 pM.

According to the results of COMPARE analysis, the structure of the
TGFp was used as a target for further docking simulation. In addition, we
included the topoisomerase I, II and human dihydroorotate dehydro-
genase (hDHODH), owing to literally reported ligands with 1,4-benzo-
quinone scaffold for those proteins [45,46]. Docking scores are listed
in Table 7.

Docking scores confirmed the possible mode of action through the
TGFp inhibitions (Fig. 9). The binding energy of the 3.10 with TGFp is
close to the reference ligand CID 5287512. 3.10 did not show any sig-
nificant affinity to both Topoisomerases, compared to its standard in-
hibitors, nevertheless structure’s resemblance with the doxorubicin.

High affinity of the 3.10 to TGFp are achieved owing to four
hydrogen bonds with ASP351 (2.07 A), LYS337 (2.67 A), LYS332 (2.01
A) and ALA230 (2.92 A). Also, ALA350, VAL219, LEU260 and LEU360
form different types of the hydrophobic interactions (Pi-Sigma, Pi Alkyl,
Pi-Cation) with lipophilic amino acids inside the binding site. Compared
to the native 1,5-naphthyridine derivative ligand 3.10 forms more
hydrogen bonds inside ATP binding pocket (4 bonds vs 3 bond), how-
ever there is no interaction with HIS283. Nevertheless, the 3.10 in-
terplays with the flexible ASP351, and as was suggested by Sawyer et al.
the interaction with ASP351 side chain might play a key role in the

Table 6
COMPARE analysis of compounds 3.10 with different sets (at GIso values).
Compound PCC Dataset Mechanism
of action
NSC695501 0.75 Synthetic TGFp
0 cn compounds inhibitor
3
/
N\: \
S CH;
(o]
NSC643735 0.64  Diversity Unknown
set
[}
HO
NH,
0
NSC363812 0.54  Standard Binding to
t: DNA
}Nl\ /Cl_ agents
piC!
N/ \>ar
ey
NSC761431 Vemurafenib 0.42  Marketed inhibitor of
F. drugs BRAF kinase
(e}
3 b
__S:
el _ / N \\/\/cm
B °
Ny N

PCC - Pearson correlation coefficient and PCC values > 0.6 are considered to
indicate a significant similarity to tentatively tested anticancer agents.
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ability of TGFp to accumulate a range of inhibitors [47]. Additional
stabilization of the complex is supported by carbon hydrogen bonds with
the ASP281 and SER287 (Fig. 10).

TGF-f is a very interesting target for anticancer agents. Besides, TGF-
B is a unique cytokine since for cells of epithelial tissues, including the
malignant ones, it is a powerful inhibitor of growth and an inducer of
apoptosis. Its action towards tumor cell strongly depends on the trans-
formation status of the target cells. TGFp1 inhibited proliferation of
normal cells or weakly transformed tumor cells. However, it did not
inhibit proliferation of highly transformed malignant cells, while acti-
vating migration of these cells causing a development of metastasis [48].

2.3. Reactivity with reduced glutathione (GSH)

The reactivity of the un-metabolized juglone, 2.10, and the com-
pound 3.10 was assessed in the test with the model soft nucleophile
reduced glutathione (GSH) (Fig. 11). It has been found that after the
incubation with these compounds, the level of GSH decreases and does
not increase significantly with adding of sodium borohydride, which
suggests the formation of covalent GS-adducts that are not reduced to
GSH with sodium borohydride, unlike the oxidized glutathione GSSG.

2.4. Interaction of synthesized compounds with DNA

Next, we investigated DNA-binding ability of the tested compounds
using Methyl Green (MG) test, KMnO4 DNA oxidation reaction and
UV-Visible spectroscopy. The importance of DNA-binding agents cannot
be overstated, as many anticancer therapies include drugs that bind
and/or modify DNA [49]. The main advantage of such compounds is
their selectivity for tumor cells with defects in the DNA repair [50].

The MG displacement test is a useful biochemical screen for the
detection of biologically active compounds that interact with DNA. All
derivatives under study showed a certain capacity of interacting with
DNA. Compounds 3.5, 3.7, 3.9, 3.10 and 3.12 replaced MG to the
greatest extent, the percentage of MG replacement was 55.4, 53.2, 66.4,
44.3 and 42.5, respectively, and approached that of juglone and doxo-
rubicin (55.4, 65.3 and 72.3%). The 3.1-3.4, and 3.8 showed middle
capacity to MG replacement, from 29.5 to 37.35%. Other derivatives
such as 3.6, 3.11, and 3.13 replaced MG to the smallest extent, % of
replacement ranged from 11.8 to 20.7% (Fig. 12).

The interaction of the derivatives suggested their ability to arrest
DNA synthesis in cell lines under investigation in the order 3.9 > 3.5 >
3.7>3.10>3.12>3.2>3.4>3.3>3.8>3.1 >3.11 > 3.13 > 3.6.
This order does not correlate with the result of MTT test, however, two
of the most active compounds 3.7, and 3.10 interact with DNA to a large
extent. These results may indicate that more active compounds have
other mechanisms of action, besides DNA interaction.

The KMnO4 oxidation reaction was used to study the selective
oxidation of pyrimidine bases, particularly thymidine, in regions of DNA
damage by the most active derivative 3.10. Compounds that interact
with DNA distort its duplex structure, thus, subjecting pyrimidine bases
to KMnOy4 oxidation, the formed products can be detected using UV/VIS
spectrophotometry. This assay allows to detect different classes of DNA
binding agents [51]. The results of these studies showed that the level of
permanganate oxidation of salmon sperm DNA induced by compound
3.10 demonstrated a similar dose-dependent tendency with 2.10
(Fig. S35). NetAbs for reaction with dsDNA was from —0.836 to 0.562
for 3.10, and from —0.259 to 0.637 — for 2.10. The juglone showed
time-dependent effect, NetAbs was from —0.030 to 0.490.

In addition, the measurement of UV-Visible absorption spectra of
compound 3.10 and its complex with DNA was used for a more detailed
study of the possible type of interaction with DNA. Any change in the
conformation and structure of DNA that occurs on binding of small
molecule translates into a change in its spectral behavior. Hypochromic
effect occurs when a molecule binds to DNA and stabilize it structure and
hyperchromism occurs as a result of the destruction of the secondary
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Binding energy values obtained during docking analysis of complex TGFp, Topoisomerase I, Topoisomerase Il and hDHODH with 3.10.

Docked ligands TGFp (PDB 1VJY)

Topoisomerase I (PDB 1T8I)

Topoisomerase II (PDB 3QX3) hDHODH (PDB 6LP7)

Binding energy Ki, pM Binding energy Ki, pM Binding energy Ki, pM Binding energy Ki, pM
3.10 —-8.91 0.293 -7.33 4.24 —8.44 0.652 -8.20 0.976
CID 5287512 —-9.69 0.078 - - - - - -
Etoposide - - - - —13.05 0.0003 - -
Doxorubicin -8.33 0.784 —-9.25 0.165 —12.03 0.0015 —5.06 195.31
Camptothecin - - —-10.42 0.023 - - - -
CID 154700495 - - - - - - —11.94 0.0017
Acceptor
Fig. 9. Predicted binding mode of 3.10 at the binding site of crystal structure of TGFf (PDB 1VJY).
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Fig. 10. 2D scheme of the TGFf-3.10 complex.

structure of DNA. Absorption spectrum of the 3.10 exhibited bands at
262, 362, and 420 nm (Fig. 13). With the addition of increasing amounts
of DNA, the absorbance of the 3.10 increased at 262 nm, while those at
362 and 420 nm decreased slightly. The hyperchromic effect, observed
at 262 nm, and blue shift is the result of destabilization of the secondary

Fig. 11. The results of measuring the reduced glutathione (GSH) level.

structure of DNA by small molecules. Such effect can be observed due to
the occurrence of electrostatic interaction between DNA and the com-
pound. The formation of isosbestic point at around 300 nm in combi-
nation the slight hypochromism observed at 362, and 420 nm is
associated with the formation of the new 3.10-DNA complex and
intercalation of the 3.10 into DNA base pairs [52]. Thus, this compound
is capable of interacting with DNA in two ways.

2.5. Apoptosis induction in KB3-1 cells

We used fluorescent microscopy of cells stained with Hoechst-33342,
DNA laddering assay, Western-blot assays, and FACS analysis in order to
estimate the potential pro-apoptotic pathways affected by derivative
3.10 in the treated cells.

The Hoechst-33342 stain was used to qualitatively evaluate whether
the compound 3.10 mediated toxic effects on KB3-1 cells were due to the
activation of apoptotic pathways. Treatment of KB3-1 cells with the 3.10
resulted in cytomorphological changes. The condensed chromatin and

11
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Fig. 12. Replacement of methyl green in salmon sperm DNA by the synthesized
compounds 3.1-3.13, Juglone, 2.10, and doxorubicin used in 10 pM/mL
concentration.
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Fig. 13. UV-Visible absorption spectra of 250 pM/mL of compound 3.10 in
presence of different concentrations of DNA 20 (1, black line), 40 (2, green
line), 60 (3, orange line), 80 (4, light green line), 100 (5, light blue line), 120 (6,
blue line), and 140 (7, pink line) pg/mL.

membrane blabbing (Supplementary Fig. S34B) could be found under
the 3.10 effect in comparison with untreated (control) cells (Supple-
mentary Fig. S34A). Doxorubicin induced similar changes (chromatin
condensation and membrane blabbing) in treated KB3-1 cells (Supple-
mentary Fig. S34C). One can assume that compound 3.10 caused the
pro-apoptotic cytomorphological changes in KB3-1 cells. The compound
3.10 demonstrated red fluorescence (Red channel, Supplementary
Fig. S34B) in the treated cells, similar to doxorubicin (Supplementary
Fig. S34C).

