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KEYWORDS Abstract A number of novel urea and thiourea derivatives of 8-hydroxyquinoline have been
8-Hydroxyquinoline; designed, synthesized and evaluated for their anticancer activities. The structures of the new com-
Urea; pounds were established by spectroscopic techniques, 'H NMR, '*C NMR, and mass spectrometry.
Thiourea; The in vitro cytotoxicity against MCF7, and MDA-MB-231 cell lines were assessed by MTT assay.
Piperazine; Six of the 11 compounds synthesized namely 5b, 5S¢, 5f, and 6b-d exhibited cytotoxicity with 1Csq
Anticancer; values ranged between 0.5 and 42.4 uM. Apoptotic features of cells treated with Sb compound were
Apoptosis; observed via florescent microscopy using DAPI and ethidium bromide/acridine orange staining
Molecular Docking against MCF-7 cells. Molecular docking of these molecules against 16 potential breast cancer pro-

tein revealed that these compounds could interact with the active site of poly (ADP-ribose) poly-

merase-1 (PARP1), B-cell lymphoma-extra large (Bcl-xL) and PARPS5A (Tankyrase 1) by

forming hydrogen bonds, n-n interactions and hydrophobic interactions. The docked poses of these

molecules were observed to be similar in the active site of each of these targets.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

. 1. Introduction
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8-Hydroxyquinoline is a privileged heterocycle that has drawn the

attention of chemists, and medicinal chemists due to its unique physi-

cal and chemical properties (Saadeh et al., 2020). 8-Hydroxyquinoline

and its derivatives are important types of compounds with diverse bio-
b . . . logical activities including antiviral agents (De la Guardia et al., 2018;
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Scheme 1  Synthesis of 8-hydroxyquinoline thiourea (5a-h) and hydroxyquinoline urea (6b-d) derivatives.

et al., 2009; Vu et al., 2019), anticancer agents (Chan et al., 2013;
Lescoat et al., 2012; Zhua et al, 2017), anti-Alzheimer agents
(Crouch and Barnham, 2012; Wang et al., 2014; Yang et al., 2018)
and anti-HIV agents (Cohen et al., 2012; Mckouar et al., 1998). Urea
and Thiourea are organic compounds which possess a broad wide
range of applications and their derivatives demonstrate a wide range
of pharmacological potentials such as antidiabetic, antimicrobial, anti-
cancer, and analgesic (Goffin et al., 2012; Naz et al., 2020; Vega-Pérez
et al., 2012) which attracted the attention of many researchers in drug
development. The bioactivity profile of 8-HQ derivatives and urea/
thiourea derivatives prompted the design and synthesis of novel com-
pounds containing these moieties as outlined in scheme 1 below.

Around 19.3 million new cancer cases and 10.0 million cancer
deaths in 2020 occurred globally, where female breast cancer is
reported to be the most diagnosed cancer with around 2.3 million
new cases (Sung et al., 2021). Chemotherapy, surgery, and other treat-
ments have reduced cancer-associated deaths (Agrawal, 2014). Che-
motherapy or other methods to counteract chemotherapy-induced
harmful effects are often partly successful or may induce many side-
effects that are added to patient discomfort (Abalo et al., 2017;
Nurgali et al., 2018). Thus, research is being carried out to search
for promising chemotherapy agents.

In this study, the in vitro efficacy of the novel 8-Hydroxyquinoline
urea and thiourea derivatives against MCF-7 and MDA-MB-231
breast cancer cells and its potential to induce apoptosis were investi-
gated. In silico molecular docking of these 8-HQ derivatives was per-
formed against 16 potential breast cancer targets identified through
an extensive literature analysis with the aim of getting a better under-
standing of the target and binding behavior of these novel derivatives.