Apoptosis-inducing potential of compound 3.10 was confirmed by
DNA laddering assay. DNA fragmentation is the known marker of
apoptosis process which activates the caspase-3 [53]. The result, pre-
sented in the Supplementary Fig. S36 (lines 2, 3, 4, 5) shows that the
process of apoptosis was initiated by compound 3.10, by causing dam-
age of DNA in Jurkat cells. In the concentration of 25 pM
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(Supplementary Fig. S36, line 6) 3.10 induced more necrotic degrada-
tion of DNA. Doxorubicin at 1 pM, which was used as the positive
control, at 0.5 pM induced necrotic changes in treated Jurkat cells.

2.6. Effect of 3.10 on cell cycling

Cell cycle dysregulation is a distinguishing feature of the conversion
of normal cells into malignant cells. Due to the role that the cell cycle
plays in carcinogenesis, a number of cell cycle inhibitors have gained
attention as potential therapeutic medications for the treatment of
cancer, both on their own and in combination with conventional cyto-
toxic or molecular targeting therapies [54].

CCRF-CEM leukemia cells were used as a model cell line to investi-
gate the effect of 3.10 on the cell cycle. These cells were sensitive to 3.10
with an ICs¢ of 4.14 + 0.32 pM. Compound 3.10 increased the per-
centage of cells in the sub-G1 phase of the cell cycle in 1 x ICsg and, as
expected, even more at 5 x ICsg (Table 8). The sub-G1 peak is made up
of apoptotic cells and also cells that have already lost their DNA by
releasing apoptotic bodies, cell fragments with chromatin fragments,
damaged nuclei, chromosomes and cellular detritus [55]. The 3.10
showed the tendency to diminish the proportion of cells in the GO/G1
phase and increase the proportion of cells in the G2/M phase compared
to the control. The 3.10 decreased the proportion of cells actively syn-
thesizing DNA and RNA.

2.7. Effect of the compound 3.10 on stress of endoplasmic reticulum

It was shown that the juglone, which is a component of the com-
pound 3.10, can use the stress of endoplasmic reticulum (ER) for in-
duction of apoptosis [33]. That is why the next step of our work was to
check changes in the amount of proteins involved in the stress of ER. To
do that, we used Western-blot analysis of BIP (immunoglobulin heavy
chain binding protein), PDI (oxidoreductase protein-disulfide isom-
erase) and Calnexin in the lysates of KB-3-1 cells depending on time (3 h
and 24 h) and dose (0.5, 2.5 and 5 pM) of the 3.10 used for cell treat-
ment. We did not find changes in the level of abovementioned proteins
at 3 h term of the compound action. However, at 24 h term, a
dose-depended increase in BIP level was detected (Fig. 14). BIP is a
HSP70 molecular chaperone located in the lumen of the ER. It binds
newly synthesized proteins when they are translocated into the ER, and
maintains them in a state competent for subsequent folding and oligo-
merization. As a UPR (unfolded protein response) target gene product,
BIP is upregulated when UPR transcription factors associate with the
UPR element in BIP’s DNA promoter region [56]. The UPR is activated in
response to an accumulation of unfolded or misfolded proteins in the
lumen of the endoplasmic reticulum. In this scenario, the UPR has three
aims: initially to restore normal function of the cell by halting protein
translation, degrading misfolded proteins, and activating the signaling
pathways that lead to increasing the production of molecular chaper-
ones involved in protein folding. If these objectives are not achieved
within a certain time span or the disruption is prolonged, the UPR aims
towards apoptosis [57].

2.8. Induction of apoptosis by decreasing mitochondrial membrane
potential by compound 3.10

For quantitative determination of the apoptotic effects of compound
3.10 in MDA-MB-231 cells, flow cytometric assay was performed using
double staining Annexin V-FITC and Propidium iodide (AV/PI). This
study allowed for differentiation of four cell populations: cells not
stained (alive cells), cells stained with Propidium iodide (necrotic cells),
cells stained with FITC-labeled Annexin V (early apoptotic cells) and
cells stained with Annexin V and Propidium iodide (late apoptotic cells).
In case of applying the 3.10, 11.7% (5 pM) and 28.2% (10 pM) of
apoptotic cells were detected. In control, the amount of apoptotic cells
was 8.9% (Fig. 15).
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Table 8
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The effect of 3.10 on the cell cycle (GO/G1, S, G2/M), apoptosis (sub-G1), M phase (+pH351%"), DNA and RNA synthesis analysis in CCRF-CEM cells.

Tested concentra-tion Sub-G1 (apopto-sis) G0/G1 S G2/M >G2/M M DNA synthesis RNA synthesis
Control 2.36+ 38.68+ 41.09+ 20.24+ 10.09+ 1.97+ 42.40+ 31.80+
0.049 0.75 0.50 0.25 0.14 0.042 0.66 1.17
1 x ICso (4.14 pM) 5.02 34.34 41.83 23.82 12.23 1.25 19.29 23.46
5 x ICsg (20.7 pM) 5.80 35.58 42.33 22.09 20.54 1.70 0.90 0.07
# Phospho-Histone H3 (Ser10).
Dox Compound 3.10 Dox Compound 3.10
WM C 05 05 25 5 C 05 05 25 5
EBIP . ————
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Fig. 14. Results of electrophoretic study (Western blot analysis) of proteins of ER stress response in cell lysates of KB-3-1 cells treated for 3 and 24 h with the
compound 3.10 applied in different concentrations. Doxorubicin was used as positive control.
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Fig. 15. Results of flow cytometry analysis of MDA-MB-231 breast cancer cells after 24 h incubation with 3.10 (concentration 5 pM and 10 pM) and subsequent
staining of cells with Annexin V and propidium iodide. The obtained results are presented as mean values + SD obtained from three independent experiments (n = 3)
done in duplicate. *p < 0.05 vs. control group, ***p < 0.001 vs. control group.

Apoptosis may proceed in the treated cells via two pathways -
extrinsic (cell death receptor-mediated) and intrinsic (mitochondria-
mediated). In the extrinsic pathway, after stimulation of death receptors,
recruitment of adaptor molecules, formation of death-inducing signaling
complex (DISC), and then, activation of caspase 8 and 10 occurs. This,
along with the subsequent activation of executory caspases, leads to cell
death [58]. Considering the important role of caspase 8 in the initiation
of apoptosis via the extrinsic pathway, we evaluated the effects of the
compound 3.10 on the activation of this protein in MDA-MB-231 breast
cancer cells after 24 h exposure (concentrations of 5 and 10 pM). It was
found that the tested compound increased the amount of active form of
this caspase (Fig. 16). There was 19.5% of cells with active caspase 8 at

13

treatment with 3.10 at 5 pM and 62.7% — at 10 pM of the tested com-
pound. The results of evaluating caspase 8 activities are consistent with
those obtained in the AV/PI assay, indicating that apoptosis induced by
the tested compound may proceed via an extrinsic pathway mediated by
cell death receptors.

Triggering factors for the intrinsic pathways of apoptosis with
mitochondria involvement also include DNA damage or oxidative stress
[59]. We investigated the effect of the tested compound 3.1 on the
mitochondrial membrane potential (A¥m) in MDA-MB-231 cells treated
for 24 h in concentrations (5 pM and 10 pM). To do that, cytometric
analysis using JC-1 dye was applied. JC-1 is a carbocyanine lipophilic
cationic fluorochrome that can take on different forms and fluorescence
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Fig. 16. The results of flow cytometry measurement analysis of caspase 8 activity in the MDA-MB-231 breast cancer cells after their 24 h treatment incubation with
3.10 (concentration 5 pM and 10 pM). The obtained results are presented as mean values + SD obtained from three independent experiments (n = 3) done in

duplicate. ***p < 0.001 vs. control group.

depending on the MMP. In viable cells with normally functioning
mitochondria, this dye accumulates in the hyperpolarized mitochondrial
membrane to form aggregates that emit red fluorescence. While in
apoptotic or necrotic cells, these aggregates disintegrate and monomers
with green fluorescence are formed. As shown in Fig. 17, the tested
compound caused an increase in the percentage of cells with decreased
AW¥m in the MDA-MB-231 breast cancer cell lines. In the untreated cells
(control group), the percentage of cells with depolarized mitochondria
was 5.7%. The 3.10 at a lower concentration (5 pM) led to a decrease of
A¥m in 15.7% of cell population of tested breast cancer line. Mean-
while, the 3.10 at concentration of 10 pM increased this percentage over
2-fold. It was 37.3% of cell population with decreased of A¥m compared
to the control group (untreated cells).

Control

~— Normal AWm

—— Decreased AWm

Red fluorescence
5uM

10 uMm

S ———

v

Green fluorescence

The initiation of the intrinsic apoptosis pathway results in the acti-
vation of the caspase 9 [60]. Therefore, we have evaluated the effect of
the tested compound 3.10 on the activation of this protein in
MDA-MB-231 breast cancer cell lines. The 24 h treatment of cells with
the 3.10 induced the elevation in active caspase 9, compared to control.
There was 15.0% (5 pM) and 32.6% (10 pM) cells with active caspase 9
(Fig. 18).

To confirm the results of evaluating the active forms of caspases 8
and 9, we assessed the activity of caspase 3/7. After activation of the
initiator caspases (caspases 8 and 9), both apoptotic pathways (intrinsic
and extrinsic) converge into a common one and the executive phase of
apoptosis begins. During this stage, active executioner caspases, mainly
caspase 3, and also caspase 7, are formed [61]. Thus, we evaluated

100
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Fig. 17. Results of flow cytometry measurement of changes in the mitochondrial membrane potential (A¥m) in MDA-MB-231 breast cancer cells after 24 h treatment
with 3.10 (concentration 5 pM and 10 pM). The obtained results are presented as mean values + SD obtained from three independent experiments (n = 3) done in

duplicate. ***p < 0.001 vs. control group.
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Fig. 18. The results of flow cytometry measurement of caspase 9 activity in the MDA-MB-231 breast cancer cells after 24 h incubation with the 3.10 (concentration
5 pM and 10 pM). The obtained results are presented as mean values + SD obtained from three independent experiments (n = 3) done in duplicate. **p < 0.01 vs.

control group, ***p < 0.001 vs. control group.
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Fig. 19. The results of measuring flow cytometry ratio of caspase 3/7 activity in the MDA-MB-231 breast cancer cells treated for 24 h with the 3.10 (concentration 5
pM and 10 pM). The obtained results are presented as mean values + SD obtained from three independent experiments (n = 3) done in duplicate. **p < 0.01 vs.

control group, ***p < 0.001 vs. control group.

caspase 3/7 activity in the MDA-MB-231 breast cancer cells using flow
cytometry after 24 h treatment of cells with the tested compound 3.10.
Changes in caspase 3/7 activity were also detected at the action of
compound 3.10, in compare with control (Fig. 19). Following treatment
with the tested compound resulted in an increase in active form of
caspase 3/7 to 10.6% (5 pM) and 20.6% (10 pM).

The presented results correspond well with other data obtained at
the analysis of the apoptotic process and measuring the caspases
involved in it. It was demonstrated, that the 3.10 compound induced
apoptosis in the MDA-MB-231 breast cancer cells proceeding through
two pathways, extrinsic and intrinsic.
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2.9. Acute toxicity in vivo

Mice treated with Dox demonstrated a rapid time- and dose-
dependent loss of body mass. While only slight decrease in body mass
of animals was observed after the 1st injection of this drug at a dose of
6.6 mg/kg, the mice lost 10% of their initial mass after the 3" Dox
administration (6th day of the experiment) when its cumulative dose was
20 mg/kg (Fig. 19). This led to the death of Dox-treated mice on the 8
and 13 day after the 1st administration of this anthracycline antibiotic.
Thus, only 50% (2 out of 4) of animals subjected to doxorubicin treat-
ment survived until the 22" day of experiment, when all animals were
euthanized (Fig. 20). It is known that Dox treatment leads to a loss of
body mass which is accompanied by fat and skeletal muscle loss, fatigue,
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Fig. 20. Changes in body mass in control (untreated) C57BL/6 animals and
mice treated with the doxorubicin (Dox, 20 mg/kg) or 3.10 compound (20 mg/
kg) treatment. Note: Control — n=4; Dox — n=4; 3.10 - n=6. | - 3.10 (6.6 mg/ml)
injection; 1 - Dox (6.6 mg/ml) injection.

and anorexia [62,63]. The administration of the 3.10 to C57BL/6 mice
in a dose of 20 mg/kg (lethal dose of Dox) was not accompanied by loss
of body mass. Animals in this group demonstrated 100% survival rate
(Figs. 20 and 21). In contrast to Dox, the action of the compound 3.10
was not characterized by the acute toxic effects.

We detected anemia in Dox-treated mice that was accompanied by
1.4-fold (P < 0.001) decrease in number of red blood cell and 1.3-fold (P
< 0.01) decrease in hemoglobin level comparing with these parameters
in control (untreated) animals (Fig. 21). In addition, Dox (20 mg/kg)
caused leukopenia, and on 22nd day of the experiment, the white blood
cell count in mice of this group was 1.88 times lower (P < 0.05) than in
animals of control group (Fig. 22). The reason for this might be bone
marrow suppression caused by the Dox [64]. The myelosuppression is
induced by many chemotherapeutic agents, and doxorubicin is one of
the most prominent representatives among them [65-67]. At the same
time, the number of red blood cells and white blood cells, as well as the
level of hemoglobin in blood of the experimental mice injected with the
compound 3.10 did not differ from these indicators in control animals
observed on 2279 day after 1st administration of tested compound
(Fig. 21).

Relative neutrophil count was 2.3-fold higher (P < 0.001) and
relative lymphocyte count was 1.56-fold lower (P < 0.001) in the Dox-
administered mice than in control animals on 22" day post 1st injection
of this drug. So, the neutrophils to lymphocytes ratio (NLR) in control
mice was equal to 0.257, while in Dox-treated animals it was 3.48 times
higher, namely 0.894 (Fig. 21, Table 9). These data also demonstrate
toxic impacts of Dox on the hematopoietic system (myelosuppression)

Kaplan-Meier survival curves
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and its acute immunotoxicity observed as a significant decrease in
number of lymphocytes that could be explained by inhibition of their
proliferation or killing by the doxorubicin [68-70].

The compound 3.10 under study slightly reduced the number of
lymphocytes (by 1.17 times) and increased the number of neutrophils
(by 1.6 times) in blood of treated mice compared to these indicators in
control animals on 22" day of the experiment. It should be noted that
the relative number of neutrophils was decreased by 1.4 times (P <
0.001) and the relative number of lymphocytes was increased by 1.3
times (P < 0.001) in mice injected with the 3.10 compound, versus to
their level in blood of animals treated with the Dox (Fig. 21, Table 9).
The neutrophil to lymphocyte ratio in mice injected with the 3.10
compound was 1.8 times higher versus control animals, but it was 1.9
lower than in Dox-treated mice (Table 9). Thus, the compound 3.10 also
causes a change in the neutrophil-to-lymphocyte ratio, but to a much
lesser extent than the Dox. At the same time, this compound (3.10) does
not induce a loss of body mass in animals, their rapid death, leukopenia,
erythropenia, and a decrease in the level of hemoglobin in blood of
treated mice.

At the next stage of study, the organ to body mass indices was
analyzed on 2ond day of the experiment in mice injected with saline
solution (control vehicle group), doxorubicin (Dox, 20 mg/kg) and 3.10
compound (20 mg/kg). Importantly, there were no statistically signifi-
cant changes in the mentioned above index for lung, heart, spleen,
kidney between control animals and mice treated with the 3.10 com-
pound. Only liver to body mass index in animals injected with the 3.10
was slightly decreased (1.14 times, P < 0.05) compared to this param-
eter in control mice (Table 10). In contrast to the effect of the 3.10 (20
mg/kg), Dox significantly affected the weight of the lungs and liver in
animals treated with this drug. Thus, the lung- and liver-to-body mass
indices in Dox-treated mice were 2.96- and 1.93-fold lower (P < 0.05
and P < 0.001) than in animals from the control group (Table 10). In
more detail, the lung-to-body mass index in control mice was equal to
0.80 4 0.09, in 3.10-treated mice — 0.82 4= 0.08 (P < 0.05 vs Dox) and in
animals of the Dox group — 0.27 + 0.06 (P < 0.05 vs 3.10). Liver-to-body
mass index in control mice was 5.22 + 0,42, in 3.10-injected mice — 4.54
4 0.55 (P < 0.05 vs control, P < 0.001vs Dox) and in Dox-treated ani-
mals — 2.70 £+ 0.04 (P < 0.001 vs control) (Table 9). Lungs and liver
mass loss under Dox (20 mg/kg) action may indicate on severe injury of
these organs [71].

In order to investigate in more detailed abnormalities in lung and
liver tissues, it would be possible to carry out a histopathological anal-
ysis of these tissues. However, the non-selectivity of the action of
doxorubicin, which leads to damage of several vital organs such as the
heart, liver, kidney and others, is a well-known fact [72-75]. In addi-
tion, Favreau-Lessard and the group recently found that Dox-treated
mice had significantly smaller liver and its histopathological analysis
showed atrophy of the hepatic plate with diminished cytoplasmic

Kaplan-Meier survival curves
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Fig. 21. Survival time (Kaplan Meier survival curves) of control (untreated) C57BL/6 mice or animals treated with doxorubicin (Dox, 20 mg/kg) or 3.10 compound

(20 mg/kg). Note: Control - n = 4; Dox - n = 4; 3.10 - n = 6.
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Fig. 22. The number of red blood cells (RBC, eryth-
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Table 9 Table 10

Relative neutrophil count (RNC), relative lymphocyte count (RLC) and neutro-
phil to lymphocyte ratio (NLR) in in mice injected with saline solution (control
vehicle group), doxorubicin (Dox, 20 mg/kg) and 3.10 compound (20 mg/kg)
on 22nd day of the experiment. NLR = RNC/RLC.

Organ to body mass indices in mice injected with saline solution (control vehicle
group), doxorubicin (Dox, 20 mg/kg) and 3.10 compound (20 mg/kg) on 22nd
day of the experiment. Organ-to-body mass index = (organ mass x 100)/body
weight.