2. Materials and methods

2.1. Chemistry

Melting points were assessed in an open capillary tube using
Melting Point apparatus (Sanyo Gallenkamp MPD 350-BM
3.5, UK) and are uncorrected. FT-IR spectra were recorded
using FT-IR spectrophotometer (Thermo Nicolet Nexus 470,
USA). '"H NMR and '*C NMR spectra were recorded, using
Varian-400 MHz (USA), at 25 °C in CDCl; or DMSO dj at
400 MHz using solvent peaks [CDCl;: 7.26 (D), 77.2 © ppm
and DMSO dg 2.50 (D) and 39.7 (C) ppm] as internal refer-
ences. The assignment of chemical shifts is based on standard
NMR experiments (‘H, *C, 'H-'H COSY, 'H-'*C HSQC,
HMBC). TLC analyses were performed on silica F254 and
detection at 254 nm by UV light. High resolution mass spectra
(HRMS) were obtained as [M—H] using electrospray ion trap
(ESI) negative ion mode technique by collision-induced disso-
ciation on a Bruker APEX-4 (7-Tesla) instrument. Column
chromatographies were carried out on silica Gel 60 (230 mesh).
Chemicals and reagents were obtained from ACROS
ORGANICS, USA and Sigma Aldrich Chemical Co.. All
chemicals and reagents were used as received without further
purification. Compound 1 was prepared according to the pro-
cedures described in the literature (Agrawal, 2014; Sung et al.,
2021). Synthesis of 8-hydroxyquinoline-carbothioamide (5a-h)
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and 8-hydroxyquinoline carboxamide derivatives (6b-d) have
been provided in the supporting information file.

2.2. Biology

2.2.1. Cell culture

The human breast cancer cell lines MDA-MB-231 and MCF7
(DSMZ, Germany) were used. The cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) in 25 cm?2 flasks
(NIST, China). The DMEM were supplemented with fetal
bovine serum (FBS) (Gibco, USA). The plates were incubated
at 37 °C and 5% CO, in a humidified incubator.

2.2.2. Cytotoxicity studies

MCF7 and MDA-MB-231 cells were grown in 96-well plates
(NIST, China) at a density of 50,000 cells/well and incubated
for 24 h at 37 °C. The test was carried out following a 48 h
incubation with different concentrations of the compounds.
Then, 20 pL of MTT (Thermo, USA) solution was added to
each well and incubated for 2 h. The optical densities were ana-
lyzed at 520 nm using a multi-plate reader (ChroMate, USA).
The results are expressed as the percentage of the control and
were calculated as the concentration that reduce the prolifera-
tion of cells to 50% (ICsp) using Origin 8. Each compound was
tested in triplicate (Elnakady et al., 2017).

2.2.3. DAPI staining

The DAPI staining method was used for the morphological
analysis of DNA. The cells were seeded and treated at the
1Csq concentration of the compounds as in previous section.
Then, the medium was aspirated, and fixed with ice cold etha-
nol for 15 min. After 24 h, the wells were washed with PBS,
and then the stained with DAPI (1 pg/mL) (Themo, USA).
After staining, wells were washed with PBS and observed
under a fluorescent microscope (Evos, USA).

2.2.4. Acridine Orange|Ethidium bromide (AOJEB) staining

AO/EB staining was used to detect apoptosis. MCF7 and
MDA-MB-231 cells were exposed to ICsyconcentration of
the compounds for 24 h. The wells were washed with PBS
and 1 pL of AO/EB (10% of acridine orange and 10% of
ethidium bromide in PBS) and incubated for 5 min. The cells
were then imaged under fluorescence microscope (Evos,
USA). Images were merged using Image j software.

2.3. In silico molecular docking

8-hydroxyquinoline urea and thiourea derivatives that showed
cytotoxic potential against breast cancer cell lines (Sb, 5¢, 5f,
and 6b-d), were subjected to molecular docking analysis. Since
the molecular target(s) of these compounds are currently not
known, potential breast cancer targets were identified through
an extensive literature analysis. A total of 16 proteins were
identified that were shown to have a potential role in the pro-
gression of breast cancer (Table 5). Three-dimensional X-ray
crystal structure of these proteins was downloaded from the
Protein Data Bank (PDB; https://www.rcsb.org). The retrieved
protein structures were pre-processed using the Protein Prepa-
ration Wizard of Schrédinger Suite 2021-1. The preparation
stage covered several steps, including assignment of bond

orders, proper orientation of disorientated groups, setting of
ionization states, creating disulfide bonds, deletion of water
molecules, co-factors, and metal ions, and capping termini
assignment of partial charges. Missing atoms and side chains
of residues were also added. Finally, geometrically stable pro-
tein structures were obtained by optimizing and minimizing
the protein structure. A receptor grid was generated with
default parameters around the active site of each of the struc-
tures. Structures of the ligands to be docked were built using
the 2D sketcher module of Schrédinger Maestro. The ligand
molecules were pre-processed and conformers were generated
using Schrodinger Ligprep. Processing of ligands included con-
verting 2D structures to 3D, generation of tautomer and ion-
ization states, the addition of hydrogen atoms, neutralization
of charged groups, and finally optimization of the geometry
of the molecules. All prepared protein structures and ligand
molecules were subjected to the virtual screening workflow of
Schrodinger Maestro.