Control Mean + Dox, 20 mg/kg 3.10, 20 mg/kg

SD(n=4or8) Mean + SD (n = 2 Mean + SD (n = 6 or
or 4) 12)
Neutrophils, % 19.43 + 5.01 45.05 + 5.45%** 31.21 + 6.03"
Lymphocytes, 78.56 + 5.69 50.35 + 9.63*** 67.05 + 6.21*
%
NLR 0.257 0.894 0.465

Organs/ Control Mean + Dox 20 mg/kg Mean 3.10 20 mg/kg Mean
Groups SD (n = 4) +SD (n=2) + SD (n = 6)

Lung 0.80 + 0.09 0.27 £ 0.06* 0.82 + 0.08°

Heart 0.62 + 0.08 0.34 + 0.03 0.51 + 0.03

Spleen 0.53 £0.18 0.22 £ 0.06 0.51 + 0.15

Kidney 1.39 + 0.09 0.99 + 0.05 1.28 £ 0.12

Liver 5.22 + 0.42 2.70 £ 0.04*** 4.54 £ 0.55%

Note: The level of neutrophils and lymphocytes is expressed as a % total leu-
cocytes (white blood cells, WBC). NLR - neutrophils to lymphocytes ratio; **P <
0.01, ***P < 0.001 - statistically significant vs control (vehicle) group; = P <

0.001 - statistically significant vs Dox (20 mg/mg) group.

volume and both intracellular and canalicular cholestasis indicating
doxorubicin-induced metabolic and toxic liver damage [76]. The toxic
effect of Dox on the hematopoietic system confirms the ~2.4-fold
decrease in spleen-to-body mass under its action compared to this
parameter in control and 3.10 compound-treated mice. More important
is that studied compound 3.10 (20 mg/kg) did not change the
organ-to-body index for the lung, heart, spleen and kidney compared to
these parameters in control mice. Liver-to-body mass index was slightly
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Note: *P < 0.05, ***P < 0.001 - statistically significant vs control (vehicle)
group; P < 0.001 - statistically significant vs Dox (20 mg/mg) group.

reduced under 3.10 action (Table 10).
3. Conclusions

Here, we designed and synthesized new 11-substituted 9-hydroxy-
3,5,10,11-tetrahydro-2H-benzo[6,7]thiochromeno[2,3-d][1,3]thiazole-
2,5,10-triones 3.1-3.13 using hetero-Diels-Alder reaction of 5-ene-4-thi-
oxo-2-thiazolidinones and 5-hydroxy-1,4-naphthoquinone (juglone)
and screened their anticancer potential. The synthesized thiopyrano
[2,3-d]thiazoles showed different cytotoxic activity that was dependent
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on their structure. The most active compound 3.10 induced extrinsic
and intrinsic pathway of apoptosis, increased the percentage of cells in
G2/M phase of cell cycle, and reduced the synthesis of DNA and RNA in
tumor cells. This compound is capable of interacting with DNA in two
different ways: through electrostatic interaction and intercalation. The
studied compound 3.10 in dose 20 mg/kg did not cause toxic effects in
the organism of C57BL/6 mice. Thus, although traditional antitumor
drug doxorubicin and the created compound 3.10 possess comparable
anticancer activity, the novel drug-like medicine demonstrates promi-
nent bio-tolerance, while the doxorubicin demonstrates severe adverse
effects in vivo.

4. Materials and methods
4.1. General information

Commercially available reagents and anhydrous solvents were used
without further purification. Melting points were measured on a Cole-
Parmer Electrothermal IA9200 melting point apparatus. The elemental
analyses were performed using the Thermo Scientific FlashSmart
Elemental Analyzer. The 'H and '®C NMR spectra were recorded on
Varian Gemini (*H at 400 and '3C at 100 MHz) instrument in DMSO-dg.
Chemical shifts (6) are given in ppm units relative to tetramethylsilane
as reference (0.00). TLC checked the purity of all obtained compounds
on Silufol-254 plates (Eluent EtOAc/Benzene 1:2). 4-Thioxo-2-thiazoli-
dinone was prepared according literature procedure from 2,4-thiazolidi-
nedione [77]. The 5-ene-4-thioxo-2-thiazolidinones were synthesized
previously [78].

Synthesis of 9-hydroxy-11-substituted-3,11-dihydro-2H-benzo[6,7]
thiochromeno[2,3-d]thiazole-2,5,10-triones.

A mixture of appropriate 5-ene-4-thioxo-2-thiazolidinone (10 mmol)
and 5-hydroxy-1,4-naphthoquinone (20 mmol) was refluxed for 1 h with
a catalytic amount of hydroquinone (2-3 mg) in glacial acetic acid (10
mL), and then left overnight at room temperature. The precipitated
crystals were filtered off, washed with methanol (5-10 mlL), and
recrystallized from appropriate solvent.

4.1.1. 11-(5-Chloro-2-hydroxyphenyl)-9-hydroxy-3,11-dihydro-2H-benzo
[6,7]thiochromeno[2,3-d]thiazole-2,5,10-trione. (3.1)

Yield 70%, mp > 350 °C (AcOH). H NMR (400 MHz, DMSO-dg): 6
5.69 (s, 1H, CH), 6.82 (t, 1H, J = 7.2 Hz, arom.), 7.07 (d, 1H, J = 8.9 Hz,
arom.), 7.16-7.24 (m, 1H, arom.), 7.32 (s, 1H, arom.), 7.61 (d, 1H, J =
8.1 Hz, arom.), 7.72 (d, 1H, J = 9.0 Hz, arom.), 10.31 (s, 1H, OH), 11.64
(s, 1H, OH), 11.78 (s, 1H, NH). 13C NMR (100 MHz, DMSO-dg): 6 33.5,
94.1, 116.8, 121.2, 123.0, 125.0, 127.4, 128.2, 130.9, 133.5, 136.4,
139.5, 141.4, 143.7, 153.4, 158.2, 160.4, 175.0, 184.5. ESI-MS m/z
442/444 (M+H)™. Anal. Calcd for CooH;oCINOsS,: C, 54.12; H, 2.27; N,
3.16. Found: C, 54.28; H, 2.11; N, 3.05.

4.1.2. 11-(4-BromophenyD)-9-hydroxy-3,11-dihydro-2H-benzo[6,7]
thiochromeno[2,3-d]thiazole-2,5,10-trione (3.2)

Yield 62%, mp 240-242 °C (AcOH). 'H NMR (400 MHz, DMSO-dg): 5
5.52 (s, 1H, CH), 7.28-7.37 (m, 2H, arom.), 7.48 (t, 2H, J = 6.8 Hz,
arom.), 7.58 (d, 1H, J = 7.2 Hz, arom.), 7.70 (d, 1H, J = 8.0 Hz, arom.),
11.67 (s, 1H, OH), 11.94 (s, 1H, NH). 3¢ NMR (100 MHz, DMSO-dg): 6
29.7, 99.1, 107.8, 115.7, 119.3, 120.8, 125.2, 129.9, 131.7, 134.7,
136.5, 141.4, 146.2, 156.1, 160.5, 170.5, 179.8. ESI-MS m/z 471/473
(M+H)™. Anal. Caled for CooH;oBrNO4S2: C, 50.86; H, 2.13; N, 2.97.
Found: C, 51.01; H, 2.23; N, 3.06.

4.1.3. 11-(4-Chlorophenyl)-9-hydroxy-3,11-dihydro-2H-benzo[6,7]
thiochromeno[2,3-d]thiazole-2,5,10-trione (3.3)

Yield 68%, mp > 350 °C (AcOH). 'H NMR (400 MHz, DMSO-dg): 6
5.54 (s, 1H, CH), 7.30-7.42 (m, 4H, arom.), 7.59 (d, 1H, J = 7.4 Hz,
arom.), 7.71 (m, 1H, arom.), 11.68 (s, 1H, OH), 11.94 (s, 1H, NH). 13C
NMR (100 MHz, DMSO-dg): 6 28.6, 84.7, 101.0, 116.2, 119.3, 125.2,
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126.0, 128.8, 129.5, 133.1, 136.5, 141.5, 150.2, 163.6, 169.6, 175.2,
179.5. ESI-MS m/z 426/428 (M+H) . Anal. Calcd for CogH1oCINO4S2: C,
56.14; H, 2.36; N, 3.27. Found: C, 56.28; H, 2.20; N, 3.17.

4.1.4. 9-Hydroxy-11-(4-methoxyphenyl)-3,11-dihydro-2H-benzo[6,7]
thiochromeno[2,3-d]thiazole-2,5,10-trione (3.4)

Yield 71%, mp 234-236 °C (AcOH). 'H NMR (400 MHz, DMSO-dg):
3.69 (s, 3H, OCH3), 5.43 (s, 1H, CH), 6.85 (d, 2H, J = 8.4 Hz, arom.),
7.27 (d, 2H, J = 8.4 Hz, arom.), 7.34 (d, 1H, J = 8.5 Hz, arom.), 7.58 (d,
1H, J = 7.4 Hz, arom.), 7.71 (t, 1H, J = 8.0 Hz, arom.), 11.74 (s, 1H,
OH), 11.90 (s, 1H, NH). 3C NMR (100 MHz, DMSO-de): § 35.3, 47.4,
92.7, 101.3, 109.1, 114.6, 125.9, 129.9, 133.1, 135.9, 139.4, 142.1,
144.4, 148.1, 153.9, 159.2, 170.3, 174.2, 177.6. ESI-MS m/z 424
(M+H)". Anal. Caled for CoH13NOsSy: C, 59.56; H, 3.09; N, 3.31.
Found: C, 59.41; H, 2.92; N, 3.49.

4.1.5. 11-(4-(DimethylaminophenyD)-9-hydroxy-3,11-dihydro-2H-benzo
[6,7]thiochromeno[2,3-d]thiazole-2,5,10-trione (3.5)

Yield 67%, mp > 350 °C (DMF:EtOH). 'H NMR (400 MHz,
DMSO-dg): 2.80 (s, 6H, N(CH3)»), 5.29 (s, 1H, CH), 6.59 (d, 2H, J = 8.2
Hz, arom.), 7.08 (d, 2H, J = 8.0 Hz, arom.), 7.49-7.57 (m, 2H, arom.),
7.78 (t, 1H, J = 7.9 Hz, arom.), 11.54 (s, 1H, OH), 11.80 (s, 1H, NH). 13¢
NMR (100 MHz, DMSO-dg): 6 30.7, 48.0, 100.8, 112.5, 117.4, 120.0,
123.3, 128.1, 132.0, 135.7, 137.5, 138.1, 141.6, 146.2, 149.4, 159.7,
162.7, 167.2, 176.9. ESI-MS m/z 437 (M+H)'. Anal. Calcd for
CooH16N204Ss: C, 60.54; H, 3.69; N, 6.42. Found: C, 60.43; H, 3.77; N,
6.58.

4.1.6. 9-Hydroxy-11-styryl-3,11-dihydro-2H-benzo[6, 7 Jthiochromeno
[2,3-d]thiazole-2,5,10-trione (3.6)

Yield 64%, mp > 350 °C (DMF:EtOH). 'H NMR (400 MHz,
DMSO-dg): 6 6.37 (s, 1H, CH), 7.06-7.39 (m, 5H, CH, arom.), 7.40-7.52
(m, 3H, CH, arom.), 7.76 (d, 1H, J = 7.4 Hz, arom.), 7.93 (t, 1H, J = 7.8
Hz, arom.), 11.02 (s, 1H, OH), 11.12 (s, 1H, NH). 3¢ NMR (100 MHz,
DMSO-dg): 6 36.0,98.6,117.1,118.8,122.2,122.5,125.8,128.3,130.1,
132.3, 136.3, 137.8, 139.4, 141.3, 161.3, 163.4, 169.3, 171.4, 174.5.
ESI-MS m/z 420 (M+H)+. Anal. Calcd for CooH13NO4Ss: C, 62.99; H,
3.12; N, 3.34. Found: C, 63.09; H, 3.02; N, 3.50.

4.1.7. 9-Hydroxy-11-(2-nitrostyryl)-3,11-dihydro-2H-benzo[6,7]
thiochromeno[2,3-d]thiazole-2,5,10-trione (3.7)

Yield 77%, mp > 350 °C (DMEF:EtOH). 'H NMR (400 MHz,
DMSO-dg): 6 5.21 (s, 1H, CH), 6.31 (m, 1H, CH), 6.81 (d, 1H, J = 13.8
Hz, CH), 7.36-7.39 (m, 1H, arom.), 7.45-7.49 (m, 1H, arom.), 7.58-7.61
(m, 2H, arom.), 7.67-7.70 (m, 1H, arom.), 7.88-7.92 (m, 2H, arom.),
11.87 (s, 1H, OH), 11.97 (s, 1H, NH). 13C NMR (100 MHz, DMSO-dp): &
35.8, 87.1, 110.0, 115.1, 123.0, 124.3, 126.2, 126.7, 128.5, 133.1,
136.7, 137.6, 139.7, 141.3, 148.5, 148.7, 162.7, 176.5, 177.0, 177.7.
ESI-MS m/z 465 (M+H)". Anal. Caled for CooH12N20gS2: C, 56.89; H,
2.60; N, 6.03. Found: C, 56.70; H, 2.41; N, 6.14.

4.1.8. 9-Hydroxy-11-(2-phenylprop-1-en-1-yl)-3,11-dihydro-2H-benzo
[6,7]thiochromeno[2,3-d]thiazole-2,5,10-trione (3.8)

Yield 79%, mp > 350 °C (DMEF:EtOH). 'H NMR (400 MHz,
DMSO-dg): 6 0.96 (s, 3H, CH3), 5.48 (s, 1H, CH), 7.26-7.33 (m, 4H, CH,
arom.), 7.52 (m, 3H, arom.), 7.76 (d, 1H, J = 7.8 Hz, arom.), 7.99 (t, 1H,
J = 8.0 Hz, arom.), 11.06 (s, 1H, OH), 11.22 (s, 1H, NH). 13C NMR (100
MHz, DMSO-dg): 6 17.1, 31.4, 84.6, 106.9, 116.4, 118.6, 120.3, 124.4,
126.4, 130.9, 134.1, 134.3, 136.3, 136.8, 143.7, 150.4, 150.7, 162.8,
176.2, 178.8, 182.1. ESI-MS m/z 434 (M+H)". Anal. Caled for
Ca3H15NO4S,: C, 63.73; H, 3.49; N, 3.23. Found: C, 63.55; H, 3.67; N,
3.37.

4.1.9. 9-Hydroxy-11-(thiophen-2-yl)-3,11-dihydro-2H-benzo[6,7]
thiochromeno[2,3-d]thiazole-2,5,10-trione (3.9)
Yield 71%, mp 244-246 °C (AcOH). 'H NMR (400 MHz, DMSO-dg): §
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5.89 (s, 1H, CH), 6.92 (d, 1H, J = 7.2 Hz, arom.), 6.96-7.02 (m, 1H,
thiophen.), 7.33-7.41 (m, 2H, arom., thiophen.), 7.54-7.62 (m, 1H,
thiophen.), 7.72 (d, 1H, J = 8.2 Hz, arom.), 11.76 (s, 1H, OH), 12.01 (s,
1H, NH). '3C NMR (100 MHz, DMSO-de): § 33.6, 102.2, 114.2, 117.4,
119.4, 125.4, 125.8, 127.3, 129.7, 134.7, 136.7, 140.5, 143.9, 147.0,
160.6, 162.0, 169.7, 176.6. ESI-MS m/z 400 (M+H)*. Anal. Calcd for
C18HgNO4S3: C, 54.12; H, 2.27; N, 3.51. Found: C, 54.23; H, 2.11; N,
3.67.

4.1.10. 11-(Furan-2-yD-9-hydroxy-3,11-dihydro-2H-benzo[6,7]
thiochromeno[2,3-d]thiazole-2,5,10-trione (3.10)

Yield 69%, mp > 350 °C (AcOH). 'H NMR (400 MHz, DMSO-dg): 6
5.67 (s, 1H, CH), 6.30-6.36 (m, 2H, arom.), 7.36 (d, 1H, J = 8.2 Hz,
arom.), 7.53-7.56 (m, 1H, arom.) 7.59 (d, 1H, J = 7.3 Hz, arom.), 7.73
(t, 1H, J = 7.9 Hz, arom.), 11.73 (s, 1H, OH), 11.98 (s, 1H, NH). '3C NMR
(100 MHz, DMSO-dg): 6 33.3, 105.5, 107.6, 111.3, 114.6, 117.3, 119.8,
125.7, 131.5, 132.9, 137.0, 143.3, 144.5, 152.7, 161.0, 180.9, 180.2,
184.6. ESI-MS m/z 384 (M+H)™. Anal. Calcd for C18H9NOs5S,: C, 56.39;
H, 2.37; N, 3.65. Found: C, 56.50; H, 2.49; N, 3.51.

4.1.11. 11-(Furan-2-yl)-3,11-dihydro-2H-benzo[6,7Jthiochromeno[2,3-
d]Jthiazole-2,5,10-trione (3.11)

Yield 73%, mp 238-240 °C (DMF: EtOH). 'H NMR (400 MHz,
DMSO-de): §5.90 (s, 1H, CH), 6.90 (d, 1H, J = 4.4 Hz, furan.), 6.93-6.98
(m, 1H, furan.), 7.35-7.40 (m, 1H, furan.), 7.83-7.91 (m, 2H, arom.),
7.97-8.04 (m, 2H, arom.), 12.00 (s, 1H, NH). '*C NMR (100 MHz,
DMSO-dg): 6 34.1, 106.4, 112.5, 119.3, 125.7, 127.2, 136.8, 136.8,
139.7,141.4,144.1, 149.8, 157.4, 168.5, 177.4, 181.7. ESI-MS m/z 368
(M-+H)". Anal. Caled for C;gHoNO4S,: C, 58.85; H, 2.47; N, 3.81. Found:
G, 58.74; H, 2.40; N, 3.92.

4.1.12. 9-Hydroxy-11,11-dimethyl-3,11-dihydro-2H-benzo[6,7]
thiochromeno[2,3-d]thiazole-2,5,10-trione (3.12)

Yield 79%, mp > 350 °C (DMF:MeOH). 'H NMR (400 MHz,
DMSO-dg): 6 2.72 (s, 3H, CH3), 2.88 (s, 3H, CH3), 7.51 (d, 1H, J = 8.4 Hz,
arom.), 7.75 (m, 1H, arom.), 7.93 (m, 1H, arom.), 11.60 (s, 1H, OH),
12.58 (s, 1H, NH). 3¢ NMR (100 MHz, DMSO-dg): 6 20.8, 24.2, 96.4,
114.4, 118.8, 123.8, 127.3, 134.1, 137.0, 151.5, 157.4, 163.9, 173.3,
175.1, 179.1. ESI-MS m/z 346 (M+H) . Anal. Calcd for CooH;5N04S2: C,
62.69; H, 3.59; N, 3.32. Found: C, 62.79; H, 3.45; N, 3.21.