3. Results and discussion

3.1. Chemistry

A series of hydroxyquinoline-carbothioamide (thiourea) (5a-h)
and hydroxyquinoline —carboxamide (urea) derivatives (6b-d)
were synthesized as highlighted in scheme 1. The synthesis of
target thiourea 5a-j and urea 6b-d was accomplished in two
steps: deprotection of N-Boc protected piperazine-8-
hydroxyquinoline 1 (Yang et al., 2018) by HCl/dioxan to give
piperazine-8-hydroxyquinoline salt 2 (Youdim et al., 2005)
which then reacted with substituted isothiocyanates 3a-h and
isocyanates 4b-d in the presence of excess triethylamine to give
thiourea (5a-h) and urea (6a-h) respectively in good yields. All
intermediates and final derivatives were purified by column
chromatography, recrystallized, before identification by spec-
troscopic techniques.

The newly synthesized compounds (Sa-h) and (6b-d) were
characterized by melting point, 'H and C'*> NMR, IR and
MS spectral data. The detailed data found in the experimental
part are in agreement with the suggested structures. The !-
H NMR showed the protons of substituted benzene ring,
piperazine and the 8-hydroxyquinoline moiety with correct
integration. The thioamide and amide N-H appeared around
9.80 ppm. The '*C NMR data revealed the presence of a sin-
glet around 180 ppm for compounds (5a-h) and around
156 ppm for (6b-d) which correspond to C = S and C = O,
respectively. In the IR spectra, Peaks correlated with C = S
and C = O stretching vibrations appear between 1520 and
1590 cm™' for compounds (5a-h) and between 1630 and
1650 cm ™! for compounds (6b-d) respectively. The mass spec-
tra display the correct molecular ion peaks as [M—H] for
which the measured high-resolution (HRMS) data are in good
agreement with the calculated values.

3.2. Biology

3.2.1. Cytotoxicity assay

The cytotoxicity of compounds was assessed against two
tumor cell lines (MCF-7 and MDA-MB-231) via MTT assay.
As revealed in Fig. 1, only compounds 5b, 5S¢, 5f, and 6b-d
exhibited inhibitory activities against the two cell lines tested.
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Effect of 5b, 5¢, 5f and 6b-d on growth inhibition of MCF7, and MDA-MB-231 cell lines. The cells were treated with increasing

concentrations of compounds, the cytotoxicity was measured using the MTT test after 48 h. The data were analyzed using Origin 8 Pro.

The ICsovalues of tested compounds were summarized in
Table 1. All the six compounds showed potent cytotoxicity
against the two cancer cell lines tested compared with the con-
trol. The results indicated that compounds 5b exhibited the
most potent activity against MCF-7 cells lines; therefore, it
was selected for further studies.

3.2.2. DAPI staining

DAPI staining was carried out to investigate the nuclear mor-
phology of MCF-7 cells caused by 5b compound. DAPI is a

Table 1 The inhibitory potential on cancer cells for 5b, 5¢, 5f
and 6b-d derivatives.
MDA-MB-231 MCE-7
I1Cso in pM ICs¢ in uM
5b 9.7 0.5
Sc 22.8 5.8
5f 5.5 2.5
6b 1.5 2.9
6¢ 42.4 4.8
6d 6.6 9.1
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fluorescent dye that labels DNA. The nuclei of live cells were
evenly stained with light blue, whereas apoptotic nuclei were
stained with bright blue due to chromatin condensation. As
shown in Fig. 2, a higher level of apoptosis with nuclear frag-

Table 2 Docked score (GlideScore), binding energy (MM-
GBSA) and residues of Bcl-xL (PDB ID: 4QVX) forming polar
interactions with the compounds.

. . . . Compound GlideScore MM-GBSA Residues that
mentation, condensation, and higher brightness were detected Gl aro s Tl
post-treatment with I1Csq (0.5 pM). (keal/mol) i _—

.7 .. . Sb —7.30 —76.75 Ala 93, Tyrl101,
3.2..3.. Acridine orange/ethidium bromide doubles (AO/EB) Argl39, Tyr195
Staining Sc ~7.30 —81.06 Tyrl01, Phel05,
AO/EB staining was carried out to investigate the morpholog- Argl39
ical alternation in cell death. As shown in Fig. 3, the apoptotic 5f —7.11 —67.73 Ala93, Tyrl01,
cells had green or orange particles in their nuclei due to con- Argl39, Tyrl95
densed or fragmented chromatin, and the non-apoptotic con- 6b —7.61 —88.44 Ala93, Tyrl01,
trol cells had green chromatin with organized structures. Fagle, Tgrles
According to the results, the 5b compounds induced apoptosis b —7.38 —81.06 213[9133’;?1?19’5
in MCF-7 cancer cell lines. Chemotherapeutic agents have 6d —6.99 _7788 PIE]OS: AZ;I32,
been reported to induce apoptosis in different cancer types. Argl39

Acridine Orange Ethidium Bromide Merged

Control

Treated

Fig. 2 Dual staining of MCF-7 by Acridine orange and Ethidium bromide shows the apoptotic activity of compound 5b on MCF-7 cell

(control and treated) after 24 h of treatment.