4.1.13. Synthesis of 9-hydroxy-11-phenethyl-3,11-dihydro-2H-benzo[6,7]
thiochromeno[2,3-d]thiazole-2,5,10-trione (3.13)

A mixture of isorhodanine (5 mmol), phenylpropionaldehyde (5.5
mmol), and 1,4-naphthoquinone (10 mmol) was heated at reflux for 2 h
in MeCN (10 mL) in the presence of the catalytic amount of ethyl-
enediammonium diacetate (EDDA). After cooling, the precipitate was
filtered off, washed, and recrystallized from a mixture DMF: EtOH (1:2).
Yield 65%, mp > 350 °C. 'H NMR (400 MHz, DMSO-dg): § 2.37 (m, 2H,
CH,), 2.62 (m, 2H, CH>), 5.22 (s, 1H, CH), 7.38 (m, 2H, arom.), 7.48 (m,
2H, arom.), 7.60 (m, 1H, arom.), 7.68 (m, 1H, arom.), 7.90 (m, 1H,
arom.), 8.08 (m, 1H, arom.), 11.87 (s, 1H, OH). 11.99 (s, 1H, NH). 3¢
NMR (100 MHz, DMSO-dg): § 21.5, 28.2, 32.8, 95.3, 110.7, 122.0,
122.6, 123.9, 125.8, 126.6, 128.2, 129.7, 132.0, 137.5, 139.7, 145.5,
165.6, 171.0, 186.9, 188.8. ESI-MS m/z 422 (M+H)*. Anal. Calcd for
C18H13NO3So: C, 60.83; H, 3.69; N, 3.94. Found: C, 61.00; H, 3.76; N,
4.04.

4.2. Crystal structure determination of 3.4

Compound 3.4 was recrystallized from DMF by slow evaporation at
room temperature.

Crystal data. C21H13NOsS,, C3H7NO, M, = 496.54, orthorhombic,
space group Pbca, a = 13.1978(3), b = 13.9935(3), ¢ = 23.9945(5) 10\, \%
=4431.39(17) A%, Z=8 (2’ = 1), Dcatc = 1.489 g/cm>, j = 2.578 mm ™,
T =130.0(1) K.
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Data collection. A brown crystal of undefined shape (DMF), 0.32 x
0.08 x 0.05 mm, was used to record 14669 (Cu Ka-radiation, Oyax =
76.65°) intensities on a Rigaku SuperNova Dual Atlas diffractometer
using mirror monochromatized Cu Ka-radiation from a high-flux
microfocus source (A = 1.54184 10\). Accurate unit cell parameters
were determined by least-squares techniques from the 0 values of 7698
reflections, 0 range 4.92-76.44°. The data were corrected for Lorentz,
polarization and for absorption effects [79]. The 4603 total unique re-
flections (Rint = 0.0254) were used for structure determination.

Structure solution and refinement. The structure was solved by dual
space algorithm (SHELXT) [80], and refined against F? for all data
(SHELXL) [81]. The positions of the H atoms bonded to N and O atoms
were obtained from the difference Fourier maps and were refined freely.
The remaining H atoms were positioned geometrically and were refined
within the riding model approximation: C-H = 0.98 A (CHs), 1.00 A
(Csp®H), 0.95 A (CspH) and Ujso(H) = 1.2Ueq(C) or 1.5Ueq(C) for methyl
H atoms. The methyl groups were refined as rotatable rigid groups. Final
refinement converged with R = 0.0428 (for 4068 data with > 40(F2),
WR = 0.1189 (on F? for all data), and S = 1.147 (on F? for all data). The
largest difference peak and hole was 0.593 and —0.243 eA®. The mo-
lecular illustration was drawn using ORTEP-3 for Windows [82]. The
material for publication was prepared using and PLATON [39]. Software
used to prepare material for publication was WINGX [82], OLEX2 [83]
and PLATON [39].

The supplementary crystallographic data are deposited at the Cam-
bridge Crystallographic Data Centre (CCDC), 12 Union ROAD, Cam-
bridge 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 (deposition no. CCDC 2235052)].

4.3. NCI anticancer screening in vitro

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 [41-43]. Tested compounds were added to
the culture at a single concentration (107> M) and incubated for 48 h.
The cytotoxic and/or growth inhibitory effects of for each tested com-
pound were evaluated using sulforhodamineB (SRB) assay. Results was
reported as the percent of growth of the treated cells compared to the
untreated control cells. The most active selected compounds were tested
in vitro against the full panel of human tumor cell lines at concentrations
ranging from 10~ to 107® M. 48-h drug exposure protocol was fol-
lowed. SRB assay was used to estimate cell viability or growth.

Using absorbance measurements [time zero (T%z), 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. Per-
centage growth inhibition was calculated as:

[(Ti — Tz) /(C — Tz)] x 100 for concentrations for which 7i > Tz

[(Ti — Tz) /Tz] x 100 for concentrations for which 7i < Tz.

Dose response parameters (Glsg, TGI) were calculated for each
compound. Growth inhibition of 50% (GIsg) was calculated from [(Ti -
T2)/(C - Tz)] x 100 = 50, 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. 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 GIsg values < 100 pM were declared to be active.
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4.4. Compare analysis and docking assays

NCI COMPARE analysis algorithm (https://dtp.cancer.gov/database
s_tools/compare.htm) indicates a correlation of the anticancer activity
to nearly 60 human tumor cell lines types between the tested compound
with previously tested anticancer agents. This statistical approach is
used to predict and identify the mechanisms of action of synthetic and
natural products. Therefore, the in vitro antitumor screening of 3.10 was
analyzed using COMPARE algorithm against the NCI different database
at the Glsg levels.

The optimization geometry of 3.10 was pre-performed using the MM
+ quantum mechanics algorithm, followed by final optimization using
PM3 semi-empirical technique by HyperChem 7.5 package. Autodock
Tools v.4.2.6 was used for protein-ligand docking with the NMR struc-
tures of TGFp (PDB code 1VJY), topoisomerase I (PDB code 1T8I),
topoisomerase II (PDB code 3QX3) and human dihydroorotate dehy-
drogenase (hDHODH) (PDB code 6LP7) with using the enhanced La-
marckian Genetic Algorithm parameters [84], were GA runs was set to
100 and population size was increased to 300; other parameters were
considered as their default values. The tested enzymes were set to be
rigid, while the 3.10 was set to be free to rotate. A grid box of 60 x 60 x
60 points with 0.375 A spacing was defined by centering on the ligand in
the active site. The lowest energy conformations were selected as the
resultant docked positions. The root mean square deviation (RMSD)
calculation [85] was used for evaluating the possibility of the selected
docking parameters to reproduce the interaction of the native ligands
with the selected enzymes. Poses with RMSD less than 2.0 A allow
considering the performed docking as valid. In addition, doxorubicin
was used for cross-docking assays. The Discovery Studio Visualizer has
generated molecular representations of each protein-ligand complexes.

4.5. Reduced glutathione (GSH) level assay

In model experiments, 1 mM of GSH and 1 mM of compounds in 0.1
M phosphate buffer (pH 7.4) were incubated for 1 h at 37 °C, and then
the level of GSH was determined spectrophotometrically at 412 nm
based on the reduction of 5,5-dithio-bis(2-nitrobenzoic acid) to form
the yellow derivative 5'-thio-2-nitrobenzoic acid. Oxidized glutathione
GSSG in samples was reduced to GSH with sodium borohydride [86].

4.6. Cell culture

MCF-7 human breast adenocarcinoma cell line, HCT-116 colon
adenocarcinoma cell line, KB3-1 human cervix adenocarcinoma cell
line, Jurkat human T lymphocyte cell line, K562 human chronic mye-
logenous leukemia cell line, human keratinocytes of HaCaT line, murine
macrophage-like cell line J774.2, and NIH/3T3 mouse embryonic fi-
broblasts were kindly provided by a Collection at the Institute of Mo-
lecular Biology and Genetics, National Academy of Sciences of Ukraine
(Kyiv, Ukraine) received those cells from the American Type Culture
Collection (ATCC). The p53-deficient HCT-116 p53—/— colon cancer
cells were a kind gift from a Collection of the Institute for Cancer
Research at Vienna Medical University (Vienna, Austria). Cells were
cultivated in the DMEM or RPMI-1640 medium supplemented with 10%
of fetal bovine serum (all were purchased from Biowest, France) in the
CO thermostat at 37 °C in atmosphere of 95% air and 5% CO».

The study protocols with human lymphocytes isolated from periph-
eral blood of adult healthy donor and patients with acute and chronic
leukemia were approved by Ethics Committee of the Institute of Cell
Biology of National Academy of Sciences of Ukraine (protocols No 2
from January 27, 2019 and No 2 from October 7, 2020), and with
written consent of donor. Lymphocytes of human peripheral blood were
isolated from blood consisting of anti-coagulant sodium heparin solution
10 U/mL (B.BRAUN MEDICAL, S.A., Spain) from a donor on density
gradient of Gradisol G (Polfa, Poland), as described. Briefly, the blood/
Gradisol G mixture (1:1) was centrifuged at 400 xg at room temperature
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for 30 min. The cells were washed in the phosphate buffered saline
(PBS). The residual erythrocytes were lysed in hypotonic solution.
Lymphocytes were cultured in the RPMI-1640 medium supplemented
with 20% of fetal bovine serum (both were purchased from Biowest,
France) at 95% air and 5% CO- [87].