Fig. 3  Apoptotic activity of compound 5b on MCF-7 cell (A: control and B: treated) after 24 h of treatment. White arrows represent

fragmented and apoptotic nucle.
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Fig. 4 A) Surface representation of Bel-xL (PDB ID: 4QVX) with the docked molecules shown in green stick representation. Docked
molecules and the polar residues they interact with: B) 5b; C) 5c; D) 5f; E) 6b; F) 6¢; G) 6d. Black dashed lines represent hydrogen bonds
and green dashed lines represent n-n interactions.

Arg132

Apoptosis is a process in which abnormal cells are dis- 1972). In the current investigation, the morphological features
carded. Consequently, apoptosis induction is an appealing tar- of apoptotic cells were assessed using fluorescence microscopy.
get to kill cancer cells; therefore, it is a helpful strategy in After DAPI and AO/ EB staining, the control cells exhibited
cancer treatment (Brown and Attardi, 2005; Kerr et al., normal morphology while the treated cells showed the charac-
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Table 3 Docked score (GlideScore), binding energy (MM-GBSA) and residues of PARP1 (PDB ID: 6NRF) forming polar

interactions with the compounds.

Compound GlideScore (kcal/mol) MM-GBSA binding energy (kcal/mol) Residues that formed polar interactions
Sb —9.38 —59.82 Gly863, Ser904, Tyr907, Tyr896
5¢ —8.39 —66.04 Thr887, Tyr896, Ser904, Tyr907
5f -9.37 —59.16 Gly863, Tyr896, Ser904, Tyr907
6b —8.05 —75.18 Gly863, Tyr896, Ser904, Tyr907
6¢c —8.84 —65.87 Thr887, Tyr896, Ser904, Tyr907
6d —9.50 —58.78 Gly863, Tyr896, Ser904, Tyr907

teristic feature of apoptosis, indicating a promising anticancer
activity of the 5b compound.

3.3. In silico molecular docking

The virtual screening workflow revealed that, out of 16 pro-
teins evaluated here, poly (ADP-ribose) polymerase-1
(PARP1), B-cell lymphoma-extra large (Bcl-xL) and PARPSA
(Tankyrase 1) exhibited good docking scores, binding energies,
and interactions. PARP family of enzymes regulate a wide
range of cellular functions and PARP 1 is a key member of
DNA repair mechanisms and high expression of PARPI1 is
implicated in several malignancies, including breast cancer
(Cortesi et al., 2021). Similarly, PARP5A which is also known
as Tankyrase 1 is mainly involved in telomere maintenance
and Wnt/B-catenin pathway (Bao et al., 2012; Okada-
Iwasaki et al., 2016). The hyperactivation of the Wnt/B-
catenin pathway is observed in many forms of cancer including
breast cancer. Cellular homeostasis and development are
highly regulated by the interplay of pro-apoptotic and anti-
apoptotic proteins. Overexpression of Bcl-xL is highly corre-
lated with the progression of multiple solid cancer types.

Structural data have previously revealed the importance of
P2 and P4 pockets in Bel-xL for the tight binding of BH3 pep-
tides and inhibitors. These pockets are lined by residues Glu96,
Tyr101, Ser106, Asp107, Leul08, Argl39, and Tyr195 Analy-
sis of docking results revealed that all molecules interacted
with the active site of Bcl-xL protein by forming hydrogen
bonds, n-w interactions and hydrophobic interactions (Table 2).
The docked molecules exhibited a similar pose in the active site
(Fig. 4). The 8-hydroxyquinoline moiety of these compounds
consistently interacted with Tyrl01 and Tyrl195 of the P4
pocket by forming n-7 interactions.

The PARP family of proteins are a large group of proteins
involved in various cellular processes such as DNA repair, gen-
ome maintenance and cell death. PARP1 is a multidomain
protein consisting of three N-terminal zinc finger domains
and a catalytic (CAT) domain at the C-terminal. The CAT
domain is highly conserved across PARP family and it com-
prises of a helical subdomain (HD) and a ADP-ribosyl trans-
ferase (ART) subdomain (Steffen et al., 2013). Studies have
shown that non-selective inhibitors of PARP proteins bind
to the nicotinamide (NI) pocket of the highly conserved region
of the catalytic domain of PARPI1. This region is made up of
Gly863, Tyr896, Ser904, Tyr907 and Glu988. Here, the dock-
ing data indicated that all molecules interacted with the cat-
alytic domain in a similar orientation by interacting with
these residues (Table 3 and Fig. 5). Similar to nicotinamide

interaction, the hydroxyl group of 8-hydroxyquinoline mole-
cule made hydrogen bond interactions with serine and glycine
backbone atoms of the NI pocket. The benzene rings also
made n—7 stacking interactions with a tyrosine residue (Tyr
907).

Tankyrases (TNKS1 and TNKS2) are two highly homolo-
gous human PARP superfamily members. Similar to other
PARP members, they contain a catalytic ART domain at the
C-terminal but HD domain is absent in tankyrases. It was also
observed that the NI site of PARP 5A is very similar to other
PARP proteins. Structural data reveals that PARP 5A
(TNKST1) catalytic domain binding pockets can be categorised
into nicotinamide pocket and adenosine pocket (Gunaydin
et al., 2012). Here, the docking data demonstrated that the
molecules could bind to the nicotinamide-binding pocket by
forming interactions with Asp1198, Tyr1231, Tyr1224, and
Ser1221 of PARPS5SA (Table 4 and Fig. 6). As nicotinamide
pocket is highly conserved among the PARP family, molecules
that bind to this region could not only inhibit these specific
proteins but could also potentially inhibit other members of
the PARP family.

4. Conclusion

This study includes the design and synthesis of novel compounds (5a-i)
and (6b-d) containing 8-HQ, urea, thiourea and piperazine moieties to
investigate their biological potential and uses. The structures of these
compounds were confirmed by different spectroscopic tools including
'"H NMR, '3C NMR, IR and high-resolution mass spectrometry.
The compounds were assessed for their anti-proliferative potentials
against the human breast cancer cells. Many of those compounds
(5b, Sc, 5f, and 6b-d) revealed a promising potential against MCF-7,
and MDA-MB-231cells and apoptosis seems to be involved in the
mechanism of action. The promising compounds were docked against
a collection of potential breast cancer targets. Bcl-xL, PARP1 and
PARPSA were identified as potential targets based on docked pose
and binding energy.
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Table 4 Docked score (GlideScore), binding energy (MM-GBSA) and residues of PARP5SA (PDB ID: 5SETY) forming polar
interactions with the compounds.

Compound GlideScore (kcal/mol) MM-GBSA binding energy (kcal/mol) Residues that formed polar interactions

5b —9.22 —93.50 Met 1207, Tyr1213

5S¢ —7.85 —88.98 Tyr1213, Tyr1224

5f —8.10 —82.56 Aspl198, His1201, Met1207, Tyr1213

6b —8.39 —79.74 Aspl198, His1201

6¢c —7.82 —88.27 Aspl1198, Met1207

6d —7.50 —77.99 Phel188, Aspl1198, Lys1220, Ser1221, Tyr1224

Table 5 List of potential cancer target proteins and PDB ID of structures used in this study.

No. Protein PDB ID
1 Phosphoinositide3-kinases (PI3K) 1E8Z
2 Bromodomain-containing protein 4 (BRD 4) 4NUD
3 B-cell lymphoma-extra large (Bcl-xL) 3ZLR
4 Epidermal growth factor receptor (EGFR) 1 M17
5 Pim 1Kinase SVUA
6 B-cell lymphoma 2 (Bcl-2) 4MAN
7 Cathepsin B 3AI8

8 Poly(ADP-Ribose) Polymerase 1)PARP1 6NRF
9 Histone deacetylases (HDAC) 3IMAX
10 Cyclin Dependent Kinase 4 (CDK4) 60Q0
11 Janus kinase 2 (JAK?2) (triple mutant) 4E6Q
12 Janus kinase 2 (JAK?2) 3KRR
13 Janus kinase 1 (JAKI) 4E4N
14 Maternal Embryonic Leucine Zipper Kinase (MELK) 4UMT
15 Tankyrase (PARP5A) SETY

16 Platelet-derived growth factor receptor alpha (PDGFRA) 6JOL
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Supplementary data to this article can be found online at
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