4.7. MTT assay for measuring cells viability

The sensitivity of tumor, normal and pseudo-normal cells to new
heterocyclic derivatives was evaluated as described [87] using MTT
(3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyl tetrazolium bromide) test
(Sigma-Aldrich, USA). The 3500-4000 adherent or 15,000 suspension
cells per well were seeded in 96-well plates according to ATCC recom-
mendation in 100 pL. DMEM or RPMI-1640 complete medium (Sig-
ma-Aldrich, Burlington, MA, USA), and incubated for 72 h at 37 °C in
COy-incubator with studied compounds at final concentrations of 1, 10,
50 pM. After incubation, MTT reagent were added to the cells according
with manufacture recommendation and incubated for the next 4 h.
Crystals of formazan were dissolved in the dimethylsulfoxide (DMSO),
and the reaction absorbance was measured by an Absorbance Reader
BioTek ELx800 (BioTek Instruments, Inc., Winooski, VT, USA). The half
maximal inhibitory concentration value (ICso) was calculated by
GraphPad Prism 6 software (San Diego, CA, USA) using nonlinear
regression.

4.8. Clonogenic assay

Cells were plated in 6-well plates (10%10° cells in 1.5 ml growth
medium per well) and left to recover and attach for 24 h in the incu-
bator. Next day it was added compound 3.10 in indicated concentra-
tions, Dox was used as positive control. After 3 days, the cells were fixed
with methanol for 20 min at 4 °C and stained with crystal violet 5
(0.01% in PBS). The fluorescence of crystal violet was detected by the
Absorbance Reader BioTek ELx800 (BioTek Instruments, Inc., Winooski,
VT, USA). Quantification was done by ImageJ software. The received
data was visualized as dose-response surviving fraction curves by Graph
Pad Prism 6 software (Graph Pad software, USA). All calculations were
done as described by Ref. [88].

4.9. Methyl green DNA intercalation test

Compounds 3.1-3.13 juglone and 2.10 were also investigated for
the ability to intercalate DNA by the Methyl green assay. Salmon sperm
DNA (50 pg/mL) was incubated for 1 h at 37C with 15 pl Methyl green
solution (1 mg/ml in H,0). Tested compounds were added at concen-
tration 10 pM/ml and incubated at 37 °C in the dark for 24 h. The total
volume of the samples was 1 ml in the end. Absorption of Methyl green
was measured at 630 nm with a fluorescence reader Plate Reader BioTek
(USA). As a positive control was used doxorubicin [89].

4.10. Study of DNA-binding ability of synthesized compounds

Salmon Sperm DNA (Sigma-Aldrich, USA) was diluted in distilled
water at 4 °C for 24 h in stock concentration 1.65 mg/mL. Tested
compounds were dissolved in acetone (stock solution concentration 5
mM/mL). DNA (5 pl, 8.27 pg) was incubated with the test compound in
dH,0 for 1 h at 37 °C. Following incubation of DNA and compound,
KMnO4 was added to a final concentration of 0.3 mM. A range of con-
centrations (3, 6, 12, 24 pM/mL) were tested for each compound and the
results expressed as the change in absorbance (AAbs) during the reac-
tion with KMnO4 between zero time zero and selected time points af-
terward (1, 2, and 3 h) at the specific wavelength 405 nm. Appropriate
controls of DNA alone and compounds alone were included and these
values subtracted from the test sample to provide the net change in
absorbance (NetAAbs).

Net A420 nm = [A420 nm of the Expt (120 min)-A420 nm of the Expt
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(2 min)]-[A420 nm of the Control (120 min)-A420 mm of the Control (2
min)]

Where Net A420 represents the level of oxidation of the DNA-
chemical adduct. The Expt = calf thymus DNA + DNA binding agent
+ KMnOy, the Control = DNA binding agent + KMnO,.

DNA-binding compounds were generally defined as falling within
the groups where the net change in absorbance between zero and
various time points was >0.05 or < —0.05. DNA non-binding com-
pounds were defined as falling within the group where the net change in
absorbance between zero and various time points was <0.05 and
>-0.05 [51].

The measurement of UV absorption of compounds was conducted in
the phosphate buffer by using a fixed compound concentration (250 pM)
to which increments of the DNA stock solution was added. The solutions
were allowed to incubate for 5 min before the absorption spectra were
recorded [52]. The absorption spectra were recorded using Thermo
Fisher Scientific Nanodrop Nd-1000 (Wilmington, USA).

4.11. The fluorescent microscopy of KB3-1 cells

The KB3-1 cells were seeded in 24-well plates at 50,000 cells/mL and
then allowed to adhere overnight. After, cells were treated for 24 h with
compound 3.10 (1 pM) and doxorubicin (1 pM). Cells were stained with
0.2-0.5 pg/ml of Hoechst-33342 as previously described [89]. The
fluorescent microscope (Carl Zeiss, Jena, Germany), Axiolmager Al
camera (at 400 x magnification), and AxioVision image analysis soft-
ware Release 4.6.3.0 for Carl Zeis microscopy (Imaging Associates Ltd.,
Cork, Ireland, UK) were used for KB3-1 cells examination. The Image-
Pro7 software (Media Cybernetics, Rockville, Maryland, USA) was used
for additional analization of obtained photomicrographs.

4.12. DNA laddering experiment

DNA extraction and gel electrophoresis were performed as described
by Herrmann and others. Jurkat cells were collected by centrifugation;
lysed in a lysis buffer (1% NP-40 in 20 mM EDTA, 50 mM Tris-HCI, pH
7.5; 10 pL per 10 6 cells, minimum 50 pL). After centrifugation for 5 min
at 1600xg, the supernatant was collected and the extraction was
repeated with the same amount of lysis buffer. Supernatants were
brought to 1% SDS and treated for 2 h with RNase A (final concentration
5 pug/mL) at 56 °C. Then, proteinase K was added (final concentration
2.5, pg/mL) and incubated for 2 h at 37 °C. After adding 1/2 volume of
10 M ammonium acetate, the DNA was precipitated with 2.5 vol.
Ethanol, dissolved in gel loading buffer, and separated by electropho-
resis in 1% agarose gels containing Ethidium bromide (at 70 V) [89].

4.13. Cell cycle analysis

The cell cycle analysis and immunolabeling of cell cycle markers
have been described previously. Briefly, CCRF-CEM were incubated
with compounds for 24 h, then harvested, washed with cold phosphate
buffered saline (PBS), fixed in cold 70% ethanol, treated with RNase
(0.5 mg/mL) and stained with propidium iodide (PI) (0.1 mg/mL). The
mitotic marker histone H3%° was detected with a specific anti-
phospho-Histone H3 (Ser10) antibody (Merck Millipore). The primary
antibody was diluted in blocking buffer and labeled with a secondary
anti-mouse-FITC-conjugated antibody (Sigma-Aldrich). Data were ac-
quired using FACSCalibur (Becton Dickinson) and analyzed using
ModFitLT (Verity). Apoptosis was measured in logarithmic mode as the
percentage of particles with PI content lower than cells in GO/G1 phase
(sub-G1) of the cell cycle, and polyploidy was measured in linear mode
as the percentage of particles with PI content higher than cells in the G2/
M phase of the cell cycle [90].
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4.14. BrdU incorporation analysis (DNA synthesis)

CCRF-CEM cells were treated with the compound 3.10 at a concen-
tration of 4.14 and 20.7 pM. Before harvesting, 10 pM 5-bromo-2-
deoxyuridine (BrdU) was added to the cells for pulse -labeling for 30
min. Cells were fixed with ice-cold 70% ethanol and stored overnight.
Before the analysis, cells were washed with phosphate -buffered saline
(PBS) and resuspended in 2 M HCI for 30 min at room temperature to
denature their DNA. Following neutralization with 0.1 M NayB40;
(Borax), cells were washed with PBS containing 0.5% Tween-20% and
1% bovine serum albumin. This was followed by staining with the pri-
mary anti-BrdU antibody (Exbio) for 30 min at room temperature in the
dark followed. Then the cells were then washed with PBS and stained
with the secondary antimouse-FITC antibody (Sigma-Aldrich, USA).
Then, cells were then rewashed again with PBS and incubated with
propidium iodide (0.05 mg/mL, Sigma-Aldrich, USA) and RNAse A (1
mg/mL, Sigma-Aldrich, USA) for 1 h at room temperature in the dark
and afterward analyzed by flow cytometry using a 488 nm single beam
laser (FACS Calibur; Becton Dickinson) [90].

4.15. BrdU incorporation analysis (RNA synthesis)

CCRF-CEM cells were cultured and treated as described above. This
was followed by pulse labeling with 1 mM BrU for 30 min before har-
vesting. Cells were then fixed in 1% buffered paraformaldehyde with
0.05% of NP-40 at room temperature for 15 min and then stored at 4 °C
overnight. Before measurement, they were washed in PBS with 1%
glycine, washed again in PBS and stained with primary anti-BrdU anti-
body cross-reacting to BrU (Exbio) for 30 min at room temperature in
the dark. After another washing in PBS, cells were stained with sec-
ondary antimouse-FITC antibody (Sigma). After staining, the cells were
washed with PBS and fixed with 1% paraformaldehyde-buffered with
PBS with 0.05% of NP-40 for 1 h. The cells were washed with PBS,
incubated with propidium iodide (0.05 mg/mL, Sigma-Aldrich, USA)
and RNAse A (1 mg/mL, Sigma-Aldrich, USA) for 1 h at room temper-
ature in the dark and finally analyzed by flow cytometry using a 488 nm
single beam laser (FACS Calibur; Becton Dickinson) [90].

4.16. Flow cytometry assessment of annexin V and propidium iodide
binding

The apoptosis induction by the tested compounds was assessed by
the exposure of phosphatidylserine on the cell membrane, to which
fluorescein isothiocyanate (FITC)-labeled annexin V binds with high
affinity in the presence of Ca?' ions. The FITC Annexin V Apoptosis
Detection Kit II (BD Pharmingen, San Diego, CA, USA) and a flow cy-
tometer (BD FACSCanto II, BD Biosciences Systems, San Jose, CA, USA)
were used for this detection. The assay was performed according to the
manufacturer’s instructions. Breast cancer cells (MDA-MB-231) were
incubated for 24 h (37 °C, 5% COg, 90-95% humidity) with the tested
compounds (3.10 and 3.4) at concentrations of 5 pM and 10 uM. Flow
cytometer calibration was performed by preparing two controls - a
positive and negative control. The positive control were cells in which
apoptosis was induced using 2 pl of 3% formaldehyde in buffer and
placing them on ice for 30 min. In contrast, the negative control was
represented by cells that were not treated with any of the proapoptotic
agents. First, in cells treated with the tested compounds as well as the
controls, the medium was removed and the cells were washed twice with
cold PBS. Subsequently, cells were resuspended in Binding Buffer
included in the kit at a concentration of 1 x 10° cells/mL. From each
sample, 100 pL of cell suspension was taken and transferred to test tubes
to which 5 pl each of FITC Annexin V and propidium iodide (PI) were
then added. The contents of the test tubes were gently vortexed and
incubated for 15 min at room temperature, protected from light. After
the required time, the contents of the test tubes were made up to 500 pL
with Binding Buffer and immediately analyzed in a flow cytometer
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(10,000 events measured). After flow cytometer readout, results were
analyzed using FACSDiva software (BD Biosciences Systems, San Jose,
CA, USA). The equipment was calibrated with BD Cytometer Setup and
Tracking Beads (BD Biosciences, San Diego, CA, USA) [61].

4.17. Determination of mitochondrial membrane potential

Disruption of the MMP was assessed using the lipophilic cationic
probe 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolcarbocyanine
iodide (JC-1 MitoScreen kit; BD Biosciences) as described previously
[92]. Briefly, unfixed cells were washed and resuspended in PBS sup-
plemented with JC-1. Cells were then incubated for 15 min at room
temperature (RT) in the dark, washed, and resuspended in PBS for im-
mediate BD FACSCanto II flow cytometry analysis. The percentage of
cells with disrupted MMP was calculated in the FACSDiva software (both
from BD Biosciences Systems, San Jose, CA, USA).

4.18. Caspase 3/7, 8 and 9 activity assay

Activation of the caspase cascade occurs as a result of the initiation of
the apoptotic process in the cell and is induced by the cytotoxic activity
of the compound. In this regard, assessment of initiator (caspase 8 and 9)
and executioner (caspase 3 and 7) caspases activity was performed using
FAM-FLICA® Caspase Assays kits (all from ImmunoChemistry Tech-
nologies, Bloomington, MN, USA) according to the manufacturer’s in-
structions. After 24 h incubation of MDA-MB-231 breast cancer cells
with the tested compounds (3.10 and 3.4) at concentrations of 5 pM and
10 pM, cells were collected, washed twice with cold PBS, and resus-
pended in Apoptosis Wash Buffer to a final concentration of 5 x 10°
cells/mL. In the next step, 290 pL each of cell suspension was taken and
transferred into tubes. Then, 10 pL each of FLICA solution diluted
immediately before use (1:5 v/v, using PBS) was added to the cells,
mixed by pipetting, and incubated in the dark for 1 h at 37 °C. After this
time, cells were washed twice with 2 mL Apoptosis Wash Buffer,
centrifuged, and resuspended in 300 pL of the buffer. Thus prepared
samples were immediately analyzed using a BD FACSCanto II flow cy-
tometer (10,000 events) with FACSDiva software (both from BD Bio-
sciences Systems, San Jose, CA, USA). The equipment calibration was
performed using BD Cytometer Setup and Tracking Beads (BD Bio-
sciences, San Diego, CA, USA) [61].

4.19. Western blot analysis

To check does compound 3.10 can cause a stress of Endoplasmatic
reticulum as a part of its mechanism of action Western blot analysis of
corresponding proteins (BIP, PDI, Calnexin) was performed. First, KB-3
cells were seeded in a 6-well plate (5 x 10° cells/mL/well) and after 24 h
recovery, treated with the drug in different concentrations and left to
growth for next 3 h or 24 h. After 3 and 24 h drug expose cells were
harvested, proteins were isolated resolved by SDS/PAGE, and trans-
ferred onto a PVDF membrane for Western blotting (Sigma Aldrich) as
described previously. The following antibodies were used: BIP (#3177,
Cell Signaling Technology, USA), PDI (#2446, Cell Signaling Technol-
ogy, USA), Calnexin (#2433, Cell Signaling Technology, USA) and
p-actin (A5441, Sigma Aldrich). All primary antibodies were used in
1:1000 dilutions in 3% BSA and 5%-NasN-containing Tris-buffered sa-
line. Additionally, peroxidase-labeled secondary antibodies antimouse
(#7076 Cell Signaling Technology, USA) and anti-rabbit (A0168, Sigma-
Aldrich) were used at working dilutions of 1:10000 [91].

4.20. In vivo toxicity study of 3.10

Animals. Studies of the acute cytotoxic activity of 3.10 in vivo was
conducted in 2022 at the animal facility of the Institute of Cell Biology,
NAS of Ukraine (Lviv, Ukraine). 14 adult male C57BL/6 mice with 23 g
average weight were kept under standard vivarium conditions with
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constant access to the full feed and drinking water. Animals were
divided into 3 groups. Mice from the ond group were administered
intraperitoneally with Doxorubicin (Dox, n = 4) at a dose of 6.6 mg/kg
every 48 h from the 1% to the 5th day of the experiment (3 injections).
Doxorubicin was used as a positive control and its cumulative dose was
20 mg/kg. Animals from the 3t group were injected intraperitoneally (i.
p) with compound 3.10 (n = 6) at a dose of 6.6 mg/kg every 48 h three
times (the total dose also was 20 mg/kg). Mice from 15 control-vehicle
group were treated with equivalent volume of saline solution (0.9%
sodium chloride solution) in a similar mode.

Mice were monitored daily for survival and body weight. Survival
data are plotted on a Kaplan-Meier curves. Graphs of changes in the
weight of animals during the experiment were drawn. The animals were
sacrificed on the 22" day of the experiment (that is, the 2ond day after
the 1st and the 17 day after the last injection of the compounds). Vital
organs (namely the heart, liver, spleen, kidneys, lungs) were isolated
and weighed. Then the organ-to-body weight indices were calculated
according to the following formula: (organ weight x 100)/body weight.

Blood sampling. Blood was collected from the retro-orbital sinus of
mice. For blood sampling animal was scruffed with thumb and fore-
finger of the non-dominant hand and the skin around the eye was pulled
taut. Then capillary tube/pipette was inserted into the medial canthus of
the eye (30-degree angle to the nose). The capillary tube/pipette was
gently removed and wiped the mouse’s eye with sterile cotton after the
required volume of blood was collected. For hematological analysis,
blood samples (100 pL) were collected from mice via a retro-orbital
bleed in microtubes containing 5 pL of 10% ethylenediaminetetra-
acetic acid disodium salt solution (Nay-EDTA solution) as an
anticoagulant.

Hematological analysis. Hematological profile changes were studied
by 5-Part automated hematology analyzer DF-51 (DYMIND Biotech-
nology Co., Ltd, Shenzhen, China) using high quality hematology
analyzer reagents (Dymind Biotechnology Co., Ltd, Shenzhen, China)
according to manufacturer’s instructions. Blood for the study was
collected on the 22nd day after the first injection of the studied
compound.

All in vivo experiments were conducted in accordance with the in-
ternational principles of the European Convention for protection of
vertebrate animals under a control of the Bio-Ethics Committee of the
above-mentioned institution (Protocol N 4/2016 from 5.06.2016 of the
BioEthics Committee at the Institute of Cell Biology, NAS of Ukraine).

Statistical analysis. The results were analyzed with GraphPad Prism 6
(GraphPad Software, USA), and presented as a mean (M) + standard
deviation (SD) of 3 parallels. Statistical evaluation was performed using
a two-way ANOVA analysis followed by Tukey’s multiple comparisons
test. The P-value of <0.05 was considered as statistically significant
[92].

4.21. Compliance with ethical standards

All experiments with isolated human lymphocytes from peripheral
blood of adult healthy donor and patients with acute and chronic leu-
kemia were approved by Ethics Committee of the Institute of Cell
Biology of National Academy of Sciences of Ukraine (protocols No 2
from January 27, 2019 and No 2 from October 7, 2020) and with written
consent of donor.

All in vivo experiments were conducted in accordance with the in-
ternational principles of the European Convention for protection of
vertebrate animals under a control of the Bio-Ethics Committee of the
above-mentioned institution (Protocol N 4/2016 from 5.06.2016 of the
BioEthics Committee at the Institute of Cell Biology, NAS of Ukraine).
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